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1. Overview

1. OVERVIEW

The Comprehensive Air quality Model with extensions (CAMXx) is a state-of-the-science
photochemical grid model that comprises a “one-atmosphere” treatment of tropospheric air
pollution (ozone, particulates, air toxics) over spatial scales ranging from neighborhoods to
continents. Itis an open-source system that is computationally efficient and flexible. The
model’s Fortran source code is modular and well-documented. Major input/output files are
structured in the Network Common Data Form (netCDF3 or netCDF4). Meteorological fields are
supplied to CAMx from separate weather prediction models. Initial/boundary conditions and
emissions are supplied from external models and pre-processing systems.

1.1 CAMx Features

Two-Way Nested Grid Structure: CAMx can be run with variable grid spacing. Use a coarse grid
for regional domains where high spatial resolution is not particularly needed, while in the same
run, nest finer grids in specific areas of interest. Two-way nesting propagates information both
up- and down-scale across all grids. Nests may possess different meshing factors from their
parent grids, as long as they are common denominators of parent resolution. A “Flexi-Nesting”
feature allows you to introduce and/or remove nested grids at any point during a simulation.
You can supply complete information for nested grids (emissions, meteorology, surface
characteristics) or allow CAMx to interpolate any or all of these inputs from parent grids.

Parallel Processing: CAMx supports two types of parallelization: (1) OpenMP (OMP), which
allows parallel processing on shared-memory (e.g., multi-core) computers; and (2) Message
Passing Interface (MPI), which allows parallel processing across shared and distributed memory
(networked) computer cluster environments. Both OMP and MPI can be used in combination
to maximize speed performance. Fortran compilers recognize in-code OMP directives. To use
MPI, the model must be able to access external MPI libraries installed on your system.

Multiple Photochemical Gas Phase Chemistry Mechanisms: CAMx offers several versions of
Carbon Bond version 6 and 7 chemistry (CB6 and CB7), the 2007 version of Statewide Air
Pollution Research Center chemistry (SAPRCO7TC), and the Regional Atmospheric Chemistry
Mechanism version 2 (RACM2). These mechanisms are solved using the Euler-Backward
Iterative (EBI) method, which is fast and accurate. CAMXx also includes the fully explicit Gear-
type Livermore Solver for Ordinary Differential Equations (LSODE), which we use to
"benchmark" new mechanisms and evaluate the performance of EBI. We do not recommend
LSODE for typical applications as the model will run much more slowly.

Advanced Photolysis Model: The TUV radiative transfer and photolysis model, developed and
distributed by the National Center of Atmospheric Research (NCAR, 2011), is used as a CAMXx
preprocessor to provide the air quality model with a multi-dimensional lookup table of clear-sky
photolysis rates. CAMXx internally adjusts clear-sky rates for the presence of clouds and aerosols
using a fast in-line version of TUV.
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Particulate Matter (PM) Chemistry: CAMXx includes algorithms for inorganic aqueous chemistry
(RADM-AQ), inorganic gas-aerosol partitioning (ISORROPIA or EQSAM), and organic gas-aerosol
partitioning and oxidation (SOAP or VBS). These algorithms use products from the gas-phase
mechanisms for the production of sulfate, nitrate, and condensable organic gases. PM
chemistry includes sea salt (NaCl), whereas oceanic dimethyl sulfide (DMS) and elements from
soils (Fe, Mg, Mn, Ca, K, Al, Si, Ti) are optionally included. CAMx represents the particle mass
distribution as two modes, coarse and fine (CF). RADM-AQ, ISORROPIA and SOAP can be run
with all gas-phase mechanisms and with all Probing Tools. EQSAM and VBS are compatible with
all gas-phase mechanisms. EQSAM is enabled for Source Apportionment, but VBS is not
currently enabled for Source Apportionment or Decoupled Direct Method Probing Tools.

Mercury Chemistry: CAMx optionally treats the chemistry of five mercury species (two gases
and three particulates) via gas-phase and aqueous pathways, including Hg(ll) adsorption to PM.
The mercury chemistry module requires PM concentrations, so mercury must be modeled with
the “CF” two-mode PM mechanism by including mercury species among the list of modeled
species. All of the rate and equilibrium constants for the mercury mechanism are hard-coded
within the chemistry module.

User-Defined Chemistry Mechanism: “Mechanism 10” provides a simple way to define your
own chemistry mechanism. This option is intended to define simple chemical decay or
transformations between gas and/or aerosol species. You must develop your own Mechanism
10 subroutine and chemistry parameters file.

Vertical Diffusion (Mixing) Options: CAMx offers two approaches for boundary layer vertical
mixing: a standard “K-theory” approach, or alternatively version 2 of the Asymmetric
Convective Model (ACM2; Pleim, 2007). ACM2 is a hybrid of local K-theory diffusion and non-
local convective transport between the surface and layers aloft. ACM2 does not work with the
Integrated Process Rate (IPR) component of the Process Analysis (PA) tool. Separately, the
Cloud-in-Grid (CiG) convective mixing model comprises an entraining/detraining plume model
that treats shallow to deep vertical mixing within sub-grid convective clouds. This option
requires specific meteorological input variables from the WRF multi-scale Kain-Fritsch (MSKF)
cumulus model. CiG does not yet operate with any of the Probing Tools.

Dry Deposition Options: CAMx offers two dry deposition options: the models of Wesely (1989)
and Slinn and Slinn (1980); and the algorithms of Zhang et al. (2001; 2003). The Wesely/Slinn
model is formulated for 11 landuse categories, while the Zhang model uses 26 landuse
categories. The Zhang model optionally includes bi-directional ammonia flux according to
Zhang et al. (2010). Surface deposition loadings for each modeled species are recorded in
gridded output files.

Bi-Directional Ammonia Surface Flux: The bi-directional ammonia algorithm of Zhang et al.
(2010) is available as an option to the original unidirectional Zhang deposition algorithm.
Default landuse-dependent “emission potentials” control ammonia “compensation points”
(surface concentrations) along the surface-air transport circuit. When atmospheric ammonia
concentration exceeds the compensation point, a net deposition flux is calculated from air to
surface; in the opposite case, a net emission flux is calculated from surface to air.
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Advection Solver Options: CAMx offers the choice of the Piecewise Parabolic Method (PPM;
Colella and Woodward, 1984) or the area-preserving advection solver of Bott (1989) to solve
horizontal advection. Either the PPM scheme or a customized implicit hybrid scheme is used to
solve vertical advection. Both PPM and Bott possess high-order accuracy, little numerical
diffusion, and are sufficiently quick for applications on very large grids.

Surface Chemistry/Re-emission Model: CAMx includes a simple surface sub-model that treats
sorption and penetration of deposited pollutant mass into soil, snow and vegetation, chemical
degradation and transformation, and volatilization back into the air (re-emission). The surface
model treats any subset of species listed in the core model’s chemical mechanism, while all
chemical rates, sorption and penetration coefficients are user-defined.

Lateral and Top Boundary Conditions: Time- and space-variable boundary conditions for the
master grid may be developed from down-scaling three-dimensional output from global
chemistry models like GEOS-Chem, WACCM, and CAM-Chem. Top boundary conditions
improve the characterization of chemicals entering vertically across the model top, which is
particularly important for common stratospheric constituents such as ozone and nitrogen
oxides. A simpler top boundary treatment remains available, which is not reliant on an input
file and internally assumes a “zero gradient” volume mixing ratio condition between the top
model layer and the environment above the model. A separate stratospheric ozone profile
scheme is also available for hemispheric applications, to maintain stratospheric ozone profiles
above the tropopause during long simulations without the need to include an explicit
stratospheric chemistry mechanism. We recommend against using the stratospheric scheme
for urban to continental scale applications. OSAT has been updated to accommodate the
stratospheric ozone module, but no other Probing Tools are yet supported.

Self-Documenting File Formats: CAMx supports netCDF file formats for gridded input and
output fields, including point source emissions. CAMx can be built with netCDF3 or
netCDF4/HDF5; the latter allows for data compression, which we highly encourage to reduce
data volumes. NetCDF 3-D gridded emissions files can be used for certain sources that are
emitted above the surface such as wildfires, lightning NOx, aircraft, etc. CAMx allows lists of
multiple point, 2-D and 3-D gridded emission input files, alleviating the need to merge separate
sector-specific files into single files. This capability is also extended to Probing Tools.

Uncompressed CAMx netCDF output files are compatible with Models-3 software for
postprocessing but Models-3 meteorological (MCIP), emission (SMOKE), and initial/boundary
(ICON/BCON) files are not compatible as CAMx input files.

1.2 CAMx Extensions and Probing Tools

Ozone and Particulate Source Apportionment Technology (OSAT/PSAT or SAT): This tool tracks
emission contributions to predicted ozone and PM species concentrations and (optionally)
surface deposition by source region and category. OSAT also reports information to determine
whether each ozone component formed in NOx or VOC sensitive conditions. SAT provides
ozone/PM attribution for a given emissions matrix but does not provide quantitative
information as to how ozone/PM contributions would change as emissions are altered (i.e.,
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sensitivity) because chemical interactions are non-linear. SAT can be run with all CB, RACM,
and SAPRC gas-phase chemical mechanisms, the CF aerosol scheme, the SOAP organic
partitioning algorithm, and the ISORROPIA or EQSAM inorganic partitioning algorithms. Source
apportionment cannot be run with VBS organic chemistry or the convective cloud model.

One-Way Nesting with SAT: SAT supports one-way nesting applications. CAMXx can output
three-dimensional fields of SAT tracers, which can be translated to initial/boundary conditions
for a separate CAMx SAT application on a smaller domain (referred to as one-way nesting).
Those tracers representing source apportionment tags from outside the smaller domain are
then carried along with unique tracers for sources/regions within the smaller domain.
Preprocessors are available to support CAMx-to-CAMx 1-way SAT nesting, and global model-to-
CAMXx SAT nesting, where global model sensitivity results (e.g., from “zero-out” or “brute force”
cases) are translated to CAMx SAT initial/boundary condition inputs and tracked through the
CAMx domain as separate tracers.

Decoupled Direct Method (DDM) and Higher-Order DDM (HDDM) Source Sensitivity: This tool
calculates first-order (DDM) and second-order (HDDM) gas concentration sensitivity to changes
in emissions, initial and boundary conditions, deposition, specific reaction rates, and specific
reaction product terms. PM concentration sensitivity is limited to first-order DDM. (H)DDM
estimates how pollutant concentrations respond (sensitivity) to region- and category-specific
emission changes but does not provide information on source attribution because sensitivities
can be negative (confounding source apportionment). (H)DDM can be run with any CB or
SAPRC gas-phase chemical mechanism; DDM can be run with the CF aerosol scheme, the SOAP
organic partitioning algorithm, and the ISORROPIA inorganic partitioning algorithm. (H)DDM
does not account for in-line oceanic iodine emissions and does not work with VBS or EQSAM
aerosol schemes. (H)DDM does not work with the stratospheric ozone profile scheme or the
convective cloud model.

Chemistry Sensitivity Analysis (CSA): This tool is a component of DDM that calculates the
sensitivity of species concentrations (e.g., ozone formation rate) to any set of rate constants
and reaction stoichiometric coefficients defined in the gas-phase chemical mechanism. Unlike
the standard DDM, chemical sensitivities are determined within a set of user-defined grid cells.
Therefore, CSA provides computational efficiency comparable to box models while maintaining
a complete sensitivity integration within CAMx. CSA operates only for gas-phase chemistry and
cannot be invoked if aerosols are run. CSA is currently not allowed with MPI parallelization but
can be used with OMP parallelization.

Process Analysis (PA): This probing tool provides in-depth information on the physical and
chemical processes occurring during a CAMx run. Through PA, one can more fully understand
the complex interactions of the different processes, explain simulation results within the
context of model formulation, and improve the design of control strategies. The integrated
process rates (IPR) and chemical process analysis (IRR and CPA) options can be run with any gas
phase mechanism. IPR reports bulk changes in PM concentrations due to chemistry, but IRR
and CPA do not track individual PM chemical rates. PA does not operate with VBS organic
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partitioning, the ACM2 vertical diffusion option, the convective cloud model, or the
stratospheric ozone profile scheme.

Reactive Tracers (RTRAC): RTRAC provides a flexible add-on to simulate the emission,
dispersion, chemistry, and deposition of multiple gas and particle tracers, such as specific
toxics, that are not explicitly included in the model’s core gas/PM chemistry mechanisms. Gas-
phase chemistry may involve user-defined linear decay (photolysis and/or oxidation) by species,
or complex non-linear systems solved with the RTRAC Chemical Mechanism Compiler (RTCMC).
RTRAC can be run in combination with any CB or SAPRC chemical mechanism and is
independent from all aerosol treatments. RTRAC includes its own simpler surface model
treatment. RTRAC/RTCMC reports deposited mass loadings for each species similar to the core
model. RTRAC does not operate with the stratospheric ozone profile scheme or the convective
cloud model.

1.3 New Features and Major Updates in CAMXx Version 7.40
Carbon Bond Version 7, Revision 3: CB7r3 extends from CB7r2 and CB7r1.

CB7r2 (not publicly released) includes a more explicit treatment of volatile chemical product
(VCP) emissions, gas chemistry, and contribution to secondary organic aerosol (SOA). It
includes 16 new emitted VCP species and their oxidation reactions along with 3 additional SOA
precursor species in the SOAP3 aerosol scheme. CB7r2 includes several other updates, including
rate constant and photolysis frequency updates, addition of a new species to represent emitted
hydrogen, and updates to the chemistry of organic nitrates, biogenic degradation products, and
iodine species.

CB7r3 adds gas and SOA chemistry related to biomass fires (wild, agricultural, and prescribed).
The mechanism includes 2 new model species and 6 new reactions. In CAMx v7.40, the CB7r3
mechanism (and associated SOAP3 updates) completely replaces CB7rl. CAMx probing tools
and emissions speciation mapping are updated accordingly. New CB7r3 species addressing VCPs
and biomass burning need to be included in the emission and initial/boundary conditions
inputs.

Removal of Legacy Fortran Binary I/O: With this update, netCDF4/HDF5 becomes the singular
file system/format supported for large CAMx I/O datasets, except for model restart files and
some Probing Tool output files which remain in the unique CAMXx binary format.

Removal of Legacy Plume-in-Grid (PiG) sub-model: PiG was removed to simplify internal point
source processing for the core model and Probing Tools, and to remove complications related
to plume tracking and mass dumping/sampling across MPI domain slices. The common modern
use of higher grid resolution of 1 to 4 km has diminished the original purpose of PiG to resolve
near-source non-linear chemistry within plumes traversing coarser grids.
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2. THE CAMX MODELING SYSTEM

CAMx comprises the core component of an air quality modeling system (Figure 2-1). CAMx
inputs are developed using independent third-party models and processing tools that
characterize meteorology, emissions, and other environmental conditions such as land cover,
radiative properties, and boundary conditions. Interface programs are needed to translate the
products of each of these models/processors into the specific input fields and formats required
by CAMx. After the air quality simulation is completed, additional programs are used to post-
process the concentration fields, develop model performance statistics and measures,
manipulate Probing Tool output into various reportable formats, and further translate raw
results into forms necessary for regulatory purposes. Commonly available graphical software
can be used to view CAMx output files. While third-party visualization software, meteorological
models, and emission processors are not distributed with CAMx, Ramboll does distribute many
of the necessary interface programs and post-processors on the CAMx web site
(www.camx.com). A brief description of each of these is provided at the end of this section.

Emissions Meteorology Photolysis Geographic Initial/Boundar
(Optional) Conditions
(| Emission Inventory, Analyses, Total L Landcover
CEM, MOVES Observations, Atmospheric
- - Topography, Ozone Column Leaf Area Index
Data Vegetative || Fires Landcover
Cover (FEI)
) J
A 4 A 4 A A 4
SMOKE, || | ——— WwWRF | [ osvap | [ cISProcessing | Global Models
EPS3 v (GEOS-CHEM,
Models & Biogeni W WACCM,
y genic CAM-Chem)
Pre-Processors Ng)ggs J
M(EGAN) OCEANIC,
WBDUST,
LNOx,
FEI Tool
r VL A ¥
CMAQ2CAMKX, WRFCAMKX, GEOS2CAMX,
Interface WINDOW, KVPATCH, ”| MOZART2CAMXx,
Programs PREPVBS WATERMASK SAICBC
BNDEXTR,
Core Model CAMx SAICBC
NCO, NCKS, AMET, [ sSMAT-CE | [ User-Developed Tools |
Post-Processing User-Developed User-Developed
Tools Tools
File Formatting Performance  U.S. Regulatory  Probing Tools
Evaluation

Figure 2-1. Schematic diagram of the CAMx modeling system. See Table 3-1 for a detailed list
of specific model input requirements for the five major data classes shown at the top of the
figure. Certain pre-processor programs shown in the figure are described in this section.
Third-party models, processors, and visualization software are not described in this User’s
Guide and are not distributed with CAMx.
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2.1 CAMx Program Structure

The core CAMx model is written in Fortran, but includes some utilities written in C to interface
with MPI. The program is highly modular and well documented. The source code is arranged in
several directories, grouped according to function. The main source directory contains version
release notes, the user license, the “Makefile” compile utility, and a control file namelist
template. Sub-directories contain source code for the core model and ancillary routines
according to the following:

CAMx/ Source code for the main driver routine CAMx . £ and core model
routines.

CF_AERO/ Source code for inorganic aerosol chemistry and partitioning.

cMmc/ Source code for gas-phase chemical mechanisms.

csa/ Source code for chemical sensitivity analysis.

DDM/ Source code for the (H)DDM Probing Tool.

HG/ Source code for mercury chemistry.

Includes/ Fortran “include” files, consisting of program parameters and memory
management code.

IO bin/ Source code for binary (unformatted) file 1/0.

IO NCF/ Source code for netCDF I/0.

Mod src/ Source code for F90 memory management modules.

MPI/ Source code for MPI parallelization.

PA/ Source code for the Process Analysis Probing Tool.

RTRAC/ Source code for the Reactive Tracer Probing Tool.

SAT/ Source code for the Source Apportionment Technology Probing Tool.
SOAP/ Source code for organic aerosol chemistry and partitioning.

2.1.1 Memory Management

All of the model’s global data structures are dynamically allocated when the model starts. The
data necessary to allocate memory space for each model run are read from the CAMx control
file developed by the user (see Section 2.3). However, to alleviate compiler dependency on
speed performance, CAMx utilizes some hard-coded Fortran parameters to statically allocate
local arrays in low-level subroutines. All of these parameters are defined in the
Includes/camx.prm file. The distribution version of this “include” file sets key array
parameters to default values that should be sufficiently large to accommodate most
applications: see Table 2-1 for a description of parameters and their default values. However,
you may need to customize these values to ensure that they are large enough to accommodate
all of your model configurations, or to exactly match your specific application, thus preventing
wasted memory.

If any parameter is set to a value that is too small to support your application the model will
stop, displaying an informative error message. To conserve memory, default values of 1 are
set for Probing Tool tracers. These must be increased accordingly if Probing Tools are to be
used.
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Table 2-1. Parameters and their defaults in Includes/camx.prm used to statically
dimension local arrays in low-level subroutines.

Default

Parameter Name Description Value
MXCELLS Number of cells in X/Y direction for any grid 200
MXLAYER Number of layers 30
MXSPEC Number of species (total number over all mechanisms) 145
MXREACT Number of gas-phase chemistry reactions 567
MXPTSRC Number of point sources 700000
MXTRSP Number of Probing Tool tracer species 1

The other parameters in camx . prm beyond those listed in Table 2-1 will not normally need to
be changed and are not discussed further.

2.1.2 Parallel Processing

Parallel processing refers to distributing a model run to multiple processors (CPU cores) that
share the computational load. CAMXx supports two types of parallelization: (1) Open Multi-
Processing (OMP), which allows parallel processing on shared memory computers (i.e., multi-
core CPUs on a single motherboard); and (2) Message Passing Interface (MPI), which allows
parallel processing across shared and distributed memory (networked) computer cluster
environments. Both OMP and MPI can be used in combination to maximize speed
performance.

OMP is an application programming interface (API) that allows developers to write Fortran
programs using a set of in-line directives, compiler libraries, and environment variables to guide
the compiler in parallelizing an application for hyper-threaded multi-core machines during the
build process. In CAMx, OMP distributes calculations for individual processes to a user-defined
number of CPU cores, such as chemistry within a single grid cell, or advection along a single row
of cells. CAMx supports OMP-enabled compilers including gfortran, NVIDIA (formerly Portland),
Intel, Sun Oracle, and Absoft.

MPI is another API that requires coding explicit message passing routines that access external
third-party MPI communication libraries installed on the computer system that runs the
application. MPI-enabled applications are run from an MPI process launcher such as
“mpiexec.” Each CAMXx grid is divided into blocks of grid cells (we refer to these blocks as
domain “slices”), and each slice is assigned to a user-defined CPU core within the computer or
cluster network. Each core operates the entire model on its assigned domain slice and passes
information needed by other cores via data messages. CAMx has been specifically developed
and tested using MPICH, a specific open source MPI library widely used in the numerical
modeling community. However, other libraries such as MVAPICH, Open MPI, and Intel MPI can
be used.

CAMx MPI employs a “master/worker” parallel processing technique as shown in Figures 2-2
and 2-3. The CPU core on which the program is launched serves as the master node and does
not conduct any time-integrating model computations (emissions, transport, chemistry, and
removal) on any part of the modeling domain. The master node performs all runtime set up
activities for the core model and Probing Tools, opens and reads all input files, and creates,
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initializes, writes, and closes all netCDF4 output files. The master passes input data and setup
information to worker nodes. The worker nodes proceed to perform their computational
calculations and exchange information at slice boundaries as they integrate forward in time. At
each output time, worker nodes pass their concentration fields back to the master node to be
written to output files. The process repeats for the following hours until the end of the
simulation. When using a hybrid MPI/OMP approach, the grids are divided into slices in the
usual way as part of MPI, but when operating on a particular slice, each worker node will spawn
multiple OMP threads to its hyper-threaded CPU cores to further parallelize the portions of the
code where OMP directives are activated (Figure 2-3).

Master Node: Model Setup

Read and Pass Inputs

~ =

==
Timesteps ( (1 hour)
- ocsses

Proc n-1

Pass Results to Master Node

Figure 2-2. Schematic of CAMx MPI parallelization detailing the 1/0 and data messaging
process between master and worker nodes.
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Master Node (Proc 0)

Spawn MPI Worker Nodes

Stop MPI Worker Nodes

Figure 2-3. As in Figure 2-2 but detailing the inclusion of process-level OMP threading.

As the worker nodes perform their computations, they output certain information to their own
diagnostic and message output files. All such node-specific files are created in the current
working directory. This means that on distributed memory systems, such as High Performance
Computing (HPC) clusters, these files are written to the local disk mounted on each node and
you must log onto the specific worker nodes to view the diagnostic and message output files.

CAMXx run times and parallelization scalability depend on several factors, including the number
of grids, their sizes and resolution; the choice of chemistry mechanism (i.e., the number of
species); and the use and configuration of Probing Tools. CAMXx speed tends to scale better for
larger grids and more complex applications in which un-parallelized overhead processes (e.g.,
model setup, I/O, etc.) comprise a smaller fraction of total model run time relative to
computational processes.

2.2 Compiling CAMx

A “Makefile” script is provided in the main source directory. The Makefile will compile all CAMx
source code, link with necessary libraries, and build an executable program. It supports
platforms running Linux and Macintosh OSX with common modern Fortran compilers (NVIDIA,
Intel, Gnu Fortran, Sun Oracle, and Absoft); it does not currently support compilations on
Windows.

The choice for OMP and MPI parallelization, and the memory configuration for Probing Tools,
are set during model compilation. All other CAMx choices for chemical mechanism, model
algorithms, Probing Tools, and other options are selected at run time.

CAMx is compiled by issuing the following command at a shell prompt within the main source
directory:
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make COMPILER=my compiler <CONFIG=my app> <MPI=mpi option>
NCF=ncf option <IEEE=true>

where any text within the brackets “<>" is optional. To display an interactive help message,
you may type

make help

The mandatory COMPILER argument defines which compiler installed on your system to
invoke. It should be set to one of the following:

pgf or pgfomp (NVIDIA compiler for Linux)

ifort or ifortomp (Intel compiler for Linux)
gfortranor gfortranomp (Gnu compiler for Linux)
oracle or oracleomp (Sun Oracle compiler for Linux)
absoft or absoftomp (Absoft compiler for Macintosh OSX)

If OMP is not specified as part of the keyword then CAMx will not be able to run with OMP
parallelization.

NOTE: Recent versions of the GFORTRAN compiler will not compile CAMx with OMP
parallelization because of an incompatibility with a block data in ISORROPIA. This is not an
issue with other supported compilers. If you encounter this problem, you may continue to use
GFORTRAN with MPI parallelization, revert to an earlier version of GFORTRAN, or use another
compiler.

The optional CONFIG argument allows the CAMx executable program to be labeled for a
specific memory configuration as defined within the CAMx parameters file
(Includes/camx.prm) described above. You may want to customize some applications, for
example to configure the Probing Tool extensions, and it is convenient to be able to distinguish
between these executables. The Makefile will search for a CAMx parameters file called:

Includes/camx.prm.my app

If CONFIG is not set on the make command line, the Makefile will compile CAMx using the
default parameters file, Includes/camx.prm.v7.40.

The optional MPI argument will enable MPI parallel processing. This requires that third-party
MPI libraries have been built and installed on the machine that is running this Makefile script
and compiling CAMx. If MPI is not set on the command line, the Makefile script will ignore the
MPI libraries and CAMx will not be able to run with MPI parallelization. The MPI argument
should be set to one of the following:

mpich3 (MPICH version 3)
mvapch

openmpi (PGF and IFORT compilers only)
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You should check that the variable “MPI_INST” in the CAMx Makefile, and in the MPI
utilities Makefile (located in the MPI /util sub-directory), are correctly set to your system's
MPI installation path.

CAMXx supports the use of both OMP and MPI parallelization in a single run using PGF and IFORT
compilers. To utilize OMP in your MPI application, be sure to specify the appropriate OMP
compiler keyword.

CAMXx requires that netCDF libraries from Unidata have been built and installed on the machine
that is running this Makefile script and compiling CAMx. The optional NCF argument should be
set to one of the following (NCF4_NC is the default if not specified):

NCF3 (netCDF3 libraries)
NCF4 C (netCDF4 that includes compression via HDF5 and Zlib)
NCF4 NC (netCDF4 that does not include compression)

You will need to ensure that the NCF_INST makefile variable is properly set to your system’s
netCDF installation path.

The optional IEEE flag will invoke IEEE-standard math, which will maximize consistency in
model results across platforms and compilers. The IEEE flag may cause CAMx to run somewhat
slower. The IEEE option is available only for PGF and IFORT compilers.

The Makefile will generate a CAMx executable program named:
CAMx.my app.MPI option.NCF option.my compiler.<ieee>

which will reside in the main source directory. For example, a default compilation using the
NVIDIA compiler (“make pgf”) will result in an executable named:

CAMx.v7.40.noMPI.NCF4.pgf
As another example,
make ifortomp CONFIG=exampleZ MPI=mpich3 NCF=NCF4 C IEEE=true

will build a CAMx executable using the Intel compiler with OMP and MPI parallelization
enabled, netCDF4 supporting compression, IEEE math invoked, and using the include file
labelled Tncludes/camx.prm.example2 for the model configuration parameters. The
executable will be named:

CAMx .example? .MPICH3.NCF4.ifortomp.ieee

If you need to rebuild CAMx using different Makefile arguments we recommend typing “make
clean” between builds. Make clean will delete all existing object files and force a complete
re-build.
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2.2.1 Building/Installing NetCDF Libraries

The use of netCDF4/HDFS5 requires several libraries that must be installed on the workstation/
cluster/HPC environment used to compile CAMx. These libraries should be built using a
compiler consistent with that used to build CAMx to ensure maximum compatibility. The
example script below details how we configured and compiled NetCDF4/HDF5 on our system
using the NVIDIA compiler. We provide this information as guidance to other users but note
that this is somewhat system dependent.

Note that to use netCDF4-MPI parallel I/0O, the MPI library must be a sufficiently recent version
to include MPI-10 and must be built consistently with netCDF4. The build of HDF5 must include
the “—enable-parallel” switch to allow it to interface with MPI-10.

tar xvzf z1lib-1.3.1.tgz

cd z1ib-1.3.1

mkdir /usr/local/zlib-1.3.1

./configure --prefix=/usr/local/zlib-1.3.1
make

make install

tar xvzf hdf5-1.14.3.tar.gz

cd hdf5-1.14.3

mkdir /usr/local/hdf5-1.14.3

setenv LDFLAGS -L/usr/local/zlib-1.3.1

setenv FC pgf90

./configure --prefix=/usr/local/hdf5-1.14.3 --enable-fortran --enable-
parallel

make

make install

tar xvzf netcdf-4.9.2.tar.gz

cd netcdf-4.9.2

mkdir /usr/local/netcdf-4.9.2

setenv CFLAGS -I/usr/local/hdf5-1.14.3/include
setenv LDFLAGS -L/usr/local/hdf5-1.14.3/1ib
setenv FC pgf90

./configure --prefix=/usr/local/netcdf-4.9.2
make

make install

tar xvzf netcdf-fortran-4.9.2.tar.gz

cd netcdf-fortran-4.9.2

setenv CPPFLAGS -I/usr/local/netcdf-4.9.2/include
setenv LDFLAGS -L/usr/local/netcdf-4.9.2/1ib
setenv LD LIBRARY PATH /usr/local/netcdf-4.9.2/1ib
setenv FC pgf90

./configure --prefix=/usr/local/netcdf-4.9.2

make

make install
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2.3 Running CAMx

2.3.1 Control File Namelist Input

CAMXx reads a text run control file named “CAMx . in” that must exist locally in the directory
from which the model is run. This file must be in the Fortran “namelist” format, and contains
all user-specified control parameters for the simulation, including model configuration, option-
specific inputs, and I/0 filenames. The run control file must contain the primary namelist
module labeled “4CAMx Control”, which provides all of the information to configure the
core model. Additional namelist modules may be provided in the run control file to configure
the various CAMx Probing Tool extensions. These optional namelist modules are ignored if no
Probing Tools are selected in the primary namelist.

Each record in the CAMXx control file contains a variable name that is explicitly set to a
numerical, logical, or character value. The variable names are used by the program directly,
and therefore cannot be changed without source code modifications. Character strings must
be enclosed by single quotes, and all variable assignments must be delimited with commas.
The order of the records may be arranged in any fashion that the user prefers. Any number of
comment statements may be included anywhere within the namelists, provided that they do
not interrupt variable assignments (variable name = value,). The “!” characteris the
Fortran namelist comment delimiter.

Certain variables are multi-dimension arrays; the user may provide a comma-delimited list of
values to fill the array or assign values to specific array elements. Certain other variables are
optional or associated with option flags; these do not need to appear in the namelist if their
associated options are not invoked, and they will be ignored if they remain in the file.

If the user does not provide necessary inputs, the model will stop with a descriptive error
message.

2.3.1.1 Common Errors When Creating a Namelist

Fortran programs ingest the entire contents of namelist modules using a single READ
statement. If the program experiences an error reading the namelist, it echoes a simple error
message like “error reading namelist” and the program stops. It is therefore difficult to
determine the cause of the read error, especially if the namelist is lengthy and contains a
variety of data types. When experiencing an error reading the CAMx control file namelist, you
must carefully inspect the file for any syntax errors. These errors can be subtle and difficult to
find. Here are a few of the common reasons an error occurs when reading a namelist:

e Mistyped variable name:

All variables to be assigned within a namelist must be recognized as a declared namelist
variable within the reading program. If a variable is misspelled or an unknown variable
is assigned a value, a read error will occur.

e Incorrect data type for the assigned variable:

If the data type of the value assigned to a namelist variable does not match the
variable’s declared data type within the reading program, an error will occur. Some
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compilers will allow real type variables to be assigned to integer values, but not the
converse.

e Missing period around a logical value:

The logical values . true. and . false. must be surrounded by periods.
e Missing quotes around a character variable:

Any character data type must be surrounded by quotes.
e Overflow when assigning values to an array:

The values in an array can be assigned using array index notation. If the index used to
assign an array value exceeds the declared dimension of the array, a read error occurs.
Check your namelist file to be sure all of your array indices are correct. Alternatively,
check the “MXNAM” parameter in the Includes/namelist. inc include file to see
if this value needs to be increased.

e  Wrong number of dimensions when assigning values to a multi-dimensional array:
When assigning values to an array using array index notation, the number of subscripts
in the assignment must match the declared dimensions of the array (e.g., assignments
to an array dimensioned var (i, j) must be referenced using two indices).

e Missing comma following a variable definition:

A comma must be the last character in a variable assignment (variable = value,).
A comment may be placed after the comma (delimited using the “!” symbol, see below)
on the same file record. This restriction on the use of commas is ignored by some
compilers.

e Too many commas following a scalar variable definition:

More than one comma following a scalar variable assignment will result in a read error.

e Too many commas following the variable assignment list for an array:

The entire contents of an array can be assigned using a single statement by listing the
values of each element separated by commas. The read will fail if there are more
commas than the dimension of the array.

e Comment does not begin with I:

The character that delimits a comment in a namelist is the exclamation point.
Comments can appear anywhere within the namelist. However, all text in the namelist
must either be part of a namelist variable assignment or part of an identified comment.

We suggest that new CAMXx users start with the “CAMx . namelist. template” or the
sample job script that is provided with the model source code.

2.3.1.2 The Primary Namelist Module

This section describes the primary namelist module; detailed descriptions of each of the
Probing Tool modules are provided in their respective sections (6 through 9). A listing of all
namelist variables necessary to run the core model is presented on the following pages.
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Description of CAMx Run Control File Variables

&CAMx Control Label for the primary namelist module that configures the core
model; it must begin in column 2

& Flag ending a namelist module; it must be in column 2

Run Message 60-character simulation message, written to output files to label
the run

The short simulation “run message” is written to all output files to describe and label the run.

Model Clock Control

Time Zone Integer time zone (0=UTC, 5=EST, 6=CST, 7=MST, 8=PST)
Restart Logical model restart flag (TRUE=read restart file, FALSE=read
initial conditions file)

Start Date Hour Integer array start time (YYYY, MM, DD, HHmm)

End Date Hour Integer array end time (YYYY, MM, DD, HHmm)
Maximum Timestep Real maximum allowable timestep (minutes)

Met Input Frequency Real input frequency of environmental fields (minutes)
Ems Input Frequency Real input frequency of emissions (minutes)

Output Frequency Real output frequency (minutes)

The user specifies the simulation start/end year, month, day, and hour; the model uses Julian
dates internally. All times must be given in military format (e.g., 1:30 PM must be given as
1330). The simulation time zone must match the time zone in which the emission and
environmental inputs are developed.

Map Projection Parameters

Map Projection Character map projection keyword (LAMBERT, POLAR, RPOLAR,
MERCATOR, UTM, LATLON)

UTM_ Zone Integer UTM zone

Longitude Pole Real longitude of projection pole or origin (degrees, west<0)

Latitude Pole Real latitude of projection pole or origin (degrees, south<0)

True Latitudel Real first true latitude of projection (degrees, south<0)

True Latitude2 Real second true latitude of projection (degrees, south<0)

The grid projection may be selected as Cartesian (fixed physical distance coordinates on a flat
plane) or curvi-linear geodetic (following the curved surface of the Earth). The Cartesian
options include Lambert Conic Conformal (LAMBERT), Polar Stereographic (POLAR), Rotated
Polar Stereographic (RPOLAR), Mercator (MERCATOR), and Universal Transverse Mercator
(UTM). The geodetic option performs the simulation on a latitude/longitude grid (LATLON). All
gridded input files must be defined on the grid projection specified for the CAMx simulation.

The LAMBERT, POLAR, and MERCATOR projections are all equivalent to the definitions used in
the WRF meteorological model, which assumes a spherical Earth with radius of 6370 km. The
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RPOLAR projection is equivalent to the definition used in the RAMS meteorological model.
While the POLAR projection of WRF is defined to be tangent at (or secant around) the North
and South Poles, the RPOLAR projection of RAMS is defined to be only tangent to the Earth’s
surface at any user-defined latitude/longitude.

If the LAMBERT projection is specified, the Longitude Pole and Latitude Pole must
be specified to define the projection origin (where LAMBERT coordinates are defined to be 0,0
km), and True Latitudel and True Latitude?2 must be specified to define the
projection true latitudes (they may be equal, which is a projection tangent at that latitude).

If the MERCATOR projection is specified, the Longitude Pole and Latitude Pole must
be specified to define the projection origin (where MERCATOR coordinates are defined to be
0,0 km), and True Latitudel must be specified to define the projection true latitude (it
may be zero, which is a projection tangent at the Equator).

If the POLAR projection is specified, the Longitude Pole and Latitude Pole mustbe
specified to define the projection origin (where coordinates are defined to be 0,0 km), and
True Latitudel must be specified to define the projection true latitude or secant (it may
be £90 degrees, which is a projection tangent at the North or South Poles).

If the RPOLAR projection is specified, the Longitude Pole and Latitude Pole mustbe
specified to define the projection pole (where coordinates are defined to be 0,0 km). True
latitudes are not specified as RPOLAR is always tangent at the pole point.

If the UTM projection is specified, a UTM zone must be specified (1 through 60). Pole and true
latitude values are ignored for UTM and LATLON projections.

Parameters For The Master (First) Grid

Number of Grids Integer number of grids in simulation

Master SW XCoord Real x-coordinate of domain southwest corner (km, or degrees
for LATLON)

Master SW YCoord Real y-coordinate of domain southwest corner (km, or degrees
for LATLON)

Master Cell XSize Real cell size in x (km, or degrees for LATLON)

Master Cell Ysize Real cell size iny (km, or degrees for LATLON)

Master Grid Columns Integer number of master grid columns (E-W grid cells)

Master Grid Rows Integer number of master grid rows (N-S grid cells)

Number of Layers Integer number of grid layers (applies to all grids)

The master grid is defined by its location (southwest corner of cell [1,1] in the coordinates of
the chosen projection space), number of grid cells (east-west, north-south, vertically), and
horizontal resolution. Vertical resolution is defined by the layer structure specified in the input
3-D meteorological file.
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Parameters For The Nested Grids

Nest Meshing Factor
Nest Beg I Index
Nest End I Index
Nest Beg J Index

Nest End J Index

2. The CAMx Modeling System

Integer array (by grid) nested grid cell size relative to master
grid

Integer array (by grid) master grid column containing western
edge of nest

Integer array (by grid) master grid column containing eastern
edge of nest

Integer array (by grid) master grid row containing southern edge
of nest

Integer array (by grid) master grid row containing northern edge
of nest

The definition of nested grids is specified in the CAMx . in file in terms of the range of master
grid cells that each nested grid spans (see Section 4.2). The “meshing factor” sets the
resolution or cell size of the nested grids relative to the master grid. The CAMx diagnostic
output file provides information on the location and size of each nested grid to help ensure

proper setup.

Model Options
Diagnostic Error Check

Flexi Nest

Advection Solver
Vadvection Solver
Chemistry Solver

Probing Tool
Chemistry
Drydep Model
Bidi NH3 Drydep
Wet Deposition
ACM2 Diffusion

Subgrid Convection

Logical model startup diagnostic flag (TRUE=stops before first
timestep indicating successful model initialization,
FALSE=continues with simulation after model initialization)

Logical flexi-nesting flag (TRUE=allow some/all nested input
fields to be interpolated from the parent grid, FALSE=all data
must be provided for all nests)

Character horizontal advection solver keyword (PPM, BOTT)
Character vertical advection solver keyword (PPM, IMPLICIT)
Character chemistry solver keyword (EBI, LSODE)

Character Probing Tool keyword (NONE, SA, DDM, HDDM, PA,
IPR, IRR, RTRAC, RTCMC)

Logical chemistry flag (TRUE=chemistry on, FALSE=chemistry
off)

Character dry deposition model keyword (NONE, WESELY89,
ZHANGO3)

Logical bi-directional ammonia flux flag (TRUE=bi-directional on,
FALSE=bi-directional off). Requires ZHANGO3 dry deposition.

Logical wet deposition flag (TRUE=deposition on,
FALSE=deposition off)

Logical ACM2 vertical diffusion flag (TRUE=ACM?2 on,
FALSE=standard K-theory diffusion)

Logical subgrid cumulus convection model flag
(TRUE=convection on, FALSE=convection off). Requires specific
meteorological input variables from WRF, not available for
Probing Tools.
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Surface Model Logical surface model flag (TRUE=surface model on,
FALSE=surface model off)
Inline Ix Emissions Character in-line oceanic inorganic iodine emissions flag

(TRUE=use in-line emissions and ignore input emissions,
FALSE=use input emissions and ignore in-line emissions,
BYPASS=no iodine emissions supplied internally or externally,
bypass all checks and messages). Available only for CB
mechanisms that include iodine chemistry.

Strat Ozone Profile Logical stratospheric ozone profile scheme flag
(TRUE=stratospheric ozone scheme on, FALSE=stratospheric
ozone scheme off). Intended for hemispheric applications, not
regional or local applications, requires input ozone top
concentrations.

Super Stepping Logical super-stepping flag (TRUE=use super-stepping for
horizontal advection to maximize model speed, FALSE=do not
use super-stepping).

Gridded Emissions Logical gridded emissions flag (TRUE=gridded emissions will be
used, FALSE=gridded emissions will be ignored)

Point Emissions Logical elevated point source flag (TRUE=point emissions will be
used, FALSE=point emissions will be ignored)

Ignore Emission Dates Logical date-insensitive emission flag (TRUE=dates on emission
files will be ignored, FALSE=dates on emission files will be
checked against simulation date)

Probing Tools are selected by specifying one of the allowed keywords; no Probing Tool will be
run if this keyword is set to “None”.

Super stepping maximizes the model’s speed performance by setting the largest grid-specific
driving time steps possible. This results in the need for potentially many sub-steps to be
applied in horizontal advection on a layer-by-layer basis to maintain a stable solution. While
super stepping has little impact on surface concentrations in non-MPI mode, larger differences
are seen using MPI. A “super-stepping” flag was added to the control namelist that allows
users to specifically turn off super stepping when they wish to compare concentrations
between MPI and non-MPI runs in the most consistent manner possible. Super stepping can
reduce the accuracy of the vertical transport solution, especially in high wind conditions over
complex terrain. Turning super stepping off will cause the model to run much more slowly.

Output Specifications
Root Output Name Character root output path/filename (see Table 2-2 for
description of file suffixes)

NetCDF Use Compression Logical netCDF compression flag (TRUE=apply HDF5/Zlib
compression if available in netCDF4 installation, FALSE=do not
compress)

Output Gas Concs_ PPM Logical output gas unit flag (TRUE=output gases in ppm

[default], FALSE=output gases in pg/m?3)
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Average Output 3D Logical 3-D average output file flag (TRUE=output full 3-D
concentration fields, FALSE=output surface layer concentration
fields)

Output 3D Grid Logical array (by grid) 3-D average output file flag (TRUE=output

full 3-D concentration fields for specified grid, FALSE=output
surface layer concentration fields)

Output Species Names Character array (by output species) species names to be written
to average and deposition output files, or the single name “ALL”
to output all state gas and PM species (excluding radicals), or
the single name “ALLR” to include radicals

The user specifies a “root” path and filename that will be used for all CAMx core model output
files. The model appends suffixes to these root names according to the file type generated.
The types of CAMx output files are listed in Table 2-2. If netCDF is invoked, the same output file
names will be used but the characters “nc” will be appended to the end of each file name.

A subset of state (gas or PM) and radical species may be output to the average concentration
output files; see the description of output file formats in Section 3. By specifying a single
output name “ALL”, the model will automatically output fields for all state gas and PM species
listed in the input chemistry parameters file, excluding radicals (use “ALLR” to include radicals).
If “ALL” or “ALLR” are specified, it must be the only name listed; no species names may be listed
before or after “ALL”. There are two flags that control whether 3-D average output files are
generated. The first (original) flag will toggle 3-D output for all grids in the run. The second is
the “output 3D Grid” flag array, which allows 3-D average output to be set for specific grids.
The original flag supersedes the grid-specific flag.

Input Files

Chemistry Parameters Character input chemistry parameters path/filename

Photolysis Rates Character input photolysis rates path/filename (optional
according to Chemistry flag and Chemistry Parameters file)

Ozone_ Column Character input ozone column path/filename (ignored if
Chemistry=FALSE)

Initial Conditions Character input master grid initial conditions path/filename,
netCDF (ignored if Restart=TRUE)

Boundary Conditions Character input master grid lateral boundary conditions
path/filename, netCDF

Top Concentrations Character input master grid top boundary conditions
path/filename, netCDF (optional)

Point Sources Character array (by file) input elevated point source emissions
path/filename, netCDF (ignored if Point_Emissions=FALSE)

Master Grid Restart Character input master grid restart path/filename (ignored if
Restart=FALSE)

Nested Grid Restart Character input nested grid restart path/filename (ignored if

Restart=FALSE or Number_of_Grids=1)
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Srfmod Grid Character array (by grid) input surface model restart
path/filename, netCDF (ignored if Restart=FALSE or
Surface_Model=FALSE)

Surface Grid Character array (by grid) input static 2-D surface characteristics
path/filename, netCDF

Met2D Grid Character array (by grid) input time-variant 2-D surface
meteorology path/filename, netCDF

Met3D Grid Character array (by grid) input time-variant 3-D meteorology
path/filename, netCDF

Vdiff Grid Character array (by grid) input time-variant 3-D vertical
diffusivity path/filename, netCDF

Emiss Grid Character 2-D array (by grid, by file) input 2-D surface or 3-D

gridded emissions path/filename, netCDF (ignored if
Gridded_Emissions=FALSE)

If CAMx cannot find or open a non-blank input filename provided in the run control file, the
model will stop with an error. CAMx will accept blank input filenames for only those files that
are optional.

Table 2-2. CAMXx output file suffixes and their corresponding file types. Output files written
as netCDF will include the additional “nc” suffix.

Suffix CAMXx File Type
.out Text simulation tracking file (input files read, error/warning messages)
diag Text simulation diagnostic file (repeat of run control inputs, miscellaneous

diagnostic output)

.mass Text mass budget file for subsequent postprocessing

CAMx unformatted binary master grid 3-D instantaneous concentration file

.inst . .
at the end of the simulation (used for restarts)

CAMx unformatted binary nested grid 3-D instantaneous concentration file
at the end of the simulation (used for restarts)

Gridded CAMx Output

NetCDF average concentration file for grid nn; optionally contains 2-D layer
1 concentration field or full 3-D concentration field

.finst

.avrg.grdnn

.depn.grdnn | NetCDF 2-D surface deposition file for grid nn

.srf.grdnn NetCDF 2-D surface model mass file for grid nn (optional)

2.3.2 Using Scripts to Run CAMXx

The generation of the run control file is most easily accomplished in the job script that actually
runs the model; Figure 2-4 shows an example of a CAMx job script that builds a “CAMx . in” file
and runs the model for each day to be simulated. Alternatively, the run control file could be
developed separately with a name specific to a given simulation, then linked or copied to the
standard “CAMx . in” filename before the model is executed at a command line or in a job
script.
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#!/bin/csh

#

# CAMx v7.40

#

setenv NCPUS 8

setenv OMP NUM THREADS 8
setenv OMP STACKSIZE 128M
limit stacksize unlimited

#

set EXEC ="../../src/CAMx.v7.40.MPICH3.NCF4.pgfomp"
#

set RUN = "v7.40.36.12.noMPI"
set ICBC = "../icbc"

set INPUT = "../inputs"

set MET = "../met"

set EMIS = "../emiss"

set PTSRCE = "../ptsrce"

set OUTPUT = "../outputs"

#

mkdir -p S$OUTPUT

#

# --- set the dates and times ----
#

set RESTART = "NO"

foreach today (10.162 11.163)
set JUL = S$today:e

set CAL = $today:r

set CALDAY = 201606${CAL}

set YESTERDAY = ‘echo ${CALDAY} | awk '{printf("%d",$1-1)}"'"
#
if( ${RESTART} == "NO" ) then
set RESTART = "false"
else
set RESTART = "true"
endif
#
# --- Create the input file (always called CAMx.in)
#

cat << ieof > CAMx.in
&CAMx Control

Run_ Message = 'CAMx 7.40 Test Problem -- CB6R5 CF SOAP S$CALDAY',

!——— Model clock control ---

Time Zone = 0, ! (0=UTC, 5=EST, 6=CST, 7=MST, 8=PS3T)
Restart = .${RESTART}.,

Start Date Hour = 2016,06,${CAL},0000, ! (YYYY,MM, DD, HHmm)

End Date Hour = 2016,06,${CAL}, 2400, ! (YYYY,MM, DD, HHmm)

Maximum Timestep = 15., ! minutes

Met Input Frequency = 60., ! minutes

Ems Input Frequency = 60., ! minutes

Output Frequency = 60., ! minutes

!--- Map projection parameters ---

Map Projection = 'LAMBERT', ! (LAMBERT, POLAR, RPOLAR, MERCATOR, LATLON, UTM)
UTM Zone =0,
Longitude Pole = -97., ! deg (west<0, south<0)

Latitude Pole = 40., ! deg (west<0,south<0)

Figure 2-4. A sample CAMXx job script that generates a “CAMXx.in” file and runs the model
with OMP parallelization.
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True Latitudel = 33., ! deg (west<0,south<0)
True Latitude2 45., ! deg (west<0,south<0, can = True Latitudel)

!-—- Parameters for the master (first) grid ---

Number of Grids =2,

Master SW XCoord = -2556., ! km or deg, SW corner of cell(l,1)
Master SW YCoord = -1872., ! km or deg, SW corner of cell (1,1)
Master Cell XSize = 36., ! km or deg

Master Cell YSize = 36., ! km or deg

Master Grid Columns = 158,

Master Grid Rows = 91,

Number of Layers = 20,

!-—- Parameters for the second grid ---

Nest Meshing Factor(2) = 3,
Nest Beg I Index(Z2) 85,

! Cell size relative to master grid
|

= 134, ! Relative to master grid
|
|

Relative to master grid

Nest End I Index(2)

Nest Beg J Index(2) = 26, Relative to master grid

Nest End J Index(2) = 74, Relative to master grid

!-—- Model options ---

Diagnostic Error Check = .false., ! True = will stop after 1lst timestep

Flexi Nest = .false., ! True = expect flexi-nested inputs

Advection Solver = '"PPM', ! (PPM, BOTT)

Vadvection Solver = 'PPM', ! (PPM, IMPLICIT)

Chemistry Solver = '"EBI', ! (EBI, LSODE)

Probing Tool = 'None', ! (None, SA,DDM, HDDM, CSA, PA, IPR, IRR, RTRAC, RTCMC)

Chemistry = .true.,

Drydep Model = '"ZHANGO3', ! (None,WESELY89, ZHANGO3)
Bidi NH3 Drydep = .false.,

Wet Deposition = .true.,

ACM2 Diffusion = .false.,

Subgrid Convection = .false.,

Surface Model = .false.,

Strat Ozone Profile = .false.,
Inline Ix Emissions = ‘TRUE', ! (TRUE,FALSE, BYPASS)
Super Stepping = .true.,
Gridded Emissions = .true.,
Point Emissions = .true.,
Ignore Emission Dates = .true.,

!——— Output specifications ---

Root Output Name 'SOUTPUT/CAMx.SRUN.S{CALDAY} "',

Average Output 3D = .false.,

NetCDF Use Compression = .false.,

Output Gas Concs_PPM = .true., ! .true. = PPM, .false. = ug/m"3
Output Species Names (1) = 'NO', ! "ALL" writes all state species
Output Species Names (2) 'NO2', ! "ALLR" writes all state + radical species
Output Species Names (3) = '03"',

Output Species Names (4) = 'S02',

Output Species Names (5) = 'H202',

Output Species Names (6) = 'HNO3',

Output Species Names (7) = 'NH3',

Output Species Names (8) = 'PNO3"',

Output Species Names (9) = 'pP3S04',

Output Species Names (10) = 'PNH4',

Figure 2-4 (continued).
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Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names
Output Species Names

!-—— Input files ---

Chemistry Parameters
Photolyis Rates
Ozone Column

Initial Conditions
Boundary Conditions
Point Sources (1)
Point Sources (2)
Point Sources (3)
Master Grid Restart
Nested Grid Restart

Surface Grid(1l)
Met3D Grid(l
Met2D Grid(
Vdiff Grid(
Emiss Grid(
Emiss Grid(

(

(

Emiss Grid
Emiss Grid

Surface Grid(2)
Met3D Grid(2
Met2D Grid(2
Vdiff Grid(2
Emiss Grid (2,
(2
(2
(2

Emiss Grid
Emiss Grid
Emiss Grid

ieof
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"PEC',
"FPRM',
"CPRM',
= 'CCRS',
= 'FCRS',
= 'HOA',
= 'AOAQ',
= 'AOAl',
= 'AOA2',
= 'BOAO',
= 'BOAL',
= 'BOA2',

' SINPUT/chem/CAMx7.40.chemparam.CB6r5 CF3 COMPLX',

'$INPUT/tuV/tuV.dO_CB6.${CALDAY}',
'SINPUT/o3map/0o3map.201606.txt',
'$SICBC/ic.36km.S${CALDAY}.GMT.hrO.nc"',
'$ICBC/bc.36km.S${CALDAY}.GMT.nc"',
'$SPTSRCE/point.camx.othpt.${CALDAY}.nc',
'$PTSRCE/point.camx.ptnonipm.${CALDAY}.nc',
'$PTSRCE/point.camx.pt oilgas.${CALDAY}.nc'
'SOUTPUT/CAMx.SRUN.S{YESTERDAY}.inst"',
'$SOUTPUT/CAMx.SRUN.${YESTERDAY}.finst"',

'S$SMET/camx.lu.36km.S${CALDAY}.nc",
'S$SMET/camx.3d.36km.${CALDAY}.nc",
'S$SMET/camx.2d.36km.S${CALDAY}.nc",
'S$SMET/camx.kv.36km.${CALDAY}.YSU.nc"',

= 'SEMIS/camx_area.area.${CALDAY}.36km.nc',
'SEMIS/camx_area.mobile.${CALDAY}.36km.nc',
'$SEMIS/camx_area.pt.${CALDAY}.36km.nc',
'SEMIS/camx_area.natural.${CALDAY}.36km.nc',

'$SMET/camx.lu.12km.${CALDAY}.nc",

= 'SMET/camx.3d.12km.S${CALDAY}.nc',
'S$SMET/camx.2d.12km.${CALDAY}.nc",
'S$SMET/camx.kv.12km.${CALDAY}.YSU.nc',
'$EMIS/camx_area.area.${CALDAY}.12km.nc',
'SEMIS/camx_area.mobile.${CALDAY}.12km.nc',
'$SEMIS/camx_area.pt.${CALDAY}.1l2km.nc',
'SEMIS/camx_area.natural.${CALDAY}.12km.nc',

#
# --- Execute the model ---
#
i

f( ! { $SEXEC } ) then

exit
endif
set RESTART = "YES"

end

Figure 2-4 (concluded).
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2.4 Benchmarking Model Run Times

CAMXx run times and parallelization scalability depends on several factors, including the number
of grids, their sizes and resolution; the choice of chemistry mechanism (i.e., the number of
species); and the use and configuration of Probing Tools. CAMx speed gains from
parallelization tend to scale better with increasing number of computer cores for larger and
more complex applications than for smaller or simpler applications in which un-parallelized
overhead processes (e.g., model setup, 1/0, etc.) are a larger fraction of total model run time.

Table 2-3 presents 1-day run time tests using CAMx v6.40! with various combinations of OMP
and MPI parallelization. CAMx employed three nested grids: a master grid covering the entire
US with 36 km grid spacing (148x112, 28 layers), an intermediate grid covering south-central US
with 12 km grid spacing (149x110), and a fine grid covering Texas with 4 km grid spacing
(191x218). CAMx was run with CB6r4 photochemistry with in-line Ix emissions. Aerosol
chemistry and Probing Tools were not active. CAMx was compiled using NVIDIA (formerly
Portland Group PGF90) v13.4 and IFORT v15.0 with OMP and MPICH v3.1.4. CAMx was run on a
2.60 GHz Intel Xeon chipset with 24 physical cores (48 cores hyper-threaded).

Table 2-3. CAMXx v6.40 speed performance with MPI and OMP parallelization from the CAMx
configuration described above. “Total” is the 1-day runtime (hh:mm:ss); “Factor” is the
parallelization speedup as number of equivalent processors; “Scaling” is the parallelization
efficiency (equivalent processors per total cores).

v6.4 PGF13.4 IFORT15.0
MPIXOMP |  Total | Factor | Scaling Total | Factor | Scaling
1x1 7:16:41 6:29:43

1x3 2:53:32 2.5 84% 2:34:35 2.5 84%
1x6 1:36:30 4.5 75% 1:27:38 4.4 74%
1x12 0:59:43 7.3 61% 0:54:52 7.1 59%
1x24 0:44:31 9.8 41% 0:44:40 8.7 36%
3x1 2:44:33 2.7 88% 2:22:18 2.7 91%
6x1 1:32:55 4.7 78% 1:22:48 4.7 78%
12x1 0:52:18 83 70% 0:47:25 8.2 68%
24x1 0:42:57 10.2 42% 0:40:10 9.7 40%
47x1 0:35:17 12.4 26% 0:34:09 11.4 24%
3x8 0:42:32 10.3 43% 0:35:01 11.1 46%
4x6 0:35:30 12.3 51% 0:33:40 11.6 48%
6x4 0:45:54 9.5 40% 0:33:13 11.7 49%
8x3 0:47:09 9.3 39% 0:33:58 11.5 48%
12x2 0:36:29 12.0 50% 0:33:27 11.7 49%

1 performance metrics for CAMXx v6.40 are not expected to be appreciably different from more recent versions.
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Figure 2-5 presents an example of CAMx v6.40! runtimes on the US EPA's High Performance
Computing (HPC) system (Atmos). The CAMx configuration includes:

e Single domain over the eastern US, 225x225x25 grid at 12 km resolution;
e (CB6r2 gas-phase chemistry + CF aerosol chemistry?;

e The Plume-in-Grid (PiG) module, an option in earlier CAMXx versions, was invoked for
major point sources;

e Source Apportionment: 9 regions x 1 sector, OSAT + PSAT (sulfur and nitrogen families),
220 total tracers.

Model speeds for 1 simulation day are shown for combinations of OMP and MPI parallelization
and combinations of standard disk and solid state (RAM) I/O. Multiple points shown for each
number of total cores result from different OMP/MPI combinations; for example, at 128 total

CAMx Runtimes with OMP & MPI

3600
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Figure 2-5. Single-day CAMXx v6.40 runtimes on the US EPA's High Performance Computing
(HPC) system (Atmos) for various combinations of OMP and MPI parallelization.

cores, 128 MPI x 1 OMP is slowest, 32 MPIl x 4 OMP is fastest. Speed improves up to 512 cores.
From these results we note:

e Fast 1/O (such as solid state drives) become important at large numbers of cores;
e We recommend using OMP and MPI in combination;

e Conduct tests to determine which OMP/MPI combinations work best for your model
application and computer system.

2.5 CAMx Pre- And Post-Processors

This section describes several important CAMXx pre- and post-processors that we make available
to the user community. Similarly to CAMX, these programs are written in Fortran and
distributed as free software under the terms of the Gnu General Public License. Each come

2 CB6r2 and CF have since been replaced with newer schemes.
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with README files, makefiles, and sample job scripts that document their purpose and usage.
Ramboll occasionally posts updates for certain widely-used programs when necessary, but does
not actively support or maintain every one. Users can e-mail questions, comments, suggestions
or improvements to ask-camx@environ.org.

2.5.1 Emissions

Certain emission models (those shown in Figure 2-1) can provide speciated, temporally-
allocated, gridded and point source emission input files in the CAMx-ready format. Further
processing may be required, however, to translate emissions to different formats, or to refine
the domain size/resolution for gridded emissions.

CAMx2NCF_EMS: Converts CAMx input 2-D gridded emission files in CAMx binary format to 2-D
netCDF format. You will need netCDF libraries to compile and run this program.

CAMx2NCF_PTS: Converts CAMx input point source emission files in CAMx binary format to 1-D
netCDF format. The 1-D format can be used for all types of CAMx point sources, but it is
particularly needed for point sources where plume rise will be determined in-line from
input source parameters as CAMx runs. Because CAMXx point source netCDF files
contain 1-D lists of point source parameters and emission rates, these files cannot be
used or plotted as gridded emissions without further manipulation to place the point
sources onto a grid. You will need netCDF libraries to compile and run this program.

CAMx2NCF3D_PTS: Converts certain types of CAMx input point source emissions in CAMXx
binary format to 3-D gridded netCDF format. 3-D netCDF files are useful for sources
traditionally generated as point sources with defined plume rise or vertical plume
distribution (e.g., fires, lightning NOx), thereby reducing the number of sources carried
in the 1-D point source files. Use netCDF compression to significantly reduce the sparse
3-D file volumes. Any point sources that have no defined plume rise or vertical
distribution (i.e., those set for in-line plume rise calculations) will not be written to 3-D
netCDF point source files. You will need netCDF libraries to compile and run this
program.

CMAQ2CAMx: Suite of programs that convert CMAQ 1/O-API emissions and initial/boundary
condition files to CAMx formats. The programs use a species mapping cross-reference
file to define how to recast CMAQ species names/compounds to CAMx
species/compounds depending on the chemistry mechanisms used in both models. See
README and job scripts for more information. You will need Models-3 1/O-API and
netCDF libraries to compile and run various versions of these programs.

OCEANIC (previously SEASALT): Generates emissions of aerosol sodium, chloride and sulfate,
gaseous dimethyl sulfide, and numerous halo-methane compounds for the halogen
chemistry mechanism using CAMx-ready meteorological and landuse files. See the
background document bundled with the code and sample job script for usage.

WBDUST: Generates emissions of windblown fine and coarse dust (FCRS, CCRS), and optionally
elemental species, using CAMx-ready meteorological and landuse files. See the
background documented bundled with the code and sample job script for usage.
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LNOX: Generates emission files of lightning NOx using CAMx-ready meteorological and landuse
files. See the README file and sample job script for usage.

2.5.2 Meteorology

The recommended approach to develop meteorological inputs for CAMx is through the use of
prognostic meteorological models. Ramboll distributes an interface program tailored for the
WRF model; this does not necessarily preclude other meteorological models to be used, but
users will need to develop interface programs on their own.

WRFCAMx: Generates CAMx meteorological input files from WRF (ARW core) v3/4 output files.
See the README in the archive for a description of the program and how it is applied.
You will need netCDF libraries to compile and run this program.

KVPATCH: Applies minimum limits on vertical diffusivity (Kv) within a user-defined surface layer
depth based on an input landuse grid. It optionally allows Kv profiles to be extended
into daytime boundary-layer capping convection as defined by input cloud/rain files.
See the source code for more information. Use of this program to adjust Kv inputs is
entirely optional. You will need netCDF libraries to compile and run this program.

2.5.3 Photolysis Rates

The development of photolysis rate inputs for CAMXx is crucial for the photochemical
mechanisms, but is not needed for inert or simple chemistry (e.g., Mechanism 10) applications.
Two programs are available to assist the user in developing photolysis and ozone column input
files.

O3MAP: Prepares ozone column input files for CAMx, and must be run prior to running the
TUV model as it defines the atmospheric ozone column intervals based on input data.
Ozone column data files in latitude/longitude text format must be supplied as input.
O3MAP attempts to fill data gaps in day-specific ozone column files (Figure 2-6) from
valid data processed for the extraction domain. Alternatively, you may use monthly-
average ozone column files (fewer data gaps). See the Readme file and job script in the
archive for usage. Ozone column data are available at:
https://acd-ext.gsfc.nasa.gov/anonftp/toms/omi/data/Level3e/ozone/
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Dark Gray < 100 and = 500 W

Figure 2-6. An example of global ozone column from the Ozone Monitoring Instrument (OMI)
platform. White areas denote missing data. From https://acd-ext.gsfc.nasa.gov/anonftp/
toms/omi/images/global/.

TUV: A radiative transfer model that develops clear-sky photolysis rate inputs for all CAMx
photochemical mechanisms. TUV is developed and distributed by NCAR (2011). The
program specifies default intervals for 5 surface UV albedos, 3 terrain heights, 11
altitudes above ground, 10 solar zenith angles, and 5 atmospheric ozone column
intervals (from O3MAP). See the sample job in the archive for usage.

2.5.4 Initial and Boundary Conditions

Ramboll provides a few programs to develop initial and boundary conditions, but there are
many ways to generate these important inputs. The most common approach involves “down-
scaling” (or extracting) the output from larger-scale (e.g., global) models to the CAMx domain.
Users will need to develop their own programs if they choose an alternative methodology or
source of data to generate initial/boundary conditions.

GEOS2CAMXx: Generates CAMXx initial, lateral boundary, and (optionally) top boundary
condition input files in netCDF or CAMXx binary formats from GEOS-Chem global
chemistry model netCDF output. See the Release Notes and job scripts in the archive
for a description of the program and how it is applied. You will need netCDF libraries to
compile and run this program.

MOZART2CAMx: Generates CAMXx initial, lateral boundary, and (optionally) top boundary
condition input files in netCDF or CAMXx binary formats from WACCM or CAM-Chem
global chemisry model output. See the README and sample job scripts in the archive
for a description of the program and how it is applied. You will need netCDF libraries to
compile and run this program.

BNDEXTR: Extracts boundary conditions for a nested grid when you apply CAMx in one-way
nesting mode. One-way nesting means that CAMXx is run successively for each grid, with
BNDEXTR as the interface between each run. This program is not needed when CAMx is
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run in the more standard two-way nesting mode, where all grids are run in a single
simulation. This program reads CAMx output 3-D average and SAT concentration files
and produces CAMXx input initial/boundary conditions for the core model and optionally
SAT. The map projections and horizontal/vertical grid structures may differ between
the CAMx grids, but the program assumes the same chemical mechanisms are used
because no chemical species mapping is performed. See the example job for usage.

SAICBC: Derives CAMXx SAT initial/boundary conditions from a set of multiple CAMx
initial/boundary files that were extracted from a series of 3rd-party global or regional
model brute force sensitivity runs, with appropriate species tagging. See the example
job for usage.

2.5.5 Landuse

Approaches for developing landuse/landcover inputs for CAMXx include: (1) translating gridded
spatial allocation surrogates developed during emissions processing into the CAMx categories
described in Section 3; (2) translating the gridded landuse/landcover fields from the
meteorological model; or (3) separately developing landuse input fields from raw data (such as
from USGS, MODIS or NLCD) using GIS or other programs. Ramboll distributes meteorological
interface programs (described above) that translate the meteorological model
landuse/landcover fields to the CAMx definitions and grid configuration.

WATERMASK: Converts existing CAMx landuse files to distinguish between ocean/salt water
and fresh water coverages (not netCDF). The CAMXx input landuse file lists the fractional
coverage of “WATER” (index = 1) as ocean and “LAKE” (index=3) as fresh water, but
since few of the land cover datasets employed by the WRF meteorological model
differentiate between fresh and ocean water bodies, the respective CAMx
meteorological interface program populates only the “WATER” classification for any
water type. The in-line iodine emissions algorithm and mercury chemistry need to
differentiate between ocean and fresh water bodies.

2.5.6 Post-processors

Data from CAMx output files can be extracted, manipulated, and visualized using common
netCDF tools (e.g., NCO, NCKS, NCVIEW) or by developing use-specific programs in Python or
Fortan. Ramboll does not develop, support, or advocate for any particular visualization or
graphics software.
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3. CORE MODEL INPUT/OUTPUT STRUCTURES

CAMXx requires input files that define the chemical mechanism and describe the photochemical
conditions, surface characteristics, initial/boundary conditions, emission rates, and
meteorological fields over the entire modeling domain. Table 3-1 summarizes the input data
requirements of CAMx. Preparing this information requires several models and preprocessing
steps to translate emissions, meteorological, air quality and other data into input file formats
expected by CAMx.

Table 3-1. CAMXx data requirements.

Data Types Data Fields

e 3-Dimensional Gridded Fields:
- Vertical Grid Structure
- Horizontal Wind Components

Meteorology ) 'L':r;z:err:ture
Supplied by Prognostic Meteorological Models )
pp yrreg g - Water Vapor

- Vertical Diffusivity
- Clouds/Precipitation
- Snow Cover

e  Gridded Initial Concentrations
e Gridded Lateral Boundary Concentrations
e Gridded Top Boundary Concentrations (optional)

Air Quality

Developed from Other Models or Measurement Data

e Elevated Point Sources (optional), e.g.:
- Industrial Facilities
e Gridded 2-D Surface Sources (optional), e.g.:
- Low-Level Point
- On-Road and Non-Road Mobile
- Area
- Biogenic, Oceanic, Windblown Dust
e Gridded 3-D Sources (optional), e.g.:
- Prescribed, Agricultural, Wildfires
- Lightning NOx

Emissions
Supplied by Emissions Models and Processors

- Aircraft
Geographic e Gridded Surface Characteristics
- Landuse/LandCover

Developed from Terrain, Landuse/Landcover, and

. . -T in El i
Vegetation Density Datasets errain Elevation

- Leaf Area Index (LAI; optional)

Photolysis e  Atmospheric Radiative Properties (optional)
Derived from Satellite Measurements and Radiative - Gridded Ozone Column Codes
Transfer Models - Photolysis Rates Lookup Table

CAMXx produces gridded time-averaged concentration output files; the user selects the time
interval (usually hourly), the species to be output, and whether the output contains just two-
dimensional surface layer fields or entire three-dimensional fields. A separate average output
file is written for each grid employed in the simulation. Two-dimensional surface deposition
fields for the same user-selected species are also written to output files with the same structure
as the average concentration files. Gridded three-dimensional instantaneous concentrations of
all species on all grids are written at the end of the simulation to allow for a model restart. The
CAMx Probing Tool options provide their own information in separate output files. Diagnostic
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output files include three files that track computer resources, echo input selections, provide
mass budget and diagnostic summaries, and provide error/warning messages.

3.1 CAMx Chemistry Parameters File

Chemistry parameters are provided in a text file that specifies the chemical mechanism to be
used and associated details on species properties and reaction types and rates. The chemistry
parameters file format is defined in Table 3-2, and samples are given in Figure 3-1. Some
records in this file are labeled (columns 1-20) to indicate the type of information to supply on
that line (starting in column 21). For records that are not labeled, data start in column 1. Some
chemistry parameter records are optional, depending upon the logical flags indicated for such
records, and are shown in Table 3-2 by a check in the third column; if the indicated option is not
invoked these records should not appear in the file. The first record of the chemistry
parameters file must contain the string “VERSION7.4”, which indicates that the file is specific to
this version of CAMXx.

If the chemistry flag is set “true” on the CAMx . in file, CAMx checks that certain properties of
the selected mechanism are consistent with parameters supplied on the input file (e.g., number
of reactions, photolysis reactions and species). If any discrepancies are found, they are
reported in the output message file and the simulation is halted. The user may also specify an
inert simulation by setting the chemistry flag to “false”. In this case, any number of arbitrarily
named species may be listed, and chemistry reaction parameters are ignored.

Gas-phase chemistry is selected by a keyword assigned to each photochemical mechanism (see
Section 5). Aerosol chemistry is selected by the keywords “NONE”, “INERT”, or “CF”. In the
“NONE” case, no aerosol chemistry is invoked and no aerosol species should be listed in file. In
the “INERT” case, the user can define any number of arbitrary particulate names and
properties. The “CF” option invokes aerosol chemistry and treats the aerosol mass distribution
as coarse and fine modes. CF requires a minimum set of specific aerosol names with associated
chemistry. The choice of which inorganic aerosol chemistry scheme to use is selected on the
“Inorganic PM Chem” line (ISORROPIA or EQSAM); the choice of which secondary organic
aerosol (SOA) chemistry to use and its version (if applicable) is selected on the “Organic PM
Chem” line (SOAP3 or 1.5DVBS).

The chemistry parameters file controls how photolysis rates are calculated in CAMx. So-called
“primary” photolysis rates are input to CAMx via the photolysis rates file. The primary
photolysis reactions are identified by number in the chemistry parameters file and the
photolysis rates file must match this declaration. So-called “secondary” photolysis rates are set
by scaling factors to one of the primary reactions. Use of secondary rates requires at least one
primary photolysis reaction.

Surface model parameters are described in Section 4.9.
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Table 3-2. Description of the CAMx chemistry parameters file. The record labels exist in columns 1-20, and where given, the
input data for that record start in column 21. The format denoted “list” indicates a free-format list of numbers (comma or space-
delimited).

Record Label Record L.
Format Description
(columns 1-20) Optional

CAMx version A Model version keyword (VERSION7.4)
Gas Mechanism A Keyword for gas-phase chemical mechanism (see Table 5-1)
Aerosol Treatment A Keyword for aerosol treatment (NONE, INERT, or CF)?
Inorganic PM Chem A Keyword for inorganic aerosol chemistry (ISORROPIA or EQSAM)
Organic PM Chem A Keyword for secondary organic aerosol chemistry (SOAP3_COMPLX, SOAP3_SIMPLE, or 1.5DVBS)
Description A Message to describe this file

Num gas list Number of radical and state gas species (NGAS > 1)

Number of aerosol species (NAERO = 0)

Aerosol chemistry timestep (min) (if NAERO > 0)

Number of size bins (NBIN > 1) (if NAERO > 0)?

Aerosol diameter (um) for NBIN+1 cut points (if NAERO > 0)

Num PM, dt, sz bins list

Num reactions list Number of gas-phase reactions (NREACT > 0)

Number of primary photolysis reactions (NPHOT1 > 0)

Num prim photo rxns list List of primary photolysis reaction ID numbers (must match the photolysis rates input file)
Num sec photo rxns List Number of secondary photolysis reactions (NPHOT2 > 0)
If NPHOT2 > 0, repeat this record for each secondary photolysis reaction
N ID number of the secondary photolysis reaction
ID, prim ID, scale list ID number of the primary photolysis reaction used for scaling
Secondary reaction scale factor
SrfMod #spc, #rxns list Number of Surfacej Model species and reactions (see Section 4.9)
Set to 0,0 if not using the Surface Model
Species Records Heading
Gas Spec ... Heading
5X, Repeat this record for each gas species (start in column 1)
A10, Gas species name (radicals first, followed by state species; 8-character maximum)
E10.0, Lower bound concentration (ppm)
E10.0, Henry’s law constant (M/atm)
F10.0, Henry’s law temperature dependence (K)

F10.0, Molecular weight (g/mol)
F10.0 Wesley’s reactivity parameter
F10.0 Surface resistance scaling factor (0-1)
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Table 3-2 (continued). Description of the CAMx chemistry parameters file. The record labels exist in columns 1-20, and where
given, the input data for that record start in column 21. The format denoted “list” indicates a free-format list of numbers (comma

or space-delimited).

Record Label Record
Format Description
(columns 1-20) Optional
Aero Spec N Heading (if NAERO > 0)
5X, If NAERO > 0, repeat this record for each aerosol species (start in column 1)
A10, Aerosol species name (8-character maximum)
E10.0, Lower bound concentration (ug/m?)
N F10.0 Species density (g/cm?3)
F10.0 Dry extinction efficiency (m?/um)
110 Hygroscopic extinction adjustment (0 = no adjustment, 1 = RH-dependent)
F10.0 Single-scattering albedo
110 Assigned size bin (INERT and CF aerosols only — references cut points in record 8)
Reaction Records Y Heading (if NREACT > 0)
Rxn Typ Param \/ Heading (if NREACT > 0)
If NREACT > 0, repeat this record for each gas-phase reaction (start in column 1)
Reaction ID number
v list Rate constant expression ID number (1-7, as shown in Table 3-3)

Rate constant parameters (depending on expression type in Table 3-3). For reactions identified as
photolysis reactions above, the rate constant is not used and is customarily set to zero.

1 NONE = gas-phase chemistry only; INERT = user-defined inert PM species; CF = Coarse/Fine aerosol chemistry scheme.
2 For the CF scheme, NBIN must be set to 2, and the user specifies the coarse/fine size ranges.
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CAMx Version

Gas Mechanism
Aerosol Treatment
Inorganic PM Chem
Organic PM Chem
Description

Num gas

| VERSION7. 4

|CB7r3
|CF
|EQSAM

| SOAP3_COMPLX

|CB7r3 + PM (CF3E,SOAP3_COMPLX, EQSAM)

|125

Num PM, dt, sz bins|26 15.0 2 0.039 2.5 10.0

No of reactions
Prim photo rxns

265

3. Core Model Input / Output Structures

/221 8 9 21 27 28 36 39 44 47 59 82 95 101 102 106 109 111 114 116 121 119
No of sec photo rxn|l5

ID, prim ID, scale | 93
| 96
| 160
| 164
| 174
| 187
| 189
| 214
| 239
| 241
| 242
| 244
| 249
| 255
| 259
SrfMod #spc |0 0
Species Records
Gas Spec lower bnd
01D 1.00E-25
[¢) 1.00E-20
OH 1.00E-15
HO2 1.00E-15
€203 1.00E-15
CX03 1.00E-15
OPO3 1.00E-15
APO2 1.00E-15
AUTX 1.00E-15
Bz0O2 1.00E-15
CRO 1.00E-15
CGLY 1.00E-15
DPAR 1.00E-15
EPX2 1.00E-15
HPO2 1.00E-15
IS02 1.00E-15
MEO2 1.00E-15
RO2 1.00E-15
ROR 1.00E-15
TO2 1.00E-15
TPO2 1.00E-15
XLO2 1.00E-15
X02 1.00E-15
X02H 1.00E-15
X02N 1.00E-18
XPAR 1.00E-18
I 1.00E-15
I0 1.00E-15
OIO 1.00E-15
AACD 1.00E-12
ACET 1.00E-06
ALD2 1.00E-12
ALDX 1.00E-12
APIN 1.00E-12
ARPX 1.00E-12
BACL 1.00E-12
BENZ 1.00E-12
CAT1 1.00E-12
ACG2 1.00E-12
ACG1 1.00E-12
BCG2 1.00E-12
BCG1 1.00E-12
co 1.00E-04
CRES 1.00E-12
CRON 1.00E-12
DEE 1.00E-12
DME 1.00E-12
DMS 1.00E-12
ECH4 1.00E-12
EDOH 1.00E-12
EH2 1.00E-12
EPOX 1.00E-12
ESTR 1.00E-12
ETAC 1.00E-12
ETFM 1.00E-12
ETH 1.00E-12
ETHA 1.00E-04
ETHR 1.00E-12
ETHY 1.00E-06
ETOH 1.00E-12
FACD 1.00E-12
FORM 1.00E-12
FVC1 1.00E-12

82
95
1
1
1
82
1
82
82
27
1
1
27

WONBR,FUWOAOWTOFE U AdR PP OO URRWR - J0F Wwo

©

1.0
1.0
0.03
0.08
0.015
1.0

0

4

1

0

H-law
1.

e e e T e e R e e e e e e e e e

1

.50E+03
.00E+01
.40E+01
.30E+00
.40E-03
.00E+06
.40E+01
.80E-01
.00E+05
.60E+07
.60E+07
.80E+08
.80E+08
.90E-04
.70E+03
.50E+03
.10E+01
.70E+00
.60E-01
.40E-03
.60E+05
.90E-04
.00E+07
.00E+00
.00E+00
.40E+00
.90E-03
.90E-03
.10E+00
.10E-02
.00E+02
.80E+03
.20E+03
.12E+02

T-fact
0.

-6300.
-4600.
-5600.
-5600.
-4400.
-4000.
-5700.
-4000.
-8000.
-6014.
-6014.
-6014.
-6014.

-1300.0
-6000.0
-6300.0
-6600.0
-4900.0
-3500.0
-1600.0
-8800.0
-530.0
-6000.0
.0
0
0
0
0
0
0
0
0
0
0

-5900

-5900.
-4600.
-2200.
-2400.
-6600.
-1700.
-5600.
-6100.
=7100.
-7900.

D000 O0O0O0OO0OOODOOODODODOOOOOOO OO O

cOcococoooo0o0oO-

Molwt

136.

88.
88.
74.
28.
30.
74.
26.
46.
46.
30.
124.

IS
IS
HOOHRORRFRRPRPEREPRPOFRORRFERRERREPROOOOORRPRREPENRFEFRPEPOOORFOONNRERREROORWHRUORERERNREROOOOOO

Reactvty
0.

HEF PP O OO RPROROORRRPRRPROREFRERRERRERORHEORRRPRPOOOOOO0OO000000000000000000000O0

OO0 0000000000000 DOOOOOOOODOOOOOOODDOODODODODODOODDODODDODODOODODODODODODODOOO OO OO

0

Rscale

—

e e e el e e e e e N N e e e e e e T e R R e e e e e e e N N e

Figure 3-1a. Example CAMx chemistry parameters file for CB7r3 with CF3/EQSAM/ SOAP3
PM treatments.
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GLY 1.00E-12 4.10E+05 -7500.0 58.0 1.0 1.
GLYD 1.00E-12 4.10E+04 -4600.0 60.1 1.0 1.
H202 1.00E-12 8.30E+04 -7600.0 34.0 1.0 1.
HCL 1.00E-12 2.50E+03 -9000. 36.5 0.0 0.
HACT 1.00E-12 7.70E+03 -4600.0 74.1 1.0 1.
HKET 1.00E-12 7.70E+03 -4600.0 148.2 1.0 1.
HNO3 1.00E-12 2.10E+05 -8700.0 63.0 0.0 0.
HONO 1.00E-12 4.70E+01 -4900.0 47.0 0.0 1.
HPAR 1.00E-12 1.20E-04 -4000.0 170.3 0.0 1.
HPLD 1.00E-12 2.00E+06 -6000.0 116.1 1.0 1.
IBTA 1.00E-12 9.20E-04 -2700.0 58.1 0.0 1.
INTR 1.00E-12 1.00E+04 -6000.0 147.1 1.0 1.
IOLE 1.00E-12 4.40E-03 -4000.0 56.1 0.0 1.
IPOH 1.00E-12 1.30E+02 -7500.0 60.1 1.0 1.
ISOP 1.00E-12 3.40E-02 -4400.0 68.1 0.0 1.
ISPD 1.00E-12 3.00E+01 -5000.0 70.1 1.0 1.
ISPX 1.00E-12 1.00E+06 -5800.0 118.1 1.0 1.
KET 1.00E-12 1.80E+01 -5700.0 28.0 0.0 1.
MEAC 1.00E-12 8.10E+00 -4900.0 74.1 1.0 1.
MEFM 1.00E-12 4.10E+00 -4000.0 60.1 1.0 1.
MEOH 1.00E-12 2.00E+02 -5600.0 32.0 1.0 1.
MEPX 1.00E-12 3.00E+02 -5300.0 48.0 1.0 1.
MGLY 1.00E-12 3.10E+05 -5100.0 72.1 1.0 1.
N205 1.00E-12 2.10E+05 -8700.0 108.0 0.0 0.
NH3 1.00E-09 5.76E+01 -4100. 17.0 0.0 1.
NO 1.00E-09 1.90E-03 -1600.0 30.0 0.0 1.
NO2 1.00E-12 1.20E-02 -2400.0 46.0 0.8 1.
NO3 1.00E-15 3.80E-02 -1900.0 62.0 0.0 0.
NPOH 1.00E-12 1.40E+02 -6900.0 60.1 1.0 1.
NTR1 1.00E-12 1.00E+03 -6000.0 119.1 1.0 1.
NTR2 1.00E-12 1.00E+05 -6000.0 135.1 1.0 1.
03 1.00E-12 8.90E-03 -2900.0 48.0 1.0 1.
OLE 1.00E-12 7.30E-03 -3400.0 29.1 0.0 1.
OPAN 1.00E-12 1.00E+02 -5700.0 161.1 1.0 1.
OPEN 1.00E-12 3.00E+04 -9200.0 84.1 1.0 1.
PACD 1.00E-12 8.40E+02 -5300.0 76.1 1.0 1.
PAN 1.00E-12 2.80E+00 -5700.0 121.1 1.0 1.
PANX 1.00E-12 2.80E+00 -5700.0 121.1 1.0 1.
PAR 1.00E-04 1.00E-03 -3200.0 14.5 0.0 1.
PDOH 1.00E-12 2.70E+05 -9500.0 76.1 1.0 1.
PNA 1.00E-12 3.90E+00 -8400.0 79.0 0.0 0.
PRPA 1.00E-04 1.50E-03 -2700.0 44.1 0.0 1.
ROH 1.00E-12 1.10E+02 -7200.0 73.1 1.0 1.
ROOH 1.00E-12 3.40E+02 -6000.0 90.1 1.0 1.
S02 1.00E-09 1.30E+00 -1800.0 64.1 0.0 1.
SQT 1.00E-12 3.60E-02 -4800.0 204.4 0.0 1.
SULF 1.00E-12 1.00E+10 0.0 98.1 0.0 1.
SXD5 1.00E-12 3.00E-05 -4000.0 370.6 0.0 1.
TERP 1.00E-12 3.00E-03 -4400.0 136.2 0.0 1.
TOL 1.00E-12 1.50E-01 -4300.0 92.1 0.0 1.
TPRD 1.00E-12 5.00E+04 -6000.0 142.2 1.0 1.
XOPN 1.00E-12 1.00E+02 -5700.0 98.1 1.0 1.
XYL 1.00E-12 1.90E-01 -4200.0 106.2 0.0 1.
HOI 1.00E-12 1.50E+04 -8370.0 143.9 0.0 1.
12 1.00E-15 3.04E+00 -4400.0 253.8 0.0 1.
1202 1.00E-15 1.00E+10 0.0 285.8 0.0 0.
INO3 1.00E-12 1.00E+10 0.0 188.9 0.0 0.
IX0Y 1.00E-12 1.00E+10 0.0 301.8 0.0 0.
IVOA 1.00E-12 1.00E+00 -4000. 212.0 0.0 1.
IvCl 1.00E-12 1.00E+00 -4000. 212.0 0.0 1.
IvC2 1.00E-12 1.00E+00 -4000. 212.0 0.0 1.
SVOA 1.00E-12 1.00E+03 -4000. 220.0 1.0 1.
Aero Spec lower bnd Density Dry Bext RH Adjust SSA SizeBin
CCRS 1.00E-09 3.0 0.4 0 0.70 2
CPRM 1.00E-09 3.0 0.4 0 0.70 2
FCRS 1.00E-09 3.0 0.4 0 0.70 1
FPRM 1.00E-09 3.0 0.4 0 0.70 1
NA 1.00E-09 2.2 1.5 1 0.99 1
PCL 1.00E-09 2.2 1.5 1 0.99 1
PEC 1.00E-09 2.0 18.0 0 0.25 1
PH20 1.00E-09 1.0 0.0 0 0.99 1
PNH4 1.00E-09 1.5 7.0 1 0.99 1
PNO3 1.00E-09 1.5 7.0 1 0.99 1
PS04 1.00E-09 1.5 7.0 1 0.99 1
HOA 1.00E-09 1.0 7.0 0 0.80 1
AOA2 1.00E-09 1.4 7.0 0 0.80 1
AOA1 1.00E-09 1.4 7.0 0 0.80 1
AOAO 1.00E-09 1.4 7.0 0 0.80 1
BOA2 1.00E-09 1.3 7.0 0 0.80 1
BOA1 1.00E-09 1.3 7.0 0 0.80 1
BOAO 1.00E-09 1.3 7.0 0 0.80 1
PAL 1.00E-09 4.0 0.4 0 0.70 1
PCA 1.00E-09 2.8 0.4 0 0.70 1
PFE 1.00E-09 5.7 0.4 0 0.70 1
PK 1.00E-09 2.0 0.4 0 0.70 1
PMG 1.00E-09 3.0 0.4 0 0.70 1
PMN 1.00E-09 5.0 0.4 0 0.70 1
PSI 1.00E-09 2.7 0.4 0 0.70 1
PTI 1.00E-09 4.2 0.4 0 0.70 1

Reaction Records
Rxn Typ Order Parameters

1 -1 1 0.00D+00
2 3 3 6.00D-34
3 3 2 2.07D-12

(1 to 12 depending upon Typ)

0.0
1400.0

Figure 3-1a (continued).

-2.

6 300.0
0.0 300.0
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4 4 2 1.00D-31 0.0 -1.6 300.0 5.00D-11 0.0 -0.3 300.0 0.85 0.84
5 3 2 5.10D-12 -198.0 0.0 300.0

6 4 2 1.30D-31 0.0 -1.5 300.0 2.30D-11 0.0 0.24 300.0 0.60 1.00
7 3 2 8.00D-12 2060.0 0.0 300.0

8 -1 1 0.00D+00

9 -1 1 0.00D+00

10 3 2 2.23D-11 -115.0 0.0 300.0

11 1 2 2.14D-10

12 3 2 1.70D-12 940.0 0.0 300.0

13 3 2 2.03D-16 -693.0 4.57 300.0

14 3 2 2.40D-11 -110.0 0.0 300.0

15 3 2 3.00D-11 -200.0 0.0 300.0

16 3 2 6.20D-14 -945.0 2.6 298.0

17 4 2 9.00D-31 0.0 -3.2 300.0 3.90D-11 0.0 -0.47 300.0 0.42 1.23
18 3 2 4.80D-11 -250.0 0.0 300.0

19 7 2 2.20D-13 -600.0 0.0 300.0 1.90D-33 -980.0 0.0 300.0

20 7 3 3.08D-34 -2800.0 0.0 300.0 2.66D-54 -3180.0 0.0 300.0

21 -1 1 0.00D+00

22 1 2 1.80D-12

23 3 2 1.40D-12 2000.0 0.0 300.0

24 3 3 4.25D-39 -664.0 0.0 300.0

25 3 2 3.45D-12 -270.0 0.0 300.0

26 3 2 1.40D-13 2470.0 0.0 300.0

27 -1 1 0.00D+00

28 -1 1 0.00D+00

29 3 2 1.80D-11 -110.0 0.0 300.0

30 3 2 4.35D-14 1335.0 0.0 300.0

31 1 2 2.00D-11

32 1 2 4.00D-12

33 3 2 8.50D-13 2450.0 0.0 300.0

34 4 2 3.60D-30 0.0 -4.1 300.0 1.90D-12 0.0 0.2 300.0 0.35 1.33
35 4 1 1.30D-03 11000.0 -3.5 300.0 9.70D+14 11080.0 0.1 300.0 0.35 1.33
36 -1 1 0.00D+00

37 1 2 1.00D-22

38 4 2 7.10D-31 0.0 -2.6 298.0 3.60D-11 0.0 -0.1 298.0 0.60 1.00
39 -1 1 0.00D+00

40 3 2 2.50D-12 -260.0 0.0 300.0

41 4 2 1.80D-30 0.0 -3.0 298.0 2.80D-11 0.0 0.0 298.0 0.60 1.00
42 1 3 1.10D-30

43 6 2 2.40D-14 -460.0 0.0 300.0 2.70D-17 -2199.0 0.0 300.0 6.50D-34 -1335.0 0.0 300.0
44 -1 1 0.00D+00

45 4 2 1.90D-31 0.0 -3.4 298.0 4.00D-12 0.0 -0.3 298.0 0.60 1.00
46 5 1 45.0 2.10D-27 -10900.0 0.0 298.0

47 -1 1 0.00D+00

48 3 2 3.20D-13 -690.0 0.0 300.0

49 3 2 7.70D-12 2100.0 0.0 300.0

50 7 2 1.44D-13 0.0 0.0 300.0 3.43D-33 0.0 0.0 300.0

51 4 2 2.80D-31 0.0 -2.6 300.0 2.00D-12 0.0 0.0 300.0 0.53 1.10
52 1 1 0.00D+00

53 3 2 1.12D-11 250.0 0.0 300.0

54 3 3 1.28D-37 -4480.0 0.0 300.0

55 3 2 1.90D-13 -520.0 0.0 300.0

56 3 2 7.50D-12 -290.0 0.0 300.0

57 4 2 3.61D-28 0.0 -6.87 300.0 1.24D-11 0.0 -1.105 300.0 0.30 1.41
58 4 1 1.10D-05 10100.0 0.0 300.0 1.90D+17 14100.0 0.0 300.0 0.30 1.41
59 -1 1 0.00D+00

60 3 2 3.14D-12 -580.0 0.0 300.0

61 3 2 4.40D-13 -1070.0 0.0 300.0

62 3 2 2.90D-12 -500.0 0.0 300.0

63 3 2 6.70D-12 -340.0 0.0 300.0

64 5 2 57.0 1.19 0.0 0.0 300.0

65 5 1 58.0 1.19 0.0 0.0 300.0

66 1 2 3.00D-12

67 5 2 60.0 1.0 0.0 0.0 300.0

68 5 2 61.0 1.0 0.0 0.0 300.0

69 5 2 63.0 1.0 0.0 0.0 300.0

70 5 2 64.0 1.0 0.0 0.0 300.0

71 5 1 65.0 1.0 0.0 0.0 300.0

72 1 2 3.60D-11

73 5 2 60.0 1.0 0.0 0.0 300.0

74 5 2 61.0 1.0 0.0 0.0 300.0

75 3 2 2.70D-12 -360.0 0.0 300.0

76 3 2 1.93D-13 -1300.0 0.0 300.0

77 3 2 1.545D-13 -350.0 0.0 300.0

78 3 2 2.30D-12 -360.0 0.0 300.0

79 3 2 3.80D-13 -780.0 0.0 300.0

80 5 2 77.0 1.0 0.0 0.0 300.0

81 3 2 5.30D-12 -190.0 0.0 300.0

82 -1 1 0.00D+00

83 5 2 75.0 1.0 0.0 0.0 300.0

84 5 2 76.0 1.0 0.0 0.0 300.0

85 5 2 77.0 1.0 0.0 0.0 300.0

86 5 2 75.0 1.0 0.0 0.0 300.0

87 5 2 76.0 1.0 0.0 0.0 300.0

88 5 2 77.0 1.0 0.0 0.0 300.0

89 5 2 75.0 1.0 0.0 0.0 300.0

90 5 2 76.0 1.0 0.0 0.0 300.0

91 5 2 77.0 1.0 0.0 0.0 300.0

92 3 2 9.00D-12 -190.0 0.0 300.0

93 -1 1 0.00D+00

94 1 2 2.00D-12

95 -1 1 0.00D+00

96 -1 1 0.00D+00

97 1 1 2.30D-05

Figure 3-1a (continued).
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98 3 2 2.85D-12 345.0 0.0
99 3 2 3.00D-12 -20.0 0.0
100 2 5.40D-12 -135.0 0.0
101 -1 1 0.00D+00

102 -1 1 0.00D+00

103 1 2 5.50D-16

104 3 2 4.70D-12 -345.0 0.0
105 3 2 1.40D-12 1860.0 0.0
106 -1 1 0.00D+00

107 3 2 4.90D-12 -405.0 0.0
108 1 2 6.30D-15

109 -1 1 0.00D+00

110 1 2 8.00D-12

111 -1 1 0.00D+00

112 5 2 105.0 1.0 0.0 0.
113 3 2 3.10D-12 -340.0 0.0
114 -1 1 0.00D+00

115 1 2 4.00D-16

116 -1 1 0.00D+00

117 1 2 5.00D-16

118 3 2 1.90D-12 -575.0 0.0
119 -1 1 0.00D+00

120 3 2 1.41D-12 620.6 0.0
121 -1 1 0.00D+00

122 3 2 2.70D-12 90.0 0.0
123 3 2 2.00D-12 -320.0 0.0
124 1 2 4.50D-13

125 3 2 4.00D-14 -850.0 0.0
126 3 2 5.30D-12 -190.0 0.0
127 3 2 1.85D-12 1690.0 0.0
128 3 2 1.85D-12 1690.0 0.0
129 3 2 6.90D-12 1000.0 0.0
130 3 2 7.60D-12 585.0 0.0
131 1 2 1.00D-09

132 1 1 1.00D-01

133 3 2 3.09D-13 -300.0 2.0
134 4 1 4.80D-20 0.0 0.0
135 1 1 1.00D+00

136 7 1 2.70D+12 5000.0 0.0
137 3 2 2.00D-14 250.0 0.0
138 4 2 5.00D-30 0.0 -1.5
139 4 2 8.60D-29 0.0 -3.1
140 3 2 6.82D-15 2500.0 0.0
141 3 2 3.30D-12 2880.0 0.0
142 4 2 8.00D-27 0.0 -3.5
143 3 2 5.50D-15 1880.0 0.0
144 3 2 4.60D-13 1155.0 0.0
145 3 2 1.05D-11 -519.0 0.0
146 3 2 4.70D-15 1013.0 0.0
147 1 2 3.70D-13

148 3 2 2.30D-12 190.0 0.0
149 5 2 75.0 1.0 0.0 0.0
150 5 2 76.0 0.855 0.0 0
151 5 2 77.0 1.0 0.0 0.0
152 3 2 1.80D-12 -340.0 0.0
153 5 2 75.0 1.0 0.0 0.0
154 5 2 76.0 0.813 0.0 0
155 5 2 77.0 1.0 0.0 0.0
156 1 2 1.85D-11

157 5 2 75.0 1.0 0.0 0.0
158 5 2 76.0 0.783 0.0 0
159 5 2 77.0 1.0 0.0 0.0
160 -1 1 0.00D+00

161 1 2 4.40D-11

162 3 2 5.40D-17 500.0 0.0
163 1 2 3.80D-12

164 -1 1 0.00D+00

165 1 2 9.00D-11

166 3 2 1.08D-16 500.0 0.0
167 1 2 3.00D-12

168 3 2 1.70D-12 -950.0 0.0
169 1 2 1.40D-11

170 1 2 2.10D-12

171 1 2 5.50D-12

172 1 2 1.53D-12

173 1 2 3.80D-12

174 -1 1 0.00D+00

175 1 2 5.00D-11

176 1 2 1.70D-10

177 1 2 8.00D-11

178 3 2 2.70D-11 -390.0 0.0
179 5 2 75.0 1.0 0.0 0.0
180 5 2 76.0 0.913 0.0 0.
181 5 2 77.0 1.0 0.0 0.0
182 3 1 3.30D+09 8300.0 0.0
183 3 2 1.03D-14 1995.0 0.0
184 3 2 2.95D-12 450.0 0.0
185 3 2 7.00D-12 -430.0 0.0
186 3 2 3.94D-14 -475.0 0.0
187 -1 1 0.00D+00

188 3 2 2.80D-11 -370.0 0.0
189 -1 1 0.00D+00

190 3 2 1.17D-11 -450.0 0.0
191 3 2 5.43D-11 450.0 0.0

Figure 3-1a (continued).
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298.0 0.41 1.00

300.0

300.0 0.37 1.30

300.0 0.48 1.15

300.0 0.50 1.13
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192 5 2 75.0 1.0 0.0 0.0 300.0

193 5 2 76.0 0.913 0.0 0.0 300.0

194 5 2 77.0 1.0 0.0 0.0 300.0

195 3 2 1.00D-11 -300.0 0.0 300.0

196 3 2 1.34D-11 -410.0 0.0 300.0

197 5 2 75.0 1.0 0.0 0.0 300.0

198 5 2 76.0 0.721 0.0 0.0 300.0

199 5 2 77.0 1.0 0.0 0.0 300.0

200 3 2 8.05D-16 640.0 0.0 300.0

201 3 2 1.20D-12 -490.0 0.0 300.0

202 3 2 3.20D-11 -390.0 0.0 300.0

203 5 2 75.0 1.0 0.0 0.0 300.0

204 5 2 76.0 0.721 0.0 0.0 300.0

205 5 2 77.0 1.0 0.0 0.0 300.0

206 3 2 4.24D-15 1030.0 0.0 300.0

207 1 2 6.15D-12

208 1 2 2.00D-10

209 1 2 1.20D-14

210 1 2 1.90D-11

211 3 2 1.35D-11 -400.0 0.0 300.0

212 1 2 1.00D-13

213 1 2 1.10D-17

214 -1 1 0.00D+00

215 1 2 1.45D-11

216 1 2 2.10D-11

217 3 2 2.60D-12 -200.0 0.0 300.0

218 3 2 4.60D-12 -70.0 0.0 300.0

219 3 2 7.00D-12 -60.0 0.0 300.0

220 3 2 5.70D-12 215.0 0.0 300.0

221 3 2 8.91D-18 -837.0 2.0 1.0

222 3 2 8.90D-12 -100.0 0.0 300.0

223 3 2 9.39D0-13 461.0 0.0 300.0

224 3 2 8.54D-19 -455.0 2.0 1.0

225 3 2 5.66D-13 -134.0 0.0 300.0

226 3 2 6.92D-19 -986.0 2.0 1.0

227 3 2 2.50D-13 -740.0 0.0 300.0

228 1 2 2.10D-12

229 3 2 5.40D-12 285.0 0.0 1.0

230 3 2 2.54D-11 180.0 0.0 1.0

231 5 2 75.0 616.0 1540.0 0.0 300.0

232 5 2 75.0 0.113 -750.0 0.0 300.0

233 5 2 76.0 0.731 0.0 0.0 300.0

234 5 2 77.0 1.0 0.0 0.0 300.0

235 5 2 75.0 1.0 0.0 0.0 300.0

236 5 2 76.0 0.813 0.0 0.0 300.0

237 3 1 2.20D+08 6200.0 0.0 300.0

238 1 2 6.00D-11

239 -1 1 0.00D+00

240 3 2 7.70D-12 2100 0.00 300.00

241 -1 1 0.00D+00

242 -1 1 0.00D+00

243 3 2 2.10D-11 830.0 0.0 300.0

244 -1 1 0.00D+00

245 3 2 5.40D-11 -180.0 0.0 300.0

246 3 2 1.40D-11 -540.0 0.0 300.0

247 3 2 7.15D-12 -300.0 0.0 300.0

248 4 2 7.70D-31 0.0 -5.0 300.0 1.6D-11 0.0 0.0 300.0 0.40 .26

249 -1 1 0.00D+00

250 4 2 1.50D-27 0.0 -3.93 300.0 5.5D-10 -46.0 0.0 300.0 0.30 1.41

251 1 2 1.00D-10

252 3 2 1.10D-12 -542.0 0.0 300.0

253 1 1 1.00D+01

254 1 2 1.00D-12

255 -1 1 0.00D+00

256 1 2 2.50D-22

257 1 2 5.00D-16

258 3 2 1.23D-13 -197.8 2.0 300.0

259 -1 1 0.00D+00

260 1 2 3.32D-19

261 3 2 3.54D-11 -150.0 0.0 300.00

262 1 2 4.59D-17

263 1 2 1.35D-11

264 1 1 1.00D-06

265 1 1 1.00D-06

Figure 3-1a (concluded).
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CAMx Version | VERSION7.4
Gas Mechanism \

Aerosol Treatment | INERT
Inorganic PM Chem |

Organic PM Chem \

Description | Inert tracers

Num gas |1

Num PM, dt, sz bins|2 15.0 2 0.039 2.5 10.0
Num reactions | O

Num prim photo rxns|O0
Num sec photo rxns |0
SrfMod #spc, #rxns |0 O
Species Records

Gas Spec lower bnd H-law T-fact Molwt Reactvty Rscale
1 TGAS 1.00E-15 1.00e-10 0. 18.00 0.0 1.
Aero Spec lower bnd Density Dry Bext RH Adjust SSA SizeBin
1 TFINE 1.00E-15 3.0 0.0 0 0.00 1
2 TCORS 1.00E-15 3.0 0.0 0 0.00 2

Figure 3-1b. Example inert chemistry parameters file (requires chemistry flag to be set false -
see the description of the CAMXx control file).

The section of the file that lists gas species must include the names of radical and state species
(8-character maximum), according to the selected chemical mechanism, along with each
species’ lower bound value, Henry’s Law solubility parameters, molecular weight, and surface
reactivity and resistance scaling parameters for use in the dry deposition calculations. The
lower bound values set the minimum concentration “floor” for any chemical or physical process
that reduces concentrations to “zero”. The lower bound is also used to set initial and/or
boundary conditions for species that are omitted from the initial and/or boundary condition
files.

The section of the file that lists aerosol species names (8-character maximum) must include a
lower-bound value, particle density, dry extinction efficiency, a hygroscopic flag, and single-
scattering albedo. In the case of INERT or CF options, the user must also specify the size bin
assigned to each species at the end of each particulate species record. Since the effect of
aerosol water on optical parameters is taken into account through an internal relative humidity
adjustment, the dry extinction efficiency for particle species PH20 must be set to zero.

CAMXx supports several equations for specifying gas-phase rate constants, as shown in Table 3-
3a. The type of equation used for each reaction is identified by the second parameter specified
for each reaction —a number between 1 and 7 (Table 3-3a).
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Table 3-3a. Rate constant expression types supported in CAMXx and order of expression
parameters for the chemistry parameters file.

Expression . .
T Description Expression
1 Constant k =kyog
2 UAM (Arrheni ion) k=k [E(l 1)]
rrhenius expression = —_———
P 298 €XP |Ea (595 T T
T\2 E,
3 General temperature dependence k=A (_> exp (_ _)
Tr T
k°[M
. MY o
1+ k°[M]/k=
T\? E
0 =a(r) (-
Tx T
4 Troe-type temperature and pressure 5 ’
dependence - AT @
k"=A=) exp|——
T T
-1
log (k°[M]/k™)\"
G:IH( gk [M1/ ))]
n
Equilibrium with a previously defined T\5 E, -
5 i k =k - exp|——
reaction (k) 17 \r, T
6 Lindemann - Hinshelwood as used for OH + k= K° 4+ k3[M]
HNO3 1+ k3[M]/k,
7 Simple pressure dependence used for OH + k = ky + ky[M]
co
Notes:

T is temperature (K)

TR is reference temperature of 300 K

Eais an Arrhenius activation energy (K)

k0 is the low pressure limit of the rate constant
koo is the high pressure limit of the rate constant
[M] is the concentration of air in molecule cm-3

The number of additional parameters required depends upon the expression type and varies
between 2 and 13, as shown in Table 3-3b. Expression type 4 (Troe expression) allows for a
complete description of dependencies on temperature and pressure; background information
on Troe expressions may be found in the NASA and IUPAC rate constant compilations (NASA,
1997; IUPAC, 1992). Expression type 5 allows reaction rates to be specified via an equilibrium
constant, e.g., defining PAN dissociation relative to PAN formation. Expression types 6 and 7
are useful for the OH reactions of HNOs and CO, respectively.
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Table 3-3b. List of parameters that must be provided in the CAMx chemistry parameter file
for each of the seven types of rate constant expressions. Use ppm™ minute? or cm3
molecule® s units for A and Kelvin for E. and Tr. The variable O is the order of the reaction

1to 3).
Expression
Parameters
Type
1 2 3 4 5 6 7 8 9 10 11 12 13
1 0] k29s
2 0] k29s Ea
3 0 A Ea B Tr
4 0 A Ea B Tr A E.’ B’ TR’ F n
5 0 Kref A Ea B Tr
6 0 A° Es° | B Tr° A? [ B2 Tr? A3 E.3 B3 Te3
7 o Al E.L | B! Tg? A? [ B2 Tr?

Rate constants can be specified in molecular units (e.g., cm3 molecule™ s*) or ppm units (e.g.,
ppm* min). All the rate constants must be in a single unit system; CAMx will determine which
units system is being used from the magnitude of the rate constants. Diagnostic information on
the rate constants and units system is output by CAMx at run-time.

3.2 Photolysis Rates File

The rates for the primary photolysis reactions are supplied via the photolysis rates file in units
of minute™. This file must be supplied if chemistry is invoked. The photolysis rates file
comprises a large look-up table of clear-sky photolysis rates specific to the gas-phase chemistry
mechanism to run. Rates are arranged in a matrix of five dimensions, including variations over
10 solar zenith angles, 5 ultraviolet (UV) surface albedos, 3 terrain heights, 11 altitudes above
ground, and 5 total ozone column values. The look-up table is generated using the TUV
preprocessor, which internally specifies the ranges of solar zenith (0, 10, 20, 30, 40, 50, 60, 70,
78, 86), surface UV albedo (0.04, 0.1, 0.2, 0.5, 0.9.), and terrain heights (0, 1, 3 km). The ranges
of altitude above ground are controlled by the user, while the ranges of ozone column are
taken from the ozone column file (Section 3.3). TUV is run with a typical aerosol profile defined
by Elterman (1968).

The photolysis rates file is a readable text format and it has the following structure:

TUv4.8CAMx7.40 CB7r3
Loop from 1 to nozn ozone column intervals:
Loop from 1 to nalb UV albedo intervals:
Loop from 1 to ntht terrain height intervals:

ozcl,albcl, trncl
(12X,£7.3,8%X,£7.3,11X,£7.3)

Loop from 1 to nalt altitudes above ground:

height (*)
Loop from 1 to nphot photolysis reactions:
(pk(n) ,n=1,nso0l) (1X,10F12.0)
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where the first record labels the version of TUV, CAMx and the photochemical mechanism
specificied to generate the file, and where variables have the following definitions:

ozcl Ozone column value for the current interval (Dobson units)
albcl UV albedo value for the current interval (unitless)

trncl Terrain height value for the current interval (km MSL)
height Altitude (km AGL)

pk Photolysis rates (mint) for nsol solar zenith angles

Figure 3-2 presents an example of a photolysis rates file for the first several panels of data.

TUV4.8CAMx7.40_CB7r3

03 Column = 286. Albedo= 0.040 Terrain = 0.000

0.000 km above surface
5.310E-01 5.265E-01 5.119E-01 4.868E-01 4.471E-01 3.880E-01 3.043E-01 1.918E-01 9.398E-02 2.453E-02 CBX : NO2.PHF
2.423E-02 2.411E-02 2.373E-02 2.305E-02 2.197E-02 2.034E-02 1.781E-02 1.365E-02 8.391E-03 1.735E-03 CBX : O303P.PHF
2.342E-03 2.265E-03 2.037E-03 1.697E-03 1.270E-03 8.191E-04 4.228E-04 1.511E-04 4.470E-05 7.548E-06 CBX : O301D.PHF
4.438E-04 4.365E-04 4.139E-04 3.772E-04 3.244E-04 2.561E-04 1.762E-04 9.357E-05 4.057E-05 9.688E-06 CBX : H202.PHF
1.081E+01 1.078E+01 1.065E+01 1.042E+01 1.003E+01 9.389E+00 8.299E+00 6.352E+00 3.803E+00 7.484E-01 CBX : NO3_NO2.PHF
1.352E+00 1.348E+00 1.334E+00 1.309E+00 1.267E+00 1.196E+00 1.073E+00 8.451E-01 5.294E-01 1.055E-01 CBX H NO3:NO.PHF
2.813E-03 2.770E-03 2.635E-03 2.415E-03 2.097E-03 1.680E-03 1.181E-03 6.483E-04 2.886E-04 7.077E-05 CBX : N205.PHF
9.061E-02 8.977E-02 8.709E-02 8.248E-02 7.524E-02 6.460E-02 4.982E-02 3.064E-02 1.484E-02 3.988E-03 CBX : HONO.PHF
4.293E-05 4.189E-05 3.875E-05 3.387E-05 2.734E-05 1.971E-05 1.197E-05 5.378E-06 1.977E-06 3.865E-07 CBX : HNO3.PHF
3.541E-04 3.465E-04 3.232E-04 2.865E-04 2.362E-04 1.753E-04 1.104E-04 5.166E-05 1.952E-05 3.746E-06 CBX : PNA.PHF
4.821E-05 4.722E-05 4.422E-05 3.947E-05 3.292E-05 2.492E-05 1.622E-05 8.040E-06 3.273E-06 7.260E-07 CBX : PAN.PHF
3.048E-04 3.000E-04 2.851E-04 2.609E-04 2.258E-04 1.799E-04 1.255E-04 6.792E-05 2.994E-05 7.317E-06 CBX : MEPX.PHF
1.664E-04 1.626E-04 1.511E-04 1.332E-04 1.089E-04 7.988E-05 4.963E-05 2.296E-05 8.671E-06 1.737E-06 CBX : NTR.PHF
2.141E-03 2.105E-03 1.993E-03 1.811E-03 1.548E-03 1.208E-03 8.142E-04 4.170E-04 1.726E-04 3.739E-05 CBX : FORM_R72.PHF
2.745E-03 2.709E-03 2.597E-03 2.408E-03 2.126E-03 1.739E-03 1.253E-03 7.057E-04 3.228E-04 8.199E-05 CBX : FORM_Mr5.PHF
3.693E-04 3.599E-04 3.315E-04 2.874E-04 2.284E-04 1.602E-04 9.248E-05 3.781E-05 1.220E-05 1.945E-06 CBX H ALD2:Rr5.PHF
2.148E-03 2.105E-03 1.975E-03 1.767E-03 1.477E-03 1.115E-03 7.187E-04 3.466E-04 1.352E-04 2.731E-05 CBX : ALDX_R72.PHF
4.563E-04 4.457E-04 4.134E-04 3.629E-04 2.944E-04 2.133E-04 1.297E-04 5.777E-05 2.079E-05 3.859E-06 CBX : GLYDrS5.PHF
7.073E-03 7.003E-03 6.778E-03 6.398E-03 5.814E-03 4.977E-03 3.843E-03 2.387E-03 1.157E-03 2.918E-04 CBX : GLY_Rr5.PHF
1.253E-02 1.242E-02 1.205E-02 1.142E-02 1.045E-02 9.043E-03 7.089E-03 4.492E-03 2.211E-03 5.578E-04 CBX : MGLY.PHF
5.263E-05 5.095E-05 4.598E-05 3.850E-05 2.906E-05 1.898E-05 9.985E-06 3.660E-06 1.093E-06 1.749E-07 CBX : ACET.PHF
5.948E-05 5.755E-05 5.182E-05 4.323E-05 3.244E-05 2.099E-05 1.089E-05 3.908E-06 1.139E-06 1.793E-07 CBX : KET.PHF
0.150 km above surface
5.532E-01 5.488E-01 5.346E-01 5.099E-01 4.704E-01 4.109E-01 3.253E-01 2.075E-01 1.022E-01 2.623E-02 CBX : NO2.PHF
2.468E-02 2.456E-02 2.420E-02 2.355E-02 2.251E-02 2.092E-02 1.846E-02 1.433E-02 9.000E-03 1.918E-03 CBX : O303P.PHF
2.514E-03 2.433E-03 2.193E-03 1.832E-03 1.377E-03 8.932E-04 4.637E-04 1.660E-04 4.880E-05 8.188E-06 CBX : O301D.PHF
4.717E-04 4.642E-04 4.410E-04 4.031E-04 3.482E-04 2.765E-04 1.915E-04 1.023E-04 4.419E-05 1.046E-05 CBX : H202.PHF
1.096E+01 1.093E+01 1.082E+01 1.061E+01 1.025E+01 9.642E+00 8.600E+00 6.686E+00 4.093E+00 8.214E-01 CBX : NO3_NO2.PHF
1.366E+00 1.363E+00 1.351E+00 1.328E+00 1.288E+00 1.223E+00 1.106E+00 8.846E-01 5.668E-01 1.171E-01 CBX : NO3_NO.PHF
2.982E-03 2.937E-03 2.799E-03 2.573E-03 2.243E-03 1.807E-03 1.280E-03 7.073E-04 3.142E-04 7.625E-05 CBX : N205.PHF
9.478E-02 9.396E-02 9.133E-02 8.676E-02 7.951E-02 6.872E-02 5.348E-02 3.325E-02 1.613E-02 4.276E-03 CBX : HONO.PHF
4.591E-05 4.483E-05 4.155E-05 3.642E-05 2.952E-05 2.141E-05 1.308E-05 5.897E-06 2.156E-06 4.186E-07 CBX : HNO3.PHF
3.784E-04 3.704E-04 3.462E-04 3.078E-04 2.548E-04 1.902E-04 1.206E-04 5.666E-05 2.130E-05 4.060E-06 CBX : PNA.PHF
5.141E-05 5.039E-05 4.727E-05 4.231E-05 3.544E-05 2.698E-05 1.768E-05 8.803E-06 3.568E-06 7.851E-07 CBX : PAN.PHF
3.235E-04 3.186E-04 3.034E-04 2.784E-04 2.420E-04 1.939E-04 1.362E-04 7.420E-05 3.260E-05 7.894E-06 CBX : MEPX.PHF
1.778E-04 1.739E-04 1.619E-04 1.431E-04 1.175E-04 8.668E-05 5.420E-05 2.517E-05 9.458E-06 1.881E-06 CBX : NTR.PHF
2.281E-03 2.244E-03 2.128E-03 1.939E-03 1.665E-03 1.308E-03 8.874E-04 4.567E-04 1.882E-04 4.048E-05 CBX : FORM_R72.PHF
2.908E-03 2.872E-03 2.757E-03 2.565E-03 2.275E-03 1.873E-03 1.360E-03 7.709E-04 3.515E-04 8.852E-05 CBX : FORM_Mr5.PHF
3.955E-04 3.857E-04 3.560E-04 3.096E-04 2.471E-04 1.743E-04 1.013E-04 4.153E-05 1.332E-05 2.112E-06 CBX : ALD2_Rr5.PHF
2.292E-03 2.248E-03 2.113E-03 1.897E-03 1.591E-03 1.209E-03 7.845E-04 3.800E-04 1.475E-04 2.958E-05 CBX : ALDX_R72.PHF
4.880E-04 4.770E-04 4.433E-04 3.903E-04 3.180E-04 2.317E-04 1.418E-04 6.338E-05 2.268E-05 4.183E-06 CBX : GLYDr5.PHF
7.390E-03 7.320E-03 7.097E-03 6.718E-03 6.129E-03 5.279E-03 4.111E-03 2.581E-03 1.258E-03 3.121E-04 CBX : GLY_ Rr5.PHF
1.305E-02 1.294E-02 1.258E-02 1.196E-02 1.099E-02 9.563E-03 7.563E-03 4.851E-03 2.404E-03 5.961E-04 CBX : MGLY.PHF
5.649E-05 5.472E-05 4.948E-05 4.156E-05 3.151E-05 2.069E-05 1.095E-05 4.022E-06 1.193E-06 1.899E-07 CBX : ACET.PHF
6.386E-05 6.182E-05 5.578E-05 4.668E-05 3.517E-05 2.289E-05 1.195E-05 4.295E-06 1.244E-06 1.946E-07 CBX : KET.PHF
0.350 km above surface
5.786E-01 5.744E-01 5.607E-01 5.366E-01 4.975E-01 4.379E-01 3.506E-01 2.270E-01 1.127E-01 2.834E-02 CBX : NO2.PHF
2.519E-02 2.508E-02 2.474E-02 2.412E-02 2.314E-02 2.162E-02 1.925E-02 1.521E-02 9.808E-03 2.192E-03 CBX : O303P.PHF
2.710E-03 2.624E-03 2.370E-03 1.987E-03 1.501E-03 9.797E-04 5.122E-04 1.840E-04 5.373E-05 8.943E-06 CBX : O301D.PHF
5.034E-04 4.958E-04 4.719E-04 4.328E-04 3.756E-04 3.003E-04 2.099E-04 1.130E-04 4.863E-05 1.139E-05 CBX : H202.PHF
1.114E+01 1.111E+01 1.101E+01 1.082E+01 1.050E+01 9.946E+00 8.970E+00 7.112E+00 4.481E+00 9.304E-01 CBX : NO3_NO2.PHF
1.383E+00 1.380E+00 1.369E+00 1.349E+00 1.314E+00 1.255E+00 1.147E+00 9.348E-01 6.166E-01 1.346E-01 CBX : NO3_NO.PHF
3.174E-03 3.129E-03 2.987E-03 2.755E-03 2.413E-03 1.957E-03 1.399E-03 7.796E-04 3.459E-04 8.285E-05 CBX : N205.PHF
9.955E-02 9.876E-02 9.619E-02 9.170E-02 8.447E-02 7.356E-02 5.788E-02 3.647E-02 1.777E-02 4.626E-03 CBX : HONO.PHF
4.930E-05 4.817E-05 4.473E-05 3.935E-05 3.204E-05 2.339E-05 1.440E-05 6.527E-06 2.374E-06 4.567E-07 CBX : HNO3.PHF
4.059E-04 3.976E-04 3.724E-04 3.322E-04 2.764E-04 2.077E-04 1.327E-04 6.271E-05 2.345E-05 4.433E-06 CBX : PNA.PHF
5.504E-05 5.399E-05 5.074E-05 4.557E-05 3.835E-05 2.938E-05 1.941E-05 9.731E-06 3.927E-06 8.556E-07 CBX : PAN.PHF
3.448E-04 3.398E-04 3.242E-04 2.984E-04 2.607E-04 2.104E-04 1.491E-04 8.187E-05 3.588E-05 8.587E-06 CBX : MEPX.PHF
1.907E-04 1.867E-04 1.742E-04 1.545E-04 1.274E-04 9.463E-05 5.964E-05 2.785E-05 1.041E-05 2.052E-06 CBX : NTR.PHF
2.439E-03 2.401E-03 2.282E-03 2.087E-03 1.801E-03 1.424E-03 9.745E-04 5.050E-04 2.072E-04 4.415E-05 CBX : FORM_R72.PHF
3.093E-03 3.056E-03 2.941E-03 2.745E-03 2.447E-03 2.029E-03 1.487E-03 8.505E-04 3.867E-04 9.633E-05 CBX : FORM_Mr5.PHF
4.253E-04 4.151E-04 3.838E-04 3.350E-04 2.687E-04 1.908E-04 1.117E-04 4.602E-05 1.467E-05 2.307E-06 CBX : ALD2_ Rr5.PHF
2.456E-03 2.411E-03 2.271E-03 2.045E-03 1.724E-03 1.319E-03 8.627E-04 4.204E-04 1.624E-04 3.229E-05 CBX H ALDX:R72.PI—IF
5.241E-04 5.125E-04 4.773E-04 4.216E-04 3.452E-04 2.532E-04 1.561E-04 7.017E-05 2.498E-05 4.567E-06 CBX : GLYDrS5.PHF
7.751E-03 7.683E-03 7.463E-03 7.087E-03 6.496E-03 5.635E-03 4.434E-03 2.824E-03 1.388E-03 3.373E-04 CBX : GLY_Rr5.PHF
1.365E-02 1.354E-02 1.318E-02 1.257E-02 1.161E-02 1.018E-02 8.135E-03 5.298E-03 2.653E-03 6.441E-04 CBX : MGLY.PHF
6.087E-05 5.901E-05 5.346E-05 4.506E-05 3.433E-05 2.269E-05 1.209E-05 4.458E-06 1.314E-06 2.075E-07 CBX : ACET.PHF
6.883E-05 6.668E-05 6.028E-05 5.062E-05 3.834E-05 2.511E-05 1.320E-05 4.762E-06 1.370E-06 2.127E-07 CBX : KET.PHF
0.600 km above surface

Figure 3-2. Example of the first several panels of lookup data in the photolysis rates input file.

3.3 Ozone Column File

This file defines the intervals of total atmospheric ozone column to be used by TUV, as well as
its spatial and temporal distributions for a specific CAMx domain and episode. This parameter
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is essential for photochemical simulations as it determines the spatial and temporal variation of
photolysis rates. Therefore, this file must be supplied if chemistry is invoked.

There are two mandatory header records in the ozone column file. The first record contains an
arbitrary file label. The second record defines the intervals for 5 ozone column values for the
domain and temporal period to be simulated. These intervals must exactly match those
defined in preparing the photolysis rates file, so the ozone column file is also read by the TUV
preprocessor to define the photolysis rates lookup table (Section 3.2).

Gridded fields of time-varying ozone column follow the header records. The gridded fields are
maps of the respective “codes” for each interval, as defined in the header. For example, 5
ozone column intervals are specified in TUV and in the ozone column header record, so the
map must consist of a distribution of integers ranging from 1 to 5. Ozone column is supplied for
the master grid only; CAMx internally assigns master cell values to all nested grids cells.
Multiple maps of these codes may be provided for arbitrary time intervals that span the entire
simulation period.

The ozone column file is a readable text format and it has the following structure:

where the variables in the ozone column file have the following definitions:

text Text identifying file and any messages
text (A)
ozname, (ozncl (n),n=1,nozn) (A10,5F10.0)
ozname, idtl, timl, idt2, tim?2 (A10,I10,F10.0,1I10,F10.0)
Loop from j = ny master grid rows to 1
(jozn (i, J),i=1,nx) (999911)
ozname Text string “OZONE COL”
ozncl Ozone column (Dobson units) for each of nozn ozone values
idtl Beginning date (YYJJJ) of time span
timl Beginning hour (HHMM) of time span
idt2 Ending date of time span
tim2 Ending hour of time span
jozn Master grid row j ozone column codes for nx master grid columns

An example of a small ozone column file is given in Figure 3-3.
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Sample ozone column file

OZONE COL 285. 315. 345. 375. 405.
OZONE COL 05213 0.00 05213 2400.00
3333333333333333333333333333333333333333333333333333333333333333
3333333333333333333333333333333333333333333333333333333333333333
2222222222222333333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222223333333333333333333333333333333333333333333333333
2222222222222222222222333333333333333333333333333333333333333333

Figure 3-3. Example structure of an ozone column input file showing a single panel for Julian
day 213 of the year 2005 over a master grid of 64x10 grid cells.

3.4 CAMx NetCDF Input/Output Files

3.4.1 Network Common Data Form (netCDF)

NetCDF (http://www.unidata.ucar.edu/software/netcdf) is implemented as the input/output
format for CAMx core and Probing Tool data arrays. NetCDF is a platform-independent, self-
describing, direct-access file format most commonly used by the environmental science
community to store and manipulate large data arrays. NetCDF4 supports data compression by
incorporating Hierarchical Data Format 5 (HDF5) and Zlib libraries. Compression requires that
multi-dimensional arrays be split and written in portions — a process referred to as “data
chunking” (described later).

NetCDF improves efficiency while reducing redundancy by allowing data to be directly
processed, analyzed and visualized using common third-party tools without the need to run
customized conversion programs. All CAMx netCDF files are fully compatible with netCDF
command line tools (e.g., ncdump and ncview), netCDF operator tools (e.g.,. ncks, ncra, and
ncrcat), and third-party visualization and manipulation programs such as Panoply and IDV. All
CAMXx netCDF files may also be read and manipulated using Python with appropriate library
extensions, such as available in Anaconda and Miniconda installer/environment manager
packages.

Uncompressed CAMx netCDF output files are also compatible with Models-3 software for
postprocessing (e.g., m3tools, combine, PAVE, VERDI, AMET) but Models-3 meteorological
(MCIP), emission (SMOKE), and initial/boundary (ICON/BCON) files are not compatible as
CAMx input files.

All CAMx netCDF input/output files include metadata that describe gridded variable fields as
well as the spatial and temporal properties of the data. Global attribute metadata include: file
type, map projection information, vertical layer structure, modeling domain parameters (grid
sizes, domain coordinates, coordinate/grid units, and nesting arrangements). Output files
include additional metadata such as: CAMx version, user-supplied run information,
configuration and run-time options, and number of multi-dimensional variables. Dimensional
attribute metadata include dates, times, and grid sizes. Each variable contained in netCDF files
includes a name, data type, shape (described by the representative file dimensions), unit
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descriptor, and other specific information needed to self-describe the variable. Concentration
and deposition variables are named consistently with standard CAMx output names.

Global metadata also include certain Models-3 1/O-API variables for compatibility with Models-
3 tools. Table 3-4 lists the map projections supported by CAMx and cross references between
CAMx and I/O-API projection indices listed in the respective global attributes CPROJ and GDTYP.

Table 3-4. Map projections supported in CAMXx and cross-reference between netCDF global
attributes for CAMXx projection index (CPROJ) and Models-3 1/O-API projection index (GDTYP).

Projection CPROJ GDTYP
Geodetic (lat/lon) 0 1
Universal Transverse Mercator (UTM) 1 5
Lambert Conic Conformal (LAMBERT) 2 2
Rotated/General Stereographic (RPOLAR) 3 4
Polar Stereographic (POLAR) 4 6
Equatorial Mercator (MERCATOR) 5 7

3.4.2 Data Compression and Chunking in NetCDF4/HDF5

Data compression requires that multi-dimensional arrays be split and written in portions, a
process referred to as “data chunking.” A data chunk is a hyper-rectangle of any shape. When
a dataset is chunked, each chunk is read or written as a single I/O operation, and individually
passed from stage to stage of the pipeline and filters. Data chunk sizes are user-defined.
Chunking is set when the variable is created and is never changed after that. Chunking is
transparent to the reader.

NetCDF4 files are created with the HDF5 library. When data are first read or written to a
variable, HDF5 opens a cache for that variable. The default size of that cache is set when
netCDF is built but can be changed in programs before the file is opened. For good
performance the chunk cache must be larger than one chunk of data, preferably large enough
to hold multiple chunks. When a file is opened (or a variable created in an open file), the
netCDF4 library checks to make sure the default chunk cache size will work for that variable.
The cache is set to hold N chunks, up to a maximum size of M bytes. Default values for both N
and M can be overridden in the netCDF configure script via -with-default-chunks-in-cache
and the -with-max-default-cache-size options, respectively.

The size and shape of chunks for each individual variable are determined at creation time by
the size of each variable element and by the shape of the variable, specified by the ordered list
of its dimensions and the lengths of each dimension, with special rules for unlimited
dimensions (time, in the case of CAMXx files). The best default chunk size would be as large as
possible without exceeding the size of a physical disk access. However, block sizes differ for
different file systems and platforms, and in particular may be different when the data are first
written and later read. Currently the netCDF default chunk size is 4 MB, which is reasonable for
file systems on high-performance computing platforms. A different default may be specified at
configuration time when building the library from source, for example 4 KB for filesystems with
small physical block sizes.

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 46 WWW.Camx.com



July 2026 CAMXx User’s Guide Version 7.40
3. Core Model Input / Output Structures

Unfortunately, there are no general-purpose chunking defaults that are optimal for all uses.
Different patterns of access lead to different chunk shapes and sizes for optimum access.
Optimizing for a single specific pattern of access can degrade performance for other access
patterns. If you don't know or can't anticipate what access patterns will be most common, or
you want to store a variable in a way that will support reasonable access along any of its
dimensions, you can use the library's default chunking strategy. The current default chunking
strategy is to balance access time along any of a variable's dimensions, by using chunk shapes
similar to the shape of the entire variable but small enough that the resulting chunk size is less
than or equal to the default chunk size. A pragmatic exception to the default strategy is used
for variables that only have a single unlimited dimension, for example time series with only a
time dimension. In that case, in order to avoid chunks much larger than needed when there are
only a small number of records, the chunk sizes for such variables are limited to 4 KB. This may
be overridden by explicitly setting the chunk shapes for such variables.

NetCDF4 data chunking and compression variables in CAMx are set to default values taken from
the Weather Research and Forecasting (WRF) model code (Skamarock et al., 2008). CAMx with
default chunking/compression parameters yield file sizes that are consistent with, and
sometimes even better than, compression achieved with the Linux “gzip” utility, which is
generally considered the best compression achievable. Depending on file type, our tests with
netCDF4 achieved compression rates of 15-50% over the legacy CAMXx binary format, with
minimal impacts to model speed. However, some speed impacts may be expected given the
larger overhead needed by netCDF4 and its HDF5 compression routines relative to the direct
reading/writing of binary memory structures associated with legacy CAMx binary I/0O. Tests in
which CAMx chunking/compression parameters were altered from the defaults resulted in
larger netCDF files sizes and/or longer run times. We stress that optimal settings for
compression on our system may not necessarily be optimal on other systems; additional
configuration testing is recommended to optimize performance on each platform.

3.4.3 Configuring CAMx with netCDF/HDF

See Section 2.2 on how to build CAMx with netCDF4/HDFS libraries. To invoke data chunking
and compression for all netCDF files to be created, set the following CAMx namelist flag:

NetCDF Use Compression = .true.,

Other variables that control data chunking can be set within the CAMx source code. If any of
these are altered from the default values, the CAMx source code must be re-compiled for these
changes to take effect. The file called Includes/ncf iodat.inc contains the following
chunking parameters:

NCF_CACHESIZE Integer value that determines the total size of the raw
data chunk cache in megabytes (default is 32)

NCF NELEMS Integer prime number that determines the number of
slots in the per-variable chunk cache; must be larger
than the number of chunks in the cache (default is 37)
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NCF PREEMPTION Integer value between 0 and 100 that indicates how
chunks that have been fully read are favored for
preemption; 0 means fully read chunks are treated no
differently than other chunks, while 100 means fully
read chunks are always preempted before other
chunks (default is 100)

NCF CHUNK SIZE VAR X Integer value that determines the chunk size for the
gridded variables written to netCDF files; the number
of columns (X) in each grid will be divided by this value
to set chunk size (default is 2)

NCF_CHUNK SIZE VAR Y Integer value that determines the chunk size for the
gridded variables written to netCDF files; the number
of rows (Y) in each grid will be divided by this value to
set chunk size (default is 2)

NCF_SHUFFLE Integer value that turns on (>0) the shuffle filter for
chunked variables (default is 0)

NCF DEFLATE Integer value that turns on (>0) the deflate filter
(defaultis 1)

NCF_DEFLATE LEVEL Integer value between 0 and 9 that sets the deflate
(compression) level for chunked variables; a value of 0
means no deflate, while 9 means best but slowest
deflate (default is 2)

3.4.4 CAMX Input Files

This section describes the data templates for different types of CAMx netCDF input files. Since
the contents of netCDF files are not directly viewable, we illustrate the format similarly to the
output generated by the netCDF “ncdump” utility. While the user controls how to label the
input files as they are developed during pre-processing, we suggest appending the string “nc”
to the end of each filename to signify it is a netCDF file.

NOTE: Models-3 I/0-API netCDF meteorological (MCIP), emission (SMOKE), and
initial/boundary (ICON/BCON) files are not compatible as CAMx input files.

NOTE: All times on input files must match the time zone and time intervals specified in the
CAMx control file (CAMx.in).

The examples below represent single-day files for an arbitrary grid. Variable array structures
include date/time stamps; Cartesian projection coordinates, layer structure and geodetic
(latitude/longitude) information; and gridded variable values. Global attributes include
preprocessor version, file type and run information, time information, map projection data, and
user-supplied run/configuration notes, and any option settings specific to file type. Ata
minimum, each gridded variable listed includes attributes for units, name, and variable
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description. Other attributes include the order and type of time/space coordinates for 2 and 3-
dimensional output arrays.

3.4.4.1 Input Time-Variant 3-D Meteorological File

The time-variant 3-D meteorological file contains gridded fields of state meteorological
parameters for a single grid: layer heights, pressure, winds, temperature, humidity, cloud and
precipitation parameters.

The layer interface heights define the vertical grid structure for each grid. The number of
vertical layers and the vertical grid definition must be consistent among all grids in a simulation;
otherwise CAMx will stop with an error message if this condition is not met. The layer interface
heights may be specified to vary in space and/or time (e.g., to follow the layer structure of
meteorological models), or they may be set to a constant field.

CAMXx allows the user to optionally supply wind components at cell center, in which case the
model will interpolate the components to their respective positions on cell interfaces, or the
user may supply these components directly on the staggered Arakawa C configuration
(recommended). In any case, the user must supply a full nxxnyxnz array of wind values for each
component (even though the CAMx Arakawa C configuration uses only (nx-1)x(ny-1) values in
the horizontal). A flag to indicate the wind staggering is included in the metadata header
section and is checked when the 3-D meteorological file is read.

The pressure, wind, temperature, and humidity fields are used for transport, plume rise, dry
and wet deposition, and chemistry calculations. Cloud and precipitation fields are used for
photochemistry, aqueous chemistry, and wet/dry deposition calculations. Note that
precipitation rate is not explicitly provided to the model; instead, it is internally calculated from
the three precipitation water content forms provided on the cloud/rain file.

CAMXx time-interpolates these meteorological variables to each model timestep for each grid,
and so the model requires that data be available on file for an additional update time at the end
of the simulation. For example, in the case of hourly fields, a 24-hour simulation requires 25
input fields on file. The time interval of the data records must match the time zone and input
frequency of the meteorology as specified in the CAMx.in file.

An example of a 3-D meteorological input file is listed below, annotated with clarifying
comments as [bracketed bold italicized text].

netcdf CAMx.3Dmet.20020603.grd01l.nc {

dimensions:
TSTEP = UNLIMITED ; // (25 currently)
DATE-TIME = 2 ; [2 variables, YYYYJJJ and HHMMSS, JJJ=Julian date]
LAY = 16

COL = 68 ;
ROW = 68 ;
VAR = 11 ; [Number of time-varying variables on file]
variables:
double X (COL) ;
X:units = "km" ; [Degrees if CAMx map is lat/lon]
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X:long name = "X coordinate" ;
X:var _desc = "X cartesian distance from projection origin"
or
X:var desc = "longitude degrees east" ;
double Y (ROW) ;
Y:units = "km" ; [Degrees if CAMx map is lat/lon]
Y:long name = "Y coordinate” ;
Y:var desc = "Y cartesian distance from projection origin" ;
or
Y:var desc = "latitude degrees north"
double layer (LAY) ;
layer:units = "Layer index"
layer:long name = "Model layer" ;
layer:var desc = "Model layer" ;
int TFLAG(TSTEP, VAR, DATE-TIME) ;
TFLAG:units = "YYYYJJJ, HHMMSS"
TFLAG:long name = "Start time flag" ;
TFLAG:var _desc = "Timestep start date and time"
int ETFLAG(TSTEP, VAR, DATE-TIME) ;
ETFLAG:units = "YYYYJJJ, HHMMSS" ;
ETFLAG:long name = "End time flag"
ETFLAG:var _desc = "Timestep end date and time" ;
double longitude (ROW, COL) ;
longitude:units = "Degrees east" ;
longitude:long name = "Longitude" ;
longitude:var desc = "Longitude degrees east"
longitude:coordinates = "latitude longitude" ;
double latitude (ROW, COL) ;
latitude:units = "Degrees north"
latitude:long name = "Latitude" ;
latitude:var desc = "Latitude degrees north" ;
latitude:coordinates = "latitude longitude" ;
float z (TSTEP, LAY, ROW, COL) ;
z:units = "m AGL" ;
z:long name = "Layer height" ;
z:var desc = "Layer interface heights AGL" ;
z:coordinates = "latitude longitude" ;
float pressure (TSTEP, LAY, ROW, COL) ;
pressure:units = "mb" ;
pressure:long name = "pressure" ;
pressure:var_desc = "pressure"
pressure:coordinates = "latitude longitude" ;
float temperature (TSTEP, LAY, ROW, COL) ;
temperature:units = "K”
temperature:long name = "temperature"
temperature:var desc = "temperature"
temperature:coordinates = "latitude longitude" ;
float humidity (TSTEP, LAY, ROW, COL) ;
humidity:units = "ppm” ;
humidity:long name = "humidity" ;
humidity:var desc = "humidity"
humidity:coordinates = "latitude longitude" ;
float uwind (TSTEP, LAY, ROW, COL) ;
uwind:units = "m s-1" ;
uwind:long name = "longitudinal wind speed" ;
uwind:var desc = "longitudinal wind speed" ;
uwind:coordinates = "latitude longitude" ;
float vwind (TSTEP, LAY, ROW, COL) ;
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vwind:units = "m s-1"
vwind:long name = "latitudinal wind speed"
vwind:var desc = "latitudinal wind speed"
vwind:coordinates = "latitude longitude" ;
float cloudwater (TSTEP, LAY, ROW, COL) ;
cloudwater:units = "g m-3” ;
cloudwater:long name = "cloud water content"
cloudwater:var desc = "cloud water content" ;
cloudwater:coordinates = "latitude longitude" ;
float rainwater (TSTEP, LAY, ROW, COL) ;
rainwater:units = "g m-3” ;
rainwater:long name = "rain water content" ;
rainwater:var desc = "rain water content" ;
rainwater:coordinates = "latitude longitude"
float snowwater (TSTEP, LAY, ROW, COL) ;
snowwater:units = "g m-3” ;
snowwater:long name = "snow water content" ;
snowwater:var desc = "snow water content"
snowwater:coordinates = "latitude longitude" ;
float grplwater (TSTEP, LAY, ROW, COL) ;
grplwater:units = "g m-3” ;
grplwater:long name = "graupel water content" ;
grplwater:var desc = "graupel water content" ;
grplwater:coordinates = "latitude longitude" ;
float cloudod(TSTEP, LAY, ROW, COL) ;
cloudod:units = "unitless”
cloudod:long name = "cloud optical depth" ;
cloudod:var desc = "cloud optical depth"
cloudod:coordinates = "latitude longitude" ;

// global attributes:

:SDATE = 2002155 ; [YYYYJTJTJ]

:SDATEC = 20020604 ; [YYYYMMDD]

:STIME = 0 ; [HHMMSS |

:TSTEP = 10000 ; [HHMMSS ]

:NSTEPS = 25 ;

:NCOLS = 68 ;

:NROWS = 68 ;

:NCOLS_BUF = 68 ; [Will be NCOLS+2 for nested grids, met files only]

:NROWS BUF = 68 ; [Will be NROWS+2 for nested grids, met files only]

:NLAYS = 16 ;

:NVARS = 11 ;

:P_ ALP = 33. ; [Projection 15t true latitude]

:P BET = 45. ; [Projection 2°¢ true latitude]

:P_ GAM = -97. ; [Projection pole/origin longitude]

:XCENT = -97. ; [Projection pole/origin longitude]

:YCENT = 40. ; [Projection pole/origin latitude]

:XORIG = -792000. ; [SW corner X coordinate, m or deg]

:YORIG = -1656000. ; [SW corner Y coordinate, m or deg]

:XORIG BUF = -792000. ; [Will be XORIG-XCELL for nested grids, met files
only]

:YORIG BUF = -1656000. ;[Will be YORIG-YCELL for nested grids, met files
only]

:XCELL = 36000. ; [Cell X size, m or deg]

:YCELL = 36000. ; [Cell Y size, m or deg]

:IUTM = 0 ; [UTM zone]

:ISTAG = 0 ; [Staggered input wind flag]

:CPROJ = 2 ; [CAMx projection index]
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:ITZON = 0 ; [CAMx time zone]

:VAR-LIST = "z pressure temperature
humidity uwind vwind
cloudwater rainwater snowater
grplwater cloudod" ;

:CAMx NAME = "3D METEOROLOGY" ;

:NOTE = "CAMx 6.50 Test Problem - Meteorological inputs"

:HISTORY = "Generated by WRFCAMx v5.0” ;

:FILEDESC = "3D METEOROLOGY" ;

:FTYPE = 1 ; [IO-API file type = CUSTOM3]

:CDATE = 2017226 ; [IO-API file creation date]

:CTIME = 155319 ; [IO-API file creation time]

:WDATE = 2017226 ; [IO-API file write date]

:WTIME = 155319 ; [IO-API file write time]

:GDTYP = 2 ; [IO-API map projection]

:NTHIK = 1 ; [IO-API variable placeholder - unused]

:VGTYP = 6 ; [IO-API grid type = H: m above ground]

:VGTOP = 10000. ; [TO-API top pressure sigma coordinates - unused]

:VGLVLS = 0 [IO-API levels from 0 to NLAYS]

:GDNAM = " " ; [IO-API variable placeholder - unused]

:UPNAM = " " ; [IO-API variable placeholder - unused]

:UPDSC = " " ; [IO-API variable placeholder - unused]

3.4.4.2 Input Time-Variant 2-D Surface File

The time-variant 2-D surface file contains gridded fields of surface temperature and snow

cover. The surface temperature is used for dry deposition calculations and to establish surface-
layer atmospheric stability. Snow cover includes snow depth and age, which are used to
calculate surface albedo for photochemistry, adjust surface resistances for dry deposition, and
define the snow compartment for the surface chemistry model. The CAMx 2-D file also includes
variable arrays for several diagnostic (unused by CAMx) parameters for each grid.

CAMXx time-interpolates surface temperature to each model timestep for each grid (but holds
snow cover constant), and so the model requires that data be available on file for an additional
update time at the end of the simulation. For example, in the case of hourly fields, a 24-hour
simulation requires 25 input fields on file. The time interval of the data records must match the
time zone and input frequency of the meteorology as specified in the CAMx.in file.

The structure of the 2-D surface file is similar to the 3-D meteorological file. The FILEDESC
global attribute is set to “2D METEOROLOGY”, the number of layers LAY = 1 always, and the
number of variables VAR and the VAR-LIST vary depending on which diagnostic fields are
generated. Following from the example above, the maximum list of 2-D variable fields include:

float sfctemperature (TSTEP, ROW, COL) ;

sfctemperature:units = "K”
sfctemperature:long name = "surface temperature" ;
sfctemperature:var desc = "surface temperature"
sfctemperature:coordinates = "latitude longitude"

float snowewd (TSTEP, ROW, COL) ;
snowewd:units = "m”
snowewd:long name = "snow cover equivalent water depth" ;
snowewd:var_desc = "snow cover equivalent water depth" ;
snowewd:coordinates = "latitude longitude" ;
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snowage (TSTEP, ROW, COL) ;

snowage:units = "hr”

snowage:long name = "snow cover age"
snowage:var desc = "snow cover age"
snowage:coordinates = "latitude longitude" ;
ulO(TSTEP, LAY, ROW, COL) ; [optional]
ulO:long name = "longitudinal wind at 10 m"
ulO:units = "m s-1"

ulO:var desc = "longitudinal wind at 10 m" ;
ulO:coordinates = "latitude longitude"

v10 (TSTEP, LAY, ROW, COL) ; [optional]
v10:long name = "latitudinal wind at 10 m" ;
v10:units = "m s-1"

vl10:var desc = "latitudinal wind at 10 m"
v10:coordinates = "latitude longitude"

t2 (TSTEP, LAY, ROW, COL) ; [optional]
t2:1long name = "temperature at 2 m" ;

t2:units = "K"

t2:var desc = "temperature at 2 m"
t2:coordinates = "latitude longitude" ;

swsfc (TSTEP, LAY, ROW, COL) ; [optional]
swsfc:long name = "SW surface flux"
swsfc:units = "W m-2"

swsfc:var desc = "SW surface flux"
swsfc:coordinates = "latitude longitude" ;
soilmoist (TSTEP, LAY, ROW, COL) ; [optional]

soilmoist:long name = "volumetric soil moisture" ;

soilmoist:units = "m3 m-3" ;

soilmoist:var desc = "volumetric soil moisture"
soilmoist:coordinates = "latitude longitude"
cloudtop (TSTEP, LAY, ROW, COL) ; [optional]
cloudtop:long name = "convective cloud top" ;
cloudtop:units = "km"

cloudtop:var desc = "convective cloud top"
cloudtop:coordinates = "latitude longitude" ;
cape (TSTEP, LAY, ROW, COL) ; [optional]

cape:long name = " convective available potential energy"

cape:units = " J kg-1"

cape:var desc = " convective available potential energy" ;

cape:coordinates = "latitude longitude" ;
pblwrf (TSTEP, LAY, ROW, COL) ; [optional]
pblwrf:long name = "PBL depth from WRE" ;
pblwrf:units = "m" ;

pblwrf:var desc = "PBL depth from WRE" ;
plwrf:coordinates = "latitude longitude" ;
pblcmag (TSTEP, LAY, ROW, COL) ; [optional]
pblcmaqg:long name = "PBL depth from CMAQ Kv" ;
pblcmag:units = "m" ;

pblcmaqg:var desc = "PBL depth from CMAQ Kv"
pblcmag:coordinates = "latitude longitude" ;
pblmyj (TSTEP, LAY, ROW, COL) ; [optional]
pblmyj:long name = "PBL depth from MYJ Kv" ;
pblmyj:units = "m" ;

pblmyj:var desc = "PBL depth from MYJ Kv" ;
pblmyj:coordinates = "latitude longitude"
pblysucmag (TSTEP, LAY, ROW, COL) ; [optional]
pblysu:long name = "PBL depth from YSU Kv" ;
pblysu:units = "m" ;
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pblysu:var desc = "PBL depth from YSU Kv" ;
pblysu:coordinates = "latitude longitude" ;
float preciprate(TSTEP, LAY, ROW, COL) ; [optional]
preciprate:long name = "surface precipitation rate" ;
preciprate:units = "mm hr-1" ;
preciprate:var desc = "surface precipitation rate" ;
preciprate:coordinates = "latitude longitude" ;
float tcloudod(TSTEP, LAY, ROW, COL) ; [optional]
tcloudod:long name = "total cloud optical depth" ;
tcloudod:units = "unitless" ;
tcloudod:var desc = "total cloud optical depth" ;
tcloudod:coordinates = "latitude longitude" ;

3.4.4.3 Input Time-Variant 3-D Vertical Diffusivity File

The time-variant 3-D vertical diffusivity (Kv) file contains gridded fields of layer-interface
diffusivity (i.e., turbulent exchange or diffusion coefficients). This file is kept separate from the
main meteorological data file to facilitate the substitution of alternative vertical mixing rates.
Diffusivity is used for vertical diffusion.

CAMXx time-interpolates the diffusivity to each model timestep for each grid, and so the model
requires that data be available on file for an additional update time at the end of the
simulation. For example, in the case of hourly fields, a 24-hour simulation requires 25 input
fields on file. The time interval of the data records must match the time zone and input
frequency of the meteorology as specified in the CAMx.in file.

The structure of the 3-D Kv file is similar to the 3-D meteorological file. The global attributes
CAMx NAME and FILEDESC are set to “VERTICAL DIFFUSITY” with an additional label
indicating the method that was used to derive the Kv fields. The dimension VAR and the global
attribute NVARS are set to 1. The Kv variable array is defined as follows:

float kv (TSTEP, LAY, ROW, COL) ;
kv:units = "m2 s-1" ;
kv:long name = "vertical diffusivity" ;
kv:var desc = "vertical diffusivity" ;
kv:coordinates = "latitude longitude" ;

Diffusivity files are generated by WRFCAMXx the same way that they have been historically:
depending on user-supplied flags, a separate Kv file will be generated for each Kv method
supported by WRFCAMx (CMAQ, MYJ, YSU) with each file name noting the specific Kv method.

3.4.4.4 Input Static 2-D Surface File

The static 2-D surface file contains time-invariant gridded fields of landuse, topographic
elevation, and optionally leaf area index (LAI). The fractional distribution of 26 landuse
categories, consistent with the “ZHANGO03” dry deposition scheme, is supplied for each grid cell.
If the “WESELY89” dry deposition option is invoked, CAMXx internally maps the 26 categories to
the 11 Wesely categories. The landuse categories are described in Tables 3-5 and 3-6. Landuse
is used to define surface UV albedo, surface resistances for dry deposition calculations, and to
set seasonal default surface roughness lengths and LAl values (if LAl is not specified in the file).
Topographic elevation is used to define terrain heights for photolysis calculations. If necessary
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(e.g., invoking in-line oceanic iodine emissions algorithm or mercury chemistry), use the
WATERMASK converter program to allocate the “Water” category between “Water” (ocean)
and “Inland Lake” (fresh). This designation is carried through to the Wesely option within CAMx
during the conversion from Zhang categories.

Table 3-5. The 11 WESELY89 landuse categories, their default UV surface albedos, and their
surface roughness values (m) by season. Winter is defined for conditions where there is snow
present; winter months with no snow are assigned to the Fall category. Roughness for water
is calculated from the function z, = 2x10°w?>, where w is surface wind speed (m/s).

Surface Roughness (meters)
Land Cover Category UV Albedo
Spring Summer Fall Winter
1 Urban 1.0 1.0 1.0 1.0 0.08
2 Agricultural 0.03 0.2 0.05 0.01 0.05
3 Rangeland 0.05 0.1 0.01 0.001 0.05
4 Deciduous forest 1.0 1.3 0.8 0.5 0.05
5 Coniferous forest, wetland 1.3 1.3 1.3 1.3 0.05
6 Mixed forest* 1.15 1.3 1.05 0.9 0.05
7 Water f(w) f(w) f(w) f(w) 0.07
8 Barren land 0.002 0.002 0.002 0.002 0.10
9 Non-forested wetlands 0.2 0.2 0.2 0.05 0.05
10 Mixed agricultural/range** 0.04 0.15 0.03 0.006 0.05
11 Rocky (with low shrubs) 0.3 0.3 0.3 0.15 0.05

* Roughness for mixed forest is the average of deciduous and coniferous forest.
* Roughness for mixed ag/range is the average of agricultural and rangeland.
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Table 3-6. The 26 ZHANGO3 landuse categories, their UV albedos, default annual minimum
and maximum LAl and surface roughness (m) ranges, and mapping to the Wesely scheme
(Table 3-5). Roughness for water is calculated as described in Table 3-5.

Wesel Roughness (meters LAI
Land Cover Category Mappi:g Mii ( Max) Min Max UV Albedo
1 Water (Ocean) 7 f(w) f(w) 0.0 0.0 0.07
2 lIce 8 0.01 0.01 0.0 0.0 0.5
3 Inland lake (Fresh) 7 f(w) f(w) 0.0 0.0 0.07
4 Evergreen needleleaf trees 5 0.9 0.9 5.0 5.0 0.05
5 Evergreen broadleaf trees 5 2.0 2.0 6.0 6.0 0.05
6 Deciduous needleleaf trees 4 0.4 0.9 0.1 5.0 0.05
7 Deciduous broadleaf trees 4 0.4 1.0 0.1 5.0 0.05
8 Tropical broadleaf trees 5 2.5 2.5 6.0 6.0 0.05
9 Drought deciduous trees 4 0.6 0.6 4.0 4.0 0.05
10 Evergreen broadleaf shrubs 3 0.2 0.2 3.0 3.0 0.05
11 Deciduous shrubs 3 0.05 0.2 0.5 3.0 0.05
12 Thorn shrubs 3 0.2 0.2 3.0 3.0 0.05
13 Short grass and forbs 3 0.04 0.04 1.0 1.0 0.05
14 Long grass 10 0.02 0.1 0.5 2.0 0.05
15 Crops 2 0.02 0.1 0.1 4.0 0.05
16 Rice 2 0.02 0.1 0.1 6.0 0.05
17 Sugar 2 0.02 0.1 0.1 5.0 0.05
18 Maize 2 0.02 0.1 0.1 4.0 0.05
19 Cotton 2 0.02 0.2 0.1 5.0 0.05
20 Irrigated crops 2 0.05 0.05 1.0 1.0 0.05
21 Urban 1 1.0 1.0 0.1 1.0 0.08
22 Tundra 11 0.03 0.03 0.1 2.0 0.05
23 Swamp 9 0.1 0.1 4.0 4.0 0.05
24 Desert 8 0.04 0.04 0.0 0.0 0.10
25 Mixed wood forest 6 0.9 0.9 3.0 5.0 0.05
26 Transitional forest 6 0.9 0.9 3.0 5.0 0.05

The structure of the 2-D surface file is similar to the 3-D meteorological file. The global
attributes CAMx NAME and FILEDESC are set to “LANDUSE”. The dimensions TSTEP,
DATE-TIME, LAY and the global attribute NLAYS are all set to 1. The dimension VAR and the
global attribute NVARS are set to 27 (topography, 26 landuses, no LAI) or 28 (with LAI). The
following variable arrays are included:

float topo(TSTEP, LAY, ROW, COL) ;

topo:units = "m MSL" ;

topo:long name = "topographic elevation" ;

topo:var desc = "topographic elevation m above sea level" ;

topo:coordinates = "latitude longitude" ;
float lai (TSTEP, LAY, ROW, COL) ; [optional]

lai:units = "unitless"

lai:long name = "leaf area index"

lai:var desc = "leaf area index"

lai:coordinates = "latitude longitude" ;
float water (ROW, COL) ;

water:units = "fraction"

water:long name = "1 water (ocean)"

water:var desc = "1 water (ocean)" ;
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water:coordinates = "latitude longitude" ;

The remaining 25 landuse categories are defined exactly as for water, and labelled accordingly:

ice:long name = %2 ice"

lake:long name = “3 lake (fresh)" ;
eneedl:long name = “4 evergreen needle leaf forest”
ebroad:long name = “5 evergreen broad leaf forest" ;
dneedl:long name = “6 deciduous needle leaf forest" ;
dbroad:long name = “7 deciduous broad leaf forest" ;
tbroad:long name = “8 tropical broad leaf forest " ;
ddecid:long name = “9 drought deciduous trees" ;
eshrub:long name = “10 evergreen shrub" ;
dshrub:long name = “11 deciduous shrub"
tshrub:long name = “12 thorn shrub"

sgrass:long name = “13 short grass" ;
lgrass:long name = “14 long grass"

crops:long name = “15 cropland" ;

rice:long name = “16 rice " ;

sugar:long name = “17 sugar"

maize:long name = “18 maize (corn)" ;
cotton:long name = “19 cotton"

icrops:long name = “20 irrigated cropland"
urban:long name = “21 urban" ;

tundra:long name = “22 tundra" ;

swamp:long name = “23 swamp" ;

desert:long name = “24 desert (barren)" ;

mwood:long name = “25 mixed wooldand" ;
tforest:long name = “26 transitional forest" ;

3.4.4.5 Initial, Boundary and Top Condition Files

Initial/boundary/top condition files contain gridded concentration fields on the master grid.
They may include a single time interval covering the entire simulation period, or more detailed
hour-by-hour (or other interval) variations. The time intervals are allowed to be entirely
arbitrary to maximize flexibility in defining these inputs. The time interval of the data records
must match the time zone as specified in the CAMx.in file. A subset of the pollutant species to
be simulated may be defined in these files; any species that are missing will be set to “lower
bound” values as defined in the chemistry parameters file.

The input 3-D initial conditions file contains gridded concentration fields at the beginning hour
of a simulation. An initial condition file must be developed for the master grid and contain
concentration fields for at least one species. CAMx interpolates all master grid initial conditions
to each fine grid nest at the start of the simulation.

The input 3-D lateral boundary conditions file contains time-varying gridded concentration
fields on the lateral faces of the master grid boundary. A boundary concentration file must be
developed for the master grid and contain concentration fields for at least one species. If a
boundary concentration is specified for a given species, it must be supplied for all four
boundaries.
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The input 2-D top boundary conditions file contains time-varying gridded concentration fields
above the top of the master grid. The top boundary concentration file is optional, but if
supplied it must contain concentration fields for at least one species. Top boundary
concentration fields may contain a different set of species from the lateral boundary conditions.
Additionally, the time span of the top boundary conditions may differ from the lateral boundary
conditions. If the top boundary condition file is not supplied, CAMx will default to internally
employing the original “zero-gradient” mixing ratio assumption, whereby the concentrations of
each species in the top model layer (as mole pollutant per mole air) is assumed to also exist
above the model top.

The structures of the initial/boundary/top condition files are similar to the 3-D meteorological
file. The global attributes CAMx NAME and FILEDESC are set to “INITIAL
CONDITIONS”, “BOUNDARY CONDITIONS”, and “TOP CONDITIONS”, respectively. The
dimension VAR and the global attribute NVARS are set according to the number of species on
each file. The names of the species concentration arrays are assigned the same names as the
species carried by CAMx. Typically, the number of hours on initial condition files and thus the
global attribute NSTEPS are set to 1.

The lateral and top boundary condition files are typically developed from 3 or 6-hourly global
model output, so the number of hours on file and thus the global attribute NSTEPS are set to 8
or 4, respectively. The boundary condition file includes a full 3-D gridded array of
concentrations, with all grid cells except those along the four boundaries assigned to zero. This
allows for a large compression ratio with netCDF4 data chunking. In the top concentration file,
the dimension LAY and the global attribute NLAYS are set to 1, as the top concentrations
represent 2-D fields.

The following variable arrays are defined (gaseous NO and particulate PSO4 are shown as an
example for brevity):

float NO(TSTEP, LAY, ROW, COL) ;

NO:units = "ppm" ;

NO:long name = "NO" ;

NO:var desc = "NO air concentration" ;

NO:coordinates = "latitude longitude" ;
float PSO4 (TSTEP, LAY, ROW, COL) ;

PSO4:units = "micrograms m-3" ;

PSO4:1long name = "PSO4" ;

PSO4:var desc = "PSO4 air concentration"” ;

PSO4:coordinates = "latitude longitude" ;

3.4.4.6 Emission Files

There are three types of emissions files that can be supplied to CAMx:

e 2-D gridded surface emission files (e.g., mobile, area, biogenic, etc.);

e 3-D gridded emission files (e.g., large fires, lightning NOx, aircraft, etc.), which are useful
for defining sources traditionally generated as point sources with defined plume rise or
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vertical plume distribution. Use netCDF compression to significantly reduce the sparse 3-
D file volumes;

e 1-D point source emission files, which can be used for all types of CAMx point sources, but
it is particularly needed for point sources where plume rise will be determined in-line as
CAMXx runs from input source parameters (e.g., industrial stacks, etc.).

Emission inputs are usually developed at one hour intervals, but the file structures allow for any
other interval as long as a consistent interval is used throughout the file (all one hour, or all
three hour, but no mixing of these). The time interval of the emissions record must match the
time zone and input frequency of the emissions as specified in the CAMx.in file. A subset of
species to be simulated may be included in the emission files; zero emission rates will be
applied for any species that are missing.

If gridded emissions are to be modeled, at least one gridded emissions file must be developed
for the master grid and each of the nested fine grids. The structures of the 2-D and 3-D
emission files are similar to the 3-D meteorological file. The global attributes CAMx NAME and
FILEDESC are set to “EMISSIONS”, and the dimension LAY and the global attribute NLAY S
are set to 1 (for 2-D surface emissions) or the number of grid layers (for 3-D surface emissions).
The dimension VAR and the global attribute NVARS are set according to the number of time-
varying variables and emitted species. For typical daily files, the number of hours on file and
thus the global attribute NSTEPS are set to 24. The names of the species emission arrays are
assigned the same names as the species carried by CAMx. The following variable arrays are
defined (gaseous NO and particulate PSO4 are shown as an example for brevity):

float NO(TSTEP, ROW, COL) ;

NO:units = "mol hr-1" ;

NO:long name = "NO" ;

NO:var desc = "NO emissions" ;

NO:coordinates = "latitude longitude" ;
float PSO4 (TSTEP, ROW, COL) ;

PSO4:units = "g hr-1" ;

PSO4:1ong name = "PSO4" ;

PSO4:var desc = "PSO4 emissions" ;

PSO4:coordinates = "latitude longitude" ;

The input elevated point source emissions file contains stack parameters and emission rates for
all elevated point sources, and for all emitted species, to be modeled. If elevated point sources
are to be modeled, at least one point source emissions file must be developed for the entire
modeling domain. The file offers the ability to optionally specify the effective plume height or
the vertical plume distribution for each point source and to bypass the internal plume rise
calculation.

The point source emission file netCDF structure is unique because it does not involve gridded data
arrays, but rather a 1-D list of source-specific attributes including location coordinates, stack
parameters, various flags, and emission rates. As a result, it must use one of the spatial dimensions
(CoL) to define the length of the source attribute vectors. Although grid and map projection
information is included in the global metadata list, attempting to plot the 1-D point source netCDF
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file using a typical visualization tool for spatially-oriented arrays will not locate the point sources in
the grid. Specialized processing is necessary to prepare a separate file that defines point source

locations and emission rates as 2-D or 3-D gridded arrays.

Note that certain variables are explicit flags assigned per stack (e.g., plume rise and plume bottom-
to-top distribution overrides, source apportionment region override). The example below shows
the same emission species (NO and PSO4) as above (see annotations for dimensions, variables and

global attributes in the example 3-D meteorological netCDF file above):

netcdf CAMx.ptsource.20020603.nc {
dimensions:
TSTEP = UNLIMITED ; // (24 currently)
DATE-TIME = 2 ;

LAY =1 ; [Ignored]
COL = 12347 ; [Number of point sources on file]
ROW = 1 ; [Ignored]
VAR = 5 ; [Number of time-varying fields on file]
variables:
float xcoord(COL) ;
xcoord:units = "m" ; [Degrees if CAMx map is lat/lon]
xcoord:long name = "source X coordinate"
xcoord:var desc = "X cartesian distance from projection origin";
or
xcoord:var desc = "longitude degrees east" ;
float ycoord(COL) ;
ycoord:units = "m" ; [Degrees if CAMx map is lat/lon]
ycoord:long name = "source Y coordinate”
ycoord:var desc = "Y cartesian distance from projection origin";
or

ycoord:var_ desc
float stkheight (COL) ;

"latitude degrees north" ;

stkheight:units = "m" ;
stkheight:long name = "source stack height" ;
stkheight:var desc = "source stack height";

float stkdiam (COL) ;
stkdiam:units = "m" ;
stkdiam:long name = "source stack diameter" ;
stkdiam:var desc = "source stack diameter";

float stktemp (COL) ;
stktemp:units = "K"
stktemp:long name = "source stack exit temperature"
stktemp:var desc = "source stack exit temperature K";

float stkspeed(COL) ;
stkspeed:units = "m hr-1" ;
stkspeed:long name

int saoverride (COL) ;

saoverride:long name = "SA region override (O=off)"

int TFLAG(TSTEP, VAR, DATE-TIME) ;
TFLAG:units = "YYYYJJJ, HHMMSS"
TFLAG:long name = "Start time flag" ;
TFLAG:var_desc = "Timestep start date and time"
int ETFLAG(TSTEP, VAR, DATE-TIME) ;
ETFLAG:units = "YYYYJJJ, HHMMSS" ;
ETFLAG:long name = "End time flag"

ETFLAG:var_desc = "Timestep end date and time" ;

"source stack exit velocity"
stkspeed:var _desc = "source stack exit velocity";
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plumerise (TSTEP, COL) ;
plumerise:units = "m"

plumerise:long name = "plume rise override (O=calculate plume

rise) " ;
plumerise:var desc = "plume rise override" ;
plume bottom (TSTEP, COL) ;
plume bottom:units = “m” ;

plume bottom:long name = “plume rise distribution bottom” ;

plume bottom:var desc = “bottom of plume” ;
plume top (TSTEP, COL) ;

plume top:units = “m” ;

plume top:long name = “plume rise distribution top” ;
plume top:var desc = “top of plume” ;
NO(TSTEP, COL) ;

NO:units = "mol hr-1"

NO:long name = "NO" ;

NO:var desc = "NO emissions" ;

PSO4 (TSTEP, COL) ;

PSO4:units = "g hr-1"

PSO4:1long name = "PSO4" ;

PSO4:var desc = "PSO4 emissions" ;

// global attributes:

:SDATE = 2002155 ;

:SDATEC = 20020604 ;

:STIME = 0 ;

:TSTEP = 10000 ;

:NSTEPS = 24 ;

:NCOLS = 68 ;

:NROWS = 68 ;

:NLAYS = 16 ;

:NVARS 5

:P_ALP = 33. ;

:P_BET = 45. ;

:P_ GAM = -97. ;

: XCENT -97. ;

:YCENT 40. ;

:XORIG = -792000. ;

:YORIG -1656000. ;

:XCELL 36000. ;

:YCELL = 36000. ;

:IUTM = 0 ;

:CPROJ = 2 ;

:ITZON = 0 ;

:VAR-LIST = "plumerise plume bottom plume top
PS04 "oy

:CAMx NAME = "PTSOURCE" ;

:NOTE = "CAMx 6.50 Test Problem - Point Source inputs"

:HISTORY = " 7 ;

:FILEDESC = "PTSOURCE" ;

:FTYPE = 1 ;

:CDATE 2017226 ;

:CTIME = 155319 ;

:WDATE = 2017226 ;

:WTIME = 155319 ;

:GDTYP = 2 ;

:NTHIK = 1 ;

:VGTYP = 6 ;

NO
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:VGTOP = 10000. ;
:VGLVLS = 0 ;

: GDNAM
: UPNAM ;
:UpPDSC = " " ;

}

3.4.5 CAMx Output Files

The following CAMx output files follow a similar netCDF structure as described for gridded input
files:

e Core model time-averaged air concentrations, dry and wet surface deposition, and surface
chemistry mass arrays;

e Source apportionment (SAT) tracer arrays;

e Decoupled Direct Method (DDM) sensitivity arrays;
e Chemical Process Analysis (CPA) arrays;

e Reactive Tracer (RTRAC/RTCMC) arrays.

CAMx appends the string “nc” to the end of the output files above to signify them as netCDF.
The specific dimensions, variables, and attributes unique to each netCDF output file can be
viewed by running the command “ncdump -h" on any output file. Information specific to
each file type is summarized below.

NOTE: Uncompressed CAMXx netCDF output files are compatible with Models-3 software (e.g.,
m3tools, combine, PAVE, VERDI, AMET) for postprocessing.

A few other gridded concentration output files are output as “unformatted” binary files. This
means the data are written as represented in memory, without translation between binary and
ASCII character sets as performed for “text” files. CAMx binary files reduce file volume and
improve program read/write speed, but the user cannot directly view or manually edit them.

3.4.5.1 NetCDF Qutput Concentration Files

The output time-averaged (“AVERAGE”) gridded concentration files possess identical structures
as the gridded input files described earlier.

e AVERAGE files contain only the species specified in the CAMXx run control file;

e AVERAGE files may contain only surface-level fields or entire three-dimensional fields, as
selected by the user;

e Gas concentration fields are in units of ppm or pg/m3 in AVERAGE files (aerosols are
always expressed in pg/m3).

It is permissible to change the number of species on AVERAGE files, or change between 2-D and
3-D average files, from one CAMx simulation period to the next provided the different periods
are configured as separate CAMx runs coupled by restarts.
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The FILEDESC global attribute is set to “AVERAGE” and the number of layers LAY = 1 or the
number of layers if 3-D output is selected. Variable array structures include date/time stamps;
Cartesian projection coordinates, layer structure and geodetic (latitude/longitude) information;
and species concentrations. Global attributes include model version, file type and run
information, grid nest and time information, map projection data, and model configuration
flags and options. Concentration variables are named consistently with standard CAMx output
names. At a minimum, each variable listed includes attributes for units, name, and variable
description. Other attributes include the order and type of time/space coordinates for 2, 3, and
4-dimensional output arrays.

3.4.5.2 NetCDF Output Deposition Files

Output deposition files are identical in format to the two-dimensional surface-level output
average concentration file. However, the output deposition files contain accumulated
(summed) deposited mass per output time period. The species list is identical to the list on the
average concentration output files, except that four parameters are output for each species:

R species Real 2-D dry deposition velocity field for species (m/s)

D species Real 2-D dry deposited mass field for species (mol/ha for gases, g/ha
for aerosols)

W _species Real 2-D wet deposited mass field for species (mol/ha for gases, g/ha
for aerosols)

L species Real 2-D precipitation liquid concentration for species (mol/I for

gases, g/l for aerosols)

Two additional variables containing oceanic I> and HOIl emissions are added to the deposition
file if the CAMXx inline Ix emission algorithm is invoked. The FILEDESC global attribute is set to
“DEPOSITION”, the number of layers LAY = 1 always. Additionally, the number of variables VAR
is 4 times the number in the average files.

3.4.5.3 NetCDF Output Surface Mass Files

Output surface model mass files are identical in format to the two-dimensional surface-level
output average concentration and deposition files. However, the contents of the surface mass
file differ from the other files in two ways. First, the species list is defined from the section of
the chemistry parameters file that explicitly lists the species to be tracked by the surface model
(see Section 4.9). Second, two mass accumulation parameters are output for each surface
model species:

S species Real 2-D dry mass on soil or snow for species (mol/ha)
V_species Real 2-D dry mass on vegetation for species (mol/ha)

This file is also used for restarts to re-initialize the surface model with accumulated species
mass on soil/snow and vegetative surfaces from a previous run. The FILEDESC global attribute
is set to “SURFACE”, and the number of layers LAY = 1 always. The number of output species is
2 times the number of species tracked by the surface model.
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3.4.5.4 Unformatted Binary Output Concentration Files

Instantaneous concentration output files are used exclusively for CAMXx restarts, i.e., enabling
the model to restart from the results of a previous run. Therefore, instantaneous concentration
fields are written only at the end of the simulation. CAMx does not allow 3-D time-averaged
concentration output files to be used for simulation restarts.

The output time-instantaneous files are generated in a flat unformatted binary format:

e The file name specified in the file description header record is “INSTANT” for time-
instantaneous output concentrations;

e INSTANT files contain all modeled species (as specified in the chemistry parameters file);
o INSTANT files always contain three-dimensional fields;

e Gas concentration fields are in units of umol/m3 in INSTANT files, consistent with the units
for concentration carried within the model (aerosols are always expressed in pg/m3).

An individual time-instantaneous file is written for the coarse (master) grid. Nested (or “fine”)
grid CAMx binary output time-instantaneous files are unique and contain the three-dimensional
concentration fields for all nested grids together, as opposed to separate files for each grid. All
grid definition parameters given in these files are referenced relative to the master grid, so
specific absolute information about grid cell size or projection coordinates for each nested grid
must be determined from master grid parameters. If the user utilizes the Flexi-nesting
capability of CAMXx, then the gridded fields output to the nested fine grid files will change
according to how nests are altered, added, and/or removed during the course of a simulation.

3.4.5.5 Probing Tool Output Files

SAT concentration and deposition files contain the same information as the respective core
model average concentration and deposition files, with the exception that the FILEDESC global
attribute is set to “SA” for the tracer concentration output, the number of layers LAY = 1 for 2-D
tracer concentrations and deposition, or the number of layers if 3-D output is selected for
tracer concentrations. The species variable list reflects the names of all tracers by SAT class
(ozone, sulfur, nitrate, SOA, Hg, primary PM), number of source regions (inclusive of IC and BC),
and number of source categories (see Section 6). Also, the global attributes include several
additional variables.

DDM files contain the same information as core model average concentration files, with the
exception that the FILEDESC global attribute is set to “DDM”, the number of layers LAY = 1
always, and the species variable list reflects the names of all sensitivities by IC, BC, or emitted
species groups, rate constant groups, second-order HDDM parameters, number of source
regions, and number of source categories (see Section 7). Also, the global attributes include
several additional variables.

CPA files contain the same information as core model average concentration files, with the
exception that the FILEDESC and PROBING_TOOL global attributes are both set to “PA”, and the
species variable list reflects the fixed list of chemical process analysis variables generated by
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CPA (see Section 8). The PA file options IPR and IRR generate legacy unformatted binary output
files with formats specific to those options.

RTRAC concentration and surface model/deposition files contain the same information as the
respective core model output files, with the exception that the FILEDESC global attribute is set
to “RTRAC”, and the number of layers LAY = 1 always. Also, the species variable list is defined
from the CAMx RTRAC chemistry parameters file in both cases (see Section 9).
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4. CORE MODEL FORMULATION

This section outlines the numerical approach employed in the core CAMx model, and describes
the technical formulation of the emissions, transport and removal algorithms. The specific
chemical mechanisms and their numerical solvers are discussed in detail in Section 5.
Descriptions of each Probing Tool are provided in Sections 6 through 9.

CAMXx simulates the evolution of each pollutant (/) by marching the Eulerian continuity equation
forward in time (t) on a system of nested three-dimensional grids with spatial coordinates
(x,y,2). The continuity equation describes how each cell volume-average pollutant mass
concentration (cj) changes as a result of all physical and chemical processes operating on that
volume (emission, dispersion, chemical reaction, and removal). This equation is generally
expressed as:

acl N 0Cl 0Cl
— = =V-vc + V- pKV(c;/p) + =

061
ot
ot ot Emission at

Chemistry at Removal

where V is the three-dimensional vector differential operator, ¥ is the three-dimensional wind
vector, pis atmospheric density, and K is the turbulent exchange (diffusion) coefficient. The
first term on the right-hand side represents resovled advection while the second term
represents sub-grid scale turbulent diffusion. Chemistry comprises mechanism-specific
matrices of coupled reaction equations, where many of the reaction rates depend non-linearly
on concentration distributions, species properties and environmental conditions. Pollutant
removal includes both dry and wet deposition processes. Dry deposition refers to the direct
sedimentation and/or diffusion of material to various terrestrial surfaces and uptake into
vegetation. Wet deposition refers to the uptake of material into cloud water and precipitation,
and its subsequent transfer to the surface. The efficiency with which wet and dry deposition
processes can remove pollutants from the air depends upon the physical and chemical
properties of the pollutants, meteorological conditions, and surface characteristics to which
they are being deposited.

CAMXx can perform simulations on four types of Cartesian map projections: Lambert Conic
Conformal, Polar Stereographic, Mercator, and Universal Transverse Mercator. CAMXx also
offers the option of operating on a geodetic latitude/longitude grid system. The vertical grid
structure is defined externally, so layer interface heights may be specified as any arbitrary
function of space and/or time. This flexibility in defining the horizontal and vertical grid
structures allows CAMXx to be configured to match the grid of any meteorological model that is
used to provide environmental input fields.

4.1 Numerical Approach

The numerical treatments and solvers for each term of the pollutant continuity equation are
summarized in Table 4-1. CAMXx includes peer-accepted algorithms and component
formulations, and its modular framework eases the addition and/or substitution of alternative
algorithms in the future.
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Table 4-1. Summary of CAMx numerical treatments and solver methods for key processes.

Process

Numerical Treatment

Solver Methods/Options

Horizontal advection

Finite difference flux divergence

e Piecewise Parabolic Method
(PPM) (Colella and Woodward,
1984; Odman and Ingram, 1996)

e Nonlinear renormalized
integrated flux (Bott, 1989)

Vertical advection

Finite difference flux divergence

e PPM

o Implicit backward-Euler (time)
centered (space) (Emery et al.,
2011)

Horizontal diffusion

Finite difference K-theory

Explicit simultaneous 2-D solver

Vertical diffusion

e Finite difference K-theory

e Non-local asymmetric mixing

e Implicit backward-Euler (time)
centered (space)

e Asymmetric Convective Model,
v2 (Pleim, 2007)

Dry deposition

e Resistance models for gases (Wesely,
1989; Zhang et al., 2003)

e Resistance models for aerosols (Slinn
and Slinn, 1980; Zhang et al., 2001)

e Bi-directional ammonia flux (Zhang et al.,
2010)

Deposition velocity as surface
boundary condition for vertical
diffusion

Sub-grid Cloud Convection

Entraining/detraining plume model (Emery et al., 2015)

Wet deposition

Scavenging model for gases and aerosols (Seinfeld and Pandis, 1998)

Gas-phase chemistry

e Carbon Bond v6 (Yarwood et al., 2020;
Yarwood and Emery, 2022)

e Carbon Bond v7 (Yarwood and Tuite,
2024; Tuite et al., 2025; Tuite et al.,
2026)

e Regional Atmospheric Chemistry Model,
v2 (RACM2) (Goliff et al., 2013; Stockwell
and Goliff, 2013; Yarwood et al., 2023)

e Statewide Air Pollution Research Center
2007 (SAPRCO7TC) (Carter, 2010; Hutzell
etal., 2012)

e Euler Backward Iterative (EBI)
(Hertel et al., 1993)

e Livermore Solver for Ordinary
Differential Equations (LSODE)
(Hindmarsh, 1983)

Inorganic aerosol chemsitry

e ISORROPIA (Nenes et al., 1998, 1999)

e Equilibrium Simplified Aerosol Model (EQSAM) (Metzger et al., 2016)

Aqueous aerosol chemistry

Regional Acid Deposition Model (RADM-AQ) (Chang et al., 1987)

Organic aerosol chemistry

e SOAP3 (Strader et al., 1999; Huang et al., 2024; Yarwood and Tuite, 2024)
e 1.5-D Volatility Basis Set (VBS) (Koo et al., 2014)

The CAMXx continuity equation is cast in a terrain-following absolute height (z) coordinate and
numerically marched forward in time over a series of time steps. At each step, an operator-
splitting approach calculates the separate contribution of each major process to concentration
change within each grid cell. The specific equations that are solved individually in the operator-
splitting process are shown in order below:
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where ¢/ is species mass concentration (umol/m?3 for gasses, pug/m?3 for aerosols), m is the ratio
of the transformed distance on the various map projections to true distance (m=1 for geodetic
latitude/longitude coordinates), E/ is species mass emission rate (umol/s for gasses, ug/s for
aerosols), Vis cell volume (m?3), A,; and Ay, are the respective cell cross-sectional areas (m?) in
the y-z and x-z planes, u and v are the respective east-west (x) and north-south (y) horizontal
wind components (m/s), r7is the net vertical transport rate (m/s, positive downward), h is layer
depth (m), pis atmospheric density (kg/m?3), Ky, are respective east-west, north-south, and
vertical turbulent exchange (diffusion) coefficients (m?/s), and A, is the species wet scavenging
coefficient (s).

Three-dimensional advection involves mass transfer across the time/space-undulating vertical
coordinate. Although advection is performed separately in each coordinate direction, the
numerical linkage between these components has been developed in a mass consistent fashion
to preserve the density field at each time step. While not shown explicitly in the equations
above, dry deposition is treated as a first-order removal process where a deposition velocity is
calculated for each species and applied as the surface boundary condition for vertical diffusion.

A master driving time step for the model is dynamically determined during the simulation for

the largest and coarsest (master) grid based on horizontal winds and grid spacing that result in
Courant numbers ranging from 0.5 to 1. Time steps typically range from 5-15 minutes for grid
cell sizes of 10-50 km, to a minute or less for cell sizes of 1-2 km. Nested grids require multiple
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driving time steps per master step depending on their grid resolution relative to the master
grid. Additionally, multiple transport and chemistry time steps per driving step are used as
necessary to ensure accurate solutions for these processes among all grid cells.

4.2 CAMX Grid Configuration

4.2.1 Grid Cell Arrangement

CAMXx carries pollutant concentrations at the center of each grid cell volume, representing the
average concentration over the entire cell. Meteorological fields are supplied to the model to
guantify the state of the atmosphere in each grid cell for the purposes of calculating transport,
chemistry, and removal. CAMx internally carries these variables in an arrangement known as
an “Arakawa C” grid configuration (Figure 4-1). State variables such as temperature, pressure,
water vapor, and cloud water are located at cell center along with pollutant concentration, and
represent grid cell average conditions. Wind components and diffusion coefficients are carried
at cell interfaces to describe the transfer of mass in and out of each cell face. Note in Figure 4-
1, for example, that horizontal wind components u and v are staggered from each other. This
facilitates the solving of the transport equations in “flux form”.

Depending upon the source of meteorological data, it is recommended that the user directly
provide the gridded horizontal wind fields in the staggered Arakawa C configuration. However,
this is not always feasible, and so CAMx offers the option for the user to supply all
meteorological variables, including horizontal wind components, at cell center; in this case
CAMx internally interpolates the winds to cell interfaces. Note that this leads to a slight
smoothing effect on the horizontal wind fields.

Figure 4-1 also describes the horizontal cell indexing convention used in CAMx. Each cell is
defined by the index pair (i,j), where i ranges from 1 to nx (the number of cells in the east-west
direction), and j ranges from 1 to ny (the number of cells in the north-south direction). The
eastern and northern faces of the cell are indexed (i,j), while the western and southern faces
are indexed (i-1,j) and (i,j-1), respectively.

u, Kx == (i-1, j) o (i, j) == u, Kx

@i, J-1)

-
A
|
v, Ky

Figure 4-1. Horizontal representation of the Arakawa C variable configuration used in CAMx.
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In the vertical, most variables are carried at each layer midpoint (defined as exactly half way
between layer interfaces) to represent layer averages. Again the exceptions are those variables
that describe the rate of mass transport across the layer interfaces, which include the vertical
diffusion coefficient Kv and the vertical transport rate 7. These variables are carried in the
center of each cell horizontally, but are located at the top of the layer (i.e., the interface)
vertically.

4.2.2 Grid Nesting

CAMXx incorporates two-way grid nesting, which means that pollutant concentration
information propagates into and out of all grid nests during model integration. Any number of
grid nests can be specified in a single run, where horizontal grid spacing can vary from one grid
nest to another (note that vertical grid structures must be consistent among all grids). The
nested grid capability of CAMx allows cost-effective application to large regions in which
regional transport occurs, yet at the same time providing fine resolution to address small-scale
impacts in selected areas.

Each grid nest is defined over a subset of master (coarsest) grid cells. The range of master grid
row and column indices that define the coverage of each nested grid must be specified in the
run control file. An integer number of nested grid cells must span one master grid cell; this
number is referred to as a “meshing factor”. “Buffer” cells are added around the perimeter of
each nested grid to hold internal lateral boundary conditions. Buffer cells are added
automatically within CAMx and should not be specified by the user in the run control file. All
nested grid output files contain data for the entire array of computational cells only, and do not
include buffer cells. All nested grid input files must similarly contain data for the entire array of
computational cells. Regarding input nested grid emission files, the inclusion of buffer cells is
optional (to maintain backward compatibility with older CAMx versions that required the
inclusion of buffer cells) and the model will determine whether gridded emissions include
buffer cells and internally read/load data arrays accordingly. Regarding input nested grid
meteorological files, buffer cells must be included since input horizontal wind fields are usually
provided to the model in staggered arrangement, which buffer cells accommodate.

An example of a horizontal nesting arrangement is shown in Figure 4-2. Here, two telescoping
fine grid nests are defined: one with a meshing factor of 2 spanning master grid cells (5,4) to
(8,8), and one with a meshing factor of 4 spanning master grid cells (6,6) to (6,7).
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Figure 4-2. An example of horizontal grid nesting, showing two telescoping nested grids
within a 10x10 cell master grid. The outer nest contains 10x12 cells (including buffer cells to
hold internal lateral boundary conditions), and the inner nest contains 6x10 cells (including
buffer cells).

Restrictions on specifying the size and resolution of all grid nests include the following:

1)

2)

3)

4)

5)

6)

The ratio of master grid cell size to nested grid cell size must be an integer (e.g., a
“meshing factor” of 3 means that 3 nested cells span the distance of 1 master cell,
resulting in an area of 9 nested cells per master cell);

For telescoping grids (a nested grid containing an even finer grid), the cell size of the finest
grid must be a common denominator for all parent grids above it (e.g., a 36-12-4 km or
36-12-2 km arrangement is allowed, but a 36-12-9 km is not);

The restriction in (2) above does not apply to parallel nested grids of the same generation
(e.g., 4 km and 5 km grids can be located in different areas of a master grid provided that
the master cell size is some multiple of 20 km);

Nested grids cannot overlap, although they may share a common lateral boundary or
edge;

Nested grids cannot extend into a lateral boundary, or non-modeled, area of the master
grid;

CAMx is currently configured to allow four “generations” of nests (e.g., four levels of

telescoping grids); this can be extended in the code if more than four levels of nests are
required;
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7) The total vertical depth of each nested grid must exactly match the depth of the master
grid, and nested grid vertical layer structures must be consistent with the master grid in
terms of the number of layers and their thicknesses;

4.2.3 Flexi-Nesting

When the user invokes the “Flexi-Nesting” option, the following input files must be provided for
the master grid, and optionally provided for each nested grid:

e 2-Dand 3-D gridded emissions;
e 2-Dtime-invariant surface characteristics (landuse, topography and LAl distribution);

e 2-Dand 3-D time-variant meteorology;

Any of these input files may be supplied for each nested grid, or none at all. If any of these files
are not supplied for a particular nested grid, the Flexi-Nest algorithm within CAMx interpolates
the missing fields from the parent grid. Clearly it is desirable to provide nested grid data
whenever possible. However, the ability to interpolate data is useful for testing sensitivity to
grid configurations or for situations when it is not possible to run a meteorological model for all
grid nests.

The Flexi-Nest option also allows users to redefine the nested grid configuration at any point in
a simulation. Nested grids can be introduced or removed only at the time of a model restart
since a new CAMx user control file must be used to redefine the grid configuration. For
example, the user may wish to “spin-up” the model over the first two days using just the master
grid. On the third day, the user might introduce one or more nests for more detailed analysis.
This would require that the model be restarted on the third day with a new control file that
defines the position of the new nests and (optionally) provides any additional input fields for
these grids. CAMx will internally reconcile the differences in grid structure between the restart
files and the new user control file, and then interpolate any data fields not supplied to CAMx for
the new nests from the parent grid(s).

4.3 Treatment of Emissions

Pollutant emissions are treated in two basic ways within CAMx: gridded emissions that are
released into each 3-D grid cell of the modeling domain; and stack-specific (point) emissions,
where each stack is assigned unique coordinates and parameters that define time-varying
buoyant plume rise into upper layers. Emission rates are held constant (not time interpolated)
between reading intervals (usually 1 hour) but are injected at every grid-specific time step
during the simulation. Gridded and point emissions are provided to CAMx in separate netCDF
input files. External emission processing systems are used to develop gridded and point, time-
and space-resolved, chemically-speciated input files for CAMx. These external programs are
not discussed in this User’s Guide; see Section 2 for more information on emission systems that
are used to support CAMx applications.
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4.3.1 Gridded Emissions

Two- and three-dimensional gridded emissions are defined by space- and time-varying rates for
each individual gas and PM species to be modeled. Two-dimensional gridded surface emission
categories include:

Mobile sources (cars, trucks, non-road vehicles, railroad, marine, etc.);

Residential sources (heating, cooking, consumer products);

Commercial sources (bakeries, refueling stations, dry cleaners, painters/printers);

e Non-point industrial sources (fugitive leaks, tanks, etc.);

Low-level industrial stack (point) emissions that are too small/numerous to treat
individually and/or do not emit above the surface layer;

e Biogenic sources;

Other natural sources (small fires, sea salt, wind-blown dust).
Three-dimensional gridded emission categories may include:

e Mobile sources emitting above the surface layer (aircraft, ocean-going vessels with
buoyant emission plumes);

e Other natural sources (large fires, lightning NOXx).

The spatial distribution of each individual source within these categories is defined by the
modeling grid. Information such as population distribution, housing density, roadway
networks, vegetative cover, etc. is typically used as a surrogate to distribute regional emission
estimates for each source to the grid system. CAMx can read any number of input gridded
emission files and each may include any stratification by source sector; they should be
developed for each grid within the modeling domain (see Sections 2 and 3).

4.3.2 Point Emissions

Similarly to gridded emissions, point emissions are defined by space- and time-varying rates for
each individual gas and PM species to be modeled. The only difference is that these emit from
individual stacks with time-varying buoyant rise that may take them into upper model layers.
These types of sources are almost always associated with large industrial processes, such as
electric generators, smelters, refineries, large factories, etc. The spatial distribution of these
points is specifically given by the coordinates of the stacks themselves (grid locations are
determined within CAMx). Plume rise is determined within CAMx as a function of stack
parameters (height, diameter, exit velocity and temperature) and ambient meteorological
conditions, so the point source file provides coordinates, stack parameters and speciated time-
resolved emission rates for each individual source. CAMXx can read any number of input point
source emission files, and each may include any stratification by source sector or region (i.e.,
they do not need to be grid-specific) (see Sections 2 and 3).

Plume rise is calculated using the multi-layer stability-dependent algorithm of Turner et al.
(1986). This approach calculates the momentum and buoyant plume rise energy from the
stack, takes the larger of these two values, and determines the dissipation of that energy via
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mixing with ambient air according to the meteorological conditions through the host model
layer. If sufficient energy remains to reach into the next model layer, the calculation for
buoyant rise repeats for the meteorological conditions of that layer, and so on, until a layer is
found where the plume cannot rise any farther. All emissions from this source are then
injected into the grid cell directly above the stack at this layer height. This algorithm was
adopted for CAMx because it provides a more realistic handling of stable layers aloft that can
trap plume rise, whereas this effect would not be realized based on meteorological conditions
at stack top alone.

Under neutral/unstable conditions, momentum rise at the stack top is calculated from

3 ds Vs
w

while buoyancy rise is the lesser of
H,, = 30(f/w)"” +z,

u

and
2/5

H,, = 24(r/w)" [n, +200(r/w )" +2,
In these expressions ds is stack diameter (m), vs is stack exit velocity (m/s), hs is stack height (m),
w is ambient wind speed (m/s), and z is the distance between the stack top and the base of the
current model layer. A minimum wind speed of 1 m/s is specified to avoid unrealistically large
plume rise. Buoyancy flux f is initially calculated from stack parameters, but is set to residual
flux entering the bottom of any higher layer. The initial buoyancy flux at stack top is given by

fo = gv, deTS _T]

where g is gravitational acceleration (9.8 m?/s), T is stack exit temperature (K), and Tis
ambient temperature (K). The residual flux calculation into the next higher layer depends on
which neutral/unstable buoyancy rise equation was originally used in the current layer:

Hbu_Zt "
= w| ==L
7o)

-2/3
7 = 5.5x10-3w3(Hbu—zt)(1+L]
Zt

bu

or

where z: is the distance between stack top and the top of the current model layer.
Under stable conditions, momentum rise at the stack top is calculated from the lesser of Hmu

and
H = oea6r?| Y4 Voo
" ' T w 0z

N
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while buoyancy rise is the lesser of
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In these expressions, J§/cz is the potential temperature gradient (a measure of atmospheric
stability). Here also, buoyancy flux is initially calculated from stack parameters, but is set to
residual flux if the plume extends into the next higher layer. The residual flux calculation
depends on which stable buoyancy rise equation was originally used:

and

f = f-056——I\z7 —z

00 w
GZT(3 3)

or
1/3
f o= f—0.24—‘25—0T (287 - 227)

When final plume rise is reached using stable buoyancy rise, it is adjusted downward to two-
thirds of the rise through the stable depth. After final plume rise is determined, the rise is
further adjusted downward by stack tip downwash according to a critical Froude number and
ambient wind speed. The stack Froude number is given by

Tv:
gd (T, -T)

For F<3, no downwash adjustment is made to final plume rise. Above that value, the following
downwash factors (D) are applied depending upon the ambient wind speed at stack top:

D = 0, v.<w (no plume rise)
D = VS_W, EVSSW<VS
v, 3
D =1, w<zvs
3

CAMXx injects point source emissions into all model layers spanned by the plume depth at final
(adjusted) rise. Plume depth is determined as a function of stack diameter, plume
temperature, plume velocity, time of plume rise, and ambient wind and temperature
conditions. A uniform mass distribution through plume depth is assumed. If this depth is
wholly contained within a single layer, that layer receives all emission mass. If this depth spans
several layers, then fractions of the emissions are injected into these layers according to the
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fraction of plume depth spanning those layers. We apply the “rule-of-thumb” that plume depth
equals plume rise (Turner and Schulze, 2007) as a maximum limit for plume depth.

The following equations are used to define the plume depth after reaching final rise. These are
based on the approach used in the SCIPUFF model (EPRI, 2000). The plume depth D, at final
rise is given by

) /2
Dp = 3(2DS +2Kt)‘
where D;s is stack diameter, K is plume diffusivity during rise, and t is the time of rise. The time
of rise is determined by dividing final plume rise by the mean plume rise speed Vp; the latter is
set to half the stack exit velocity. A lower limit of 1 m/s is applied to the exit velocity, so the
minimum value of V, is 0.5 m/s. The plume diffusivity is determined by scaling initial plume
width (according to stack diameter) by the turbulent flux moment g,%:

K = 015(2p,)q3

where

2
2 2 3v

@ = [, V2044 ——
P p'p V2+V1§

The turbulent flux moment is a function of the mean plume rise speed V), the ambient wind
speed v taken at the level of final rise, and a plume entrainment coefficient f:

— T
£, = 1+42D,)g 7

where g is the gravitational constant (9.8 m?/s), T is ambient temperature at the level of final
rise, and T, is the mean plume temperature, taken as the mean of the stack exit temperature
and the ambient temperature at final rise.

4.4 Three-Dimensional Transport

4.4.1 Resolved Transport: Advection

The CAMXx advection algorithm is both mass conservative and mass consistent (Emery et al.,
2011). Mass conservation refers to the accurate accounting of all sources and sinks of pollutant
mass with no spurious loss or gain during model integration. To maintain mass conservation,
CAMXx internally carries concentrations of each species as a density (umol/m?3 for gases, pg/m3
for aerosols), and solves the advection and diffusion equations in flux form. This also serves to
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simplify mass budget accounting, which is used by the various source apportionment and
process analysis options.

Mass consistency refers to the transport of pollutant mass equivalently to the motion of
atmospheric mass supplied ot the model. For example, a model that is perfectly mass
consistent will preserve a unity pollutant mixing ratio field in a divergent momentum field given
constant unity boundary and initial conditions and zero sources and sinks. Sources of poor
mass consistency in air quality models are typically related to (1) supplying meteorology that is
inherently inconsistent (e.g., from an interpolative objective analysis or diagnostic model); (2)
spatially interpolating or averaging meteorological model fields to a different air quality map
projection or grid resolution; (3) supplying infrequent “snapshots” (i.e., hourly) of
meteorological fields that are subsequently interpolated to the air quality model timesteps; and
(4) employing different numerical methods among the air quality and meteorological models.

It is expected that CAMXx users will prepare high quality, mass consistent meteorological fields
using advanced prognostic models so as to minimize inconsistencies in the inputs themselves.
The practice of developing meteorological input fields using objective analysis or “diagnostic”
approaches is highly discouraged.

CAMx operates on the map projections and grid systems employed in several widely used
prognostic meteorological models to minimize effects from transferring meteorological data to
CAMx. However, CAMXx provides a very important flexibility that allows the air quality grid to
differ in projection and resolution from the source of meteorological data. This, of course,
leads to a potentially large external source of mass consistency error. Additionally, horizontal
wind fields are supplied to CAMx as a set of gridded inputs, which along with other
meteorological variables, are time-interpolated between input times (usually 1 hour) to
individual time steps. Finally, the ability to drive CAMx with the output from any prognostic
meteorological model guarantees a difference in numerical methods between the two models,
leading to an internal source of mass consistency error. The three dimensional advection
algorithm in CAMx is designed to compensate for both external and internal sources of
consistency error.

Horizontal advection uses input horizontal winds fields and is solved using the area preserving
flux-form advection solver of Bott (1989) or the Piecewise Parabolic Method (PPM) of Colella
and Woodward (1984) as implemented by Odman and Ingram (1996). These two explicit finite
difference schemes provide higher order accuracy with minimal numerical diffusion yet are
equivalent in execution speed compared to other simpler advection algorithms. In CAMXx, the
Bott scheme is allowed to take larger time steps than PPM because Bott remains stable for
Courant-Friedrichs-Levy (CFL) numbers up to 1 (i.e., the ratio of wind speed to grid spacing).
Time steps are determined for Bott using a CFL number of 0.9, while time steps for PPM are
restrained by a CFL number of 0.5. Therefore, the Bott option results in a faster simulation than
the PPM option, perhaps at the price of some accuracy. We recommend testing both for your
specific application.

CAMx internally calculates an instantaneous vertical velocity field from grid- and timestep-
specific horizontal momentum fields to balance the local atmospheric continuity equation. To
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calculate a vertical velocity profile w(z) for a given grid column at each timestep, the
atmospheric continuity equation is locally integrated through the depth of the column with an
imposed zero boundary condition at the ground:

Zfop  m? A, vyp
pw(z)——j; (E-{_A_ZVH'( — dz

where the time-rate change of atmospheric density in each grid cell is known from the input
meteorological fields, and the subscript H refers to horizontal components. Note that this
hydrostatic approximation places certain theoretical limits on the maximum horizontal
resolution (minimum cell spacing) of the CAMx grids of roughly 1 km. The horizontal flux
divergence of atmospheric density is calculated in a manner that is numerically consistent with
the procedure used to horizontally advect pollutants, using either the Bott or PPM advection
solvers. In this approach, a cell- and timestep-specific vertical velocity is constructed that
provides a balance between the imposed density tendency and the resolved horizontal
momentum divergence. The total vertical transport rate 77 (positive downward) is defined as
the combination of resolved vertical velocity and the local time-rate of change of the layer
interface height:

0z

=3
Total vertical transport thus accounts for resolved momentum divergence rates and apparent
divergences induced by the time/space-undulating vertical coordinate, while adjusting for
sources of mass inconsistency. In simple tests in which a uniform pollutant field of unity mixing
ratio is transported throughout a single regional grid over several days, this approach has been
shown to provide nearly exact (to within single-precision accuracy) consistency between the
density and pollutant fields.

Vertical transport is solved using either the PPM scheme (Colella and Woodward, 1984) with
updates to address non-uniformly spaced vertical grid structures, or an implicit backward-Euler
hybrid integration scheme designed specifically for CAMx (Emery et al, 2011). While both are
designed to limit numerical diffusion, PPM is less numerically diffusive but as an explicit scheme
it requires multiple sub-steps to ensure a stable solution, whereas the original implicit scheme
is more diffusive but may run somewhat faster.

4.4.2 Sub-Grid Turbulent Transport: Diffusion

CAMx employs a first-order eddy viscosity (or “K-theory”) approach by default to represent sub-
grid turbulent diffusion (or mixing). As a “local” closure technique, K-theory treats mass
transfer cell-by-cell (horizontal) or layer-by-layer (vertical), analogously to the diffusion of heat
through a solid medium. Whereas K-theory adequately characterizes horizontal diffusion and
weak vertical mixing during neutral and stable conditions, the shortcomings of K-theory are
related to its inadequate treatment of deep vertical convective mixing. In actual convective
situations, buoyant plumes deriving energy in the surface layer are quickly and efficiently mixed
deep into the atmosphere within eddies that are usually much larger than the individual model
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layers. Therefore, K-theory mixes the convective boundary layer less efficiently than commonly
observed. This has been shown to have very important ramifications for chemistry, especially
during transition periods between stable/neutral and convective conditions. CAMx includes the
option to use K-theory vertical mixing (default) or the non-local Asymmetric Convective Model
(ACM2) from Pleim (2007).

4.4.2.1 Horizontal Diffusion

As discussed by Yamartino (2000) advection solvers such as Bott and PPM reduce numerical
diffusion to the point where modelers need to be concerned about including appropriate levels
of explicit horizontal diffusion. Currently, there is very little information on the appropriate
level of horizontal diffusion for Eulerian grid models. This issue is not limited to CAMXx.

Explicit horizontal diffusion coefficients are determined within CAMx using a deformation
approach based on the methods of Smagorinsky (1963):

2 2
KX/Y — KU+% a_u_’_@ + @_@
a2 [lay  ox ox Oy

Separate diffusivity components are generated for fluxes in the x- and y-directions since Kx and
Ky are calculated for separate cell faces in the Arakawa C grid arrangement. The value of Ko is
specified according to the approach in MMS5 (Anthes and Warner, 1978):
_3 AxAy

At

1/2

K, = 3x10

A maximum value of Kxy is set to maintain numerical stability for the given grid-specific
timestep. A minimum value is set to 1 m?/s. Horizontal diffusion is applied using an explicit
simultaneous two-dimensional flux-divergence calculation.

4.4.2.2 K-theory Vertical Diffusion

The default vertical diffusion solver (K-theory) uses an implicit backward-Euler integration
scheme. Gridded vertical diffusion coefficients (Kv) must be supplied to the model via input
file. Whereas the vertical advection step is solved in a single step, K-theory vertical diffusion is
solved over potentially several sub-steps, depending upon the magnitude of the vertical
diffusivity relative to the vertical layer depths (CAMXx uses the smaller of the current grid time
step or a maximum 5 minute sub-step). This ensures non-local diffusive coupling among all
layers that exhibit high diffusivity, especially for long driving time steps on coarser grids that
would otherwise only experience mixing between adjacent layers during a single step.

4.4.2.3 ACM2 Vertical Diffusion

Pleim (2007) developed the ACM2 for the Weather Research and Forecasting (WRF)
meteorological model and the Community Multiscale Air Quality (CMAQ) model. The ACM2
includes: (1) mixing among adjacent layers using K-theory; (2) rapid upward non-local mixing
from the surface layer to all layers through the boundary layer (the convective aspect); and (3)
slower compensating downward mixing layer-by-layer from the top of the boundary layer to
the surface (the asymmetric aspect). Figure 4-3 shows this approach schematically. During
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non-convective conditions, ACM2 reverts back to the local K-theory component. Thus, ACM2
includes the basic features of both local and the most important component of non-local
exchange.

ACM2

Figure 4-3. Schematic representation of the turbulent exchange among layers within a
vertical grid column during convective adjustment in the ACM2 (taken from Pleim [2007]).

The ACM2 parameterization is an alternative option to the default K-theory approach. The
convective component of ACM2 is invoked during unstable conditions and is solved separately
using a semi-implicit scheme, whereas the K-theory component is always applied and is solved
with the implicit scheme described above. All variables needed to calculate the transfer rates
are available from the existing input files, or are already calculated within CAMx for other
purposes. The CAMx ACM?2 option does not require that ACM2 be run within the
meteorological model used to derive inputs for CAMx. However, using ACM2 in both
meteorological and chemistry models leads to consistent boundary layer characterization. The
CAMx implementation of ACM2 supports OMP and MPI parallel processing. Runtime
differences between K-theory and ACM2 are indistinguishable.

NOTE: ACM2 does not work with the Integrated Process Rate (IPR) component of the Process
Analysis (PA) tool.

4.5 Cloud-in-Grid Convective Model

CAMXx includes a sub-grid cloud framework called Cloud-in-Grid (CiG) that explicitly simulates in-
cloud shallow mixing, deep convective transport, agueous chemistry, and wet scavenging
(Emery et al., 2015a). All processes are driven by optional output fields generated by the WRF
meteorological model’s Multi-Scale Kain-Fritsch (MSKF) cumulus parameterization (Kain, 2004;
Alapaty et al., 2012; Herwehe et al., 2014; Bullock et al., 2015; Zheng et al., 2016). This yields a
consistent cloud-mixing-chemistry system across the WRF and CAMx models. Without the CiG
sub-grid scale treatment, CAMx cannot explicitly treat cloud processes at scales smaller than
the grid resolution. In such cases, diagnosed sub-grid cloud fields are used to parametrically
influence grid-scale photolysis rates, wet deposition, and aqueous chemistry, but cloud
convective transport is ignored.
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The CiG operates separately from the normal grid processes. The approach defines the physical
attributes of a multi-layer cloud volume according to time-varying cloud data provided by
WRF/MSKF. Each CiG configuration is unique to each grid column (or entirely absent from it)
and characterizes a stationary, steady-state, sub-grid cloud environment between each
meteorological update time. Fractions of grid-scale pollutant concentration profiles within
each grid column are allocated to the CiG, which then operates on those fractional profiles to
include convective transport, entrainment/ detrainment exchange with the ambient column,
chemistry, and wet removal.

NOTE: CiG does not presently work with any of the CAMx Probing Tools.

4.5.1 Coupling WRF to CAMx

Requisite meteorological fields are passed from WRF to CAMXx via an interface program called
WRFCAMx. The CAMXx CiG framework is coupled exclusively to the WRF MSKF cumulus scheme
in large part because MSKF can output specific cloud fraction, content, and flux data that are
not available from WRF’s other cumulus schemes. WRFCAMXx reads and processes two- and
three-dimensional (2-D and 3-D) WREF fields that are specific to the MSKF algorithm, including:

e 3-Dshallow and deep cloud fractions (CLDFRA_SH, CLDFRA_DP, unitless)
e 3-Dsub-grid cloud water and ice mixing ratios (QC_CU, Ql_CU, kg/kg)

e 3-D horizontal updraft and downdraft entrainment and detrainment flux profiles (UER,
UDR, DER, DDR, kg/s)

e 2-D convective time scale (TIMEC, s)

These specific variables must be listed in the WRF output registry and flagged for output. If a

WRF cumulus parameterization other than MSKF is run, or the needed MSKF variables are not
output, then WRFCAMx must be run with the original diagnostic cloud calculations, and CAMx
reverts back to addressing only grid scale processes with its original parameterized influences
from diagnosed sub-grid clouds.

In general, WRFCAMXx passes the WRF variables listed above directly to the CAMx cloud/rain
input file, with two exceptions. First, the 3-D shallow and deep cloud fractions are added and
vertically averaged to yield a single 2-D cloud fraction field. Second, as with other
meteorological variables, the entrainment/detrainment flux profiles and sub-grid cloud
water/ice contents are vertically averaged from the WRF layer structure to a subset of CAMx
layers when layer collapsing is specified by the user. Entrainment/detrainment profiles are
adjusted to ensure that resultant vertical flux profiles within the cloud column go to zero at
cloud top and at the ground. Finally, the units of entrainment/detrainment rates are converted
to kg/m?/s, and water/ice contents are converted to g/m3 to be consistent with the grid-
resolved cloud variables.

Most WRF output fields represent an instantaneous “snapshot” of the meteorological variables
at each CAMXx input time (usually hourly). For this reason, many continuous state fields (winds,
thermodynamic variables, mixing rates) are linearly interpolated to each CAMx time step

between meteorological input intervals. This is difficult to do for discrete fields such as clouds,
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so all resolved and sub-grid cloud fields supplied to CAMXx are held constant between each input
interval. This may alias the actual evolution of cloud fields occurring in WRF. For this reason,
the sub-grid MSKF variables define a steady-state CiG system during the input interval.

4.5.2 CiG Design

Figure 4-4 presents a schematic illustration of a CiG cloud within a single CAMx grid column.
Note that the CiG volume extends vertically beyond the actual cloud volume (i.e., cloud base to
cloud top) to include all contributing source layers below cloud base. Vertical transport of
constituents due to coupled convective dynamics between the CiG volume and the ambient
grid column is defined from vertical integration of the input horizontal entrainment/
detrainment flux profiles.
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Figure 4-4. Schematic illustration of a CiG cloud within a single CAMx grid column, indicating
grid, CiG and cloud volumes, area coverage and fluxes.

The MSKF cumulus parameterization is fundamentally a mass flux scheme. In WRF, changes to
grid-scale temperature and moisture are calculated from the parameterized properties of
entraining/detraining plumes that constitute convective updrafts and downdrafts, and from
ambient compensating subsidence outside the cloud necessary to maintain mass conservation.
This places the MSKF scheme within a subset of cumulus parameterization schemes for which
constituent transport is already implicit.

In an entraining/detraining cloud plume model, updraft and downdraft mass flux profiles (F,,
Fq) are balanced by lateral entrainment (E,, E4) and detrainment (D,, D) fluxes in each layer (k)
to maintain mass conservation:
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F,(k) = E,(k = 1) = Ey(k) — Dy (k)
Fa(k) = Fa(k = 1) = Eq(k) — Da(k)

All fluxes are in units of kg/m?/s, which represents the amount of mass change per unit area of
the grid column covered by the cloud. Vertical fluxes are staggered with respect to
entrainment/detrainment fluxes, such that F(k) is assigned to the top of the layer, while F(k-1) is
assigned to the bottom.

The CAMXx CiG does not distinguish between separate updraft and downdraft fluxes, and
instead assumes a well-mixed condition in each layer. It employs net entrainment/detrainment
rates (Ec, D¢) and calculates a single net vertical flux (Fc) within the cloud:

E.=E, +E,
D, =D, + Dy
F,(k) — F.(k — 1) = E.(k) — D.(k)

CiG accounts for compensating vertical motions in the ambient portion of the grid column,
adjusting for the fraction of cloud area (f) to ambient column area:

E“:EC<1icfc)

D“:DC(1inc)

Fy(k) = Fo(k — 1) = Dq(k) — Eq(k)

where E; is the ambient entrainment flux to the cloud, Dy is the ambient detrainment flux from
the cloud, and F; is the vertical mass flux in the ambient.

The numerical solver for mass transport employs a first-order upstream approach. With
potentially large vertical fluxes through thin layers, such explicit integration methods need to
take small steps to remain stable and positive-definite. However, with time steps of possibly a
few seconds, with thousands of convective grid columns each hour and hundreds to thousands
of chemical mass profiles on which to operate (including core model species and Probing Tool
tracers), an explicit solver severely impacts model speed. To address this issue, CiG solves the
evolution of a single matrix of air mass tracer per convective column for the duration of the
column’s convective time scale, once each meteorological update time (usually hourly). CiG
then algebraically combines the final tracer matrix with every chemical profile in that column to
yield the net effect of convective dynamics at each timestep.

The air mass matrix is defined to represent the amount of mass that starts in a particular layer /
and arrives at a particular layer k after the specified time interval. The mass is represented as a
unitless mass mixing ratio, with an initial value of one along the matrix diagonal (1,1) — (N,N),
where N is the number of layers, and zero everywhere else. Because of very different vertical
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fluxes between the cloud and ambient columns, the evolution of four mass matrices are
tracked: (1) mass starting in the cloud column and staying in the cloud column, (2) mass starting
in the cloud column and detraining into the ambient column; (3) mass starting in the ambient
column and staying the ambient column, and (4) mass starting in the ambient column and
entraining into the cloud column. This results in the integration of 4xN individual tracers per
grid column.

The evolution of each cloud mass element (M) is calculated according to:

fe
1-fe

where At is timestep (s), Az is layer depth (m), pis layer density (kg/m3), and M is previously
detrained cloud mass that reenters via entrainment, accounting for the different fractional area
of the ambient column. Employing an upstream differencing technique, the vertical interfacial
mass fluxes (F*, F’) are set according to their respective signs, e.g., for the in-cloud flux at the
top of layer k:

AMeo(1,1) = F™ = 4 B (OMo (10 (12 ) - Dt (1 1)

At
Az(l)p (k) (

F*=F(M. (LK), F >0
F*=F (kM. (Lk+1), E.<O0
and for the in-cloud flux at the bottom of layer k:
F-=F(k-1)M, . (Lk—-1), F>0
F~=F(k—=DM(Lk), F<O0
M is similarly calculated with the exchange of mass from cloud to ambient:

At
Az(k)p(k)

AM (L k) =

Similar calculations are performed for the ambient mass elements (Mgq) and the mass
entrained into the cloud (Mqc):

AM (L) = —28 (B — B OM. (LK) + D (OM..-(L i) (2=

wall ) = e | F™ = F = E(0Maa(L 1) + D)Mo )( - )
Y fy_

MM, ) = s (F7 = P o+ EcoMaa (10 (725 ) = DelloMac(, 1)

After integrating for a specified duration of time, the two final cloud mass matrices and the two
final ambient mass matrices are stored for use until the next meteorological update time, at
which point the process is repeated.
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As CAMx marches forward during the interval between meteorological update times, it evolves
the chemical fields in an operator splitting sequence that performs grid-resolved emissions,
advection, diffusion, deposition, and chemistry. The CiG algorithm is placed within this
sequence just before chemistry. First, CiG performs convective transport adjustments by
multiplying each species (i) concentration profile (C;, in the internal units of mass/volume) into
the ambient and cloud mass matrices, yielding new transport-adjusted ambient and cloud
profiles:

Ci(k) = Z [Ci(l)MCC(l, k) + C' (DM (1, k) (1 — fC)]

I=1,N fC
CL(k) = z [Ci(l)Maa(l,k)+Ci(l)Mca(l,k)(1fC 2 )]
l=1,N

where again / is the source layer and k is the arrival layer. Then CiG performs aqueous
chemistry and wet scavenging separately on the in-cloud and ambient concentration profiles
according to resolved and sub-grid cloud and precipitation inputs. Finally, the two chemical
profiles are linearly combined to yield the net result of cloud/ambient transport, chemistry, and
wet removal on the given profile:

Ct=fCi+ 1 —f)Ch

This process has been rigorously checked to ensure that all mass matrices and their application
to chemical concentration profiles conserve mass to within 6 significant figures.

Gas-phase chemistry and PM thermodynamic equilibrium require the largest amount of
computing time among all processes. To minimize runtime impacts with CiG, both of these
processes continue to operate on the single total column chemical profiles as the last step in
the operator splitting sequence, after the CiG processes are completed. Photolysis rates are
adjusted for the effects of all resolved and sub-grid clouds in the column, as well as for PM
turbidity.

4.6 Wet Deposition

Wet deposition is the predominant removal process for fine particles. Particles act as cloud
condensation nuclei and resulting cloud droplets grow and accrete into precipitation. Particles
can also be directly scavenged by precipitation via impaction. The rates of accretion and
impaction depend upon cloud type (e.g., prolonged widespread stratiform vs. brief localized
convection), condensed water phases, precipitation rate, and particle and cloud water size
distributions.

Wet deposition can also be an important removal process for soluble gases through the
following series of steps:

e Diffusion of gas into cloud droplets and subsequent scavenging by precipitation;

e Diffusion of gas directly into falling precipitation;
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e Possible aqueous-phase reactions within cloud and rain water.

The rate at which these processes occur depends on cloud type, condensed water phase, the
pollutant’s solubility and its overall reaction rate once in solution. Diffusion into cloud and rain
water may be reversible. Cloud water droplets can absorb a gas up the limit of its solubility as
defined by Henry’s Law (the proportion of aqueous concentration to gas-phase partial pressure
at equilibrium). High values for the Henry’s Law constant (>10,000 M/atm) indicate a strong
tendency to dissolve into water droplets, whereas low values (<100 M/atm) indicate a tendency
to remain in the air (Seinfeld and Pandis, 1998). Equilibrium between air and water
concentration is usually established on time scales of minutes, so equilibrium conditions can
generally be assumed to exist in the atmosphere.

The CAMx wet deposition model employs a scavenging approach in which the local rate of
concentration change dc/ct within or below a precipitating cloud depends on a scavenging
coefficient A:

ge = —Adc

ot
Wet scavenging is calculated for each layer within a precipitating grid column from the top of
the precipitation profile to the surface. Scavenging coefficients are determined differently for
gases and PM based on relationships described by Seinfeld and Pandis (1998). Gas scavenging
includes two rates: (1) accretion of cloud droplets containing dissolved gases into precipitation,
and (2) diffusive uptake of ambient gases into precipitation, which can occur within or below
cloud. PM scavenging also includes two rates: (1) accretion of cloud droplets containing
particles into precipitation, and (2) impaction of ambient particles into precipitation, which
occurs only below cloud. We describe these processes in more detail below.

The CAMx wet deposition model applies the following general assumptions:

1) Wet deposition is invoked only if precipitation is reaching the surface;

2) The cloud and precipitation environment exists in steady state between successive
meteorological update times (usually hourly);

3) Liquid cloud water exists at temperatures below 273 K — a linear ramp function apportions
total cloud water into liquid and ice between 233-273 K, and all cloud water is ice below
233 K;

4) The model considers three types of precipitating hydrometeors (rain drops, snowflakes,
and graupel particles); each is separately represented by a single mean size, mass, and fall
speed through the precipitating column and parametrically determined from the
equivalent liquid surface precipitation rate;

5) Mixed-phased (liquid/ice) hydrometeors do not coexist within a layer — the dividing
temperature between rain and the two ice forms is 273 K;

6) Only a single ice hydrometeor form (snow or graupel) exists in a layer — graupel is
specified if any graupel is present in that layer, otherwise snow is specified;

7) A mono-disperse distribution of hydrometeors falls through a mono-disperse distribution
of sub-cloud particles and cloud water droplets containing particles and dissolved gases;
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8) lce hydrometeors can scavenge only liquid cloud water and cannot take up cloud ice via
impaction.

9) All gases dissolved in cloud water are in equilibrium with ambient air concentrations
according to Henry’s Law solubility, aqueous dissociation, cloud water temperature and
acidity;

10) All particles are taken up into cloud water (no particles exist in the interstitial air between
cloud droplets) — all particle species within a particular size range (fine or coarse) are
internally mixed and hydrophilic;

11) Ambient gases may directly diffuse into rain, while only strong acids may diffuse into ice
hydrometeors — rates depend on the hydrometeor’s state of saturation as a function of
pH (set to a constant value of 5), species diffusivity, and aerodynamic considerations;

12) Gases may be reversibly scavenged by cloud water collection and diffusion — super-
saturated gases are released back to the atmosphere according to diffusive rates in (11)
above;

13) Particles are irreversibly scavenged by cloud water collection and impaction.

4.6.1 Precipitation Parameters

The mean raindrop diameter dys (m) and fall speed vq (m/s) are taken from the empirical
estimates of Scott (1978). The drop diameter is related to rainfall rate P (mm/hr), and the fall
speed relationship has been modified to better agree with data provided by Seinfeld and Pandis
(1998):

d, = 9.0x107pP*
v, = 3100d,

The precipitation water content L, (g/m?3) is related to rainfall rate by

Ppw
? 3.6x10°v,

where pw is liquid water density (g/m3). This equation can be simplified to a dependency on
just rainfall rate when the above relations for drop velocity and size are substituted. The
resulting expression for rainfall rate as a function of precipitation water content is

. l><107Lp 127
P

Locatelli and Hobbs (1974) developed power law equations relating average diameters, fall
speeds, and masses for 15 precipitating ice “habits”. We consolidated these relationships into
two forms, termed “snow” and “graupel”, by fitting new power law curves to the Locatelli and
Hobbs data. For snow,

vy = 083d,%%

my = 0.035d,"8
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And for graupel,
Vg = 1.1 dd0'61

my = 0.059 d,*

Note that in these equations for ice, dy is in mm and crystal mass mq is in mg. By assuming that
the number density and mass of snow/graupel crystals are equal to those for rain drops given
equal precipitation water contents, we can relate the magnitudes of ice size and fall speed to
equivalent liquid precipitation rate.

4.6.2 Aerosol Scavenging

Seinfeld and Pandis (1998) develop an equation that describes the scavenging rate as a mono-
disperse distribution of hydrometeors falls through a mono-disperse distribution of aerosols
(whether cloud water droplets or particles). After expressing the hydrometeor number density
in terms of equivalent rainfall rate P (mm/hr), fall velocity vd (m/s), and drop diameter dd (m),
the scavenging rate (s) is

4 = 4.2x10_7? (1)

d
where E is the collection efficiency. The scavenging rate is directly proportional to rainfall rate
and inversely proportional to hydrometeor size. At higher precipitation rates, larger
hydrometeors (smaller number density) limit the increase in scavenging, while at lower
precipitation rates, smaller hydrometeors limit the reduction in scavenging. We use this
scavenging equation for both ambient PM (A1) and cloud water droplets (/). In the latter case
we assign a collection efficiency of 0.9, which is typical for cloud droplets with sizes 10-20 um
and hydrometeors larger than 100 um (Seinfeld and Pandis, 1998).

Within cloud layers, the model assumes that all PM exists within cloud water. Therefore, the
PM scavenging rate is the same as for cloud droplets: A = A¢ (Equation 1 with £=0.9). Ambient
PM scavenging below cloud depends on a collection efficiency that is a complex function of
particle size (dp) and density, hydrometeor size and fall speed, and kinematic viscosity of air and
water, as expressed by Reynolds (Re), Schmidt (S¢), and Stokes (S:) numbers (Seinfeld and
Pandis, 1998):

Ed,) = %(1 +0.4R" S +0.16R"? 5)

+ 4¢{i+¢(1+2Re”2)}

" R 3/2
S -8
S —S +2/3

where u and uw are the kinematic viscosity of air (1.8x10° kg m™ s!) and water (103 kg m™* s1),
respectively, and ¢ = dy/dq4 is the ratio of particle size to hydrometeor size. The S* parameter is
given by
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. 12+m(+R)/12

S
1+In(l+R)

In the two-mode CF option, fine and coarse PM are treated as mono-disperse sizes according to
their respective geometric mean diameters (calculated from lower and upper cut points given
in the chemistry parameters file). Fine mode size and density are affected by PM water content
according to the inorganic partitioning models (see Section 5). Typically the fine-mode mean
diameter ranges ~0.3-0.5 um, which is near the minimum scavenging efficiency commonly
referred to as the “Greenfield Gap”. As a result, the efficiency of fine-mode particle scavenging
is underrepresented by about an order of magnitude relative to integration over the entire fine-
mode size distribution. Such is not the case for the coarse mode, where efficiency is
consistently near 1 over all coarse sizes. Seinfeld and Pandis (1998) show differences in size-
integrated PM scavenging rates between mono-disperse particles and particle size distributions
with various geometric standard deviations. They show that for mean particle sizes in the sub-
micron range (0.1-1 um), size-integrated mass scavenging rates are roughly equivalent to
mono-disperse scavenging rates at 10 times their size. The wet deposition model increases
fine-mode geometric mean particle diameters by a factor of 10 to account for mass scavenging
over the whole size distribution.

Snow presents a complication related to aerodynamic drag, which affects PM collection
efficiency. To simplify the calculation for snow, the model calculates E for graupel but sets a
lower limit of 1x10°3 based on the work of Sauter and Wang (1989).

4.6.3 Gas Scavenging

Wet scavenging of gases by precipitation occurs within and below precipitating clouds.
Scavenging of both aqueous and ambient gases occur within cloud layers but at different rates.
Scavenging of ambient gases alone occurs below clouds. Once again, the scavenging rate for
gases in cloud water depends on the scavenging rate for cloud droplet (A, Equation 1 with
E=0.9). Given the relatively short residence times of falling precipitation through a given grid
cell, aqueous equilibrium between ambient gas and precipitation cannot be assumed. The
model explicitly calculates diffusion of ambient gas into rain (or ice hydrometeors in the case of
strong acids) following the mass balance methodology of Seinfeld and Pandis (1998). The
diffusive gas scavenging rate is:

4, = 1.67x107° PE,
d

aVa

where K. is the mass transfer coefficient (m s) as a function of air (v) and gas (Dg) molecular
diffusivity, and hydrometeor size and fall speed:

D vd 1/2 y 1/3
K = == 2+o.6[Mj —
d, 1% D,
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Scavenging of ambient gas is directly proportional to diffusivity and rainfall rate, and inversely
proportional to hydrometeor size and speed. Diffusive scavenging is constrained by a
combination of larger hydrometeors (smaller number density) and faster fall speeds (shorter
residence time) at higher precipitation rates.

4.6.3.1 Solubility Limits on Gas Scavenging

The scavenging rates /A and Ay describe the maximum potential uptake into precipitation with
no pre-existing pollutant mass. However, there is a chance for precipitation to become super-
saturated with sparingly soluble gases as it falls through a grid column collecting mass. To
account for this, agueous and diffusive gas scavenging are separately calculated according to
equilibrium concentrations in cloud (c%g) and precipitation (cPeq) water, respectively, and the
amount of pre-existing aqueous gas in precipitation from layers above co. If co < cPeq
(precipitation is unsaturated), a fraction of total grid cell gas concentration is added to the rain
water (co is augmented) and removed from the grid cell according to:

Ac = ¢ [1-exp(-A A)]+c? [1 - exp(— A, At)]

where ¢?’eq accounts for the amount of total cell concentration c already taken up in cloud
water (cP'eq = € - C%q), and Ac is limited to cPeq - co. Note that Ac, ceq and cp are all in units of
mass per air volume. If co > cPeq (precipitation is super-saturated) then only the diffusive term is
applied and co is relaxed toward c”eq by returning gas back to the atmosphere (co is
decremented):

Ac = (c, —co)[l - exp(— A, At)]

The aqueous equilibrium concentration is determined by Henry’s Law. The Henry’s Law
constant for a given gas species ko (M/atm) specifies the ratio of pollutant mass in aqueous
solution (M or mol/lh2o) to its equilibrium partial pressure (atm) at standard pressure and
temperature. This constant is adjusted for temperature T and converted to a dimensionless

molar ratio:
1 1
H = kRTexp|lA| ———
208 T

where R is the ideal gas constant (8.206x1072 | atm mol™* K1), and A is the temperature
dependence factor. Dissociation of ammonia, nitric acid, and sulfur dioxide as a function of
water pH is also considered in the solubility calculation. The effective Henry’s Law constant H
thus expresses the equilibrium ratio of the aqueous concentration cqq (mass per volume of
water) to the gas concentration ¢4 (mass per volume of air),
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where L. is the cloud or precipitation water content (g m™3), pw is water density (1x10° g m=3)
and ceq is equilibrium aqueous concentration as mass per volume of air.

4.7 Dry Deposition

Dry deposition can be an important removal process for many compounds. Due to the difficulty
of making direct measurements of dry deposition and the need for a suitable model
parameterization, dry deposition is often treated as a first-order removal mechanism, where
the flux of a pollutant to the surface is the product of a characteristic deposition velocity and its
concentration in the “surface layer” (i.e., the lowest model layer). Deposition velocities are
derived from models that account for the reactivity, solubility, and diffusivity of gases, the sizes
of particles, local meteorological conditions, and season-dependent surface characteristics. The
factors affecting deposition are discussed in more detail below.

For a given species, particle size, and grid cell, CAMx determines a deposition velocity for each
landuse type present in that cell and then linearly combines them according to the fractional
distribution of landuse. The deposition flux is used as the lower boundary condition in the
vertical diffusion algorithm. Aerosol size spectra and species-dependent properties needed for
the deposition velocity calculations are externally supplied to CAMXx for all pollutant species via
the chemistry parameters file. Gridded landuse is supplied via input file and the season is
determined by the simulation date and location on the globe.

Movement of material along a path from the atmosphere, through any plant canopy, and onto
the various plant and ground surfaces within and below the canopy is typically modeled by
analogy to an electrical circuit. Resistances in serial and parallel arrangements are used to
represent the relative ease with which material moves through different portions of the
deposition pathway. Each branch of the circuit represents a different path by which material
may be deposited. For example, gaseous pollutants may transfer through the lowest layers of
the atmosphere partially into a plant canopy, through the stomatal openings on plant leaves
and into the plant mesophyll tissue. Alternatively, the material may travel all the way through
the plant canopy and deposit on the ground surface.

CAMXx offers two dry deposition options: the original approach based on the work of Wesely
(1989) and Slinn and Slinn (1980); and an updated approach based on the work of Zhang et al.
(2001; 2003). The bi-directional surface ammonia flux algorithm of Zhang et al. (2010) is
included in the Zhang option. All of these options are briefly described below.

4.7.1 The Wesely/Slinn Model
4.7.1.1 Dry Deposition of Gases

Wesely (1989) developed a resistance model that incorporates the major elements described
above. Deposition velocity vq is calculated from three primary resistances r (s/m) in series:

1

v, = ——
I"a+7'b +7"S

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 91 WWW.Camx.com



July 2026 CAMXx User’s Guide Version 7.40
4. Core Model Formulation

The aerodynamic resistance rq represents bulk transport through the lowest model layer by
turbulent diffusion, and operates equivalently for all gases and small particles. The magnitude
of this resistance depends on the intensity of turbulent motion, which in turn depends on solar
insolation, wind speed, surface roughness, and near-surface temperature lapse rate. In CAMXx it

is calculated from
1
ZD

where u~ is friction velocity (m/s), k is von Karman’s constant, z is the lowest model layer
midpoint height (m), zo is the surface roughness length (m), and ¢ is a stability correction term.
The surface layer parameterization of Louis (1979) is used to supply friction velocity and
stability correction as a function of input surface meteorology and roughness length.
Roughness length is internally assigned according to season and the input gridded distribution
of 11 landuse types as described in Section 3. In general, aerodynamic resistance is at a
minimum on warm, sunny days with strong mixing due to surface heating and mechanical
turbulence, and at a maximum on cool, calm nights when turbulent mixing is suppressed.

1
r, = —
ku,

The quasi-laminar sublayer (or boundary) resistance r, represents molecular diffusion through
the thin layer of air directly in contact with the particular surface to which material is being
deposited. It is usually assumed to depend only on the molecular diffusivity of each pollutant
species, and is given by

2877

r, = ——

ku,

where S. is the Schmidt number, or the ratio of air viscosity to species molecular diffusivity.

Over land, surface resistance rs is expressed as several more serial and parallel resistances that
depend upon the physical and chemical properties of the surface in question:

s 1 1 1 1
+—+ +
Vyt Ty T Fatly Tt Ty

st m uc

where the first set of parallel resistances represents the pathway into the stomatal (rs) and
mesophyll (rm) portions of active plants, the second is the pathway into the upper canopy (ruc),
the third is the pathway into the lower canopy (rq and rg), and the fourth is the pathway to the
ground surface (roc and rgs). Many of these resistances are season- and landuse-dependent, and
are built into Wesely’s model; some in turn are adjusted within CAMx for solar insolation and
surface wetness (vegetation is assumed to be unstressed). A few other resistances have been
developed by Wesely for SO, and ozone, and so are scaled for each gaseous species based on
the following pollutant properties:

* Molecular diffusivity (determined from molecular weight, /M, IMy o );
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e Henry’s law solubility (H);
e Chemical reactivity toward oxidation of biological substances (f).

This allows the resistance approach to be used to estimate deposition velocities for a wide
range of gaseous pollutants.

The surface resistances for strong acids (e.g., nitric, sulfuric, and hydrochloric acid, peroxides)
are set to zero given their strong rates of update by vegetation and other surfaces (Huebert and
Robert, 1985; Wesely and Hicks, 2000). The species for which surface resistance is set to zero
are defined in the CAMx chemistry parameters file.

Over water, the surface resistance for all gas species other than ozone is based on some
improvements adopted by Kumar et al. (1996) following Sehmel (1980):

1
3.9%x10 H T, ux

14 =

where Ts is surface temperature (K). For ozone, this equation has been updated to
parametrically match the tendencies of measured ozone fluxes reported by Helmig et al. (2012)
from ship-borne measurements:

03 1

g 1107 +5x10°H T’ u,

where Tsis in °C rather than K. The cubic temperature dependence fits the deposition velocity
response to the range of sea surface temperatures reported in the Helmig et al. data. The
additional 1x10™ term sets an upper limit on rs and a lower limit on deposition velocity so that
the latter does not fall much below 0.01 cm/s. A lower limit of 1500 s/m is placed on rs such
that ozone deposition over water does not exceed 6.5 cm/s, which is the upper limit in the
measured data.

4.7.1.2 Dry Deposition of Aerosols

Surface 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 by Kumar et al. (1996), has been adopted in CAMXx.
Particle deposition velocity for a given aerosol size is calculated using the following resistance
equation:

1

vy + 1y + Ya 'p Ved

Vd = Vsed t

where vsq is the gravitational settling (or sedimentation) velocity. This velocity is dependent on
aerosol size and density:
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D’gCp,
18v

vsed

where D is the geometric-mean particle diameter (m) of a given size section, p, is particle
density (g/m?3), g is gravitational acceleration, and vis the viscosity of air. The factor Cis the
Cunningham correction for small particles (Seinfeld and Pandis, 1998). Note that particle size
and density are affected by aerosol water content, which is determined from local humidity and
PM deliquescence properties according to the inorganic partitioning models (see Section 5).

Aerodynamic resistance r, is identical to the value used for gaseous dry deposition. Resistance
to diffusion through the quasi-laminar sub-layer layer depends on aerosol Brownian diffusion
and inertial impaction. Particles are assumed to remain on a surface once they impact, so
resuspension effects are ignored. Boundary resistance rp is given by

1
w727 +107% )

rb s

The stokes number S; is calculated from

2
vsed U

vE

4.7.1.3 Specification of Season

The Wesely (1989) deposition algorithm specifies the various surface resistances by land cover
type for five seasons: Spring, Summer, Fall, Winter, and Winter with snow cover. CAMXx
internally defines a season map to determine four of these five seasons by month and latitude
(Table 4-2). Five latitude bands exist in each hemisphere:

e Tropical <20°
e Sub-tropical 20° to 35°
e Temperate 35°to 50°
e Cool 50° to 75°
e Polar >75°

The seasons in the Northern and Southern hemispheres are offset by six months. This offset
does not cause any discontinuity at the equator because all 12 months are defined as summer
in the tropical band at the equator. This season map is generalized and may not be ideal for all
locations. The season map is coded into data statements in the “CAMx/chmdat . £”
subroutine and could be changed to better suit a specific region.

The season map shown in Table 4-2 does not consider snow cover because it is quite variable in
space and time. Gridded snow cover data are specified in the time-variant 2-D surface input file
(see Section 3 and Section 4.8 below). Snow covered grid cells are assigned the Wesely (1989)
surface resistances for the category “winter with snow cover”, regardless of the season.
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Table 4-2. Relationships between season and month/latitude used in the CAMx Wesely/Slinn
dry deposition model. Exception: seasons for the area within 50N-75N and 15W-15E are
internally set to those of latitude band 35-50 to account for regions of Europe in which the
climate is influenced by the Gulf Stream.

Month Latitude Band
Northern Southern <20° 20° - 35° 35° - 50° 50° - 75° >75°
Hemisphere Hemisphere Tropical Sub-tropical | Temperate Cool Polar
Jan Jul Summer Winter Winter Winter Winter
Feb Aug Summer Spring Winter Winter Winter
Mar Sep Summer Spring Spring Winter Winter
Apr Oct Summer Spring Spring Spring Winter
May Nov Summer Summer Spring Spring Winter
Jun Dec Summer Summer Summer Summer Spring
Jul Jan Summer Summer Summer Summer Summer
Aug Feb Summer Summer Summer Summer Fall
Sep Mar Summer Summer Fall Fall Winter
Oct Apr Summer Fall Fall Fall Winter
Nov May Summer Fall Fall Winter Winter
Dec Jun Summer Fall Winter Winter Winter

4.7.2 The Zhang Model

Environment Canada’s AURAMS air quality model uses a state-of-the-science deposition
scheme that possesses an updated representation of deposition pathways (Zhang et al. 2003;
Zhang et al. 2008). The approach incorporates the “leaf area index” (LAl), which is an important
aspect of newer dry deposition schemes that allows for scaling of pollutant uptake into
vegetation of varying densities. LAl is defined as the ratio of the one-sided green leaf area to a
unit area of the ground. It is measured by satellite instruments at fairly high spatial resolution.
The Zhang model has been tested extensively through its use in daily air quality forecasting in
Canada, and has been shown to reproduce observed fluxes of ozone and SO, with reasonable
accuracy. In CAMx, the Zhang model has tended to generate lower ozone deposition rates
relative to the Wesely model, which leads to higher ozone predictions overall. This effect is
seasonally dependent and will vary with the definition of LAI. Ozone is less sensitive to the
source of LAl (whether Zhang defaults or satellite-enhanced) than to the choice of deposition
model.

4.7.2.1 Dry Deposition of Gases

The gas resistance model of Zhang et al. (2003) invokes the same 3-resistance equation for
deposition velocity as the Wesely (1989) model. The equations for aerodynamic resistance (rq)
and boundary resistance (rp) are very similar to the Wesely (1989) formulations. However,
Zhang et al. (2003) replace the surface resistance (rs) equation with a new relationship for the
overall canopy resistance:

. 1
N . 7 1 1
LA +
Tst V' Teut Tac T Tgs
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where Wi is the fraction of stomatal blocking under wet conditions (not used for the NH3 bi-
directional scheme described below), ro: is the cuticle resistance, and all other resistances have
similar meaning to the Wesely model. Stomatal resistance (rs) is calculated using a
sunlit/shade (so-called “two-big-leaf”) stomatal resistance sub-model. Following Wesely
(1989), values for ry and reut are calculated for SO2 and O3 and then scaled for other gaseous
species. Cuticle resistance is slightly different from that defined in traditional big-leaf models in
that it also considers the aerodynamic and quasi-laminar resistances of individual leaves. This is
done by parameterizing rc,: as a function of friction velocity, similar to the concept of overall
cuticle uptake considered in a multi-layer model framework.

LAl is used in functions for rac, and rq.:, where the LAl for any given day is linearly interpolated
from monthly default LAl as a function of landuse type. To account for LAl effects on surface
roughness (zo), a similar daily LAl interpolation is applied to that parameter. Hence, the Zhang
model does not require the specification of season, as all resistance equations are continuous
over each month (note that CAMx automatically applies the 6-month offset for applications in
the southern hemisphere).

For snow on the ground and leaves, both rgs and rc.: are adjusted by a snow cover fraction,
which is calculated from snow depth, snow age, and landuse type as described in Section 4.8.
Snow cover is defined through the input 2-D surface file, as described in Section 3. For surfaces
without canopies, rys is defined as the resistance to any surface (e.g. soil, ice, snow and water),
rac is set to zero, and very large values are used for rst, rm and reut.

Over water, the updated temperature-dependent ozone surface resistance equation described
above for the Wesely scheme is also used for the Zhang scheme.

The Zhang model includes a set of embedded annual surface roughness ranges and monthly LAI
specific to each of the 26 landuse categories. The capabilities of the scheme were extended by
adding the option to use episode-specific (i.e., satellite-derived) LAl data. Satellite-based LAl
data from MODIS (MODerate-resolution Imaging Spectroradiometer)? can be processed into
gridded LAl fields that are passed to CAMXx as an optional record in the time-invariant 2-D
surface input file (see Section 3). The optional gridded LAl fields are used to scale the default
landuse-specific LAl values. For each grid cell, a landuse-weighted default LAl is determined
according to the landuse fractions present. An LAl scaling factor is then determined as the ratio
of the input LAl to the landuse-weighted default LAI. This factor is used to scale the individual
default LAl values for each landuse type in the grid cell, subject to the annual maximum to
minimum range among the monthly default values. Figure 4-5 illustrates how the use of
satellite LAl data introduces additional episode-specific variation into the LAl field.

3 MODIS provides LAI at 250 meter spatial resolution and 16 day temporal resolution.
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Figure 4-5. Comparison of monthly LAl data embedded in the Zhang dry deposition scheme
against episode-specific LAl for June 2005.

4.7.2.2 Bi-Directional Ammonia Flux

The dry deposition schemes described above calculate the irreversible uptake of compounds by
surface elements (vegetation, soil, water, snow) according to chemical-specific attributes. The
bidirectional ammonia (NHs) algorithm of Zhang et al. (2010) is optionally available when the
Zhang deposition scheme is selected. Implemented within the dry deposition function, the
approach assigns NH3 “emission potentials” by land cover type that determine temperature-
dependent “compensation points” (concentrations) along the circuit (Figure 4-6) and thus the
direction and magnitude of the net NHs flux between the lowest atmospheric model layer and
surface elements. Under conditions of high compensation points relative to atmospheric
concentrations, the net flux is from the surface to the atmosphere, i.e. emission; when
atmospheric concentrations are high relative to the compensation points, the net flux is to the
surface, i.e., deposition. In all cases with non-zero emission potential, NHz deposition rates to
the surface are reduced (or reversed) relative to the unidirectional deposition function, which
implicitly assumes zero emission potential. Emission potential values by landuse category can
only be changed by editing data statements within the CAMx Zhang deposition code.

CAMx employs the emission potential values reported by Whaley et al. (2018). Following Zhang
et al. (2010), stomatal emission potentials are set to zero if LAl is less than 0.5, and ground
emission potentials are set to zero if the ground is covered by snow. Additionally, Ramboll has
modified the scheme to ensure that only NH3 deposition fluxes (no emissions) are determined
from grassland and agricultural land use categories (i.e., Zhang categories 13-20) on the basis
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Figure 4-6. Right side shows a schematic of the bidirectional NH; deposition/re-emission
scheme of Zhang et al. (2010) and Whaley et al. (2018); left side shows the original
unidirectional deposition scheme of Zhang et al. (2003). Pathway resistances (R) and
bidirectional compensation points (C) are shown.

5

that anthropogenic NHs emission inventories explicitly include emissions from fertilizer
application and animal waste. In such areas, resulting ambient NH3 concentrations are high
and deposition should dominate, otherwise bidirectional NHz emissions would double-count
the explicit emissions.

NOTE: the “RSCALE” deposition parameter for NH3, set within the CAMx chemistry parameter
file, has no affect when the bidirectional scheme is invoked (it is implicitly set to a value of 1).

CAMXx probing tools such as Source Apportionment (SAT), Decoupled Direct Method (DDM) and
Process Analysis (PA) account for bidirectional NHs fluxes.

NOTE: re-emissions from the bidirectional NH3 exchange are strictly regarded as natural
emissions and users must have natural emissions as the first source category in their SAT or
DDM modeling (similar to APCA).

4.7.2.3 Dry Deposition of Aerosols

Theoretically, particles in the size range 0.1-1.0 um deposit at rates much less than 0.01 cm/s,
but such values are comparable only to laboratory (wind tunnel) studies. According to Zhang et
al. (2001), much higher values have been obtained in many field studies, including for sub-
micron sulfate in which deposition velocities of one to two orders of magnitude higher have
been measured. For example, Gallagher et al. (1997) state that much higher deposition velocity
values, typically 1 cm/s or more for sub-micron aerosol deposition to a forest, are consistent
across the aerosol size spectrum. The Zhang et al. (2001) study developed a simple
parameterization of particle dry deposition as a function of aerosol size and landuse that
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predicts higher deposition velocities for sub-micron aerosols, especially over rough vegetated
surfaces.

The deposition of aerosols is based on the model of Slinn (1982), but using simplified empirical
parameterizations to replace detailed canopy information. The aerosol deposition velocity is
defined as:

v = Vv +
d sed
r,+r,

where vseq and rq have identical meanings as the Slinn and Slinn (1980) definition described
earlier for the Wesely/Slinn deposition model. Note that in this case, the virtual serial
resistance ryrpVsed has been removed, which results in higher values of deposition velocity. The
guasi-laminar boundary resistance is given by

1
80”*(E3 +Ey, + EIN)RI

n =

where the variable E includes the collection efficiencies for Brownian diffusion, impaction, and
interception, respectively, R; is a factor representing the fraction of particles that stick to the
surface, and & is an empirical constant that is set to a value of 3. The Brownian collection
efficiency depends on the Schmidt number, while the impaction efficiency and R; depend on
the Stokes number.

The collection efficiency by interception also exists if the particle passes an obstacle at a
distance shorter than its physical dimensions (e.g., large particles passing near hairy leaves).
Zhang et al. (2001) adopted a simple equation for this term that is a function of particle
diameter and a characteristic radius, for which default values are given for different landuse
and seasonal categories.

Figure 4-7 compares estimated particle deposition velocities from the Zhang model, the Slinn
and Slinn (1980) model, and the AERMOD model (EPA, 1998). Calculations were made for
daytime, neutrally stable conditions for a range of wind speeds and landuse categories. Figure
4-7 shows that the Zhang model increases deposition velocities over forest by roughly an order
of magnitude for the 0.1-1 um range, yet reduces deposition velocities above 1 um.
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Figure 4-7. Comparison of particle dry deposition velocities as a function of size and wind
speeds (m/s) for three models: black — Zhang et al. (2001); blue — Slinn and Slinn (1980);
orange — AERMOD (EPA, 1998). Results are shown for a forest landuse category during
daytime neutral stability. Particle density was set at 1.5 g/cm3.

4.8 Snow Cover and Surface Albedo

Surface albedo for snow-covered grid cells is calculated according to snow depth, snow age,
and land cover type. The approach is based on literature describing the evolution of snow
albedo in the WRF/NOAH land surface model (Ek et al., 2003; Wang and Zeng, 2010; Livneh et
al., 2010; and Barlage et al., 2010).

Fractional snow cover (fs) accounts for the effects of surface roughness elements (shrubs, trees,
rocks and other structures) extending above thin/patchy snow:

w w

fi=1—exp (—a Wc> + chxp(—a)
where a=2.6, Wis snow water equivalent depth (SWE), and W, is the threshold SWE above
which fs = 100%. Following Wang and Zeng (2010) and Livneh et al. (2010), W, is set to 0.01 m
for barren or low vegetation (grasslands and agriculture) and to 0.2 m for tall vegetation
(forests), except an intermediate value of 0.02 m is assigned to shrub lands where vegetation is
typically higher than grasses, and a value of 0.05 m is assigned to urban (Table 4-4).
Throughout CAMx we apply a common approximation that actual snow depth is 10xSWE.

Snow albedo (as) is allowed to evolve to account for the optical effects of melting and
accumulation of dirt/soot, following the approach of Livneh et al. (2010):

_ tB
aS - amaxA
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where amax is the maximum fresh snow albedo (0.85; Barlage et al., 2010), t is the number of
days since the last snowfall, A =0.94 (0.82) and B = 0.58 (0.46) during the accumulation
(ablation) phase. Accumulation occurs during cold periods when surface temperature is below
273 K, whereas ablation occurs during melting periods when surface temperature is at 273K.
Snow albedo is constrained to a lower bound of 0.4. Snow age is refreshed to zero (and snow
albedo to 0.85) when SWE accumulates by more than 0.001 m/hr (accumulating snow depth > 1
cm/hr).

The resultant grid-cell average surface albedo (a) is a linear combination of snow albedo (as)
and terrestrial (non-snow) albedo (a:):

a=fsas+ (1— fa,

where a; is defined according to landuse type (Tables 3-4, 3-5). In case a distribution of
multiple landuse types exists within a given grid cell, a linear weighting scheme is employed to
account for variable snow cover fractions for each individual landuse type:

a=) fux (Was@ +[1 - fiwla )

where the sum is over all landuse types, f» is the fractional coverage of landuse n, a(n) is the
default terrestrial albedo for landuse n, fs(n) is the fractional snow cover for landuse n, and as(n)
is the calculated snow albedo for landuse n. Figure 4-8 shows an example of grid-cell albedo
evolution for a hypothetical 20-day springtime snow event (assuming ablation conditions) for
low and tall vegetation grid cells with a terrestrial (non-snow) albedo of 0.05. Several snow
accumulation events are specified to occur over the first 12 days, followed by rapid melting to
zero depth by day 20. While total albedo increases to peak values of 0.85 quite rapidly for low-
vegetation, the value for tall vegetation lags and peaks just above 0.5 at maximum snow depth.
Both cases indicate effects from snow depth (fractional snow cover) and snow age.
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Figure 4-8. Example of grid-cell albedo evolution for a hypothetical 20-day springtime snow
event (assuming ablation conditions) for low and tall vegetation grid cells with a terrestrial
(non-snow) albedo of 0.05.

4.9 Surface Model for Chemistry and Re-Emission

The CAMXx surface model is an optional capability that treats: (1) chemical degradation and/or
transformation of deposited pollutant mass on soil, vegetation and an overlying snowpack; (2)
volatilization of chemical products back into the air (re-emission); and (3) loss from leaching
into soil, penetration into plant tissue, and uptake into snow melt water. The surface model
treats any subset of species listed in the core model’s chemical mechanism. Limitations of the
current implementation include:

e Deposition to water surfaces is assumed to be irreversible and thus is not tracked by the
surface model;

e Wet deposition does not contribute to surface mass, as compounds in aqueous solution
are assumed to be immediately lost to surface water processes (absorption, runoff, etc.).

4.9.1 Surface Model Algorithms

Figure 4-9 displays the surface model processes schematically and Table 4-3 defines parameters
that are referred to in Figure 4-9. While core model algorithms are used to deposit compounds
to the surface and re-emit them to the atmosphere, the surface model tracks the accumulation
of mass on terrestrial surface media (soil, vegetation and snow), subsequent chemical
transformation (both heterogeneous and photolysis), re-emission to the atmosphere, and
physical removal.

After deposition to a snow-free surface grid cell is calculated each time step, the newly
deposited mass increments are divided among soil and vegetation compartments and added to
total surface mass in each compartment accumulated during the run. The net soil/vegetation
split for a given grid cell is determined by the combination of the fractional coverage of each
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landuse type in that cell and landuse-specific split factors. The fractional coverage of 11
(Wesely) or 26 (Zhang) landuse categories in each grid cell is an external input to CAMx (Section
3). The soil/vegetation splits assigned to each landuse category are internally defined within
CAMx and assumed to be seasonally constant. Values for soil/vegetation splits are estimated
based on simple conceptual considerations of the amount of annual-averaged vegetation (i.e.,
leaf area index) typical of each category (Table 4-4).

Snow is activated in the surface model when snow depth is sufficiently deep to cover exposed
soil. The lower limit on snow depth is 10 cm to be consistent with the approach described in
Section 4.8 in which a 10 cm depth completely covers low-vegetation landuse. In such cases,
the soil/vegetation split is replaced by the snow cover fraction such that the soil fraction is
entirely snow-covered and the vegetation fraction is progressively covered with deeper snow
depth. The soil compartment transitions to a snow compartment; sorption coefficients and
rates for chemistry and loss covert to the values set for snow (as described below). With very
deep snow exceeding 200 cm, high vegetation is completely covered and the surface model
reduces to a single compartment for snow.

Deposition Re-emission
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Soil/Snow Vegetation
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¥ ¥
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A Y
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Irreversible Loss into Surface System

Figure 4-9. Schematic of the CAMx surface model.
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Table 4-3. Description of CAMXx surface model variables shown in Figure 4-9.

Variable Definition Units

As Areic mass of compound on soil or snow mol ha!

Ap Areic mass of compound on vegetation mol ha!

Ssoil Soil-air partitioning coefficient unitless

Ssnow Snow-air partitioning coefficient unitless

Sveg Vegetation-air partitioning coefficient unitless

Kieach Soil leaching rate coefficient min!

Kmelt Snow melt loss rate coefficient min!

Kpen Leaf penetration rate coefficient min?

J Photolysis chemistry rate coefficient min?

K Heterogeneous chemistry rate coefficient min?

Rieach Leaching or snow melt loss rate mol ha* min!
Rpen Leaf penetration rate mol ha! min!
Rechem Chemistry rate mol ha! min!

Table 4-4(a). Wesely landuse categories and associated annual-averaged soil/vegetation split
factors, UV albedo, and snow water equivalent (SWE) in meters.

Surface Parameters
Land Cover Category
Soil Fraction UV Albedo SWE (m)
1 Urban 0.7 0.08 0.05
2 Agricultural 0.2 0.05 0.01
3 Rangeland 0.5 0.05 0.01
4 Deciduous forest 0.1 0.05 0.2
5 Coniferous forest, wetland 0.1 0.05 0.2
6 Mixed forest 0.1 0.05 0.2
7 Water n/a 0.07 n/a
8 Barren land 1.0 0.10 0.01
9 Non-forested wetlands 0.2 0.05 0.01
10 Mixed agricultural/range 0.3 0.05 0.01
11 Rocky (with low shrubs) 0.5 0.05 0.01
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Table 4-4(b). Zhang landuse categories and associated annual-averaged soil/vegetation split
factors, UV albedo, and snow water equivalent (SWE) in meters.

Surface Parameters
Land Cover Category
Soil Fraction UV Albedo SWE (m)
1 Water (Ocean) n/a 0.07 n/a
2 Ice n/a 0.5 0.01
3 Inland lake (Fresh) n/a 0.07 n/a
4 Evergreen needleleaf trees 0.1 0.05 0.2
5 Evergreen broadleaf trees 0.1 0.05 0.2
6 Deciduous needleleaf trees 0.1 0.05 0.2
7 Deciduous broadleaf trees 0.1 0.05 0.2
8 Tropical broadleaf trees 0.1 0.05 0.2
9 Drought deciduous trees 0.1 0.05 0.2
10 Evergreen broadleaf shrubs 0.5 0.05 0.02
11 Deciduous shrubs 0.5 0.05 0.02
12 Thorn shrubs 0.5 0.05 0.02
13 Short grass and forbs 0.5 0.05 0.01
14 Long grass 0.3 0.05 0.02
15 Crops 0.2 0.05 0.01
16 Rice 0.2 0.05 0.01
17 Sugar 0.2 0.05 0.01
18 Maize 0.2 0.05 0.01
19 Cotton 0.2 0.05 0.01
20 Irrigated crops 0.2 0.05 0.01
21 Urban 0.7 0.08 0.05
22 Tundra 0.2 0.05 0.01
23 Swamp 0.2 0.05 0.01
24 Desert 1.0 0.10 0.01
25 Mixed wood forest 0.1 0.05 0.2
26 Transitional forest 0.1 0.05 0.2

The surface model uses partitioning (equilibrium) coefficients to calculate the amount of
accumulated material sorbed to soil/snow and vegetation. The sorbed fraction is subject to
chemical reactions and physical removal associated with soil leaching, plant penetration, and
snow melt. The un-sorbed fraction is available for re-emission. Separate chemical-specific soil-
air, vegetation-air, and snow-air partitioning coefficients are set in the CAMx chemistry
parameters file. They represent the equilibrium ratio of chemical on a surface to chemical in air
at the air-surface interface. For example, a compound with a partitioning coefficient of 10,000
(unitless) has an equilibrium concentration on the surface that is 10,000 times more than that
in air.

Chemistry can simply decay deposited material as a removal process, or it can generate
products that can subsequently re-emit depending on the products’ partitioning coefficient. All
surface removal processes are assumed to be irreversible and result in a permanent removal of
mass. Chemistry, soil leaching, plant penetration, and snow melt loss are dependent on
chemical properties of the compounds and also on numerous site-specific factors such as soil,
vegetation, and snow properties, highly transient meteorological conditions, etc. Often these
factors are unknown or fall within a range. The rates of these processes are defined as the
process rate coefficient (k) times the mass on the surface area, or areic mass (A):
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Rprocess = kprocess X Asurface

When the actual rate coefficients (or inversely, the half-lives, tx) are unknown for the
substance, they can be generalized by 5 classes:

1. Very fast: tx=0.04d k=17d* =1.2x102 min*!
2. Fast: tx=0.21d k=3.3d? =2.3x103 min!
3. Moderate: t;=1.0d k=0.69d! =4.8x10%min?
4, Slow: tx=5.0d k=0.14d! =9.7x10° min
5. Very slow: tx=25d k=0.03d! =2.1x10°min?

A 6% class can be added by setting the k-value to zero or a de minimis value to effectively
remove the process from consideration. In this manner chemicals can be modeled with an
estimated half-life that is unique for each process.

Note that all partitioning coefficients and rates other than photolysis are fixed and ignore
dependence on various environmental conditions (e.g., temperature, pressure, surface type,
surface moisture, etc.). Photolysis rates are specified by the user to represent peak direct-
exposure clear-sky values at zero zenith (solar noon) and are internally adjusted for solar angle,
cloud attenuation (as calculated for atmospheric photolysis), and shade effects using
multiplicative factors. A multiplicative “shade factor” is defined to reduce photolysis rates
within/below vegetation. Snow cover reduces shading effects to account for enhanced
reflection and internal UV scattering within the snowpack.

Losses by soil leaching, plant penetration, and snow melt are arbitrarily accelerated during rain
events, such that a 1 mm/hr rainfall rate results in an e-folding loss of surface mass in 1 hour.
Mass loss within the snowpack by melting alone occurs only when surface temperature is at
273 K. Snowpack loss also occurs during snowfall such that a 1 cm/hr accumulation results in
an e-folding loss of surface mass in 24 hours by successively burying pollutant mass and limiting
its ability to diffuse through the snowpack. The model assumes that no surface mass is re-
introduced as snow depth/fraction decrease during sublimation or melting (i.e., irreversible loss
of surface mass as implemented for soil and vegetation).

The approach for re-emission of volatilized (un-sorbed) mass is consistent with the CAMx dry
deposition algorithm. Since water surfaces are not considered by the surface model, re-
emission fluxes from water are ignored in this implementation. Dry deposition of material from
the lowest model layer to the surface is treated as an irreversible (fully sorbed) first-order flux
through the use of a dry deposition velocity. Re-emission of volatilized (un-sorbed) mass is also
treated as a first-order 1-way flux using an “effective” velocity that is similar in form to
deposition:

1

7, + p

where r, is the aerodynamic resistance to turbulent transfer through the lowest model layer,
and ryp is the resistance to molecular diffusion through the laminar sub-layer in contact with
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surface elements. The deposition surface resistance term rs is missing since only the pre-
determined un-sorbed fraction of surface mass is considered for surface-to-air transfer. The rq
and rp terms are calculated by the surface model in exactly the same manner as the values used
for dry deposition to ensure consistency.

4.9.2 Running CAMx With the Surface Model

The CAMx surface model parameters that need to be specified for each compound or surface
reaction to be tracked are listed below. These values are set at the end of the CAMx chemistry
parameters file; an example of the chemistry parameters file format is shown in Figure 4-10. A
control record is also needed at the top of the chemistry parameters file to define the number
of species and reactions to track.

A CAMx namelist control file variable called “SURFACE MODEL” must be set to “true” in order
to invoke the surface model. When the surface model is invoked, the surface model section of
the chemistry parameters file is read and the respective equilibrium and rate variables are set
accordingly.

Ssoil Soil-air partitioning coefficient unitless
Sveg Vegetation-air partitioning coefficient unitless
Ssnow Snow-air partitioning coefficient unitless
Kieach Soil leaching rate coefficient min
Kpen Leaf penetration rate coefficient min
Kmelt Snow melt loss rate coefficient min?
Jsoil Soil photolysis rate coefficient min?
Ksoil Soil heterogeneous chemistry rate coefficient min?
Jveg Vegetation photolysis rate coefficient min?
Kveg Vegetation heterogeneous chemistry rate coefficient min?
Jsnow Snow photolysis rate coefficient min?
Ksnow Snow heterogeneous chemistry rate coefficient min?
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CAMx Version

Gas Mechanism
Aerosol Treatment
Inorganic PM Chem
Organic PM Chem
Description

Num gas

Num reactions

Surface Model

SrfMod #spc, #rxns

| VERSION7.4
|CB6r5S

| NONE

\

|

|CB6r5S

|88

Num PM, dt, sz bins|O0

1239

|11

|64 56 1.0
|90 88 .0
[156 1 .07
/188 1 .015
[189 1 .08
[193 1 .08
[209 27 .922
[210 1 10.1
[212 1 18.7
[217 27 0.908
|223 98 523.
[3 2

OO O oo

Species SoilSorb SoilLeach
1 HNO3 1.00E+10 1.00E-10
2 PNA 1.00E+10 1.00E-10
3 HONO 1.00E+00 1.00E-10
Rxn Precursor Product Soil K
1 HNO3 HONO 0.00E+00
2 PNA HONO 0.00E+00

VegSorb
.00E+10
.00E+10
.00E+00

Soil J
.00E+00
.00E+00

VegPen

1.00E-10
1.00E-10
1.00E-10

Veg K

0.00E+00
0.00E+00

SnoSorb
.00E+10
.00E+10
.00E+00

Veg J
.00E+00
.00E+00

Num prim photo rxns|23 1 8 9 21 27 28 38 43 47 50 56 88 92 97 98 106 109 111 114 116 125 126 154
Num sec photo rxns
ID, prim ID, scale

SnoMlt
.70E-05
.70E-05
.70E-05

Snow K
.00E+00
.00E-01

Snow J
1.00E-03
0.00E+00

Figure 4-10. The portions of the CAMx chemistry parameters file (highlighted) to support the
surface model. In this example, 3 gases are treated, where nitric acid (HNO3) and
peroxynitric acid (PNA) react to form nitrous acid (HONO). All three are subject to decay by
soil leaching, plant penetration, and snow melt loss. The values shown here are for
illustrative purposes only and do not represent any known surface chemistry mechanism.
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5. CHEMISTRY MECHANISMS

The photochemical mechanisms currently supported in CAMx are listed in Table 5-1. All are
balanced for nitrogen conservation so that predicted NOy can be calculated as the sum of
nitrogen containing species. All mechanisms are linked to the modal (CF) particulate matter
(PM) treatment. CAMx includes algorithms for inorganic aqueous aerosol chemistry (RADM-
AQ), inorganic gas-aerosol partitioning (ISORROPIA or EQSAM), and organic oxidation and gas-
aerosol partitioning (SOAP or VBS). The PM treatments require additional gas species as PM
precursors and use products from the gas-phase photochemistry for the production of sulfate,
nitrate, and condensable organic gases. The CF PM treatment also supports several optional
primary, elemental and mercury species. Additionally, there is an interface that allows a
simpler user-defined chemical mechanism to be employed in the model (Mechanism 10). A
listing of all reactions and rate expressions for supported photochemical mechanisms are
provided in the appendices.

Table 5-1. Gas-phase chemical mechanisms currently implemented in CAMXx v7.4.
Mechanism ID Description
Carbon Bond v6, “Revision 5” (Yarwood et al., 2020) incorporates updates to chemical
reaction data from IUPAC (Atkinson et al., 2004; IUPAC, 2019) and NASA (Burkholder et al.,
2015) for inorganic and simple organic species that play a role in ozone formation. 234
reactions among 86 species (61 state gases, 25 radicals).
Carbon Bond v6, “Revision 5” adding reactions involving chlorine and bromine compounds
CB6r5h (Yarwood and Emery, 2022), replacing the older CB6r2h halogen mechanism. 327 reactions
among 119 species (90 state gases, 29 radicals).
Carbon Bond v7, “Revision 3” (Tuite et al., 2026) adds species and reactions associated with
explicit volatile consumer product VOCs (CB7r2; Yarwood and Tuite, 2024; Tuite et al., 2025)
and with wildfire emissions (CB7r3). CB7r3 replaces CB7rl. 263 reactions among 115
species (86 state gases, 29 radicals)
The Regional Atmospheric Chemistry Mechanism v2 (Goliff et al., 2013; Stockwell and Goliff,
2013), September 2021 update (Yarwood et al., 2023), includes updates to the mechanism
and support for the current chemistry mechanism compiler. 370 reactions among 115
species (68 state gases, 47 radicals).
The Statewide Air Pollution Research Center 2007 mechanism includes updates to support
toxics and numerical expressions of rate constants to support the current chemistry
mechanism compiler (SAPRCO7TC; Carter, 2010; Hutzell et al., 2012). 565 reactions among
117 species (72 state gases, 45 radicals).
A user-defined simple chemistry mechanism can be developed for any gas and/or
MECH10 particulate species, which is defined by a “Mechanism 10” parameters file and solved within
a user-supplied subroutine called “chem10.f.”

CB6r5

CB7r3

RACM2s21

SAPRCO7TC

The selection of which mechanism to run in CAMx is determined by the “chemistry parameters”
input file. This file defines the number of gas and aerosol species and the number of reactions
for the mechanism, lists the species by name with associated physical-chemical properties, lists
the reaction rate constants and temperature dependencies for each reaction, and defines
which reactions are photolytic. Chemistry parameters input files are provided with CAMx and
should not be modified by users. See Section 3 for additional information on the format and
usage of these files. Chemistry parameters files are specific to versions of CAMx. Always use
chemistry parameters files distributed with each CAMx version, do not attempt to use files from
different CAMx versions.
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5.1 Gas-Phase Chemistry

5.1.1 Carbon Bond

The Carbon Bond IV (CB4) mechanism was first developed by Gery et al. (1989) and was
subsequently updated in the 1990’s to include revised PAN chemistry, additional radical-radical
termination reactions and updated isoprene chemistry (Carter 1996; Whitten et al., 1996).
Additional CB4 updates were then made to expand ozone modeling from urban to
regional/rural environments and to support secondary aerosol chemistry, mercury and toxics
(Yarwood et al., 2005a).

The 2005 version of Carbon Bond (CB05) was developed for EPA atmospheric modeling studies
(Yarwood et al., 2005b). Updates in CBO5 included:

e Updated rate constants based on 2003 — 2005 IUPAC and NASA evaluations.

e An extended inorganic reaction set for urban to remote tropospheric conditions.
e NOx recycling reactions to represent the fate of NOx over multiple days.

e Explicit organic chemistry for methane and ethane.

e Explicit methylperoxy radical, methyl hydroperoxide and formic acid.

e Lumped higher organic peroxides, organic acids and peracids.

e Internal olefin (R-HC=CH-R) species called IOLE.

e Higher aldehyde species ALDX making ALD2 explicitly acetaldehyde.

e Higher peroxyacyl nitrate species from ALDX called PANX.

e Lumped terpene species called TERP.

CBO5 was evaluated against smog chamber data from the Universities of North Carolina and
California at Riverside. The new higher aldehyde and internal olefin species improved
mechanism performance for these species and produced oxidants more rapidly at low
VOC/NOx ratios. The new terpene species improved simulation of oxidants and PM from
biogenic emissions. Several new organic peroxide species improved the simulation of oxidants
that are involved in PM sulfate formation. The addition of explicit methylperoxy radical
improved the simulation of hydrogen peroxide under low NOx conditions.

Carbon Bond version 6 (CB6) was developed by Yarwood et al. (2010). Several organic
compounds that are long-lived and relatively abundant, namely propane, acetone, benzene and
ethyne (acetylene), were added explicitly in CB6 to improve oxidant formation from these
compounds as they are oxidized slowly at the regional scale. Alpha-dicarbonyl compounds
(glyoxal and analogs), which can form secondary organic aerosol (SOA) via aqueous-phase
reactions (Carlton et al., 2007), were added in CB6 to improve support for SOA modeling.
Precursors to alpha-dicarbonyls in CB6 are aromatics, alkenes and ethyne. CB6 included several
updates to peroxy radical chemistry that improved formation of hydrogen peroxide (H20z) and
therefore sulfate aerosol formation. The gas-phase reaction of dinitrogen pentoxide (N20s)
with water vapor is slower in CB6 than CB0O5. Given that heterogeneous reactions on aerosol
surfaces may dominate nitric acid formation at night (Brown et al, 2006), CB6 included the
calculation of the heterogeneous N,Os hydrolysis rate as a function of nitrate, chloride, and
water concentrations in particles (Bertram and Thornton, 2009) when PM is explicitly
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simulated; if no PM chemistry is included, CAMx sets the heterogeneous rate to the IUPAC
(2015) N20s hydrolysis rate.

The core inorganic chemistry mechanism for CB6 was based on evaluated data from the IUPAC
tropospheric chemistry panel as of January, 2010 (Atkinson et al., 2010). IUPAC also was the
primary source for photolysis data in CB6 with some data from the 2006 NASA/JPL data
evaluation (Sander et al., 2006) or other sources for photolysis of some organic compounds.
There were changes to the organic chemistry for alkanes, alkenes, aromatics and oxygenates.
Chemistry updates for aromatics were based on the updated toluene mechanism (CB05-TU)
developed by Whitten et al. (2010) extended to benzene and xylenes. The isoprene mechanism
was revised based on several recently published studies (Paulot et al., 2009a,b; Peeters et al.,
2009). CB6 was evaluated using 339 experiments from several chambers at the University of
California at Riverside and the Tennessee Valley Authority.

CB6 revision 1 (CB6r1) included revised chemistry for isoprene and aromatic hydrocarbons and
more NOx-recycling from the degradation of organic nitrates (Yarwood et al., 2012a). CB6
revision 2 (CB6r2) increased detail in the formation and fate of organic nitrates (ON), including
organic nitrate destruction by reactions in aerosols (Hildebrandt Ruiz and Yarwood, 2013). ONs
are formed when VOCs degrade in the presence of NOx and are important in the atmosphere
because they sequester NOx and can contribute to organic aerosol (OA). NO; is released when
ONs degrade by photolysis in the gas-phase, returning NOx to the atmosphere where it may
contribute to ozone production. CB6r2 differentiates organic nitrates between simple alkyl
nitrates that remain in the gas-phase and multi-functional ONs that can partition into OA
(Hildebrandt Ruiz and Yarwood, 2013). ONs present in aerosols are then assumed to undergo
hydrolysis to nitric acid with a lifetime of approximately 6 hours based on laboratory
experiments and ambient data. These changes tended to reduce regional concentrations of
ozone and ONs, and to increase nitric acid. Regional modeling simulations using CAMx with
CB6r2 show that accounting for ON hydrolysis in aerosols improve performance for ozone and
in simulating the partitioning of NOy between ONs and nitric acid.

CB6 revision 4 (CB6r4) combines CB6r2 with temperature- and pressure-dependent NO-alkyl
nitrate branching originally developed as CB6r3 (Emery et al., 2015b), a condensed set of reactions
involving ocean-borne inorganic iodine (Emery et al., 2016a), and oxidation of ocean-borne
dimethyl sulfide (DMS; Emery et al., 2019). All Carbon Bond mechanisms since CB6r4 includes an
in-line parameterization that computes inorganic iodine emissions flux caused by ozone deposition
to seawater (Section 5.1.1.1).

CB6r4 also adds pseudo-heterogeneous hydrolysis of isoprene-derived organic nitrate (INTR).
Aerosol uptake of organic nitrate followed by particle-phase hydrolysis to HNO3 formation can
be an important pathway for loss of atmospheric NOx (Hildebrandt Ruiz and Yarwood, 2013;
Jacobs et al., 2014; Fisher et al., 2016). CB6r4 assumes the same lifetime (1 hour) against
particle-phase hydrolysis of INTR as Fisher et al. (2016). Partitioning of organic nitrate into
particle phase is modeled using a two-product parameterization based on ambient
measurement data during the 2010 CalNex (Rollins et al., 2013). If PM is not explicitly modeled,
equal partitioning between the gas and particle phases is assumed.
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Alkyl nitrates (RONOz) can influence ozone production because both nitric oxide (NO) and
radicals (specifically RO;) are removed by alkyl nitrate formation. However, the temperature
dependence of alkyl nitrate formation is omitted from other photochemical mechanisms. Lee
et al. (2014) considered how cold winter conditions affect alkyl nitrate branching and concluded
that omitting the temperature dependence may cause a 15% high bias in ozone formation.

Alkyl nitrates are formed when alkanes are oxidized in the atmosphere in the presence NO. An
alkane reacts with hydroxyl radical and oxygen to form an alkyl peroxy radical (ROz), which then
has two potential reaction pathways with NO, one forming RONO; and one forming NO,. The
yield of RONO; is determined by the temperature and pressure dependent branching ratio
(Perring et al., 2013; Atkinson et al., 1983), where RONO; production is favored at lower
temperatures and higher pressures. Emery et al. (2015b) implemented temperature and
pressure dependent formation of RONQO; for propane (CB6 species “PRPA”) and larger alkanes
(CB6 species “PAR”) using the parameterization of Yeh and Ziemann (2014). CAMx simulations
with this update for the Uintah Basin of Utah confirmed the directionality of the ozone effect
described by Lee et al. (2014).

Atmospheric iodine is mostly emitted from oceans (Carpenter, 2003) resulting from biological and
photochemical processes in ocean water. Emissions of inorganic iodine compounds (I and HOI,
or collectively Ix) are caused by deposition of ozone to ocean waters (Garland and Curtis, 1981;
Carpenter et al., 2013; Ganzeveld et al., 2009; Helmig et al., 2012), whereas emissions of organic
iodine compounds result from biological processes (Carpenter, 2003). Oceanic iodine emissions
can catalytically deplete atmospheric ozone by several ppb per day within the marine boundary
layer (Mahajan et al., 2010 and references therein; Chameides and Davis, 1980; Mahajan et al.,
2009).

Emery et al. (2016a) developed an efficient condensed iodine mechanism involving 16 reactions
among 9 inorganic iodine species that are most important to the dynamics of the full iodine
mechanism, and that are consistently the key drivers of ozone depletion across a range of Ix
emission. This involved implementing a fast iterative EBI solution for stiff reactions involving
the species |, 10 and OIO (called the 10x solver). The Source Apportionment Probing Tool was
updated to account for an additional ozone destruction pathway by iodine and conversion of
nitrogen tracer classes involving iodine nitrate (INO3).

DMS is emitted from oceans and subsequently reacts in the atmosphere to form sulfate
aerosol. DMS can react in the gas phase with hydroxyl radical (OH), chlorine atom (Cl), nitrate
radical (NOs) and potentially halogen oxides (CIO, BrO, 10). The subsequent reactions of sulfur-
containing species are complex and not fully characterized. Emery et al. (2019) implemented a
simplified DMS chemistry scheme appropriate for CAMx considering that DMS emissions are
uncertain and the PMa.s impacts are expected to be on the order of one pg/m3. The approach
includes reactions with OH and NOj3 to account for daytime and nighttime removal,
respectively.
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5.1.1.1 In-Line Inorganic lodine Emissions

The CAMXx in-line Ix emissions algorithm incorporates recent findings on the feedback between
ozone deposition to ocean waters and emission flux of iodine (Prados-Roman et al., 2015;
Garland and Curtis, 1981). The algorithm follows the parameterization developed by Carpenter
et al. (2013), as implemented in the CAM-Chem global chemistry-climate model (Lamarque et
al., 2012), for aqueous iodine in ocean surface water, and I; and HOI air emissions:

E(HOI) = [03] x |4.15 x 10° (@ - (2$6> — 236 X 104\/mj

E(ly) = [05] x [Iz,] " x (1.74 x 10° — 6.54 X 108 Inw)

where the units of £ are nmol m2 day, w is wind speed (m s?), [Os] is surface ozone
concentration (ppb), and [I'44] is aqueous iodide concentration (mol dm=3). Sea surface
temperature (SST, K) is used as the basis for estimating [/'sq] (MacDonald et al.,2014):

—9134
[Iz4] = 1.46 x 106¢(ss7)

Agueous iodide concentrations exhibit a strong exponential sensitivity to SST, resulting in
similarly strong Ix emissions sensitivity to SST and wind speed and a linear Ix emissions
response to ambient ozone concentrations. For conditions typical of the Gulf of Mexico, HOI
contributes 91-99% of the total Ix emissions flux with |, contributing the remainder. Prados-
Roman et al. (2015) note that the parameterization for [/'44] above yields lower concentrations
than the SST? dependence of Chance et al. (2014), and that ozone deposition rates are related
to ocean biogeochemistry (Ganzeveld et al., 2009). Including these factors would enhance Ix
emissions, particularly in regions with elevated ozone and high oceanic iodide concentrations.
With these considerations in mind, Prados-Roman et al. (2015) conclude that Ix fluxes
estimated from the parameterizations above should be regarded as lower limits.

This algorithm is invoked by setting the namelist flag “Inline Ix Emissions” to “TRUE".
Oceanic Ix emissions are calculated for any grid cells containing ocean water bodies, as
determined by the CAMx input landuse file. Section 2.5.5 describes the procedures to follow to
ensure that your input landuse file correctly distinguishes between ocean and fresh water
bodies. In-line emission fluxes of I, and HOI are added to the CAMx deposition output files so
that they can be plotted and analyzed. In-line emissions eliminate the need to supply oceanic Ix
emissions in your input gridded emissions files. If Ix (i.e., 12 and/or HOI) emissions are present
on your input files, CAMx will stop with an error to avoid double-counting. If in-line emissions
are not invoked, you may continue to use externally-derived halogen emissions from the
OCEANIC pre-processor.

5.1.1.2 Carbon Bond Version 6, Revision 5

CB6 revision 5 (CB6r5; Yarwood et al., 2020) incorporates recent updates to chemical reaction data
from IUPAC (Atkinson et al., 2004; IUPAC, 2019) and NASA (Burkholder et al., 2015) for inorganic
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and simple organic species that play a role in ozone formation. Mechanism updates were
prioritized for:

e Reaction parameters that contribute most to uncertainty in ozone predictions as
determined by Dunker et al. (2019a)%;

e Reactions of simpler organic compounds (i.e., methane, ethane, propane, ethene, ethyne,
formaldehyde, acetaldehyde, acetone, benzene and toluene) with oxidants (i.e., OH, NOs3,
0Os);

e Reactions of NOx, HOx, and Ox.

Overall, 132 reactions were reviewed and 46 were updated as the recommended values from
IUPAC or NASA had been revised since being implemented in the original CB6. The updates
included:

e Rate constants for thermal reactions, i.e., reactions that occur when atoms and/or
molecules collide;

e Stoichiometric coefficients that define product yields for thermal reactions;

e Absorption cross-sections and quantum yields for photolysis reactions, i.e., reactions that
occur when molecules absorb sunlight and chemical bonds are broken.

See Appendix A for a complete listing of species, reactions, and rate expressions.

5.1.1.3 Carbon Bond Version 6 with Halogens

CB6 revision 5h (CB6r5h) is an extension that adds reactions involving chlorine (Cl) and bromine
(Br), which replaces the earlier halogen mechanism in CB6r2h. Yarwood and Emery (2022)
conducted a literature review to identify which reactions should be added to CB6r5 so that
inorganic halogen emissions interact fully with reactions for ozone, VOC and NOx. The review
included the original development of CB6r2h (Yarwood et al., 2014), the chlorine mechanism
for SAPRCO7 (Carter et al., 2010), chlorine reactions for the Master Chemical Mechanism
(Saunders et al., 2003; Jenkin et al., 2015), halogen chemistry for the GEOS-Chem global model
(Sherwen et al., 2016), and modeling studies by Thompson et al. (2015) and Roberts et al.
(2014). Current reaction rate constant and photolytic reaction data were obtained from the
reviews published by NASA (Burkholder et al., 2019) and IUPAC (Atkinson et al., 2004) that are
updated regularly. CB6r5h adds 33 halogen species and 93 reactions to CB6r5 with 327
reactions in total.

The halogen reactions included in CB6r5h are summarized as follows:

e Photolysis of inorganic compounds, including Cly, Bry, BrCl, I, ICI, IBr, HOI, CINO,, that
produce halogen atoms Cl, Br and |;

4 Dunker et al. (2019) evaluated which parameters in CB6r4 make the largest contribution to uncertainty in ozone
predictions for conditions representative of Texas ozone episodes.
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e Photolysis and/or OH-reaction of halogenated methane compounds that are emitted from
sea water (e.g., methyl iodide and bromoform) and produce halogen atoms;

e Reaction of Cl atoms with dimethyl sulfide (DMS) which is emitted by oceans;
e Reactions among ozone and halogen atoms that potentially destroy ozone;
e Reactions of halogen atoms with NOx species;

e Reactions of Cl and Br atoms with VOCs (I atoms don’t react with VOCs) to the extent that
these reactions are known (more information is available for Cl than Br reactions with
VOCs);

e Reaction of Cl atoms with several organic compounds that are excluded from the
definition of VOC, specifically methane, ethane and acetone.

See Appendix B for a listing of species, reactions, and rate expressions.

5.1.1.4 Carbon Bond Version 7

Carbon Bond version 7 (CB7) is a major update from CB6r5 that focuses on ozone chemistry of
biogenic VOC (Yarwood et al., 2021). CB7 does not require any changes to how anthropogenic
emission inventories are speciated for CAMXx since it is backwards compatible with CB6.
However, biogenic a-pinene (APIN) emissions should be separated from other terpenes, and
biogenic sesquiterpenes (SQT) emissions should also be separately provided, as both are
explicit species in CB7.

An interaction in CB7 between the updated chemical mechanisms for isoprene and terpenes
made ozone less responsive to NOx reductions than CB6r5. CB7 revision 1 (CB7r1) addresses an
aritifact in CB7 that revises the terpene mechanism to better differentiate secondary products
of terpene and isoprene degradation (Yarwood et al., 2022). CB7r1 is more responsive to NOx
emission reduction than CB7 although less responsive than CB6r5.

CB7 includes the following specific mechanism updates:

e [soprene chemistry was completely updated because it can dominate the oxidizing
potential of the atmosphere in biogenic-rich areas and new information was available
since the isoprene scheme was implemented in CB62;

e Terpene chemistry was completely updated because the scheme was essentially from
CBO5 and more more detailed terpene reaction mechanisms had recently been published;

e The chemistry of alkanes larger than propane (represented by PAR) and associated
ketones (KET) was updated because these compounds represent a large fraction of
anthropogenic VOC emissions, and the previous PAR chemistry was essentially from CBO5.

e The iodine mechanism for ozone destruction was updated.

e Rate constants for organic peroxy radical (collectively RO2) reactions were updated to
reflect current information and improve mechanism efficiency.
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5.1.1.5 Carbon Bond Version 7, Revision 2

CB7 revision 2 (CB7r2) integrates the volatile chemical products (VCP) chemical mechanism
developed by Yarwood and Tuite (2024), which includes 16 new emitted VCP species and their
oxidation reactions along with 3 additional SOA precursor species in the SOAP3 aerosol scheme
(see Section 5.2.2.4). Consumer products such as solvents, paints, printing inks, adhesives,
pesticides, cleaning agents and personal care products have emerged as a VOC emission
category that is poorly characterized in air pollution models. Traditionally in CAMx, many
different organic compounds including VCPs are mapped to a single intermediate volatility
organic species (IVOC). IVOC is important to SOA formation, but the amount of SOA produced
from IVOC emissions is uncertain, partly due to the poor characterization of VCPs which have a
wide range of SOA forming potential. CB7r2 improves the treatment of VCP chemistry and
emissions in CAMXx to target important SOA precursors more precisely.

Several other changes were made in CB7r2 (Tuite et al., 2025), including maintenance of the
core mechanism (i.e., rate constant and photolysis frequency updates), addition of a new
species to represent emitted hydrogen, and updates to the chemistry of organic nitrates,
biogenic degradation products, and iodine species. CAMx probing tools and emissions
speciation mapping were updated accordingly to work with the CB7r2 mechanism and
associated CF3 aerosol scheme updates.

5.1.1.6 Carbon Bond Version 7, Revision 3

CB7 revision 3 (CB7r3) updates the CB7r2 chemical mechanism to improve wildfire VOC
chemistry (Tuite et al., 2026). Wildfire VOC emission speciation profiles from Sekimoto et al.
(2023) were used to guide CB7r3 development, from which 2 new model species and 6 new
reactions were added. BACL is an explicit model species that represents 2,3-Butanedione, and
FVC1 is a lumped wildfire VOC model species.

In addition to the 6 new reactions, 2 existing CB7r2 reactions were updated to include
production of BACL from xylenes. FVC1 reactions represent a weighted average of 29 explicit
VOCs in the Sekimoto et al. (2023) profiles. Its molecular weight is based on guaiacol, which is a
phenolic compound in the Sekimoto et al. (2023) profiles. Guaiacol’s aromatic structure and 2
oxygen atoms are representative of many of the wildfire VOCs that were used to develop FVC1.
As a new SOA precursor, FVC1 was added to the SOAP3 scheme to better represent SOA
formation from wildfires.

In CAMx v7.40, the CB7r3 mechanism (and associated SOAP3 updates) completely replaces
CB7r1. CAMXx probing tools and emissions speciation mapping were updated accordingly to
work with the CB7r3 mechanism and associated CF3 aerosol scheme updates. See Appendix C
for a complete listing of species, reactions, and rate expressions.

5.1.2 Regional Atmospheric Chemistry Mechanism Version 2

The Regional Atmospheric Chemistry Mechanism v2 (Goliff et al., 2013; Stockwell and Goliff,
2013), September 2021 update (RACM2s21; Yarwood et al., 2023), includes updates based on a
review focused on the inorganic reactions and photolysis reactions by making use of the most
recent data compilation from the National Aeronautics and Space Administration’s Jet
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Propulsion Laboratory (NASA-JPL; Burkholder et al., 2019). See Appendix D for a complete
listing of reactions, rate expressions, species definitions, and VOC properties.

5.1.3 Statewide Air Pollution Research Center (SAPRC) Chemistry Mechanism

The 2007 update to the SAPRC chemistry mechanism, called SAPRCO7TC (Carter, 2010), includes
additional model species to explicitly represent selected toxics and reactive organic compounds
and uses numerical expressions of rate constants that are compatible with the current
chemistry mechanism solver (Hutzell et al., 2012). Chlorine chemistry is not included in the
CAMx implementation. See Appendix E for a complete listing of reactions, rate expressions,
species definitions, and VOC properties.

5.1.4 Implicit Gas-Phase Species

All photochemical mechanisms in CAMx employ fixed concentrations for molecular oxygen (02),
molecular hydrogen (H.), and methane (CHa). Concentrations for these compounds are set to
the following constant mixing ratios (i.e., they are not impacted by the chemical solution):

[02] =2.095%10° ppm
[H2] =0.60 ppm
[CH4s] =1.85ppm

Mechanisms from CB6 onward include a species named ECH4 to represent emitted methane
above the global background of 1.85 ppm?.

5.1.5 Photolysis Rates

The rates of atmospheric photolysis reactions depend upon solar irradiance and therefore are
sensitive to the amount of solar radiation transmitted through the atmosphere as well as
reflected from the earth’s surface (albedo). Photolysis rates are externally derived assuming
clear-sky conditions as a function of five parameters: solar zenith angle, altitude above ground,
total ozone column, surface albedo, and terrain height. The rates are provided to CAMx as a
large lookup table that spans the range of conditions for each of the five dimensions. The
lookup table is developed using a CAMXx pre-processor that incorporates the Tropospheric
Ultraviolet and Visible (TUV) radiative transfer model (NCAR, 2011). TUV employs a standard
atmosphere density profile for Rayleigh scattering and other absorbers such as oxygen. User-
specified ozone column values are used to scale a typical vertical ozone profile within TUV. A
default aerosol profile from Elterman (1968) is combined with typical aerosol optical properties
within TUV to account for haze.

The CAMx version of TUV is modified to output photolysis rate information in a format directly
compatible with all CAMx photochemical mechanisms. See Sections 2 and 3 for more
information on developing photolysis inputs.

As CAMXx runs, the lookup rates are interpolated to the specific conditions in each grid cell.
They are then adjusted for any local cloud cover and local aerosol attenuation (if PM is

5 The global background CH4 was increased from 1.75 ppm to 1.85 ppm in v7.20.
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simulated). Additionally, solar angle-dependent temperature and pressure adjustments are
applied to five key photolysis reactions (NO2, O3, acetaldehyde, and two formaldehyde
reactions).

5.1.5.1 Cloud and Aerosol Adjustments

Photochemistry is strongly influenced by the presence of clouds, which can both attenuate and
enhance the actinic flux of ultraviolet (UV) and visible radiation responsible for photolysis.
Their specific radiative impacts depend on many factors, including height, depth and fractional
sky cover; water content; and water phase (i.e., liquid droplets or ice crystals). Aerosols also
influence photochemistry according to their optical properties and mass loading as a function
of altitude and depth. CAMx includes a fast in-line version of TUV (Emery et al., 2010) to
calculate photolysis adjustment profiles through each cloudy, aerosol-laden grid column.

The in-line TUV is run twice for each grid column: first for non-cloudy conditions with the same
Elterman (1968) aerosol profile used in the full-science TUV pre-processor, and second with
clouds and simulated aerosols to derive a vertical profile of the cloudy:clear actinic flux ratio (in
the case that aerosols are not run in CAMYx, the Elterman profile is used consistently). This ratio
is then applied as a multiplicative factor to the clear-sky value in each grid cell. This approach
maintains accuracy in the calculation of clear-sky photolysis rates, while allowing clouds and
aerosols to be directly involved in radiative transfer calculations through each grid column.

TUV includes a calculation of integrated atmospheric density above the CAMx domain, based
on the U.S. standard atmosphere, so that atmospheric attenuation of the UV stream is properly
calculated entering the model top. Other aspects of the in-line TUV model were substantially
streamlined to minimize runtimes. First, radiative calculations are performed for only a single
representative wavelength (350 nm). Second, since absorption by gases occurs in rather
narrow UV bands relative to the broad-band influence of clouds, the absorption from oxygen,
ozone, nitrogen dioxide and sulfur dioxide were removed. Third, the extraterrestrial flux was
not needed as it cancels out in the calculation of the cloudy: clear ratio. Finally, the plane-
parallel version of the delta-Eddington approach was used in lieu of the more complex and
expensive pseudo-spherical geometry. Preliminary tests against the full-science TUV showed
that the streamlined version resulted in less than 1% differences in actinic flux ratio for a range
of cloudy conditions (Emery et al., 2010).

Optical depth 7 expresses the reduction of incident light /o through a light attenuating medium
of depth Az according to

I = Ipe "

The in-line TUV adjustment scheme utilizes cloud optical depth fields provided by the CAMx
cloud/rain file, and aerosol optical depths calculated from the PM mass concentrations
simulated by CAMx.

The CAMx meteorological interface pre-processors generate cloud water and optical depth
fields from the variable fields present in the raw meteorological output files. Cloud optical
depth is calculated in each model grid cell according to the approach of Del Genio et al. (1996)
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and Voulgarakis et al. (2009), which satisfactorily approximates the effects of random cloud
overlap according to

3LAz
LT

2,0w’”d

3/2

where L is cloud liquid water content (g/m3), Az is the cell depth containing cloud water, pw is
the density of liquid water (10° g/m3), and F. is fractional cloud cover. The mean cloud droplet
radius rq is not dependent on water phase, and is assumed to be a typical tropospheric value of
1.5x10° m for liquid cloud water. TUV assumes constant Mie scattering parameters for clouds:
a single scattering albedo of 0.99, and an asymmetry factor of 0.85.

When CAMXx is run with PM, vertical haze opacity profiles are calculated from simulated aerosol
concentration fields. When CAMx is run with only gas-phase chemistry without aerosols,
photolysis rates are only adjusted for clouds. Aerosol optical parameters are best determined
from Mie theory, but in the interest of minimizing impacts to model speed and considering the
degree of uncertainty in the simulated aerosol concentrations themselves, a simpler method
was adopted. Aerosols are assumed to exist as an external mixture of their component
chemical species. Aerosol light extinction (scattering and absorption) is a function of each
species’ concentration, extinction efficiency, and affinity for hygroscopic growth. Total aerosol
optical depth is determined by summing extinction over all species and multiplying by layer
depth.

Dry extinction efficiencies and single-scattering albedos for each aerosol species, valid at 350
nm, are externally defined in the CAMx chemistry parameters file. While these can be altered
by the user, the chemistry parameters files that are provided with the CAMXx distribution
include default values according to Takemura et al. (2002), as shown in Table 5-2.

Table 5-2. Default dry extinction efficiency and single-scattering albedo at 350 nm (Takemura
et al., 2002) in the distributed CAMx chemistry parameters file.

Dry Extinction Efficiency Single-Scattering
Species (m2/ug) Albedo
Sulfate 7x10% 0.99
Nitrate 7x10% 0.99
Ammonium 7x10% 0.99
Organics 7x10% 0.80
Elemental Carbon 18x10°° 0.25
Primary/Crustal (Fine+Coarse) 0.4x10°® 0.70
Sea salt (Na+Cl) 1.5x10° 0.99

Takemura et al. (2002) provide extinction efficiencies and single-scattering albedos for sulfate,
organics, soot, total dust, and sea salt; we have extended the sulfate values to nitrate and
ammonium. The asymmetry factor is internally set to a default value of 0.61 regardless of the
composition of the aerosols.
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Hygroscopic aerosols are also flagged in the chemistry parameters file. For each flagged
species, an internal growth factor is applied to the dry extinction efficiencies according to the
relative humidity conditions in each grid cell. The growth curve is taken from the Phase | report
of the Federal Land Managers’ Air Quality Related Values Workgroup (FLAG, 2000). By default,
the relative humidity growth factor is flagged for sulfate, nitrate, ammonium and sea salt; a
single growth factor is applied for all hygroscopic species (Figure 5-1). Minimum and maximum
limits on relative humidity are set at 1% and 95%, respectively.

Extinction Adjustment, f(RH)
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Figure 5-1. Relative humidity adjustment factor applied to the dry extinction efficiency for
hygroscopic aerosols (FLAG, 2000).

5.1.5.2 Effects of Surface Albedo and Snow Cover

Photolysis rates depend on the amount of solar radiation reflected from the Earth’s surface
(albedo). UV albedo is assigned within CAMx according to the distribution of gridded landuse
provided by the time-invariant 2-D surface file (Tables 3-4 and 3-5). Snow-free UV albedos fall
in the range 0.04 to 0.10 and are constant in time. Analyses of reflected UV radiation recorded
in satellite data (Herman and Celarier, 1997) report similar UV albedo values in the range 0.02-
0.08 for typical terrestrial and water surfaces. Snow is much more reflective than other types
of surfaces and so it is important to characterize the effect of snow cover on photolysis rates.

The CAMXx photolysis rate input file is generated for five surface albedos, two of which
represent the non-snow range (0.04 — 0.10) and four that represent the snow range (0.1 -0.2 —
0.5-0.9). CAMx determines the landuse- and snow-weighted average surface albedo in each
grid cell (Section 4.8) and interpolates photolysis rates between the five albedos.

5.1.6 Gas-Phase Chemistry Solvers

Solving the time evolution of gas-phase chemistry requires numerically integrating a set of
ordinary differential equations (ODEs) and is among the most computationally expensive
operations performed in a photochemical grid model. One reason for this is that the ODEs
describing tropospheric chemistry are “stiff” — meaning that the chemical species involved have
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widely varying production and/or decay times. The computational efficiency of the gas-phase
chemistry solver strongly influences the overall efficiency of a grid model. CAMx includes two
chemistry solvers that offer trade-offs between accuracy and efficiency.

The most accurate solution methods available for stiff ODEs are “Gear” type implicit solvers
(Gear, 1971) such as LSODE (Hindmarsh, 1983). Gear solvers are stable when applied to “stiff”
problems, such as gas-phase chemistry, but are generally too slow for routine use in grid model
applications. Hertel et al. (1993) developed an implementation of the Euler Backward Iterative
(EBI) method that is very efficient and also accurate because it utilizes explicit algebraic
formulae to solve several important groups of species (HOx, NOx, etc.).

5.1.6.1 LSODE

CAMXx includes the double precision version of the Livermore Solver for Ordinary Differential
Equations (LSODE; Hindmarsh, 1983) distributed by the Netlib repository of numerical
algorithms (http://www.netlib.org/). LSODE is too slow for everyday use but valuable as a
reference method within CAMx. LSODE is based on Gear’s method with numerical refinements
to improve efficiency and ease of use (Radhakrishnan and Hindmarsh, 1993). Gear methods
(Gear, 1971) are implicit and employ backwards-differentiation formulae to step forward in
time by taking multiple steps. The converged solutions at each step are saved in a history
matrix and used to predict the next solution. Thus, LSODE must initially take short time steps to
build the history matrix and may then take progressively longer steps. LSODE is most efficient
for long integration times (and inefficient for short integration times) and therefore least
burdensome for coarse grid model applications that have relatively long coupling times
between gas-phase chemistry and other processes, e.g., advection.

User-supplied information required by LSODE is essentially the error control parameters and
the functions defining the system of ODEs, f(y,t), where y is the vector of species concentrations
and tis time. Supplying a subroutine to evaluate the time derivatives of species concentrations
(f = dy/dt) is mandatory. Supplying a function to evaluate the Jacobian matrix (J = df/dy) is
optional since, if not supplied, LSODE can derive a numerical Jacobian by finite difference
between repeated evaluations of f. Supplying an algebraic Jacobian ensures accuracy, although
a numerical Jacobian may be equally accurate if adequate precision (e.g., double precision) is
employed. Supplying an algebraic Jacobian is more efficient when J is sparse, but for
condensed mechanisms such as CB J is not sparse and the numerical Jacobian method is faster.
CAMXx uses the numerical Jacobian method with a relative error tolerance of 107 and an
absolute error tolerance of 10°%0.

5.1.6.2 EBI Solver

The backward Euler method solves concentrations (y) as y(t+h) = y(t) + hf, where f is the time
derivative of species concentrations (f= dy/dt) evaluated at t+h. The method must be iterated
to convergence in y(t+h) because species concentrations are interdependent. The basic EBI
method is not efficient for stiff problems such as tropospheric chemistry because convergence
is slow and the step size (h) must be short. Hertel et al. (1993) greatly improved the efficiency
and accuracy of the method by developing analytical solutions to the EBI equation for groups of
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species that are strongly coupled (e.g. HOx and NOx/03s). Time steps of up to 3 minutes are
taken by the Hertel EBI solver in CAMx.

5.2 Aerosol Chemistry

The gas-phase chemistry is run alone (no aerosols) by supplying CAMx with a chemistry
parameters file with the aerosol option keyword set to “NONE”, the number of aerosol species
set to zero, and the entire list of aerosol species parameters omitted (see Section 3). Aerosols
are treated by supplying CAMx with a chemistry parameters file with the aerosol option
keyword set to “INERT” or “CF”. In both cases, the number of aerosol species, the number of
size sections and their size ranges, and various aerosol parameters are specified. The aerosol
keyword “INERT” allows the user to define any number of arbitrarily named inert particulate
species to be carried by the model during a photochemical simulation (e.g., modeling only the
dispersion of wind-blown dust).

Aerosol chemistry processes can be run together with gas-phase chemistry using the CF option.
The CF scheme divides the PM mass distribution into two modes (coarse and fine). Primary
species can be modeled as fine and/or coarse particles, while all secondary (chemically formed)
species are modeled as fine particles only. The CF option requires a minimum set of specific
aerosol species with associated chemistry. Aerosol water is explicitly treated in the CF option,
which affects aerosol size, density, and pH.

5.2.1 Additional Gas-Phase Species

When the CF aerosol option is selected, the following gas-phase species must be added to
model gas-aerosol interactions:

1) Ammonia (NHs) as a precursor for inorganic aerosol.
2) Hydrogen chloride (HCL) as a product of acidified sea salt aerosol.

3) Several condensable gases (CG) produced by VOC oxidation that partition to/from organic
aerosols.

4) Anthropogenic intermediate and semi-volatile organic compounds (IVOA and SVOA) that
can form organic aerosols.

5) Optional dimethyl sulfide (DMS) from ocean emissions, which chemically produces sulfate
aerosol.

5.2.2 Aerosol Processes
Aerosol chemical and thermodynamic processes include the following:

1) Agueous sulfate and nitrate formation in resolved cloud water using the RADM aqueous
chemistry algorithm (Chang et al., 1987) with updated SO, oxidation reaction rates and
metal-catalyzed oxidation mechanism (lbusuki and Takeuchi, 1987; Martin and Good,
1991; Jacobson, 1997).

2) Aqueous formation of SOA in resolved cloud water from glyoxal, methyl glyoxal and
glycolaldehyde (Ortiz-Montalvo et al., 2012; Lim et al., 2013), which has been added to
RADM. Details are available in Emery et al. (2016b).
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3) Inorganic aerosol-gas partitioning using two options:

a. ISORROPIA v1.7 (Nenes et al., 1998, 1999) involving sulfate, nitrate, ammonium,
chloride, and sodium, with an update for calcium nitrate on dust particles;

b. EQSAMd4clim (Metzger et al., 2016) involving the same species and the additional
cations magnesium and potassium.

4) Organic oxidation and aerosol-gas partitioning chemistry using two options:

a. Asimpler two-product scheme based on an approach called SOAP (Strader et al.,
1999) that treats volatile, semivolatile, intermediate volatile and involatile organic
compounds and oxidation forming secondary organic aerosols;

b. A more complex hybrid 1.5-dimension volatility basis set scheme (1.5-D VBS; Koo et
al., 2014) that provides a unified framework for gas-aerosol partitioning and chemical
aging of both primary and secondary organic aerosols.

The organic aerosol treatments are described in more detail in separate sub-sections
below.

Agueous chemistry is not explicitly applied to sub-grid clouds; clouds are assumed to either
occupy the entirety of a grid cell volume or be completely absent from it. The contribution
from sub-grid clouds to cell-averaged cloud water is determined within the CAMx
meteorological preprocessors that generate the three-dimensional gridded cloud input fields.
Cloudy grid cells are determined by cloud liquid water contents above a threshold of 0.05 g/m3.
Agueous chemistry is calculated for each cloudy grid cell at each model time step, along with
inorganic partitioning to ensure that rapidly evolving sulfate, nitrate and neutralizing cations
are in balance with the local environment. In cloud-free grid cells, however, partitioning is
called on a unique aerosol “coupling” time step that is defined within the chemistry parameters
file. By default, the aerosol coupling time step is 15 minutes, and this is used for all master and
nested grids in a simulation regardless of the grid-specific driving time step.

5.2.2.1 Inorganic Aerosols

Table 5-3 shows the inorganic aerosol species that are included with the CF3E scheme, where
the “E” denotes the inclusion of eight optional fine-mode particulate elements: Fe, Mn, Ca, Mg,
K, Al, Si and Ti. Species FPRM and FCRS represent general categories of unspecified primary and
crustal (soil-derived) inorganic fine particulates, respectively. Similarly, species CPRM and CCRS
represent primary and crustal inorganic coarse particulates (>2.5 microns). If the optional
elements are not modeled then default background values are used within CAMx for chemical
calculations, except for Ca, which is scaled from FPRM and FCRS as explained below.

The species FPRM, FCRS, CPRM, CCRS and the 8 elements do not chemically decay; they are
emitted, transported and removed by dry and wet deposition. However, their light scattering
properties affect photolysis rates along with other PM components, and the fine-mode species
concentrations influence PM and heterogeneous gas chemistry. Five elements (Fe, Mn, Ca, Mg
and K) are used by the RADM-AQ aqueous chemistry; Fe and Mn catalytically contribute to the
oxidation of SO; to sulfate, while Ca, Mg and K impact cloud pH and thus the solubility of SO, in
cloud water. Three (Mg, Ca, K) influence inorganic aerosol partitioning in EQSAM, and one (Ca)
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influences dust nitrate (CaNOs) in ISORROPIA. All 8 are used along with FPRM and FCRS to
determine aerosol surface area for heterogenous reactions of SO, and N;0s.

Table 5-3. List of inorganic PM species for the CAMx CF3E aerosol option. All species are
considered to exist only the fine mode (PM2.s) except for CPRM and CCRS, which are
exclusively in the coarse mode.

CAMXx Species Name Optional Species

PSO4 Sulfate

PNO3 Particulate Nitrate

PNH4 Particulate Ammonium

PH20 Aerosol Water Content
NA Sodium
PCL Particulate Chloride
PEC Primary Elemental Carbon

FPRM Fine Other/Unspecified Primary

FCRS Fine Crustal

CPRM Coarse Other/Unspecified Primary

CCRS Coarse Crustal
PFE Iron X

PMN Manganese X

PMG Magnesium X
PCA Calcium X
PAL Aluminum X
PK Potassium X
PSI Silicon X
PTI Titanium X

Uptake of SO, and HNOs by dust particles is a potentially important heterogeneous reaction
pathway. Gas-phase SO; molecules are transported to the surface of crustal aerosols and react
with oxidants on the particle surface. The heterogeneous reaction of SO, was implemented in
CAMXx assuming a pseudo first-order reaction with the humidity-dependent uptake coefficient
by Zheng et al. (2015). HNOs reacts with calcium in soil dust particles to form calcium nitrate. If
calcium is explicitly modeled, its concentration is used directly; if it is not modeled, we assume
a 6% mass fraction of calcium carbonate (CaCOs) in fine dust particles (FCRS) based on Saharan
dust study (Astitha et al., 2009), and half of it is assumed to be replaced by calcium nitrate.
Since the current ISORROPIA implementation in CAMx does not consider cations other than
sodium, the heterogeneous reactions of SO, and HNO3 are treated separately from ISORROPIA.
Since EQSAM addresses calcium explicitly, it handles the formation of calcium nitrate internally
(along with other PM nitrate forms).

5.2.2.2 Organic Aerosols

Atmospheric organic matter (OM), a term that encompasses both gases and aerosols, is one of
the most challenging aspects of air quality modeling due to our incomplete understanding of
the very complex processes governing OM emissions and chemical transformations. The
schematic in Figure 5-2 illustrates how emission sources contribute to OM.
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Figure 5-2. Schematic illustration of how emission sources contribute to organic matter
present in the atmosphere as gases (VOC, BVOC, IVOC, SVOC) and aerosols (HOA, OOA).
Black labels represent types of organic emissions, red arrows represent chemical reactions,
and blue arrows represent physical partitioning.

Freshly emitted “primary” organic aerosol (POA) derived from fossil fuels mostly consists of
carbon and hydrogen and therefore may be described as hydrocarbon-like organic aerosol
(HOA). As the atmosphere oxidizes OM via chemical reactions, the constituent organic
molecules tend to incorporate oxygen and therefore may be described as oxidized organic
aerosol (OOA). Portions of HOA and OOA that are more volatile can move between aerosol and
gas-phases via evaporation and condensation, and when in the gas-phase can be described as
semi-volatile organic compounds (SVOC). Primary SVOC (emitted with POA) can be designated
pSVOC to differentiate them from oxidation products of VOC, intermediate volatility organic
compounds (IVOC), and biogenic VOC (BVOC). More oxidized SVOC tend to be less volatile and
more likely to form aerosol than hydrocarbon-like SVOC of similar size. However, oxidation also
can cause molecular fragmentation of SVOC with some of the fragments being volatile (e.g.,
carbon dioxide). Thus, atmospheric oxidation or “aging” of OM has a complex influence on OA
formation. Several important points to consider in modeling OM emissions and OA formation
are discussed below.

POA emissions partially evaporate. OM emissions as gases and particles are traditionally
named VOC and POA, respectively. Improved scientific understanding has revealed a more
complex picture where POA emissions can partially evaporate soon after release to pSVOC with
the remaining aerosol portion being HOA. The pSVOC can again condense to aerosol depending
upon atmospheric conditions (e.g., with cooler temperatures), and atmospheric aging can
promote aerosol formation from the pSVOC by lowering volatility. Identifying directly emitted
organic aerosol as HOA rather than POA is helpful for comparing models to atmospheric
measurements (e.g., aerosol mass spectrometry) that provide estimates of HOA and OOA.

Accounting for pSVOC mitigates POA emission factor bias. Partial evaporation of POA
emissions to pSVOC complicates emission factor measurements that are central to preparing
emission inventories. The extent of POA evaporation within emission ductwork (i.e., a stack or
tailpipe) depends on conditions (e.g., temperature, dilution with ambient air) at the location
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where an emission factor is measured, which may be difficult to ascertain later when that
emission factor is used. Thus, a POA emission factor may over-estimate the amount of aerosol
found in the atmosphere soon after emission (because some pSVOC promptly evaporates) but
simultaneously under-estimate the total amount of OM emitted (because some pSVOC went
undetected by the emission factor measurement). Therefore, emission inventories should
counteract the low bias in POA emission factors. The treatment of pSVOC in emission
inventories should consider source type: for combustion sources, POA and pSVOC emissions
should be combined and emitted as POA, whereas evaporative SVOC (e.g., from paints) should
be emitted as SVOC. Air quality models should be able to partition emissions of POA between
condensed and gas phases according to the modeled atmospheric conditions at the location
where the emissions occur.

Accounting for IVOC mitigates VOC emission factor bias. VOC emission factors may suffer
from bias if some of the emitted compounds are too involatile (“sticky”) to be detected by the
measurement method employed. For example, gas chromatography instruments may quantify
VOCs containing 2 to about 12 carbon atoms and consequently larger VOCs, as well as many
oxygen-containing VOCs, would not be measured unless a separate measurement is made
simultaneously. The less-volatile compounds omitted from many VOC emission factors are
named IVOC. The amount of bias in a VOC emission factor depends on the measurement
methods and the fraction of emissions that are IVOCs. Therefore, emission inventories should
counteract the low bias for VOC by adding IVOC emissions and air quality models should be able
to account for them.

OOA is not necessarily SOA. OOA can be primary or secondary in origin. VOC, IVOC, and BVOC
are oxidized in the atmosphere and their degradation products may include SVOCs that
condense to aerosol, which is traditionally named secondary organic aerosol (SOA). SVOC can
also originate from POA evaporation (pSVOC), which is subject to oxidation and becomes
progressively less volatile over time. Thus, equating OOA with SOA is too simple and can lead
to a misconception that all OOA is secondarily formed by VOC/IVOC/BVOC oxidation when in
fact a portion of OOA comprises oxidized POA.

CAMXx includes two options to model OM emissions and OA formation. The first is a simpler
two-product scheme named SOAP, originally based on the approach of Strader et al. (1999)
with several updates to account for the processes above. Advantages of SOAP are efficiency
and compatibility with PSAT. The second is a more detailed volatility basis set (VBS) scheme
that addresses all of the processes above. However, VBS schemes require many model species,
which makes them computationally burdensome to use. Also, implementing a detailed source
apportionment scheme such as PSAT is challenging for VBS. The resulting implementation
would be costly to apply, and this would defeat the efficiency advantage of PSAT.

5.2.2.3 SOAP

SOAP is the organic chemistry/partitioning module invoked when the organic PM keyword is set
to “SOAP3” in the chemistry parameters input file. The SOAP module consists of two parts: gas-
phase VOC/IVOC/SVOC oxidation chemistry that forms condensable gas products (CG), and
equilibrium partitioning between gas and aerosol phases. CG chemical production is handled
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within the SOAP module rather than the core gas-phase chemical mechanism. This approach
has the following advantages: (1) it separates the SOAP scheme from core mechanism’s VOC
definition and lumping scheme (e.g., for aromatics different lumping schemes may be
appropriate for SOA formation); (2) it allows the single SOAP scheme to be used with different
core mechanisms; (3) it allows inclusion of additional SOA precursors without explicitly defining
their core mechanism reactions (e.g., sesquiterpenes are explicit in the SOAP module but their
inclusion in the core mechanisms may be represented by surrogate species).

The SOAP3 scheme for anthropogenic emissions is illustrated in Figure 5-3 and summarized
below:

e A fraction (E) of POA emissions is allowed to evaporate to a gas-phase species (SVOA) with
the remaining portion (1-E) going to HOA. E is a function of ambient temperature so that
POA evaporation is more extensive in summer and less extensive in winter.

e Anthropogenic VOC (benzene, toluene, xylene), IVOC (species IVOA) and SVOC (species
SVOA) are oxidized by radicals to yield condensable products (ACG1 and ACG2), which
partition to oxidized organic aerosol (AOA1 and AOA2) according to their saturation
pressures (c*). ACG2/A0A2 is more volatile (i.e., larger c*) than ACG1/AOA1. Oxidized
anthropogenic VOC, IVOA, and SVOA can also yield a non-volatile aerosol (AOAOQ).

Emission Gas-phase Aerosol
Product

vapor pressure

Y =yield parameter
c* = saturation concentration
J = photolysis rate
O = oligomerization rate (aging)
E = POA evaporation parameter [ f(T)
Figure 5-3. Schematic diagram of the SOAP3 scheme for modeling anthropogenic OM
emissions and OA formation in CAMXx.

The scheme for biogenic VOC (isoprene, monoterpene, a-pinene, sesquiterpenes) is parallel to
the anthropogenic model, but is simpler because there are no biogenic POA, SVOA, or IVOA.
When oxidized, BVOC can yield condensable products named BCG1 and BCG2, which partition
to oxidized organic aerosol (BOA1 and BOA2). Oxidized biogenic VOC can also yield a non-
volatile product BOAO.

The temperature-dependent evaporation of anthropogenic POA to SVOA (parameter E)
considers five POA source categories: mobile gasoline (emitted species named POA_GV),
mobile diesel (POA_DV), general mobile or stationary internal combustion engines (POA_IC)
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when fuel type is unknown, meat cooking (POA_MC), biomass burning (POA_BB), and other
anthropogenic sources (POA_OP). A sector-averaged category (POA_AV) is applied when the
source is not known and only species “POA” is listed in the input emission files. Quadratic
relationships for (1-E) = f(T) determine the POA fraction assigned to HOA while the complement
fraction E is assigned to SVOA. These relationships were developed by Huang et al. (2024) to
behave similarly to the AERO7 SOA scheme in the Community Multiscale Air Quality (CMAQ)
model (Appel et al., 2021). Quadratic coefficients are listed in Table 5-4. A no-evaporation
option is also available by adding “NOEVAP” to the organic PM keyword in the chemistry
parameters file. In that case, all POA emissions are assigned to HOA.

Table 5-4. Quadractic coefficients for the relationship (1-E) = AT? + BT + C defining remaining
HOA after evaporation of POA to SVOA.

POA Source A B C
POA_GV -3.78E-05 1.61E-02 -6.86E-01
POA_DV -7.85E-05 3.79E-02 -3.57E+00
POA_IC -6.53E-05 3.09E-02 -2.65E+00
POA_MC -2.50E-05 1.09E-02 -1.72E-01
POA_BB 2.41E-05 -2.05E-02 4.60E+00
POA_OP 3.71E-05 -2.88E-02 5.86E+00
POA_AV -1.60E-05 3.11E-03 1.21E+00
CAMXx internally maps VOC precursors to corresponding species needed for SOAP as shown in
Table 5-5.
Table 5-5. CAMx mapping of CB/RACM/SAPRC emission species to SOA precursors.
SOAP VOC CB6 CB7 RACM2 SAPRCO7
Benzene BENZ BENZ BEN BENZ
Toluene TOL TOL TOL TOLU + ARO1
Xylene XYL XYL XYM + XYO + XYP | OXYL+ MXYL + PXYL + B124 + ARO2
HPAR (VCP) -- HPAR -- --
IVOA IVOA IVOA IVOA IVOA
IVC1 (VCP) -- IVC1 -- --
IVC2 (VCP) -- IVC2 -- --
SVOA SVOA SVOA SVOA SVOA
Isoprene ISOP ISOP ISO ISOP
Monoterpene TERP TERP LIM TERP
o-Pinene! -- APIN API APIN
Sesquiterpene? SQT SQT SQT SESQ
FVC1 (wildfires) -- FVC1 -- --
lo-Pinene is not explicitly carried by CB6 mechanisms, but SOA production is included with the monoterpene
pathway.
2Sesquiterpene is not explicitly carried by CB6 or RACM2 mechanisms but emissions should be included specifically for
SOAP.

Current emission inventories generally ignore IVOA and SVOA emissions. As described above,
emission inventories can underestimate VOC and POA emissions if they depend on emission
factors that suffer from measurement artifacts (Giani et al., 2019; Murphy et al., 2023). IVOC
and SVOA emissions can be added to the emission inventory to correct for this low bias and
they should be provided separately from the VOC emissions prepared for the core mechanisms.
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Users can estimate them by scaling from other compound emissions (e.g., methane, total non-
methane organic compounds, or carbon monoxide as described in the next section).

Chemical parameters for the SOAP3 scheme are shown in Tables 5-6 and 5-7. There are two
module options, “COMPLX” and “SIMPLE”, which specify different aerosol mass yields from
VOC/IVOA/SVOA oxidation. These labels must be included in the organic PM keyword in the
chemistry parameters file. In both cases, VOC reaction rates are taken directly from the gas-
phase chemistry mechanisms (CB, RACM2, or SAPRCO7); the only exceptions are sesquiterpene
and a-pinene for those mechanisms that do not explicitly include them, in which cases their
reaction rates are set inside the SOAP chemistry routine. Reaction rates involving IVOA and
SVOA are also set in the SOAP chemistry routine as they are not part of the core gas-phase
mechanisms.

The COMPLX option involves all volatile and non-volatile OA production and is designed to
behave similarly to the AERO7 SOA scheme in the Community Multiscale Air Quality (CMAQ)
model (Appel et al., 2021). The SIMPLE option assumes VOC oxidation only produces non-
volatile products (AOAO or BOAQ), so aerosol mass yields are zero for AOA1, ASOA2, BOA1, and
BOA2. The SIMPLE aerosol yield data for anthropogenic precurors are based on Seltzer et al.
(2021). The SIMPLE aerosol yields for biogenic precursors are based on multi-model averages,
calculated using yield data from the following models and SOA schemes: CAMx VBS, CMAQ
AERO7, CMAQ CRACMM (Pye et al., 2023), GEOS-Chem Complex (Pye et al., 2010), CHIMERE
VBS (Zhang et al., 2013), and WRF-Chem MOSAIC (Shrivastava et al., 2011).

5.2.2.4 SOA VCP Precursor Updates with CB7r3

With the implementation of CB7r3, the SOAP3 aerosol scheme was updated to include SOA
precursors from VCP and wildfires. The addition of VCPs was based upon an analysis of the U.S.
EPA’s VCP emission dataset (VCPy) and a literature review of SOA yields. Three new SOA
precursor species were defined (IVC1, IVC2, and HPAR) and yields for existing species IVOA
were updated. IVC1 and IVC2 were developed based on glycol ethers but can be used to
represent other VCPs with similar SOA yields. HPAR, which is a gas-phase species in CB7r3 used
to represent large alkanes, is included to represent SOA production specifically from large
alkanes. The SOA yields for IVOA, which represents organic aerosol produced from IVOC, were
updated based on published SOA yield data as of 2025 for the types of compounds represented
by IVOA. Table 5-6 list the three additional anthropogenic VCP species.

FVC1 from wildfires behaves similarly to other biogenic precursors currently in SOAP3 since it
reacts with OH, O3, and NOs, and is therefore implemented similarly to model species APIN (a-
pinene), ISOP (isoprene), and TERP (monoterpenes). SOA yields for FVC1 were determined by
considering volatility distribution data for aged biomass burning OA from Farley et al. (2025)
and yield data for oxygenated aromatics (phenolics) and heterocyclic compounds (like furans)
from Palm et al. (2020). FVC1 yields for the COMPLX and SIMPLE options are presented in Table
5-7. Note that the yields are the same for high and low NO conditions, and for reaction with
NOs. There is currently no evidence in the literature for a yield dependence on NO.
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The PSAT probing tool was also updated for CB7r3 and SOAP3 by introducing a new fire VOC
aerosol precursor tracer (FV1) representing FVC1 . The following PSAT reactive tracers were
updated to include contribution from FVC1: condensable gases from biogenic precursors (BG1
and BG2) and biogenic particulate non-volatile organic aerosol (PBO).

Table 5-6. Anthropogenic chemical parameters for SOAP3.

COMPLEX SIMPLE
Parameters AOA2 AOA1 AOAO0 AOAO0
c* 14 0.31 0 0
delta H 18 18 0 0
Mw 150 150 220 220
High NO yield
Precursor MW
BNZA 78.1 0.187 0 0.004 0.1
TOLA 92.1 0.092 0.012 0 0.06
XYLA 106.2 0.064 0 0.005 0.04
HPAR 170.3 0 0 0.181 0.181
IVOA 212 0 0 0.362 0.362
IVC1 212 0.19 0.02 0.01 0.101
IVC2 212 0.38 0.04 0.02 0.202
SVOA 220 1.1 0.73 0.18 0.98
Low NO yield
Precursor MW

BNZA 78.1 0 0 0.131 0.2
TOLA 92.1 0 0 0.126 0.12
XYLA 106.2 0 0 0.174 0.09
HPAR 170.3 0 0 0.235 0.235
IVOA 212 0 0 0.471 0.471
IVC1 212 0.19 0.02 0.01 0.101
IvC2 212 0.38 0.04 0.02 0.202
SVOA 220 11 0.73 0.18 0.98
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Table 5-7. Biogenic and wildfire chemical parameters for SOAP3.

COMPLEX SIMPLE
Parameters BOA2 BOA1 BOAO BOAO
c* 26 0.45 0 0
delta H 65 85 0 0
MW 180 180 220 220
High NO yield
Precursor MW
ISP 68.1 0.038 0.008 0 0.01
TRP 136.2 0.166 0.038 0.031 0.139
APN 136.2 0.166 0.038 0.031 0.052
sQT 204.4 1.417 0.068 0 0.32
FvC1 124.14 0.159 0.062 0.023 0.192
Low NO yield
Precursor MW
ISP 68.1 0.038 0.008 0 0.01
TRP 136.2 0.166 0.038 0.031 0.139
APN 136.2 0.166 0.038 0.031 0.052
sQT 204.4 1.417 0.068 0 0.4
FVC1 124.14 0.159 0.062 0.023 0.192
NO:s reaction yield
Precursor MW
ISP 68.1 0.038 0.008 0 0.01
TRP 136.2 0.325 0.083 0 0.083
APN 136.2 0.159 0.026 0 0.026
sQT 204.4 1.417 0.068 0 0.4
FVC1 124.14 0.159 0.062 0.023 0.192

The SOAP3 scheme includes photolytic loss of SOA, which can be competitive with other aging
mechanisms (Henry and Donahue, 2012; Hodzic et al., 2016). This particle-phase removal
process was implemented as a first-order decay reaction with a photolysis rate derived by
scaling the NO; photolysis rate:

d[SOA]

dt = —Js0alSOA] = —S/no, [SOA]

Significant uncertainties in the SOA photolysis rate remain with estimates varying by orders of
magnitudes (Henry and Donahue, 2012; Hodzic et al., 2016). In the SOAP3 scheme, the rate is
set to s=0.1% of J, based on measureemnts by Malecha et al. (2018). In-cloud SOA formation
by the RADM module is added to BOAO.

SOA formation from the reactive uptake of glyoxal (GLY) and methylglyoxal (MGLY) to aerosol
surface area is newly implemented in CAMx with SOAP3. The pseudo first-order rate coefficient
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(k') for GLY/MGLY reactive uptake is parameterized following Walker et al. (2022) as shown
below:

-1
o=+ )
GLY/MGLY Dy Yery/meLy Cg

where ; is the aerosol particle effective radius, Dy is the gas-phase diffusion coefficient, y is the
reactive uptake coefficient, ¢y is the mean molecular speed, and A is the aerosol surface area
per unit volume. A ygsiy value of 0.001 is adopted from Walker et al. (2022) and pwmery is set to
9% of ys1y following Appel et al., (2021). The SOA formed is treated as non-volatile and added
to the SOAP3 species AOAO or BOAO depending on whether the GLY/MGLY is estimated to be of
anthropogenic or biogenic origin. The anthropogenic/biogenic apportionment is estimated
from the local, instantaneous oxidation rates of aromatic VOCs (raro) and isoprene (riso), i.e.,
the anthropogenic fraction is raro/(raro + riso).

5.2.2.5 Summing Inorganic and Organic Aerosols for Total PM

Most CAMx modelers will employ the CF aerosol scheme with the SOAP organic aerosol
treatment. In such cases, the following individual aerosol species should be summed to
calculate total PM; s mass:

PMys = PSO4 + PNO3 + PNH4 + PEC + NA + PCL +
HOA + AOAO + AOA1 + AOA2 + BOAO + BOA1 + BOA2 +
FPRM + FCRS + (PFE + PMN + PK + PCA + PMG + PAL + PS| + PTI)

where the species in parentheses represent 8 optional elemental PM species. The method by
which to include the third line of the equation above depends on how emissions are created to
represent FPRM, FCRS and the elements. If the emitted mass of FCRS and FPRM is reduced by
the mass of emitted elements, then sum the entire row (FPRM + FCRS + elements). However, if
FCRS and FPRM were not reduced and represent all primary and crustal fine PM2.s mass, then
omit the elements from the summation.

For PM1g, include the following PM species in the summation:
PM1o = PM; 5 (from above) + CPRM + CCRS

5.2.2.6 1.5-D VBS

The VBS organic aerosol (OA) chemistry/partitioning module is selected when the organic PM
keyword is set to “VBS” in the chemistry parameters input file. VBS works with the 2-mode CF
size option.

The VBS approach (Donahue et al., 2006; Robinson et al., 2007) provides a unified framework
for gas-aerosol partitioning and chemical aging of both POA and SOA. It uses a set of semi-
volatile OA species with volatility equally spaced in a logarithmic scale (the basis set). VBS
member species are allowed to react further in the atmosphere (chemical aging) to describe
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volatility changes (i.e., shifting between volatility bins). First generation VBS models use one-
dimensional basis sets (1-D VBS) wherein organic compounds are grouped only by volatility and
thus are unable to describe varying degrees of oxidation observed in atmospheric OA of similar
volatility. To overcome this shortcoming, a two dimensional VBS (2-D VBS) was developed
where organic compounds are grouped by oxidation state as well as volatility (Donahue et al.,
2011, 2012). However, use of 2-D VBS in a 3-D PGM has been limited due to high
computational cost.

A hybrid VBS approach is implemented in CAMX, called 1.5-D VBS, which combines the
simplicity of the 1-D VBS with the ability to describe evolution of OA in the 2-D space of
oxidation state and volatility (Koo et al., 2014). Figure 5-4 shows a schematic diagram of the
1.5-D VBS scheme currently implemented in CAMx. This scheme uses five basis sets to describe
varying degrees of oxidation in ambient OA: two basis sets for chemically aged oxygenated OA
(OOA; anthropogenic and biogenic) and three for freshly emitted OA (hydrocarbon-like OA
[HOA] from meat-cooking and other anthropogenic sources and biomass burning OA [BBOA]).

Each basis set has five volatility bins ranging from 10! to 103 pg m3 in saturation concentration
(C*), which roughly covers the volatility range of semi-volatile organic compounds (SVOAs). An
effective heat of vaporization (AH"??) value of 35 kJ mole is used for all SOA species. For POA,
AHY?® is estimated using the following empirical formulas:

AHY?P = —4 loglO(nggK) + 85 kI mole?  (For biomass burning; May et al., 2013c)
AHY?P = —11 loglo(nggK) + 85 kl mole™  (For other primary; Ranjan et al., 2012)

Table 5-8 lists the model OA compounds assigned to the volatility bins. Their molecular
structures were determined by placing them on the 2-D volatility space defined by Donahue et
al. (2011, 2012). The 1.5-D VBS scheme adjusts oxidation state as well as volatility in response
to chemical aging by simplifying the 2-D VBS model. Chemical aging of SOA and oxygenated
POA is modeled by shifting OA mass along a pre-defined pathway of the OOA basis set, which
reduces volatility while increasing oxidation state. POA aging, which would require different
pathways from the HOA (or BBOA) basis set to the OOA basis set, is simplified in this 1.5-D VBS
scheme where oxidation products of POA are represented as a mixture of POA and OPOA in the
next lower volatility bins. The gas-phase OH reaction rates for POA and anthropogenic SOA are
assumed to be 4x10*! and 2x10!! cm® molecule™ s%, respectively. Aging of biogenic SOA is
disabled in our implementation based on previous modeling studies that found aging biogenic
SOA led to a significant over-prediction of OA in rural areas (Lane et al., 2008; Murphy and
Pandis, 2009). Additional details on the 1.5-D VBS model can be found elsewhere (Koo et al.,
2014; Hildebrandt Ruiz et al., 2015). Total OA is the sum of all OA in the five volatility bins from
primary formation (PAP + PCP + PFP) and from secondary formation (PAS + PBS).
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Anthropogenic Sources
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POA PCP1 |« VCP1 qé\\
PCP2 |« VCP2 :,_i‘\\‘
PCP3 leo| vCP3 ﬂ:_\\\\'_: VBSO |—s| PBSO
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PFP4 |« VFP4 -ii OH
VOC/IVOC+ OH VOC+ OH
Biomass Burning Biogenic Sources

Figure 5-4. Schematic diagram of the CAMx VBS module. The model VBS species name
consists of 4 characters that indicate the phase (P — particle; V — vapor), the source (A -
anthropogenic; B — biogenic; C — cooking; F — fire), the formation (P — primary; S — secondary),
and the volatility bin number. The solid and dashed arrows represent gas-aerosol
partitioning and chemical aging, respectively. The thick colored arrows represent POA
emissions or oxidation of SOA precursors.
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Table 5-8. Molecular properties of the 1.5-D VBS species.

Basis Set Model Species C*b 0S.* C# ot MW OA/OC
Name® (ng m?) (g mole?)

PASO & PBSO o¢ 0.102 7 4.90 172 2.05

PAS1 & PBS1 1 -0.188 7.25 4.38 167 1.92

OOA PAS2 & PBS2 10 -0.463 7.5 3.84 163 1.81
PAS3 & PBS3 100 -0.724 7.75 3.30 158 1.70

PAS4 & PBS4 1000 -0.973 8 2.74 153 1.59

PAPO & PCPO o -1.52 17 2.69 278 1.36

PAP1 & PCP1 1 -1.65 17.5 2.02 275 1.31

HOA PAP2 & PCP2 10 -1.78 18 1.34 272 1.26
PAP3 & PCP3 100 -1.90 18.5 0.632 268 1.21

PAP4 & PCP4 1000 -2.00 19 0.0 266 1.17

PFPO o¢ -0.704 10 432 205 1.71

PFP1 1 -1.02 11 3.60 208 1.58

BBOA PFP2 10 -1.29 12 2.85 211 1.47
PFP3 100 -1.52 13 2.08 213 1.37

PFP4 1000 -1.73 14 1.27 215 1.28

a: See Figure 5-4 for the model species naming convention.

b: Effective saturation concentration.

c: Average oxidation state of carbon.

d: Properties of the lowest volatility bins were estimated assuming C* = 0.1 ug m3, but they actually represent all OA with C* <
0.1 pg m3, and are treated as non-volatile in the model.

Table 5-9 lists input emission species users need to prepare for the 1.5-D VBS OA scheme. In
addition to the traditional anthropogenic and biogenic VOC as used by SOAP, source-specific
IVOC emissions need to be provided. The CAMx VBS scheme allocates POA emissions from five
source types to the PAP, PCP, and PFP species based on emission factors (Table 5-10)
determined from laboratory experiments. VBS uses source-specific volatility distribution
factors for gasoline vehicles (POA_GV), diesel vehicles (POA_DV), meat cooking (POA_MC), and
biomass burning (POA_BB) based on recent chamber studies (May et al., 2013a,b,c; Woody et
al., 2015). For other POA emissions (POA_OP), VBS applies distribution factors estimated by
Robinson et al. (2007).

Emissions of intermediate volatility organic compounds (IVOCs; 10* < C* < 108) make important
contributions to OA in the atmosphere but generally are missing from emission inventories
because neither VOC nor POA emission factors account for IVOCs. A pre-processor (PREPVBS)
can be used to map source-specific POA emissions to the five distinct POA emission species for
VBS, and to scale IVOC emissions from total non-methane organic compound (NMOC)
emissions based on smog chamber data (Jathar et al., 2014).
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Table 5-9. Input species for 1.5-D VBS scheme.

Species Description Notes
TOL Toluene
XYL Xylene Anthropogenic VOC
BENZ Benzene
ISOP Isoprene
TERP Monoterpenes Biogenic VOC
sQT Sesquiterpenes
IVOG IVOC from gasoline engines
IVOD IVOC from diesel engines el
IVOA IVOC from other anthropogenic sources
IVOB IVOC from biomass burning
POA_GV POA from gasoline vehicles
POA_DV POA from diesel vehicles L .
POA_MC POA from meat cooking :q%g:lr;";:;rl?eismgned to PAP and PFP
POA_OP POA from other anthropogenic sources
POA_BB POA from biomass burning

Table 5-10. Volatility distribution factors used to allocate POA emissions from five different
source types to the five PAP, PCP, and PFP volatility bins.

Emission Fraction for volatility bin with C* of
POA species 0 1 10 100 1000
POA_GV 0.27 0.15 0.26 0.15 0.17
POA_DV 0.03 0.25 0.37 0.24 0.11
POA_MC 0.35 0.35 0.1 0.1 0.1
POA_OP 0.09 0.09 0.14 0.18 0.5
POA_BB 0.2 0.1 0.1 0.2 0.4

5.3 Mercury Chemistry

Mercury exists in the atmosphere as elemental mercury, Hg(0), and oxidized mercury, Hg(ll)
(Schroeder and Munthe, 1998). Hg(ll) can be inorganic (e.g., mercuric chloride, HgCl,) or
organic (e.g., methyl mercury, MeHg). It can also be present as particulate mercury (e.g.,
mercuric oxide, HgO, or mercury sulfide, HgS). In the global atmosphere, Hg(0) is the dominant
form. Hg(ll) typically constitutes a few percent of total mercury and is predominantly in the gas
phase. MeHg concentrations in the atmosphere are negligible, about a factor of 10 to 30 lower
than Hg(ll) concentrations, based on analysis of precipitation samples conducted by Frontier
Geosciences, Inc. (e.g., Seigneur et al., 1998). However, Hg(ll) becomes methylated in water
bodies, where it can bioaccumulate in the food chain. Hg(0) is sparingly soluble and is not
removed significantly by wet deposition; its dry deposition velocity is also believed to be low.
As a result, Hg(0) has a long atmospheric lifetime, on the order of several months, that is
governed by its oxidation to Hg(ll). On the other hand, Hg(ll) is quite soluble; it is consequently
removed rapidly by wet and dry deposition processes. Particulate mercury, Hg(p), is mostly
present in the fine fraction of particulate matter (PM.:s), although some Hg(p) may be present
in coarse PM (e.g., Landis and Keeler, 2002).

Known transformations among inorganic mercury species include the gas-phase oxidation of
Hg(0) to Hg(ll), the aqueous-phase oxidation of Hg(0) to Hg(ll), the aqueous-phase reduction of
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Hg(Il) to Hg(0), various aqueous-phase equilibria of Hg(ll) species, and the adsorption of Hg(ll)
to PM in both the gas-phase and aqueous-phase. The inorganic mercury chemistry modules
implemented in CAMXx are based on our current knowledge of these transformations. However,
it should be noted that our knowledge of mercury chemistry continues to evolve as new
laboratory data become available, and the Hg chemical kinetic mechanisms in CAMx and other
models that treat the atmospheric fate of mercury will need to be revised accordingly.

Below, we provide additional details on the gas- and aqueous-phase mercury chemistry
mechanisms implemented in CAMx, and the implementation approach.

5.3.1 Gas-Phase Chemistry

The gas-phase transformations include the oxidation of Hg(0) to Hg(ll) by ozone (O3s) (Hall,
1995), hydrogen peroxide (H20;) (Tokos et al., 1998) hydroxyl radicals (OH) (Sommar et al.,
2001; Pal and Ariya, 2003; 2004), bromine (Br) (Ariya et al., 2002), and hypobromite (BrO)
(Raofie and Ariya, 2003). The oxidation of Hg(0) by Os, H,0;, and OH are given by the following
three reactions:

Hg(0) (g) + O3 (g) > Heg(Il) (g), k=3x 1020 ¢m? molecls™!
Hg(0) (2) + H,0, (2) - Hg(OH), (2), & =8.5x10™" cm® molec™'s™!
Hg(0) (2) + OH (g) > Hg(OH); (9,  k =8x10"'* em® molec™'s!,

while oxidation by Bromine is based on a sequence of 5 reactions (Seigneur and Lohman, 2008):

-1.86
Hg(0) (g) +Br(g) > HgBr (g), 4k =3.6x 1083 p (%j cm® molecls”!
HgBr (g) — Hg(0) (2), ky =3.9x10° exp(_8;37j 571
T -0.57
HgBr (g) + Br(g) > HgBr, (), k3= 2.5x10710 [ﬁj cm> molec s

-0.57
HgBr (g) + OH (g) — HgBrOH (g), k4 =2.5x1071° (2%8] cm? molec!s™!

Hg(0) () + BrO (g) — Hg(l) (g), ks=1x10"" cm? molec™!s™

The reaction rate constants provided above are for temperatures in the range of 20 to 25°C; no
temperature dependence information is available. For the bromine reactions, T is the
temperature in degrees Kelvin, and P is the pressure in atmospheres. The five reactions are
treated as a single reaction, with an effective Hg(0) first-order rate constant that is a function of
the individual reaction rates and the concentrations of Br, BrO and OH based on the assumption
that Br, BrO and OH concentrations don’t change by their reactions with mercury. This
treatment is similar to that of Holmes et al. (2006), who considered the oxidation of Hg(0) by
bromine atoms with a set of three reactions. The effective first-order rate constant is calculated
by the following expression:
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_ ka[Br)ks|Br]+ ky[OH )

ks[Bro] s
A =k + Iy [Br]+ ka|OH] sBro] s

5.3.2 Adsorption of Hg(ll) on PM

In the first implementation of mercury in CAMx, Hg(ll) adsorption on PM was considered only in
the aqueous phase (see below), using an adsorption coefficient derived from available
experimental data (Seigneur et al., 1998; Ryaboshapko et al., 2002). It is essential to also
consider the adsorption of gaseous Hg species to PM because gas/particle conversion also
affects Hg deposition (Lindberg et al., 2007). Rutter and Schauer (2007a) reported results of
laboratory work measuring the adsorption of reactive gaseous mercury (RGM) to atmospheric
and synthetic particles as a function of temperature. Their experimental results suggest that
surface area rather than PM mass controls the partitioning process. They reported three
surface-area adsorption coefficients for urban PM (collected in Milwaukee, WI, and Riverside,
CA), ammonium sulfate and adipic acid, respectively. They expressed the surface-area
adsorption coefficient (Ksq) as follows:

Ko = Hg p aas \RGM - A, - PM )

where Ksq is in m3m2, Hgp,qas and RGM are in pg m3, A, is the specific surface area of ambient
PM in m?ug?! and PM is the ambient urban PM concentration in ug m=3. Here, Hgp,qas refers only
to the adsorbed RGM, i.e., it does not include non-volatile primary particulate mercury. Rutter
and Schauer (2007a) also found that the Ksq obtained for urban PM falls between that of
ammonium sulfate (more RGM adsorption) and adipic acid (less RGM adsorption). Their
laboratory experiments lead to the following value for K as a function of temperature (in K) for
adsorption to urban PM:

4250 /T—-10
K, =10l ) (1)
Rutter and Schauer’s (2007b) experimental results also show a ten-fold increase in adsorption
of RGM to sodium chloride compared to ammonium sulfate and organic particulate compounds
(a larger increase was observed for sodium nitrate). Thus, the adsorption coefficient for RGM
adsorption to sea-salt is about 10 times that for urban PM:

K, - 10(4250/7-9) 2)

Following the approach used in Vijayaraghavan et al. (2008), we treat all non-sea-salt PM as
urban PM for simplicity and use Equation (1) to simulate RGM adsorption to all non-sea-salt
PM. The adsorption to sea-salt PM is calculated using Equation (2). Thus, the effective
adsorption coefficient for each aerosol size section is calculated as:

4250 /T-9 4250 /T-10
Ksa,eff = 10( )Fss + 10( )(1 - Fss)

where F is the fraction of sea-salt in that size section. In the CAMx implementation, we
assume that RGM is adsorbed on primary fine and coarse PM.
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5.3.3 Aqueous-Phase Chemistry

The agueous-phase chemistry includes the reduction of Hg(ll) to Hg(0) via reaction with
hydroperoxy radicals (HO2) and by the formation of the sulfite complexes (at low HCI
concentrations), HgSO3 and Hg(S03),%, as well as the oxidation of Hg(0) to Hg(ll) by dissolved
03, OH, and Cl,. Adsorption of Hg(ll) species on atmospheric particulate matter (PM) is
simulated using an adsorption coefficient (K = 34 L g'!) recommended by Seigneur et al. (1998).
The relevant reactions are listed below. Note that the gas-liquid equilibria and ionic equilibria
of the non-mercury species (e.g., SO, O3) involved in the mercury aqueous-phase chemistry are
not shown here, since they are identical to those in the other CAMx mechanisms.

5.3.2.1 Gas-liquid Equilibria

Hg(0) (g) < Hg(0) (aq), K =0.11Matm™! (Sanemasa, 1975; Clever et al., 1985)
HgCl5, (g) < HgCl5, (aq), K=1.4x 10° M atm’! (Lindqvist and Rodhe, 1985)
Hg(OH), (g) & Hg(OH), (aq), K=1.2x 10* Matm™! (Lindgvist and Rodhe, 1985)

The Henry's Law constants listed above are for temperatures in the range of 20 to 25°C.
Temperature dependence information is available for the Hg(0) Henry's Law constant but the
validity of this information for temperatures below 0°C is not established.

5.3.2.2 Agueous-phase Equilibria

HeCl, (aq) < Hg?" +2C1T, K =10"1* M? (Sillen and Martel, 1964)
Hg(OH), (aq) <> Hg?" +20H", K =102 M? (Sillen and Martel, 1964)
Hg?* +S03" < HgSO5, K =2.1x10"3 M™! (van Loon et al., 2001)
HgSO; +S03 <> Hg(S03)3", K =1x10'" M (van Loon et al., 2001)

5.3.2.3 Adsorption of Hg(ll) on PM in the Aqueous Phase

Hg(II) (aq) < H{I)(p), K=34L g'1 (Seigneur et al., 1998)

5.3.2.4 Agqueous-phase Kinetics

Hg(0) (aq) + O (aq) > Hg?", &k =4.7x107 M~!s"! (Munthe, 1992)

Hg(0) (aq) + OH (aq) — Hg?", &k =2x10° M's”! (Lin and Pehkonen, 1997)
HgSO5 (aq) > Hg(0) (aq), k£ =0.0106 57! (van Loon et al., 2000)

Hg(Il) (aq) + HO, (aq) —> Hg(0) (aq), k= 1.7x10* M"s™! (Pehkonen and Lin, 1998)
Hg(0) (aq) + HOCI (aq) —» Hg?", & =2.09x10° M"Is”! (Lin and Pehkonen, 1998)
Hg(0) (aq) + OCI” —>Hg2+, k=1.99x10% M1s"! (Lin and Pehkonen, 1998)
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In the last two reactions listed above, HOCl and OCI- come from the dissolution and subsequent
dissociation of molecular chlorine (Cl;). Note that Hg(ll) (aq) refers to all divalent Hg species in
solution (i.e., Hg?* + HgCly(aq) + Hg(OH)2(aq) + HgSOs + Hg(S0Os)2%). The rate constants listed for
the aqueous-phase kinetics are for temperatures in the range of 20 to 25°C. Temperature
dependence information is available for the HgSOs reduction reaction.

As mentioned previously, the gas- and aqueous-phase Hg transformations presented above
represent the state of the science from a decade ago (Ryaboshapko et al., 2002; Seigneur et al.,
2001a, 2004) and our knowledge of mercury chemistry continues to evolve. For example,
Gardfeldt and Johnson (2003) challenged the aqueous-phase reduction of Hg(ll) to Hg(0) by
dissolved HO,, suggesting that this pathway is unimportant. There also seems to be some
circumstantial evidence of reduction of Hg(ll) to Hg(0) in power plant plumes from various
experimental studies that is not accounted for in current treatments of Hg chemistry (e.g.,
Edgerton et al., 2001; Seigneur et al., 2001b). Additional details are provided in a scoping study
for mercury deposition conducted for the Midwest Regional Planning Organization by Seigneur
et al. (2003).

5.3.4 Implementation Approach

The approach used to implement the mercury transformation pathways, discussed above, into
CAMx is based on the assumption that the mercury species concentrations are much smaller
than those of the species with which they react. Thus, the concentrations of the non-mercury
species can be assumed to be constant during the mercury chemistry calculations and analytical
solutions are available for both the gas-phase and aqueous-phase conversions.

The mercury chemistry discussed in the previous sections requires the concentrations of the
following non-mercury species: O3, H202, OH, SO, HO;, Cl,, HCI, Br, BrO and atmospheric
particulate matter (PM). The concentrations of most of these species are available from CAMx.
However, the halogen compounds Cl, Br, and BrO are only included for one specific gas-phase
mechanism (CB6r5h) and otherwise not explicitly simulated. Since the mercury chemistry is
currently not linked to any halogens that might be available from the gas-phase chemistry, we
specify typical vertical profiles of Cl,, Br, and BrO concentrations. The Cl, concentrations are
prescribed to be non-zero over oceans and zero elsewhere. Also, daytime Cl, concentrations
are lower than nighttime values to account for the fact that Cl, is photolyzed during the day.
The zenith angle is used for the determination of night/day. A 2-D array of integer values (1 if
ocean, 0 if not) is used to determine if the grid column is predominantly over ocean. This array
is initialized at the beginning of the simulation from an input file and is specific for the modeling
domain and grid. For Br and BrO, vertical profiles over land and ocean are prescribed, with
higher values over ocean than over land. During the night, the concentrations of these species
are assumed to be zero, since the photolysis of Br2 is the primary source for these radicals.

The mercury aqueous-phase chemistry module also requires the specification of cloud liquid
water content (LWC) and cloud water pH. Both these variables are available from CAMx — the
mercury aqueous-phase chemistry module is invoked after the CAMx PM aqueous-phase
chemistry calculations are performed, so the cloud water pH has already been calculated. Note
that the PM aqueous-phase module (based on the RADM aqueous-phase chemistry module

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 140 WWW.camx.com



July 2026 CAMXx User’s Guide Version 7.40
5. Chemistry Mechanisms

that is also used in Models-3/CMAQ) does not explicitly simulate the cloud chemistry of OH and
HO; radicals. The concentrations of these radicals can be reduced by their heterogeneous
chemistry within clouds (e.g., Jacob, 2000; Jaegle et al., 2001). In the CAMx implementation,
we account for this by reducing the concentrations of OH and HO; radicals by factors of 2 and
10, respectively.

5.3.5 Chemistry Parameters for Mercury

The mercury chemistry module requires total PM concentrations, so mercury can only be
modeled in conjunction with PM chemistry. Mercury chemistry is selected by including
mercury species among the list of modeled species. The CAMx mercury species names are:

HGO — elemental gaseous mercury, or Hg(0)

HG2 — reactive gaseous mercury, or Hg(ll)

HGP — primary particulate mercury, or Hg(P)

HGIIP — reactive gaseous mercury, or Hg(ll) adsorbed onto fine PM
HGIIPC — reactive gaseous mercury, or Hg(ll) adsorbed onto coarse PM

CAMXx requires that all five or none of these species be included in a simulation. Therefore,
mercury chemistry is not required for PM modeling, but if mercury chemistry is selected then
all five mercury species must be modeled. All of the rate constants and equilibrium constants
for the mercury chemistry module are hard-coded and so no mercury reaction rate data are
included in the chemistry parameters input file (see Section 3). This is similar to the RADM
aqueous chemistry and the inorganic aerosol partitioning models.

Several physical properties of the mercury species must be specified on the chemistry
parameters file (see Figure 3-1a). The physical properties specified for the gas species (Henry’s
Law, molecular weight, surface reactivity) influence the deposition characteristics. The Henry
constant for HG2 is assumed to be similar to that of HNO3 because these two gases have similar
solubility. The HG2 species represents HgCl, and Hg(OH),; the Henry constant for the former is
1.4x10° M atm™ and for the latter it is 1.2x10* M atm™. The surface resistance factor is set to
zero for strong acids, such as HNOs, that have a strong tendency to stick to surfaces — this
forces the surface resistance calculated in the dry deposition algorithms to zero. The reactivity
parameter for HG2 is set to 0, as for HNOs.

The dry deposition of HGO is set to zero by choosing a very low Henry constant (similar to CO).
This is based on the assumption that natural emissions and dry deposition of HGO balance each
other over the modeling domain. This assumption is justified by the fact that the atmospheric
lifetime of HGO (about 1 year) greatly exceeds its residence time (days to weeks) within a
regional modeling domain. If natural emissions of HGO are not included in the mercury
emissions inventory, the dry and wet deposition of HGO should be zero by setting a Henry
constant of smaller than 1x10® M atm™. However, if natural emissions of Hg(0) are used in the
CAMXx simulation, the Henry constant should be set to 0.111 with a temperature factor of -4970
K (Clever et al., 1985).
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5.4 Simple Chemistry Via Mechanism 10

The chemical mechanisms in CAMx require significant effort to prepare emissions data and can
result in extensive run times. There are many cases when air pollution problems could be
investigated with a much simpler chemistry scheme. An example of this would include
modeling SO; from a few specific sources over a relatively small region, and treating conversion
to sulfate by assuming a representative decay rate. CAMx provides an option to configure a
simple and flexible scheme that can be used for modeling chemical reactions other than the
ozone or secondary PM reactions treated by the full-science mechanisms.

The simple chemistry scheme is selected by specifying “MECH10” for the mechanism ID in the
chemistry parameters input file. The user must develop specific chemical reactions and code
them into the subroutine CAMx/chem10. f£; an example subroutine is available in the source
code directory. Follow the guidelines in that subroutine to implement your specific set of
reactions. This approach requires some knowledge from the user, but also provides complete
flexibility.

5.5 Stratosphere Ozone Profile Scheme

Stratospheric ozone presents several challenges for tropospheric photochemical modeling.
First, stratospheric-tropospheric exchange (STE) is an important source of tropospheric ozone,
but the STE process is complicated by the highly dynamic nature of the tropopause, which
varies substantially with latitude and season together with short-term spatial and temporal
undulations induced by mid-latitude baroclinic waves. These dynamics must be adequately
resolved by the grid and properly characterized by the meteorological data that drives the
chemical transport model. Second, global-scale models must chemically maintain or otherwise
specify stratospheric ozone concentrations to counter loss from the tropospheric sink. This
issue is less important for models applied at (or smaller than) continental scales because the
residence time of stratospheric air is typically a few days on limited-area domains and resupply
of stratospheric ozone via boundary conditions is far greater than loss to the troposphere.

Stratospheric chemistry is distinctly different from tropospheric chemistry. To avoid
complexities and extended run times from explicitly incorporating stratospheric chemistry,
tropospheric models often implement diagnostic methods or parametrizations that specify
stratospheric ozone concentrations and/or their flux across the tropopause. One popular
approach exploits observed correlations between lower stratospheric ozone concentrations
and a conserved metric from fluid dynamics called “potential vorticity” (PV) that can be used as
a tracer for stratospheric air (e.g., Xing et al., 2016).

For hemispheric applications, CAMx includes a simple scheme that defines stratospheric ozone
profiles based on independently derived inputs of time- and space-varying top boundary
conditions (Ramboll, 2019). The scheme is invoked by setting the namelist logical variable
Strat Ozone Profileto“.TRUE.”, which will interpolate ozone concentrations
between the model top and the vertical layer just above the diagnosed tropopause in each grid
column at each time step. The thermal tropopause is identified as the height at which the
resolved vertical temperature gradient first exceeds -2K/km and extends above that level for at
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least another 2 km (WMO, 1992). Ozone concentrations in each layer above that point are
reset to the linearly interpolated value at each model time step.

Hemispheric CAMXx applications should use the stratospheric ozone profile scheme, which
requires that ozone top boundary conditions are supplied to the model. We recommend
against using the scheme for urban to continental scale applications.

Note also that any approach where ozone concentrations are simply diagnosed or reset, as
described above, violates ozone mass conservation in stratospheric layers of the model. It is
therefore useful to consider the stratospheric ozone profile scheme as a multi-layer dynamic
boundary condition for the tropospheric layers where ozone mass continues to be conserved.

The Ozone Source Apportionment Technology (OSAT) has been updated to accommodate the
stratospheric ozone module. The top boundary ozone tracers in every stratospheric layer of
each grid column are reset to the diagnosed ozone values and all other ozone tracers are reset
to zero. This approach conforms to the OSAT requirement that all tracers sum to the core-
model value.
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6. SOURCE APPORTIONMENT

Photochemical grid models are often used to develop emission reduction strategies to attain air
quality objectives. Traditional methods involve running numerous iterative reduction or “zero-
out” simulations (i.e., “brute force” methods) to identify the contributions from specific
pollutants, source categories and source regions. This process quickly becomes impractical, but
the lack of such information might lead to implicating sources that contribute to a range of
pollutant levels or, conversely, not properly identifying sources that do contribute.

CAMXx includes a source apportionment (SAT) or attribution capability that estimates the
contributions from multiple source areas, categories, and pollutant types to the spatial and
temporal distribution of ozone and PM in a single model run. The main challenges in
implementing a methodology to track the relationships between separate groups of precursor
sources and subsequent non-linear formation of target pollutants include:

e Accounting not only for the presence of precursors from a given source region at a given
receptor location, but also accurately estimating their cumulative contribution to target
pollutants while they were en route to the receptor;

e Ensuring compatibility with the underlying air quality model formulation so that derived
source-receptor relationships are consistent with model results for total concentrations;

e Providing sufficient spatial and temporal resolution while managing, within practical
constraints, the computer resources required to run the source apportionment tool.

SAT uses sets of tracer species to track the fate of precursors from different sources and the
ozone and PM compounds formed from those precursors. The tracers operate as “spectators”
to the normal CAMXx calculations so that the underlying relationships between all sources and
concentrations are not perturbed. SAT tracers are not “passive”: rather they track the effects
of chemical reaction, transport, diffusion, emissions, initial/boundary conditions, and
deposition within a CAMx simulation and are thus referred to as “reaction tracers.” A source
can be defined in terms of geographical area (or region), emission category (or group), initial
conditions (IC) or boundary conditions (BC). Figure 6-1 provides an example of the way a CAMx
domain can be sub-divided into multiple emission areas — 40 in this example. Also, the
emission inventory could be sub-divided into several source categories; for example, three
emission categories (such as mobile, industrial, biogenic) over 40 source regions would produce
120 separate sets of emission tracers. All sources of precursors, ozone, and PM must be
accounted for, so CAMx IC and master grid BC are also tracked as separate source groups. The
methodology is designed such that all ozone, PM and precursor concentrations are attributed
among the selected source regions/groups/IC/BC at all times and throughout all grids. The
methodology also estimates the fractions of ozone formed en route under VOC- or NOx-limited
conditions, indicating whether ozone at a particular time and locations will respond to
reductions in VOC or NOx precursor emissions.

An important feature of the reaction tracer approach is that the normal CAMx calculations are
not perturbed; thus, SAT estimates the same total ozone, PM and precursor concentrations as

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 144 WWW.camx.com



July 2026 CAMXx User’s Guide Version 7.40

6. Source Apportionment

i

Figure 6-1. Example of the sub-division of a CAMx domain into separate areas for geographic
source apportionment.

CAMXx. Further, since the same inputs are used for meteorology, emissions etc., and the same
numerical methods are employed throughout the model, the source-receptor relationships
developed by SAT inherently have a high degree of consistency with those generated by CAMXx.
The biggest limitation of this (or any other) source apportionment approach relates to non-
linear chemical interactions between different sources, which by extension means that any
perturbation to the emissions or IC/BC changes source-receptor relationships and attribution in
a non-linear way. Thus, for pollutants like ozone and some PM, SAT results only apply to a
particular emissions scenario, and cannot be used to extrapolate effects resulting from
emission changes among the tracked source regions/groups.

6.1 Ozone Source Apportionment

Yarwood et al (1996a,b) developed an ozone source attribution approach that has become
known as the “Ozone Source Apportionment Technology” (OSAT). This method was originally
implemented in the Urban Airshed Model (UAM) and was built into the first version of CAMXx.
The second version (OSAT2 — although this term was not widely used) was released with CAMx
v4.20 in 2005 along with the addition of Particulate Source Apportionment Technology (PSAT).
The OSAT2 update accounted for simultaneous production and destruction of ozone by
photochemistry and tended to allocate less ozone to long-range transport (because of
destruction during transport) and more to local production. The third version (OSAT3) was
released with CAMx v6.30 in 2016, and includes an improved approach to handle NOx recycling
(Yarwood and Koo, 2015). The OSAT3 update tends to allocate more ozone to long-range
transport (due to contributions from NOx during downwind transport) and less to local
production.
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6.1.1 OSAT Formulation

The original OSAT uses four tracers per source region/group to account for contributions to
ozone formation. Ozone formation involves both NOx and VOC, and OSAT uses two tracer
families (Ni and Vi) to apportion NOx and VOC by source region/group i. The ozone formation
process is controlled by the relative availability of NOx and VOC, and so ozone formation is
described either as NOx-limited or VOC-limited, respectively. The ratio of the production rates
of hydrogen peroxide (H202) and nitric acid (HNO3s) is the indicator used to classify ozone
formation as being instantaneously limited by NOx or VOC. Ozone formation is classified as
being NOx-limited when P(H,02)/P(HNOs) > 0.35 (Sillman, 1995). When ozone production at a
given location and time is NOx-limited, it makes sense to attribute that production to source
region/groups based on their contributions to the local NOx, and similarly to attribute
production based on VOC contributions when ozone formation is VOC-limited. Consequently,
separate ozone tracer families (O3N; and O3V,) are used to track ozone formed under NOx and
VOC-limited conditions.

The OSAT tracers by source region/group i are:

N; Nitric oxide (NO) and nitrogen dioxide (NO3)

Vi vVoC

O3N; Ozone formed under NOx-limited conditions from N;
O3Vi Ozone formed under VOC-limited conditions from V;

The original OSAT tracer scheme is illustrated in Figure 6-2. Net ozone change due to chemistry
(AO3) is tracked by the tracer families O3N and O3V. Ozone destruction (AOs < 0) reduces all
O3N and 03V proportionately. Ozone production (AO3 > 0) is classified either as NOx-limited or
VOC-limited using the indicator AH,0,/AHNO3 and assigned either to O3N or O3V, respectively,
in proportion to the precursor tracers present, respectively N or V. The precursor tracers N and
V are removed by chemical decay.

AH,0,/AHNO,

o3V O3N

v AO, N

Figure 6-2. The original OSAT scheme for ozone apportionment. Information flows along
arrows. Changes in core model species are shown in blue, OSAT tracers are in black, the
diamond represents the OSAT algorithm that determines ozone tracer changes.
AH20,/AHNO:; is the indicator ratio used to determine NOx- or VOC-limited ozone production.
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6.1.2 OSAT2 Formulation

The original OSAT algorithm allocated the net ozone change (AOs) to tracers O3N and/or O3V.
However, ozone production and destruction reactions operate simultaneously and so the net
ozone change is the balance of production and destruction. For example, VOC oxidation can
cause photochemical ozone production at the same time that Oz + VOC reactions directly
consume ozone, and these processes may lead to a net ozone increase or decrease depending
mainly upon availability of NOx and sunlight.

OSAT2 accounts for the following ozone destruction mechanisms:

1) O3+ VOC reactions since these remove ozone;

2) O(3P) + VOC reactions since these effectively remove ozone;
3) O('D) + H20 reaction since this effectively removes ozone;
4) HOx + Os reactions that do not re-form ozone.

Ozone destruction is calculated as the smaller (i.e., more negative) of the sum of these four
mechanisms or AOs3. Ozone production is then calculated as the difference between AOs and
the ozone destruction. The O3V and O3N tracers are adjusted first for ozone destruction
(applied to all tracers) and second for ozone production (applied using the OSAT rules).

The amount of ozone destruction is calculated from the time-integrated rates of the four
chemical processes listed above. It is easy to account for processes 1-3 since the ozone
destroyed is simply the time-integral of the reactions involved. Process 4 is less easy to
guantify because ozone can be re-formed. For example:

O3+ OH - HO;

HO2 + NO - OH + NO;
NO2 +hv > NO + 0O
O0+02->0s3

However, process 4 is an important ozone destruction mechanism in low NOx (e.g., rural)
environments. Therefore, accounting for process 4 is important to understanding long-range
ozone transport. The main reaction pathways between ozone and HOx (OH and HO3) are
shown in Figure 6-3.

The ozone destruction rate due to O3 + HOx reactions is computed from:

Rate (HO, term)
Rate(r0, + NO) + Rate(1o, term)

O3 Destruction = Rate(p 4 pox) X

The OSAT2 tracers are the same as the original OSAT. The OSAT2 scheme for ozone
apportionment is illustrated in Figure 6-4. Ozone production and destruction are treated
separately and can occur simultaneously. Ozone destruction (-AO3) reduces all O3N and O3V
proportionately. Ozone production (+AQO3) is classified either as NOx-limited or VOC-limited
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Figure 6-3. Daytime reactions of ozone with HOx (OH and HO;) showing potential for
reformation of ozone or ozone destruction via peroxide formation.

-AO,
AH,0,/AHNO,
o3V O3N
Y +A0, N

Figure 6-4. The OSAT2 scheme for ozone apportionment. Information flows along arrows.
Changes in core model species are shown in blue, OSAT tracers are in black, the diamond
represents the OSAT algorithm that determines ozone tracer production. AH.0,/AHNO;3 is
the indicator ratio used to determine NOx- or VOC-limited ozone production.

using the indicator AH,0,/AHNO3 and assigned either to O3N or O3V, respectively, in

proportion to the precursor tracers present, respectively N or V. The precursor tracers Vand N
are removed by chemical decay.

6.1.3 OSAT3 Formulation

OSAT3 improves the accuracy of the OSAT methods by keeping track of the source(s) of ozone
removed by reaction with NO to form NO; and subsequently returned as ozone when NO; is
destroyed by photolysis. Accomplishing this objective requires maintaining source attribution
of odd-oxygen through the chemical reactions that link ozone, NO and NO;. This is illustrated in
the following chemical reactions where ozone is written as 000, NO; is written as ONO, and
the source attributed odd-oxygen is shown in red:
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NO + O00 - ONO
ONO+hv—->NO+0
0+ 00 - 000

Source attribution of the odd-oxygen content of NO; is performed by tracer families OON and
OO0V that are introduced in OSAT3. Two tracer families are needed in order to keep track of the
source profile of ozone consumed, which was represented by O3V and O3N.

Source attribution of the nitrogen in NO and NO2 must also be performed in order to apply the
apportionment algorithms that track ozone production using O3N and O3V. Accordingly,
OSAT3 simultaneously attributes both the N and odd-oxygen in NO; to sources, and the source
signatures of these two apportionments will almost always differ. This is illustrated below,
where chemical source attribution is shown in blue for nitrogen and red for odd-oxygen:

NO + O00 - ONO
ONO+hv—>NO+0O
0+ 00 -> 000

The chemical conversion pathways between oxidized nitrogen species (NOy) since CB6 are
summarized in Figure 6-5. Arrows show the direction of conversion, which is bi-directional in
some cases. Other chemical mechanisms have similar NOy conversion pathways. Also shown
in Figure 6-5 are the OSAT3 tracer families. Color coding shows the correspondence between
OSAT3 tracer families and the NOy species that they represent (note that the purpose for color
coding in Figure 6-5 is different from colors used in the chemical reactions above).

CB6 OSAT3
NO <—> HONO NIT
HNO, PAN HN3 TPN
T RNO, TN

Figure 6-5. Correspondence between NOy species since CB6 and tracer families in OSAT3
with conversions between species/tracers shown by arrows.

Tracking source attribution of nitrogen through all forms of NOy enables OSAT3 to account for
NOx recycling when NOXx is converted to another form of NOy (e.g., PAN or HNO3) and later
converted back to NOx. OSAT3 uses the following 10 tracers by source region/group i:

VOGCi VOC
NIT;  Nitric oxide (NO) and nitrous acid (HONO)
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RGN; Nitrogen dioxide (NO>), nitrate radical (NO3) and dinitrogen pentoxide (N20s)
TPN; Peroxyl acetyl nitrate (PAN), analogues of PAN and peroxy nitric acid (PNA)
NTR; Organic nitrates (RNO3)

HN3; Gaseous nitric acid (HNOs)

O3N; Ozone formed under NOx-limited conditions from N;

O3Vi Ozone formed under VOC-limited conditions from V;

OON; O0Odd-oxygen in NO, formed from O3N;

O0Vi 0dd-oxygen in NO2 formed from O3V;

The OSAT3 scheme for ozone apportionment is illustrated in Figure 6-6. The VOC precursor
tracer family V is unchanged in OSAT3 and removed by chemical decay, while the tracer N is
replaced with NIT. The fate of NOx emissions is tracked by the nitrogen tracer families NIT,
RGN, TPN, NTR and HN3. Ozone production and destruction are treated separately and can
occur simultaneously (as in OSAT2). Ozone production (+AOs) is classified either as NOx-limited
or VOC-limited using the indicator AH,02/AHNOs3 and assigned either to O3N or O3V,
respectively, in proportion to the precursor tracers present, respectively NIT or V. Ozone
destruction (-AOs3) reduces all O3N and O3V proportionately. When ozone destruction results
from reaction with NO to form NO;, the amounts of O3N and O3V removed are transferred to
the respective odd-oxygen tracers OON and OOV. When NO; is removed by photolysis to form
ozone, the amounts of OON and OOV removed are transferred to the respective tracers O3N
and O3V.

~AO,
AH,0,/AHNO,
o3v O3N
Y +AO, NIT ——

¢

OOV - OON - RGN
DA AN
HN3 TPN

\NTR<—

Figure 6-6. The OSAT3 scheme for ozone apportionment. Information flows along arrows.
Changes in core model species are shown in blue, OSAT tracers are in black, the diamond
represent the OSAT algorithms that determine ozone tracer production. AH,02/AHNO3 is the
indicator ratio used to determine NOx- or VOC-limited ozone production. RGN apportions
the nitrogen in NO; whereas OON and OOV apportion the odd-oxygen in NO,.
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6.1.4 Alternative Ozone Apportionment Using APCA

An alternative ozone apportionment technique called Anthropogenic Precursor Culpability
Assessment (APCA) differs from OSAT in recognizing that certain emission categories are not
controllable (e.g., biogenic emissions) and that apportioning ozone production to these
categories does not provide information that is relevant to development of control strategies.
To address this, in situations where OSAT would attribute ozone production to non-controllable
emissions, APCA re-allocates that ozone production to the controllable precursors that
participated in ozone formation with the non-controllable precursor. For example, when ozone
formation is due to biogenic VOC and anthropogenic NOx under VOC-limited conditions (a
situation where OSAT would attribute ozone production to biogenic VOC), APCA attributes
ozone production to the anthropogenic NOx present. Using APCA instead of OSAT results in
more ozone formation attributed to anthropogenic NOx sources and less ozone formation
attributed to biogenic VOC sources.

The only difference between APCA and OSAT is the algorithm used to allocate ozone production
under VOC or NOx-limited conditions. The OSAT3 update does not revise the allocation of
ozone production under VOC or NOx-limited conditions and therefore the APCA algorithm
works with the OSAT3 update.

6.2 Particulate Source Apportionment

Particulate Source Apportionment (PSAT) uses multiple tracer families to track the fate of
primary and secondary PM (Yarwood et al., 2004). PSAT is designed to apportion the following
classes of CAMx PM species (CF mode only):

e Sulfur

e Nitrogen

e Organic aerosol
e Primary PM

e Particulate mercury (HgP)

A single tracer family can apportion primary PM species whereas secondary PM species require
several tracer families to track the relationship between gaseous precursors and the resulting
PM. PNO3 and SOA are the most complex PM categories to apportion because the emitted
precursor gases (NO, VOC) are several steps removed from the resulting PM species (PNO3,
SOA).

The PSAT “reactive tracers” for each type of PM by source region/group i are described below.
All PSAT tracer names for particulate species begin with the letter “P” except for HOA..

Sulfur
S02; SO»
DMS; Dimethyl sulfide

PS4;  Particulate sulfate from primary emissions plus secondarily formed sulfate
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Nitrogen
NITi  Nitric oxide (NO) and nitrous acid (HONO)
RGN; Nitrogen dioxide (NO>), nitrate radical (NOs), and dinitrogen pentoxide (N2Os)
TPNi Peroxyl acetyl nitrate (PAN), analogues of PAN and peroxy nitric acid (PNA)
NTRi  Organic nitrates (RNO3)
HN3i Nitric acid (HNOs)
PN3i Particulate nitrate from primary emissions plus secondarily formed nitrate
NH3i Ammonia (NH3)
PN4i Particulate ammonium (NHa)
Organic Aerosols
ARO; Aromatic (benzene, toluene, xylene) secondary organic aerosol precursors
IVA;  IVOA aerosol precursor
SVA; SVOA aerosol precursor
ISP; Isoprene secondary organic aerosol precursor
TRP;  Monoterpene secondary organic aerosol precursor
APNi Terpene secondary organic aerosol precursor
SQT; Sesquiterpene secondary organic aerosol precursor
FV1i Fire VOC secondary organic aerosol precursor
HOA; Primary organic aerosol (HOA)
AG2; Condensable gases from aromatic precursors (associated with ACG2)
AG1l; Condensable gases from aromatic precursors (associated with ACG1)
BG2; Condensable gases from biogenic precursors (associated with BCG2)
BG1li Condensable gases from biogenic precursors (associated with BCG1)
PA2; Particulate organic aerosol from aromatics (associated with AOA2)
PAl; Particulate organic aerosol from aromatics (associated with AOA1)
PB2; Particulate organic aerosol from biogenics (associated with BOA2)
PB1i Particulate organic aerosol from biogenics (associated with BOA1)
PAO; Anthropogenic particulate non-volatile organic aerosol (AOAQ)
PBOi Biogenic particulate non-volatile organic aerosol (BOAO)
Primary Particulates
PECi  Primary elemental carbon
PFCi  Fine crustal PM
PFN; Other fine particulate
PCCi Coarse crustal PM
PCS; Other coarse particulate
PFEi  Iron
PMNi Manganese
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PMGi Magnesium
PK_i  Potassium

PCAi  Calcium

PALi  Aluminum

PSli  Silicon

PTIi  Titanium
Mercury

HGO; Elemental mercury vapor
HG2; Reactive gaseous mercury vapor
PHG; Particulate mercury

Both ozone and PNO3 are associated with NOx emissions. The oxidized nitrogen tracer families
for OSAT3 and PSAT are equivalent with the only difference being the additional tracer for
particulate species in PSAT. Therefore, PSAT uses the same OSAT3 tracer family for oxidized
nitrogen.

PSAT includes a total of 42 tracers for each source region/group if applied to all PM types.

Since source apportionment may not always be needed for all species, the PSAT
implementation is flexible and allows source apportionment for any or all of the chemical
classes in each CAMx simulation (i.e. the sulfur, nitrogen, SOA, primary PM, and mercury classes
listed above). For example, source apportionment for sulfur (without DMS) and nitrogen
requires just 10 tracers per source region/group.

A fundamental assumption in PSAT is that PM should be apportioned to the primary precursor
for each type of PM. For example, PSO4 is apportioned to SOx emissions, PNO3 is apportioned
to NOx emissions, PNH4 is apportioned to NH3 emissions, etc. As a source apportionment
method, PSAT must account for all modeled sources of a PM species. Consider two model
species A and B that are apportioned by reactive tracers aj and b;, respectively. Reactive tracers
must be included for all sources of A and B including emissions, initial and master grid boundary
conditions so that complete source apportionment is obtained, i.e., A = Za;and B = Zb;.

In PSAT, the general approach to modeling change over a model time step At is illustrated for a
chemical reaction A—B. The general equation for species destruction is:

a.
alt+At) = alt)+Ad——
2a
Here, the relative apportionment of A is preserved as the total amount changes. This equation
applies to chemical removal of A and also to physical removal of A by processes such as

deposition or transport out of a specific grid cell.

The general equation for species production (e.g., chemical production by the chemical reaction

AB) s blt+ar) = b(0)+aB"

i
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Here, production of B inherits the apportionment of the precursor A. The same equation
applies for “production” of B in a specific grid cell due to emissions or transport. For the case
where B increases due to emissions, a; is the apportionment of the emissions inventory. For
the case where B increases due to transport, a;is the apportionment of the upwind grid cell.

In some cases, source category specific weighting factors (w;) must be added to the equation

for species destruction:
Wiai

a,(t+At) = a,()+A
w;a,
An example is chemical decay of the aromatic VOC tracers (ARO), which must be weighted by
the average OH rate constant of each AROi. ARO tracers for different source groups have

different average VOC reactivities because the relative amounts of benzene, toluenes and
xylenes differ between source categories.

In some cases, source category specific weighting factors (w;) must be added to the equation
for species production:

w,a,;

b.(t+At) = b,(t)+AB

w;a;

An example is chemical production of condensable gases (CG1 or CG2) from aromatic VOC
tracers, which must be weighted by aerosol yield weighting factors. The aerosol yield weighting
factors depend upon the relative amounts of benzene, toluenes and xylenes in each source
group.

Several aerosol reactions are treated as equilibria, A¢<»B. If A and B reach equilibrium at each
time step, it follows that their source apportionments also reach equilibrium:

a(+At) = [a,()+b, (f)](A—ilBj
la,(0)+b,(t )](%)

b,(t+At)

Examples are the equilibrium between gas phase nitric acid and aerosol nitrate, gas phase
ammonium and aerosol ammonium, and condensable organic gases (CG) and secondary
organic aerosols (SOA).

6.3 Running CAMx With SAT

6.3.1 CAMXx Control File

Source apportionment is invoked similarly to the other Probing Tools within the CAMXx control
file. Inthe &CAMx Control namelist module, the variable Probing Tool must be set to
“SA” if OSAT, APCA or PSAT are to be run. An additional namelist module called
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&SA Control mustthen be provided in the control file to configure the SAT portion of the
model. The additional namelist module is described below. The order of the variables follows
the template available with the source code. Several examples of the SAT portion of the CAMx
run control file are shown in Figures 6-7a-c.

Description of SAT Control in the CAMx Run Control File

&SA Control Label for the Probing Tool namelist module that configures the
SAT option; it must begin in column 2

& Flag ending a namelist module; it must be in column 2

SA Summary Output Logical flag used to limit the species written to the tracer

concentration file to a subset of the SAT tracers. If set to true,
the output will be restricted to O3N and O3V for OSAT/APCA,
and the following species for PSAT: PS4, PN3, PN4, HOA, PAOQ,
PA1, PA2, PBO, PB1, PB2, PEC, PFC, PFN, PCC, PCS, HGO, HG2,

PHG
SA Treat SULFATE Class Logical flag to turn on the sulfate class of tracer species
SA Treat NITRATE Class Logical flag to turn on the nitrate class of tracer species
SA Treat SOA Class Logical flag to turn on the SOA class of tracer species
SA Treat PRIMARY Class Logical flag to turn on the primary PM class of tracer species
SA Treat MERCURY Class Logical flag to turn on the mercury class of tracer species
SA Treat OZONE Class Logical flag to turn on the ozone class of tracer species (uses
OSAT attribution by default)
SA Use APCA Logical flag to use APCA attribution rather than OSAT
(SA Treat OZONE Class must be setto TRUE)
SA File Root Character root output path/filename
SA Stratify Boundary Logical flag to stratify master grid boundary types

(TRUE=separate tracer types will be used for the North, South,
East, West and Top boundaries, FALSE=a single tracer type will
be used for all 5 boundaries)

SA Deposition Output Logical flag to output deposited tracer mass to a file
(TRUE=output deposited tracer mass, FALSE=do not generate a
tracer deposition output file)

SA Number of Source Regions Integer number of source regions for this run. This must be
the same as the number of source areas defined in the
SA Source Area Map file

SA Number of Source Groups Integer number of emission groups (categories) for this run.
Together with the Use Gridded Leftover Group flag,
this determines the number of gridded and point emission files
that must be supplied (additional details below)

Use Gridded Leftover Group Logicalflagto define a “leftover” gridded emissions group
(TRUE= calculate a “leftover” emissions group from the
difference between the sum of the SAT emission group files and
the regular or core model emission files, FALSE=do not calculate
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SA Receptor Definitions

SA Source Area Map

SA Use Partial SourceMap

Partial Source Area Map

SA PT Override

SA 3D Average

SA Initial Conditions

SA Boundary Conditions

SA Top Concentrations

SA Master Restart

SA Nested Restart

SA Points Group
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a “leftover” emissions group). This option does not apply to
point source groups.

Character input SAT receptor definition path/filename. (This is
an optional file)

Character array (by CAMx grid) input SAT original source area
definition path/filename uniquely assigning each grid cell to a
single source region (required for master grid, optional for
nested grids)

Logical flag for fractional (or partial) source region (or area)
maps (TRUE= use fractional maps, FALSE = use original source
area definition only)

Character array (by SAT emissions group and CAMXx grid) input
SAT fractional source area definition path/filename assigning
each grid cell to multiple source regions by emission group
(optional)

Logical flag to allow point source override (TRUE = look for and
use the point source override flags in sector-specific point
source files, FALSE = ignore point source override flags)

Logical flag to output 3-D SAT tracer concentrations (TRUE =
output 3-D concentrations, FALSE = output traditional 2-D
surface concentrations)

Character input master grid SAT initial conditions
path/filename, netCDF (ignored if blank and if
Restart=TRUE). The sum of tracers in this file must be
consistent with the initial conditions supplied to the core
model to ensure consistency.

Character input master grid SAT boundary conditions
path/filename, netCDF (ignored if blank). The sum of tracers in
this file must be consistent with the boundary conditions
supplied the core model to ensure consistency.

Character input master grid SAT top boundary conditions
path/filename, netCDF (ignored if blank). The sum of tracers in
this file must be consistent with the top concentrations
supplied the core model to ensure consistency.

Character input master grid SAT restart path/filename (ignored
if Restart=FALSE)

Character input nested grid SAT restart path/filename (ignored
if Restart=FALSE or Number of Grids=1)

Character 2-D array (by source group, by file) input SAT
elevated point source emissions path/filename, netCDF
(optional, ignored if Point Emissions=FALSE). These
files are used to define point source emissions for both SAT
and the core model to ensure consistency (core model inputs
are ignored).
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SA Emiss Group Grid Character 3-D array (by source group, by CAMx grid, by file)
input SAT 2-D or 3-D gridded emissions path/filename, netCDF
(optional, ignored if Gridded Emissions=FALSE). The
sum of gridded tracer emissions in these files must be
consistent with the sum of gridded emissions supplied to the
core model to ensure consistency. The difference between
gridded SAT and core model emission files determines
emissions for the leftover group when “leftover” is invoked —
see text).

Each partial source area map to be used in the run must be listed by source group and grid: e.g.,
Partial_Source_Area_Map(3,2) refers to SAT emissions group 3 and grid 2. These map files
must be listed in the same order as the group emission input files (i.e., the map assigned to
category 1 must be consistent with the emissions assigned to category 1).

6.3.2 Specifying Emission Groups

SAT can apportion ozone, PM and precursor concentrations among several emission categories
(or “groups”). To achieve this, the emissions for each group must be supplied in separate
emission files, both for low level (gridded) emissions for the master and each nested grid, and
for elevated point sources. These emission files must be in the CAMx gridded and point
emission file formats, as described in Section 3. If a category does not include point sources
(e.g. biogenics), the point source file name for the group should be left blank. If a category has
no gridded emissions, the gridded file name for the group should be left blank for all grids.

APCA requires at least two emission groups, and the first group must be biogenic emissions.

Point Source Groups: The list of point emission files supplied for SAT define the total input
point emissions for both the core model and SAT tracers. In other words, when SAT is run,
CAMx ignores the set of point emissions listed for the core model and uses the SAT list of
emissions instead. Therefore, it is important to ensure that all SAT point emission files
contain the entire set of emissions to be modeled. It is not necessary to provide a consistent
list of point sources among all the SAT point source files. The list of points to model are
determined from an internal concatonation of point source lists from each input SAT point
source file.

Gridded Emission Groups: The sum of gridded tracer emissions must be consistent with the
sum of gridded emissions supplied to the core model to ensure consistency. The difference
between gridded SAT and core model emission files determines emissions for the leftover
group only when “leftover” is invoked. Otherwise, any differences between total SAT and
total core model gridded emissions are reported as an error and the model will stop.

For example, in the case where emissions are tracked by three groups, three sets of point and
gridded emission files should be supplied to SAT. CAMXx also allows for an alternative option:
two sets of gridded emission files could be supplied, and the third group would be calculated
from the “leftover” emissions (i.e., the difference between the regular or core CAMx gridded
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emissions and the two specified emission groups for SAT). The leftover option is set according
to the input flag “Use Gridded Leftover Group”. If the leftover option is selected, the
model verifies that the leftover group is not too small to calculate within the numerical
precision of the computer (this also traps cases where the flag was set in error). If appropriate
conditions are not met, the model stops with a descriptive error message. If the leftover option
is not selected, any differences between total SAT and total core model gridded emissions are
reported as an error and the model will stop.

The leftover option is not available for point sources; all point source emissions to be tracked
by SAT and the core model must be provided in the SAT section of the CAMx control file.
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&SA Control

SA File Root

SA Summary Output

SA 3D Average

SA Stratify Boundary
SA Deposition Output
SA Number of Source Regions
SA Number of Source Groups
Use Gridded Leftover Group
SA Treat SULFATE Class

SA Treat NITRATE Class

SA Treat SOA Class

SA Treat PRIMARY Class

SA Treat MERCURY Class

SA Treat OZONE Class

SA Use APCA

SA Receptor Definitions
SA Source Area Map (1)

SA Source Area Map (2)

SA Use Partial SourceMap
Partial Source Area Map (1,1
Partial Source Area Map (1,2
SA PT Override

SA Initial Conditions
SA Boundary Conditions
SA Top_ Concentrations

SA Master Restart
SA Nested Restart

SA Points Group(l,1)
SA Emiss Group Grid(l,1,1)
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'./OSAT output/CAMx.O0SAT.020603",

.true.,
.false.
.false.
.false.
=19,

1,
.false.
.false.
.false.
.false.
.false.
.false.
.true.,
.false.

4

4

]
4

'./OSAT input/receptor.cities
'./OSAT input/OSAT.source.area.map',

] ]
4

.false.,
) ="', !
)

' I
.false.,

Map for SA group 1,
Map for SA group 1,

grid 1
grid 2

]
4

'./OSAT input/all ptemiss.020603',
'./OSAT input/all grdemiss.grdl.020603',

Figure 6-7a. An example of SAT input records in the CAMx run control file. The options for
this OSAT run are as follows: this is a two-grid run, master and nested grid surface

concentrations are written to 2-D
source regions, and one emission
Initial/boundary/top tracer conce

files, a single tracer type is to be used for all boundaries, 19
group containing all emissions (no leftover group).
ntrations are defined by the core model inputs. This is the

first day of the simulation (i.e., restart is false), so no OSAT restart files are supplied.
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&SA Control

SA File Root

SA Summary Output

SA 3D Average

SA Stratify Boundary
SA Deposition Output
SA Number of Source Regions
SA Number of Source Groups
Use Gridded Leftover Group
SA Treat SULFATE Class

SA Treat NITRATE Class

SA Treat SOA Class

SA Treat PRIMARY Class

SA Treat MERCURY Class

SA Treat OZONE Class

SA Use APCA

SA Receptor Definitions
SA Source Area Map (1)

SA Source Area Map (2)

SA Use Partial SourceMap
Partial Source Area Map (1,1
Partial Source Area Map (1,2
SA PT Override

SA Initial Conditions
SA Boundary Conditions
SA Top_ Concentrations

SA Master Restart
SA Nested Restart

SA Points Group(l,1)
SA Points Group(2,1)
SA Points Group(3,1)

SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid

&

'./OSAT input/receptor.cities ',

'./OSAT output/CAMx

.true.,
.false.
.false.
.false.

=19,

3,

.true.,
.false.
.false.
.false.
.false.
.false.
.true.,
.false.

4

4

4

4
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.OSAT.020604",

'./OSAT input/OSAT.source.area.map',

4

.false.,

)
)

A\l A\l

4
] ]

4

.false.,

! Map for SA group 1,
! Map for SA group 1,

grid 1
grid 2

./OSAT output/CAMx.OSAT.020603.sa.inst’,
./OSAT output/CAMx.0SAT.020603.sa.finst’,

./OSAT input/utils ptemiss.020604',
./OSAT input/other ptemiss.020604',

./OSAT input/bio.grdemiss.grdl.020604"',
./OSAT input/bio.grdemiss.grd2.020604"',
./OSAT input/utils.grdemiss.grdl.020604",
./OSAT input/utils.grdemiss.grd2.020604",

Figure 6-7b. As in Figure 6-7a, but in this case the run is a continuation day of a run with
three emission groups. The three emission groups are defined by supplying extra emission
files for point and area sources for each grid and setting the “Use_Gridded_Leftover_Group”
flag to TRUE so that the model calculates the third gridded emissions group internally. The
point source group 1 filename is blank because group 1 is a category with no point source

emissions (e.g., biogenics).
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&SA Control

SA File Root =

SA Summary Output

SA 3D Average

SA Stratify Boundary

SA Deposition Output

SA Number of Source Regions
SA Number of Source Groups
Use Gridded Leftover Group
SA Treat SULFATE Class

SA Treat NITRATE Class

SA Treat SOA Class

SA Treat PRIMARY Class

SA Treat MERCURY Class

SA Treat OZONE Class

SA Use APCA

SA Receptor Definitions
SA Source Area Map (1)

SA Source Area Map (2) =
SA Use Partial SourceMap =
Partial Source Area Map (1,1
Partial Source Area Map (1,2
SA PT Override =

SA Initial Conditions
SA Boundary Conditions =
SA Top_ Concentrations =

SA Master Restart =
SA Nested Restart =

SA Points Group(l,1)
SA Points Group(2,1)
SA Points Group(3,1)

SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid
SA Emiss Group Grid

&

'./OSAT input/receptor.cities
'./OSAT input/OSAT.source.area.map',

.true.,
.false.
.false.
.false.

=19,

3,

.false.
.true.,
.true.,
.false.
.false.
.false.
.true.,
.true.,

.false.,

)
)

A\l A\l

4
] ]

4

.false.,

'./OSAT output/CAMx.APCA.020604',

4

4

4

4

4

4

4

! Map for SA group 1,
! Map for SA group 1,

./OSAT input/utils ptemiss.020604',
./OSAT input/other ptemiss.020604',
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./OSAT output/CAMx.APCA.020603.sa.inst’,
./OSAT output/CAMx.APCA.020603.sa.finst’,

./OSAT input/bio.grdemiss.grdl.020604"',
./OSAT input/bio.grdemiss.grd2.020604"',
./OSAT input/utils.grdemiss.grdl.020604",
./OSAT input/utils.grdemiss.grd2.020604",
./OSAT input/othr.grdemiss.grdl.020604"',
./OSAT input/othr.grdemiss.grd2.020604"',

Figure 6-7c. This figure follows from Figure 6-7b: it is a continuation day of a 2-grid run with
three emission groups, and all three emission groups are defined explicitly by supplying extra
emission files; therefore, the “Use_Gridded_Leftover_Group” flag is set to FALSE. The point
source group 1 filename is blank because group 1 is a category with no point source emissions
(e.g., biogenics). APCA is used to attribute ozone sources, so biogenic emissions MUST be

present as group 1. PSAT will trace PM sulfate and nitrate species.
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The number of emission files that need to be supplied for different model configurations is
summarized in Table 6-1; the table also shows how the emissions groups are numbered, which
is reflected in the tracer species names (defined below).

Table 6-1. Numbers of emission file sets (i.e., gridded and point source files) needed for
different model configurations. APCA requires at least two emission groups, and the first
group must be biogenic emissions.

Number of Emission Use Gridded .Number.of. Nu.ml.)er of Point Nu..mtbering of
s R E T Grldded Emission | Emission File Sets Emission Grour.)s
File Sets Needed Needed and Tracer Species
n=1 Not Applicable 1 1 1
n>1 False n n 1,2,3,..n
n>1 True n-1 n 1,2,3,..n

6.3.3 Source Area Mapping

SAT can apportion ozone, PM and precursor concentrations among several geographic regions
within the modeling domain, as shown in Figure 6-1. SAT requires a digital map of the modeling
grid that defines how tracers are allocated spatially — this “source area map” file assigns each
grid cell to one or more geographic source regions. A source area map must be defined for the
master grid and optionally any nested grids. The source area map formats are identical among
all grids, but maps for nested grids must include the boundary (“buffer”) rows and columns.
The source regions defined on each nest take precedence over those defined for the master
grid. If a source area map is not provided for a specific nest then the source region definition
will be defined by the source area map for the parent grid.

There are two ways to define source area maps. The first (original) approach is to uniquely
assign the entirety of each grid cell to a single geographic region with which to apportion all
source categories present in that grid cell. The second option allows for the fractional
allocation of each grid cell to multiple regions, for example, in cases where several geopolitical
boundaries intersect within a single cell. Furthermore, separate fractional area maps may be
developed that uniquely define source region distributions for each emission category to be
tracked by SAT. The original source area maps are required to run SAT, but can be superseded
by the optional fractional source area maps. The original maps provide the default SAT region
definition in case a fractional region map file is not provided for one or more source categories.
If no fractional area maps are provided to CAMX, then the entire SAT treatment defaults back to
the original area map definition. CAMx includes reports in the output diagnostic file to allow
the user to review the SAT region configuration.

The original SAT map format is simple: an array of 3-digit integers (i3) spanning the entirety of a
particular CAMx grid. Figure 6-8 shows the source area mapping file for the single grid
corresponding to Figure 6-1. Since the CAMx domain in Figure 6-1 has 63 rows and 64 columns
of cells, the file shown in Figure 6-8 has 63 lines with 64 numbers on each line. The first
number in the top left corner always corresponds to the northwest corner of the domain. This
file is typically generated using GIS software by overlaying the modeling grid onto geopolitical
maps and using the dominant coverage in each grid cell as its source region assignment.
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Figure 6-8. Example of the original source area map file for the domain and source areas shown in Figure 6-1.
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To facilitate multiple intersecting regions within each grid cell, a fractional area map for a single
grid may include multiple “panels”, where the total number of panels is determined by the
maximum number of region overlaps found among all grid cells. For example, if a particular
grid cell contains a grid-wide maximum of four overlapping regions, then the fractional map
contains four panels, each listing one of the four regions and its fractional coverage in that cell.

The fractional SAT map file has the following format:

Loop over number of panels
/SRCMAPnn-mm/ Header keyword, where nn is source
category/group ID, mm is panel ID
Loop from ny grid rows to 1
(regn(i,j),frc(i,j),i=1,nx) Loop over nx grid columns,
500(i3,1x,f5.1)
End loop over rows
End loop over panels
/END/ End of file keyword

The integer variable array regn is the region index that exists in cell (1, 7) and the real variable
array frcis the fraction (percent) of cell (i, ) covered by that region. For non-zero cell
fractions, both regn and frc must be listed, otherwise regn is shown as 0 and frc is blank
to maximize visual clarity of the file. The total coverage among all regions in each grid cell
equals 100.0% when summed over all panels. An example is shown in Figure 6-9 for a small
grid of 10x10 cells.

/SRCMAP03-01/
5 100.0 5 100.0 5 100.0 5 100.0 5 25.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 25.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 30.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 35.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 50.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 60.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 80.0 6 100.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 100.0 5 20.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 100.0 5 50.0 6 100.0 6 100.0 6 100.0 6 100.0
5 100.0 5 100.0 5 100.0 5 100.0 5 100.0 5 60.0 6 100.0 6 100.0 6 100.0 6 100.0
/SRCMAP03-02/
0 0 0 0 6 75.0 O 0 0 0 0
0 0 0 0 6 75.0 0 0 0 0 0
0 0 0 0 6 60.0 O 0 0 0 0
0 0 0 0 6 65.0 0 0 0 0 0
0 0 0 0 6 50.0 O 0 0 0 0
0 0 0 0 6 40.0 O 0 0 0 0
0 0 0 0 6 20.0 O 0 0 0 0
0 0 0 0 0 6 80.0 O 0 0 0
0 0 0 0 0 6 50.0 O 0 0 0
0 0 0 0 0 6 40.0 O 0 0 0
/END/

Figure 6-9. Example fractional area map file for a small (10x10) grid. This file is for source
category/group #3 and includes 2 map panels. The grid covers source region #5 and #6 and
these regions overlap in the middle of the domain. Panel 2 shows just the remaining overlap
information for region #6.
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The original source area map, and possibly even the fractional map, may not adequately resolve
the region to which certain point sources should be assigned. To provide finer control of point
source assignments to geographic areas, the region index can be specified for any point source
(see file description in Section 3). This feature is referred to as “point source override.”

6.3.3.1 Generating Fractional Area Maps From SMOKE Reports

A Fortran tool called REGNMAP has been developed to support the development of fractional
area maps using information derived from the Sparse Matrix Operator Kernel Emissions
(SMOKE) processing system. SMOKE can be configured to output information to “report files”
that list the spatial allocation of county-level emissions to a particular modeling grid by criteria
pollutant (NOx, VOC, SOx, and PM). A separate fractional area map can be developed for each
source sector or group of sectors depending on how the user runs SMOKE and configures the
list of sectors to be tracked for SAT (e.g., consider spatial differences between urban area
sources and agricultural non-road sources). SMOKE spatial allocation reports must be invoked
in order to utilize the REGNMAP program to develop fractional area maps for CAMx.

Mobile emissions are not spatially allocated in the same way as non-road and stationary
sources, so SMOKE reports are not available for the on-road sector if SMOKE-MOVES is used.
Therefore, the on-road sector must continue to be tracked in SAT using the original source area
map. Additionally, SMOKE does not allocate elevated point sources to the modeling grid like
surface county-level sources, and so SMOKE spatial allocation reports are not available for point
sources. All category-specific point source files to be tracked by SAT are assigned to the original
region map definition by default, except for those individual point sources flagged for source
region override (see Section 3).

REGNMAP reads SMOKE spatial allocation reports for a specific modeling grid and source
category (or group of categories), extracts emissions data by grid cell and state/county Federal
Information Processing Standards (FIPS) code, and generates a fractional area map file for that
grid and source category/group. The list of SAT regions to process are externally defined as a
county or group of counties, a state or group of states, or all other undefined areas. REGNMAP
provides an option to select among the criteria pollutants NOx, VOC, SOx, or PM2.5 as the basis
to define the fractional grid cell areas in case the specific source category/group to be
processed is uniquely characterized by one of these species (e.g., NOx for mobile sources, SOx
for power plants). Alternatively, the user may select “All” criteria pollutants, in which case the
fractional allocation is based on the sum of all emissions reported per grid cell for that source
category/group. Additional information on how to run REGNMAP is provided with the
program.

6.3.4 Tracer Species Names

The names of tracer species uniquely identify the information carried by each species and
together identify the SAT configuration. Species names have ten characters or less, consistent
with the CAMx convention. The naming conventions are as follows:
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Emission Sources SSSeeerrr
where:
SSS Species type, e.g., NIT, VOC, O3V, O3N, PSO4, etc.
eee Emissions group
Single group: always 000
Multiple groups: 001, 002, 003, etc.
rrr Emisisons Region: 001, 002, 003, etc.
Examples: NOX000015,v0OC002015

Traditional Master Grid IC/BC from Core Model SSSeeerr
where:
SSS Species type, e.g., NIT, VOC, 03V, O3N, PS04, etc.
eee |[Cs: always 000
BCs not stratified by boundary: always 000
BCs stratified by boundary: WST, EST, STH, NTH, TOP
rr IC or BC
Examples: O3V000IC, O3NWSTBC
Note that ozone IC/BCs are evenly split between O3V and O3N.

SAT IC/BC from 1-way Nesting or External Model SSSeeerr
where:

SSS Species type, e.g., NIT, VOC, O3V, O3N, PS04, etc.

eee Apportionment sector: 001, 002, 003, etc.

rr ICor BC
Examples: O3V003IC,03N0O01BC
Note that IC/BC interface processors BNDEXTR and SAICBC define the list and order of
“apportionment sector”, which can be any combination of emission category, region or
external model sensitivity case; see the message files generated by these processors to
find how these tracer names cross reference to the external sectors. SAT IC/BC files are
described in more detail in Section 6.3.5.

6.3.5 SAT Initial/Boundary Conditions

In typical or standard applications, SAT tracks the contributions from initial/boundary
conditions (IC/BCs) that are supplied to the core model for the master (outermost) domain.
The IC/BC tracers propagate throughout all 2-way nested grids via internal boundary conditions,
a process that is transparent to the user. The tracers are simply labelled IC and BC, although BC
tracers can be stratified by north, south, east, west and top boundaries. The traditional IC/BC
tracer naming conventions are described in Section 6.3.4.

Traditional IC/BCs yield no information about where those concentrations originated and thus
cannot provide any apportionment information from outside the CAMx master domain.
Consequently, in the case of successive 1-way nested simulations, where CAMx is separately
run for a single grid at a time, tracer information cannot propagate grid-to-grid because each
grid is treated as its own singular master domain and traditional IC/BC inputs carry no
apportionment information.
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The introduction of SAT IC/BC files allows for apportionment information external to a CAMx
domain to transmit into the current simulation. For example, the SAT IC/BCs allow for 1-way
nested applications where three-dimensional SAT tracer output developed on a large domain
are translated to SAT IC/BC inputs for a subsequent run on a smaller domain. Those tracers
representing source apportionment tags from the large domain are then carried along with the
unique set of tracers for sources/regions within the smaller domain. Note that SAT IC/BC
tracers are carried throughout the master and all 2-way nested CAMx grids just as in the
traditional approach. Additionally, SAT IC/BC files accommodate the ability to transfer
apportionment information derived from third-party models (such as hemispheric or global
models) to continental/regional CAMx SAT applications. The SAT IC/BC tracer naming
conventions are described in Section 6.3.4. The sum of tracers in these files must be consistent
with (sum to) the IC/BC concentrations supplied to the core model to ensure consistency. In
other words, SAT IC/BC tracer concentrations must be derived from the same source of data
used to develop core model IC/BC input files.

Interface preprocessors are available to support CAMx-to-CAMx 1-way SAT nesting (BNDEXTR),
and global model-to-CAMx SAT nesting (SAICBC) as depicted in Figure 6-10.

1. BCs from one
parent CAMx

simulation with H-CAMx e e
SAT : > o
= ——— CAMx
SAT
¢ O3N O3N O3N
________________________________________________________________________________ R SAT
"""""""" H v v v
’—'—vl PS4 | PS4 | Ps4
2. BCs from o3 i
global model No2 > ' a b c
with zero-out - 03 »  NewBC BC categories
= = | Zero-out
" par NO Processor
S02 NO2

PAR
Global oo
Base
Global

Zero a Global
Zero b Parent Model

Nested CAMx

(® = Existing converter

Figure 6-10. Schematic of data flow and processing for 1-way nested source apportionment
boundary conditions. The top section shows a 1-way CAMx-to-CAMXx case (e.g., hemispheric
to regional, or regional to urban); the bottom section shows a case in which a set of third
party global model zero-out runs (e.g., from GEOS-Chem) are combined and transferred to a
CAMXx source apportionment run. The BNDEXTR interface program is used at locations noted
with (C), while an extra step labelled “New BC Zero-out Processor” is necessary for global-to-
regional downscaling using the SAICBC interface program.
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6.3.5.1 BNDEXTR Interface Program

BNDEXTR supports separate, 1-way nested CAMx applications by converting three-dimensional
output from one grid to IC/BCs for another grid, for both core model output and SAT. Itis
designed to maximize flexibility among grid projections and horizontal resolutions: it
interpolates three-dimensional concentration data from one projection/resolution to IC/BCs on
a totally different projection/resolution as long as the target grid fits within the larger grid. It
also generates time-varying BCs according to the output frequency of the three-dimensional
outputs. The same chemistry mechanism needs to be employed among all 1-way nested grid
runs because BNDEXTR does not perform unit conversions or species mapping.

When reading a 3-D SAT output file, BNDEXTR relabels each tracer from its original name, which
contains species, emission category index and region index, to a new IC or BC name where each
category/region pair is combined into a new index. In this way, no category/region information
is lost, just renumbered to fit the requirements unique to IC/BC tracer names. BNDEXTR echoes
the mapping from SAT tracer output names to IC/BC tracer input names as a record of this
translation. As an example, say that CAMx SAT is run tracking emissions from a matrix of 3
source categories and 2 regions. The O3N tracer class (ozone formed from NOx) will be
relabeled to a linear list of 6 new IC names as shown below (and same for BCs):

O3N001001 -> O3NO0O01IC (category 1, region 1)
O3N002001 - O3N002IC (category 2, region 1)
O3N003001 - O3NO0O03IC (category 3, region 1)
O3N001002 -> O3NO04IC (category 1, region 2)
O3N002002 -> O3NOO5IC (category 2, region 2)
0O3N003002 - O3NO0O06IC (category 3, region 2)

BNDEXTR generates SAT IC/BC files that include only the tracer classes found in the 3-D files
provided to it; therefore, if only OSAT is run then SAT IC/BC tracers are generated only for the
ozone and relevant precursor classes present, and no tracers for PM or precursors are
generated.

6.3.5.2 SAICBC Interface Program

SAICBC supports the global model interface option as depicted in the bottom portion of Figure
6-10. The program reads a set of individual IC/BC files that were extracted from a series of
global model brute force zero-out runs using one of Ramboll’s supported programs
(GEOS2CAMX) or other global-to-CAMx interface tool. Each run of SAICBC operates on either IC
files or BC files: the file type is determined automatically, so it is important not to mix IC and BC
files in the list of files to read. Finally, every input IC/BC file must provide a consistent list of
chemical species for a single chemistry mechanism — do not mix files representing different
chemical mechanisms.

SAICBC then processes the IC/BC input data in the following steps:

1) Computes the differences between the “base case” input file (i.e., full emissions run) and
each zero-out case file and makes them positive definite;
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2) Subtracts the sum of all zero-out case files from the base case file to obtain the “leftover”
group;

3) Converts from mechanism-specific CAMx model species (e.g., CB6r5-CF3) to SAT tracer
classes (03N, O3V, PS4, etc.) using the CAMx SAT mapping scheme selected by the user;
and

4) Outputs the CAMx SAT IC or BC file for direct input to CAMx.

SAICBC assumes that the global model zero-out simulations (scenarios) are all mutually
independent (i.e., no two scenarios zero-out the same emission source) and are all relative to
the same base case. An example of O3N IC tracer names from a global model base case and 3
zero-out scenarios is shown below:

File 1: BASE
File 2: SCENARIO1
— SAT Group 1: BASE - SCENARIO1 (O3N0O01IC)
File 3: SCENARIO2
— SAT Group 2: BASE - SCENARIO2 (O3N002IC)
File 4: SCENARIO3
— SAT Group 3: BASE - SCENARIO3 (03N003IC)
—> SAT Group 4: BASE - Group1 - Group2 - Group3 (O3N004IC)

"Composite" case zero-out scenarios are not allowed because they cannot be translated to SAT
groups without also supplying a potentially complicated set of differencing instructions. An
example of a composite set of scenarios is shown below:

File 1: BASE

File 2: SCENARIO1

File 3: SCENARIO1 + SCENARIO2

File 4: SCENARIO1 + SCENARIO2 + SCENARIO3

SAICBC echoes important diagnostic messages to standard output, reporting which species are
found on the input files, and how they are mapped (or not) to the SAT tracer classes. SAICBC
generates SAT files for CAMx that include all possible tracer classes for the specified chemical
mechanism, so that only one run of the preprocessor is needed to support CAMx SAT
applications for any subset of tracer classes. If any chemical species are missing in the input
files supplied to SAICBC, their contributions to the related tracer classes are set to zero. This
means that some tracer class concentrations may be zero if none of the constituent species are
found on the input IC/BC files. For example, mercury (Hg) is typically not included in global
model output, but SAICBC will continue to generate Hg tracer class inputs for CAMx that are
filled with zeros.

6.3.6 Receptor Definition

Tracer concentrations can be optionally output to a text file for selected receptor locations at
the model’s output frequency (usually 1 hour). The receptors for each model run are defined in
the “receptor definition” input file. Three types of receptors are supported:
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POINT a point specified in the CAMx projection coordinate system.
Concentrations at the point are determined by bi-linear
interpolation of the surrounding four surface grid cells.

SINGLE CELL a single surface grid cell identified by grid cell index.

CELL AVERAGE a group of surface grid cells identified by a range of grid indices
that are averaged together to provide multi-cell average tracer
concentrations.

WALL OF CELLS a group of grid cells identified by a range of grid and layer indices
that define a wall (i.e., a flux plane).

For the receptor types that are defined by grid cell it is necessary to specify the grid containing
the receptor on the receptor definition record. Grid numbers are defined using the internal
CAMXx grid ordering. The grid numbering as defined by CAMx is shown in a table in the .diag
file. Each receptor can be identified by a 10 character name. The formats for specifying each
receptor type are given in Table 6-2. An example receptor file is shown below:

POINT City 1 1024.0 -272.0
SINGLE CELL Cell 1 1 45 18
CELL AVERAGE Region 10 2 8
31 19
32 19
33 19
34 19
31 18
32 18
33 18
34 18
WALL OF CELLS Boundaryl 2 10 20
18 18

6.3.7 Output File Formats

SAT writes several output files in netCDF formats, as described in Section 3. These include the
master and nested grid tracer instantaneous concentration files (. sa.inst and
.sa.finst), the grid-specific 2-D surface or 3-D tracer average concentration file
(.sa.grdnn), and the grid-specific surface deposited mass file (. sa.depn.grdnn). In
addition, SAT writes out tracer concentrations for selected receptor locations to an text file
(.sa.receptor). The naming conventions for tracer species and the format of the receptor
concentration file are discussed below.

6.3.7.1 Receptor Concentration File

Tracer concentrations at user-specified receptor locations are output to the “receptor
concentration” file. The file is in comma delimited text format suitable for importing into a
spreadsheet. An example output file is shown in Figure 6-11. Two header lines at the top of
the file identify the model version and the date the run was performed. Next, two lines identify
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Table 6-2. Format for the receptor definition file.

Receptor Type Line Columns Data

POINT 1 1-15 The word “POINT”
1 21-30 Receptor name
1 31-40 X co-ordinate
1 41-50 Y co-ordinate

SINGLE CELL 1 1-15 The word “SINGLE CELL”
1 21-30 Receptor name
1 31-40 Grid Number
1 41-50 X cell number
1 51-60 Y cell number

CELL AVERAGE 1 1-15 The words “CELL AVERAGE”
1 21-30 Receptor name
1 31-40 Grid number
1 41-50 The number of cells to average (M)

2-M 1-10 X cell number
2-M 11-20 Y cell number

WALL OF CELLS 1 1-15 The words “WALL OF CELLS”
1 21-30 Receptor name
1 31-40 Grid number
1 41-50 X-cell begin
1 51-60 X-cell end
2 41-50 Y-cell begin
2 51-60 Y-cell end
3 41-50 Z-cell begin
3 51-60 Z-cell end

the time period covered by the file and the averaging interval (generally one hour, determined
by the CAMXx simulation control file). Next, three lines define the SAT configuration, followed
by the numbers of tracer species that result from this configuration. The names of each tracer
species are listed by tracer type: the order in which species are listed here is the same as the
order in which tracer concentrations are given later in the file.

The tracer species names are followed by the number of receptors and receptor names as
specified in the “receptor definition” file. The tracer concentrations are reported in blocks with
a date and time stamp at the head of each block. Within each block, receptors are reported in
numerical order. For each receptor, there are data for the tracer species identified at the
heading “Tracer Names”. All values are in CAMx units of ppm or pug/m?3 for gases and pg/m3 for
PM.

6.3.8 Postprocessing

The tracer concentrations in the gridded surface concentration files can be displayed using any
post-processing software normally used for displaying CAMx average file output formats.

The receptor concentration file contains information for all receptors and all hours within the
model run that created the file. It is left to the user to develop post-processing tools to analyze
the information contained in this file.
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CAMx 7.30 - Mechl CF CB6r5 SA.OMP, Source Apportionment, SA 240624,
Wed Mar 31 13:18:53 2021

File Duration , 02154, 0.00, 02154, 24.00,
Average Interval , 1.0000
Number of timing periods , 0
Number of source areas , 4
Number of emission groupings , 4
Number of tracer species , 180
Number of VOC species , 18
Number of O3N species , 18
Number of O3V species , 18
Number of OON species , 18
Number of OOV species , 18
Number of NIT species , 18
Number of RGN species , 18
Number of TPN species , 18
Number of NTR species , 18
Number of HN3 species , 18
Number of INERT TIME species , 0
Number of DECAY TIME species , 0
Tracer Names,

vOoc000IC ,VOC000BC,VOC001001,VvOC001002,V0OC001003,Vv0OC001004,VvVOC002001, ...

O3N000IC ,03N000BC,03N001001,03N001002,03N001003,03N001004,03N002001,...

0o3v000IC ,03V000BC,03v001001,03v001002,03v001003,03v001004,03v002001,..
(List continues for remaining tracer species names)

Number of receptors , 4
No, Name, Type, Grid#, Xloc, Yloc,
1, City 1 , 0, , 1024.0, -272.0,
2, Cell 1 , 1, 1, 45, 18,
3, Region 10, 8, 2, 31, 19,
32, 19,
33, 19,
34, 19,
31, 18,
32, 18,
33, 18,
34, 18,
4, Boundaryl, 3, 2, 10, 20,
18, 18,
1, 5,
Time Varying Tracer Data,
Data for Period, 02154, 0.00, 02154, 1.00,
Receptor, 1,
1.3265E-02, 1.3544E-09, 1.0000E-16, 1.0974E-15, 1.0000E-16, 1.0000E-1l6,..
1.2237E-01, 3.3869E-08, 1.0000E-16, 1.6165E-14, 1.0000E-16, 1.0000E-16,..
8.7304E-02, 1.1926E-08, 1.0000E-16, 1.0000E-16, 1.0000E-16, 1.0000E-1l6,..
9.0300E-02, 1.5269E-08, 1.0188E-16, 2.6997E-15, 1.0213E-16, 1.0162E-16,..
1.0036E-16, 4.0640E-15, 1.0036E-16, 1.0036E-16, 1.0036E-16, 1.0029E-16,..
1.0000E-16, 3.7563E-15, 1.0000E-16, 1.0000E-16, 1.0000E-16, 1.0000E-16,..
Receptor, 2,

(File continues with data for remaining receptors and hours)

Figure 6-11. Example receptor concentration file. Lines ending with “...”
the page, and the file would continue with data for additional receptors and hours in the

same format.
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6.4 Steps in Developing Inputs and Running SAT

Below is a simple methodological list of steps to follow in setting up and running SAT. The
process is similar among the OSAT/APCA, PSAT, and DDM Probing Tools.

1)

2)

3)

4)

5)

6)

Define the source groups and regions that you wish to track. Keep in mind that memory
resources increase dramatically as the number of tracers grows. Probing Tool
applications with large numbers of tracers, tracer classes, nested grids or grid cells may
exceed available memory.

Build a source region map (Figure 6-8) that defines the spatial allocation of tracer
emissions. For small domains or small number of regions, this can be done by hand. We
suggest using GIS software to develop complex source region maps on large grids.

Process the emissions inventory into the separate source group files that you want to
track (e.g., mobile, area, point, biogenic, etc.).

a) Consideration of potential source apportionment or sensitivity applications prior to
any emissions processing can be very beneficial so that files by group are available
for later use.

b) Elevated point sources will automatically be assigned to the source region in which
they reside. However, you may override the region to which each individual point
source is assigned (see Section 3, Elevated Point Source File). A point source region
does not need to be defined in the source region map, e.g., you could have a map
with two regions that split the domain in half, with a third region assigned arbitrarily
to represent elevated point sources only.

Edit the CAMx control namelist file (Section 2).

a) Setthe Probing Tool variable to “SA”; this will activate the §SA Control
namelist module.

b) Editoraddthe &§SA Control namelist module (described earlier). Provide the
required information.

c) Note that APCA requires that the biogenic emission files for each grid are listed first.
Several examples are shown in Figure 6-7.

Configure the CAMx source code to define the number of tracers and build an
executable. This will ensure that you have sufficient memory for the Probing Tool
application.

a) Editthefile Includes/camx.prm

b) Change the parameter MXTRSP, following the instructions provided in the file.
CAMx is distributed with MXTRSP=1 to minimize memory requirements for
standard applications of the model. If you run SAT with an insufficient value, the
model will stop and tell you the required value of MXTRSP for your application.

c) Execute the CAMx Makefile to build an executable program (Section 2).

Run CAMx and review the diagnostic output files to ensure that the model is correctly
interpreting and running the Probing Tool configuration that you have specified. Ensure
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that CAMx is generating the proper output files that you are expecting. Review the
table of emissions by source group and region.

7) Review gridded tracer fields using commonly available plotting programs. Utilities such
as PAVE or Verdi will read Probing Tool files directly. Use of any other software may
require specialized re-formatting procedures.

8) You may post-process and analyze SAT receptor files using your own spreadsheet or
database software.

9) Probing Tool gridded tracer output files are written in netCDF format as the regular
CAMXx concentration output files. You can post-process gridded output fields using any
software that reads CAMx files, or you can adapt those programs or build your own
software to generate specialized analysis and graphical products.
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7. DECOUPLED DIRECT METHOD FOR SENSITIVITY ANALYSIS

Sensitivity analysis has been traditionally employed for model performance evaluation and
emission control strategy design. The simplest approach to sensitivity analysis, often referred
to as the “brute force” approach, involves changing a model input parameter, rerunning the
model, and then evaluating the change in model output for each parameter to be investigated.
For example, a model performance evaluation may use sensitivity simulations to evaluate the
impact of changing initial or boundary conditions (ICs and BCs), certain emission sectors, etc.
Control strategy evaluation may reduce VOC and NOy emissions to determine strategies that
are most effective in reducing ozone.

The advantages of the brute force method for sensitivity analysis are:

e Applicable to any model input parameter;
e Results are conceptually easy to explain and interpret.

The limitations of the brute force method are:

e Computationally inefficient;

e Sensitivity depends upon the magnitude of the perturbation if the model response is non-
linear;

e Sensitivity derived from small perturbations may contain significant levels of uncertainty
(numerical noise).

The last two points bear further explanation. If the model response to an input parameter
depends upon non-linear components within the model (e.g., chemistry), then the relative
magnitude or even sign of the output response may change for perturbations of different sizes.
An example is the ozone response to NOy reductions in a VOC-limited environment: smaller
reductions in NOx emissions increase ozone levels whereas larger NOx reductions decrease
ozone.

This situation can be illustrated mathematically. We define a “sensitivity coefficient” (s) which
represents the change in concentration (c¢) with respect to some input parameter (1), evaluated
relative to the base state (1=/o),

ac
ol

In general, A can be a vector (denoted as 4), which contains multiple parameters related to
processes in the model (e.g., rate constants, deposition) or inputs to the model (e.g., emissions,
initial/boundary conditions). The concentration response to a change in A can be represented
by a Taylor series of sensitivity coefficients:

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 175 WWW.camx.com



July 2026 CAMXx User’s Guide Version 7.40

7. Decoupled Direct Method

c(?_C,t;/_l) = c()_c,t;,_”to) +zn“@ (/11‘_}%-0)
S04,
&S Oc
+5,~Z_1:jz_1: 0404, G _iio)(ﬂ“f _ijo)

+third and highgr order terms...

where n is the number of A4 vector elements, x is the spatial dimension vector, and tis time. In
the ozone sensitivity example above, the non-linear ozone response to large NOx emission
reductions indicates that high-order sensitivity coefficients (curvatures and inflections) are
significant relative to the first order sensitivity (linear response). As the magnitude of the input
perturbation tends to zero, the output response will become dominated by the first-order
sensitivity. Therefore, small changes in the input parameter may be required to use the brute
force method to estimate the first-order (local) sensitivity. The practical limitation to this
approach is that small levels of numerical uncertainty (noise) in two very similar outputs will
contaminate the sensitivity calculation.

An alternative methodology for evaluating model sensitivity was developed by Dunker (1980,
1981) called the decoupled direct method (DDM). The DDM can be used to calculate the same
type of sensitivity coefficient as the brute force method. The difference is that with DDM,
sensitivity coefficients are calculated explicitly by specialized algorithms implemented in the
host model. Thus, the DDM offers several advantages over the brute force method:

e Improved computational efficiency, especially as multiple sensitivities can be calculated
simultaneously;

e Improved accuracy since sensitivities are not contaminated by numerical noise.

7.1 Implementation

The original CAMx implementation of the DDM considered only first-order sensitivity for gas-
phase species. Dunker et al. (2002) performed a rigorous analysis of DDM and demonstrated
excellent agreement against brute force tests. The first-order DDM sensitivity was then
extended to PM species (Koo et al., 2007b,2009). High-order DDM (HDDM; Hakami et al., 2003;
Cohan et al., 2005) has since been implemented in CAMXx, which enables second-order
sensitivities for gas-phase species (Koo et al., 2007a,2008). In the following discussion we use
the term DDM generically to mean first and/or higher order sensitivity.

The CAMx DDM calculates concentration sensitivity to several inputs (i.e., emissions, ICs and
BCs) and to several internal processes (deposition, chemical rate constants, and chemical
product terms). The sensitivity to be evaluated may bear a simple relationship to a model input
parameter, such as scaling ozone BCs by a factor (BCrew = 4 x BCp), or additively increasing the
ozone BC’s by a constant amount everywhere (BCpew = A + BCp). To allow complete flexibility,
the sensitivity perturbations are specified by providing additional IC, BC, and/or emission input
files with the same format as the regular model input files.
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As a result, the user can perform many different sensitivity calculations in a single run according
to the content of the DDM input files. For example, if the same BC file is specified for both
CAMx and DDM, the output sensitivity fields represent the sensitivity of the predicted
concentrations to those particular BCs. Simply scaling the output sensitivity coefficients fields
provides the incremental concentrations resulting from scaling the BCs. If a DDM BC file
contains constant concentrations everywhere, the sensitivity will correspond to a uniform
absolute increase in the BCs rather than a percentage increase as described above. Another
possibility includes a DDM BC file with a different spatial pattern than the CAMx input file. The
sensitivity coefficient would then correspond to changing both the geographic distribution and
magnitude of BCs. In short, the DDM input files can be arbitrary — different from the CAMXx
input file in the overall magnitude of concentrations or emissions, different in the geographic
and temporal distribution, and different in the relative proportions of the chemical species.
However, the user must understand what perturbations are being considered in order to
properly interpret the resulting output sensitivity coefficient fields.

In mathematical terms, a regular model input file, for example the BC input file, represents
some set of functions of space and time fi(x,t), where each chemical species j can be defined by
a unique function. An additional input file provided to the DDM represents another set of
functions of space, time, and chemical species gi(x,t) that can be different from the regular
input file. The scalar parameter A;is then defined by

E()_C,t) = .fi()_c’t)+ /lixgi(')_cﬁt)‘

Here, Aixgi(x,t) is the perturbation, and the user desires information on how the model would
respond if the input fi(x,t) is replaced by the input Fi(x,t). In the case of sensitivity to rate
constants, no user-defined input file is provided and the perturbation is always defined as Aixk
where k is a vector of selected rate constants. The DDM calculates the first-order sensitivity
sil(x,t) and second-order sensitivity s{?)(x,t) with respect to the scalar parameter 4. The Taylor
series to second order then gives the estimate:

oletd) = ¢(x64,=0)+2xs" (z,t)+%ﬂf xsi? (x,2)

where c/(x;t;1;) is the estimated model result for species / when Fi(x,t) is used as input, and
ci(x,t;4i=0) is the base case model result when fi(x,t) is used as input.

For example, to calculate the sensitivity of the predicted ozone concentration to scaling
boundary ozone by a factor, CAMx would be provided with a DDM BC file that has the same
ozone values as the regular model BC file. The sensitivity coefficient fields output by CAMx
could then be used to estimate the resulting ozone concentration if the ozone BCs were
increased by 20%, as follows (for simplicity hereafter, the dependence on space, time, and
chemical species will be omitted):

1
Cron = Cpo+02xsP+ 5><0.22 x s
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To calculate the sensitivity of the predicted ozone concentration to increasing boundary ozone
by 10 ppb, CAMx would be provided with a DDM BC file that has a constant ozone value of 10
ppb. The sensitivity coefficient fields could be used to estimate the ozone concentration if the
ozone BCs were increased by 10 ppb as follows:

1
Crotg = Cpo+1xsV+ 5X12 x5t
where each sensitivity is calculated according to the 10 ppb addition carried in the DDM BC file
(thus sensitivities are scaled by unity). An alternative approach would be to provide CAMx with
a DDM BC file that has a constant ozone value of 1 ppb, and to estimate ozone response if the
ozone BCs were increased by 10 ppb would require that each sensitivity above be scaled by 10.

These are examples of relatively simple sensitivities. A more complex example would be to
calculate ozone sensitivity to scaling morning (6-9 AM) NOx emissions in a specific group of grid
cells. In this case you would provide CAMx with a DDM emissions file where all values are zero
except for the NOx emissions in the selected grid cells between 6 AM and 9 AM, which would
have the same value as the regular emissions file. The sensitivity coefficient could be used to
predict the concentration after a scalar change (1) in the morning NOx emissions using the
same general equation as given above:

1
c, = C_o+AxsV+=xs?
B 2

Any type of sensitivity perturbation can be described via an input file. However, the CAMx user
interface also provides easy ways to define some sensitivities that are likely to be used
frequently. In the first example above, the DDM BC file was described as having the “same
ozone values as the regular model BC file.” To avoid the effort of preparing an input file that is
trivially different from the regular model file, the user interface allows you to select specific
species from an input file to track - in this case ozone. It is possible to separately track the
sensitivity to more than one species from the same file (e.g. ozone and NO). It is also possible
to track the combined sensitivity to a group of species, such as NOx, VOC, HRVOC, or ALL. The
user interface also provides a simple way to track sensitivities to emissions from specific sub-
regions.

7.1.1 Tracking Sensitivity Coefficients Within CAMXx

DDM sensitivity coefficients are calculated in parallel to the core CAMx processes (emissions,
advection, diffusion, chemistry, deposition, etc.) that step the three-dimensional concentration
fields forward in time. For some processes (e.g., chemistry), the sensitivity routines make use
of information saved from the corresponding core model routines in cases where the results
depend non-linearly upon species concentrations. In other cases, the sensitivity algorithm is
identical to the CAMx algorithm and both concentrations and sensitivity coefficients are
processed by the single routine.

Priorities in the DDM coding implementation were:
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e Ensuring accuracy by using consistent numerical methods for the concentrations and
sensitivities;

e Ensuring accuracy by calculating the concentrations and sensitivities within the chemistry
solvers over the same chemistry sub-steps;

e Optimizing the efficiency of the sensitivity coefficient calculations without compromising
accuracy;

e Providing a flexible User Interface that allows calculation of sensitivities to all sources and
precursors;

e Ensuring that the DDM algorithms have minimal impact on computer resource
requirements (memory and CPU time) when the DDM is not being used.

DDM and HDDM can be used with any of the transport solvers available in CAMx except for the
sub-grid convection scheme (CiG). DDM is implemented for the EBI chemistry solver but cannot
be used with LSODE. However, HDDM can be used with EBI or LSODE. Both DDM and HDDM
can compute first-order sensitivity coefficients, but DDM is more accurate than HDDM because
DDM has superior time-integration of sensitivity coefficients in the EBI solver. DDM optionally
calculates species concentration sensitivity to specific reaction rates and specific reaction
product terms. DDM optionally calculates species concentration sensitivities to dry deposition
velocities from either the Wesely (1989) or Zhang et al. (2003) schemes. Deposition
sensitivities can track how a given species concentration responds to a change in the deposition
velocity for that same species or any other influencing species.

7.1.2 Flexi-DDM

Although DDM is computationally much more efficient than the brute force method, it does
require much more additional CPU time and memory space over and above a standard CAMx
run, which can be significant especially when many first and second-order sensitivities are
requested for a multiple grid run with multiple source categories and multiple source regions.
The increased computational cost may not always be worthwhile if only part of the modeling
domain is of interest. One way to enhance computational efficiency in such cases is to use one-
way nesting, where BCs for a nested grid are extracted from the parent grid, and so subsequent
runs with sensitivities are performed without outer grids. However, differences between the
two nesting schemes (i.e. 1-way vs. 2-way) sometimes cause discrepancies in the model results.
An alternative approach is to run the full 2-way nested model while “turning off” sensitivity
calculations outside nested grids of interest.

CAMXx provides a feature called “Flexi-DDM”, which allows the user to turn off sensitivity
calculations for selected grids (normally grids far outside the area of interest) to improve
computational efficiency of DDM runs (at the expense of accuracy). This reduces CPU times but
will not reduce memory requirements. Also, note that turning off sensitivity calculations for
outer grids is only appropriate for certain types of sensitivity calculations: e.g., sensitivity to
master grid BCs cannot be calculated with Flexi-DDM.
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7.1.3 Chemical Sensivitiy Analysis

Chemistry Sensitivity Analysis (CSA) is a component of DDM that calculates the sensitivity of
species concentrations (e.g., ozone formation rate) to any set of rate constants and reaction
stoichiometric coefficients defined in the gas-phase chemical mechanism. Unlike the standard
DDM, chemical sensitivities are determined within a set of user-defined grid cells. Therefore,
CSA provides computational efficiency comparable to box models while maintaining a complete
sensitivity integration within CAMx. The CSA option is invoked in the CAMx control namelist
and configured from variables set within a separate namelist module as described below. CSA
operates only for gas-phase chemistry and cannot be invoked if aerosols are run. CSA is
currently not allowed with MPI parallelization but can be used with OMP parallelization.

CSA is complementary to Chemical Process Analysis (CPA; Section 8), which reports rates of
individual reactions or groups of reactions to help retrospectively understand oxidant
chemistry, such as ozone destruction and production rates, that occurred within a given
simulation (i.e., why the model generated a particular result). By contrast, CSA reports how
species concentrations would change if chemical parameters were modified (e.g., how ozone
changes as a specific rate constant is increased). A prime example of CSA’s utility is providing
information on the range of mechanism uncertainty. As another example, CSA can distinguish
the least and most important reactions, thereby providing guidance in selectively reducing
mechanism complexity and increasing efficiency.

CSA is computationally efficient and does not require exceptional computing resources. The
method provides flexibility in the choice of grid cells for analysis. Because the sensitivities are
calculated at a subset of the cells in the 3-D grid, CSA is significantly more efficient than
calculating the same number of sensitivities in a standard DDM application. This added
efficiency can be used to calculate more sensitivities with CSA than would be possible
otherwise with typical constraints on computer time and memory.

In its developmental application addressing chemical mechanism uncertainty (Dunker et al.,
2019b), CSA was applied to 697 chemical mechanism parameters, namely 230 first-order rate
constant sensitivities, 15 second-order rate constant sensitivities, and 452 first-order
sensitivities to product stoichiometric coefficients. This entailed simultaneously computing
59,942 sensitivities (i.e., the sensitivity of 86 CB6r5 species to 697 parameters) in each of 630
grid cells selected for analysis. The large multi-grid CAMx simulation with CSA required 2.5
hours to simulate one day compared to 1.3 hours without CSA, just a factor of 1.9 times longer.
By contrast, a standard DDM application with a similar number of sensitivities would be
practically impossible.

7.2 Running CAMx With DDM and CSA

The DDM user interface was designed along similar lines to the Source Apportionment (SAT)
user interface. This makes it easier to learn how to use both options and promotes consistency
in analyses performed using SAT and DDM. DDM is invoked similarly to the other Probing Tools
within the CAMx control file. Inthe &CAMx Control namelist module, the variable
Probing Tool must be set to either “DDM” to utilize the original first-order
implementation, or “HDDM” to utilize the high-order implementation. An additional namelist
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module called §DDM Control must then be provided in the control file to configure the DDM
portion of the model. The additional namelist module is described below. The order of the
variables follow the template available with the source code. An example of the DDM portion
of the CAMXx run control file is shown in Figure 7-1.

Description of DDM Control in the CAMx Run Control File

&DDM Control Label for the Probing Tool namelist module that configures the
DDM option; it must begin in column 2

& Flag ending a namelist; it must be in column 2

DDM File Root Character root output path/filename

DDM Stratify Boundary Logical flag to stratify master grid boundary types

(TRUE=separate sensitivity types will be used for the N, S, E, W,
and Top boundaries, FALSE=a single sensitivity type will be used
for all 5 boundaries)

DDM Number of Source Regions Integer number of source regions to be tracked. This
must be the same as the number of source areas defined in the
DDM Source Area Map file. This value must be greater
than zero when sensitivity to emissions is requested.

DDM Number of Source Groups Integer number of emission groups to be tracked. This
determines the number of emission files that must be supplied
(additional details below). This value must be greater than zero
when sensitivity to emissions is requested.

Number of IC Species Groups Integer number of species or species groups in the
initial conditions to be tracked. This number may be between
zero and the number of species being simulated plus four
(allowing for the four species groups VOC, HRVOC, NOX, ALL).

IC Species Groups Character array (by IC group) names of the species or species
groups in the initial conditions to be tracked. Allowed names
are any species being simulated by the mechanism in use (e.g.,
03, PAR, NO, etc.) plus the species groups NOX, VOC, HRVOC,
and ALL. Itis permissible to specify both a species and a group
containing that species, e.g., both NO and NOX. Each name
may have up to 10 characters. Note that if you select a species
that is not present on the IC file provided, the initial sensitivities
for that species will be set to zero. This variable may be left
blank if the number of initial condition species groups is zero.

Number of BC Species Groups Integer number of species or species groups in the
master grid boundary conditions to be tracked. This number
may be between zero and the number of species being
simulated plus four (allowing for the four species groups VOC,
HRVOC, NOX, ALL).

BC species Groups Character array (by BC group) names of the species or species
groups in the master grid boundary conditions to be tracked.
See description for IC_Species Group above.
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Integer number of species or species groups in the
emissions to be tracked. This number may be between zero
and the number of species being simulated plus four (allowing
for the four species groups VOC, HRVOC, NOX, ALL).

Character array (by emissions group) names of the species or

species groups in the emissions to be tracked. See description
for IC_Species Group above.

Number of DEP Species Groups Integer number of species sensitivity to deposition to be

Dep Species Groups
Number of Rate Const Groups

Rate Const Groups

Number of Rate Term Groups
Rate Term Groups
Number of HDDM Sens Groups

HDDM parameters

DDM Receptor Definitions

DDM Source Area Map

tracked. This number may be between zero and the number of
species being simulated.

Character array (by deposition group) names of the species
sensitivity to deposition to be tracked.

Integer number of reaction rate sensitivity groups to be
tracked. This number may be zero.

Character string containing each reaction rate sensitivity group
name and reaction numbers that belong to the group. Group
name and reaction numbers are separated by colon (:) and each
reaction number is separated by comma (,).

Integer number of rate term groups to be tracked. This number
may be zero.

Character array names, by number and group, of the rate terms
groups to be tracked.

Integer number of second-order sensitivity groups to be tracked
(additional details below). This number may be zero.

Character array names of the first-order sensitivity parameters
to which second-order sensitivity is computed. The naming of
the first-order parameters is the same as the long name of
sensitivities with the first 4 characters omitted (see DDM
sensitivity naming conventions/formats below). For each
HDDM sensitivity group, two first-order parameters are
required (the same can be used twice). All the first-order
parameters must be included in the modeling.

Character input DDM receptor definition path/filename. (This is
an optional file).

Character array (by CAMXx grid) input DDM source area
definition path/filename (required for master grid, optional for
nested grids). Source regions are defined using a map in the
same format as the integer SAT source area map (Section 6);
fractional source area maps are not supported by DDM. Unlike
SAT, DDM does not require that all parts of the modeling
domain be tracked, therefore it is permissible to define an area
numbered zero in the source area map (emissions from those
areas will not be tracked). The non-zero source region numbers
must be between 1 and the number of regions.
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Logical flag to allow point source override (TRUE = look for and
use the point source override flags in sector-specific point
source files, FALSE = ignore point source override flags)

Logical array containing Flexi-DDM flag for each grid (.TRUE. =
calculate sensitivities in the grid; .FALSE. = do not calculate
sensitivities in the grid).

The name of the sensitivity initial condition file, netCDF. This
file is optional: leave the file name blank for restart days or if
sensitivity to initial conditions is not being calculated. These
files can be completely unique and do not need to match the
initial conditions for the core model.

The name of the sensitivity lateral boundary condition file,
netCDF. This file is optional: leave the file name blank if
sensitivity to lateral boundary conditions is not being
calculated. These files can be completely unique and do not
need to match the boundary conditions for the core model.

The name of the sensitivity top boundary condition file, netCDF.
This file is optional: leave the file name blank if sensitivity to top
boundary conditions is not being calculated. These files can be
completely unique and do not need to match the top
concentrations for the core model.

Character input master grid DDM restart path/filename
(ignored if Restart=FALSE)

Character input nested grid DDM restart path/filename
(ignored if Restart=FALSE or Number of Grids=1)

Character 2-D array (by source group, by file) sensitivity
elevated point source emissions path/filename, netCDF
(optional, ignored if Point Emissions=FALSE). These
files can be completely unique and do not need to match the
input emissions for the core model.

Character 3-D array (by source group, by CAMXx grid, by file)
sensitivity 2-D or 3-D gridded emissions path/filename, netCDF
(optional, ignored if Gridded Emissions=FALSE). These
files can be completely unique and do not need to match the
input emissions for the core model.
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&DDM Control

DDM File Root
DDM Stratify Boundary

DDM Number of Source Regions
DDM Number of Source Groups
Number of IC Species Groups
IC Species Groups (1)

Number of BC Species Groups
BC species Groups (1)

Number of EM Species Groups
Emis Species Groups (1)

Emis Species Groups(2)
Number of DEP Species Groups
Dep Species Groups (1)

Number of Rate Const Groups
Rate Const Groups (1)

Number of Rate Term Groups
Rate Term Groups(1l,1)

Rate Term Groups(2,1)

Rate Term Groups(3,1)

Number of HDDM Sens Groups
HDDM parameters(1,1)

HDDM parameters(1,2)
HDDM parameters(2,1)
HDDM parameters(2,2)
HDDM parameters(3,1)
HDDM parameters(3,2)

DDM Receptor Definitions
DDM Source Area Map (1)
DDM Source Area Map (2)
DDM PT Override

DDM Calc Grid(1l)

DDM Calc_ Grid(2)

DDM Initial Conditions
DDM Boundary Conditions
DDM Top Concentrations
DDM Master Restart
DDM Nested Restart
DDM Points Group(l,1)
DDM Points Group(2,1)
DDM Emiss Group Grid
DDM Emiss_ Group Grid
DDM Emiss Group Grid
DDM Emiss_ Group Grid

'./DDM output/CAMx
.false.,

.0206047,

r

I4

=N

’

1 31,
1,
'03"',
2,
'NOX',
'voc!',
1,
‘03’ ,
1,
'RXN1:
3,

120,121,122",
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'RTO1:
'RT02:
'RTO3:

45[R]CH"',
45[R]NO2",
45[P]HNO3"',

3,

"EM0201NOX_',

"EMO201NOX_',

'EM0201VOC ',

"EM0201VOC_',

"EM0201NOX ',

"EM0201VOC_',

'./DDM_input/receptor.cities’,

v
I4

.false.,

.true.,

.true.,
'./DDM_input/IC.020603"',
'./DDM_input/BC.020604",
'./DDM_input/TC.020604"',
'./DDM_output/CAMx.020603.ddm.
'./DDM_output/CAMx.020603.ddm.

'./DDM_input/utils.020604"',

'./DDM_input/bio.grdl.020604',
'./DDM_input/bio.grd2.020604',
'./DDM_input/util.grdl.020604"
'./DDM_input/util.grd2.020604"'

'./DDM_input/source map.DDM.4areas',
Al

inst',
finst',

14

’

Figure 7-1. Example of DDM inputs in the CAMXx control file. CAMXx is run with two grids, and DDM is
configured to track emissions from four source regions and two source groups. Sensitivity to ozone
initial and master grid boundary conditions are tracked, while sensitivities to NOx and VOC emissions
are tracked. Sensitivity to deposition is tracked for ozone. Sensitivity for a single rate constant group
will be calculated involving mechanism reaction numbers 120, 121, and 122. Three reaction term
group sensitivities are calculated for the single rate constant group. Three groups of second-order
sensitivities to anthropogenic NOx and VOC emissions (from emissions group 2, source region 1) will
be computed (d2/dNOx?, d*/dvOC? and d?>/dNOxdVOC). No source region map is provided for the
nested grid (the region assignments on the nest are defined by the master grid). Only the group 2
point sources are tracked (no biogenic point sources are available).
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CSA is invoked similarly to the other Probing Tools within the CAMx control file. In the

&CAMx Control namelist module, the variable Probing Tool must be set to “CSA”. An
additional namelist module called §CSA Control must be provided in the control file to
configure the CSA portion of the model. The additional namelist module is described below.
The order of the variables follows the template available with the source code. An example of
the CSA portion of the CAMx run control file is shown in Figure 7-2.

The rules for defining CSA sub-domains are as follows:

1) They must be contained within a single CAMXx grid;
2) They may not include cells that span across a nested grid boundary;
3) They may contain as few as 1 grid cells;

4) They may contain up to all of the grid cells in a CAMx grid provided that this does not
violate the second rule;

5) They may intersect or overlap —the same grid cell may be in several process analysis

domains.
Description of CSA Control in the CAMx Run Control File

&CSA Control Label for the Probing Tool namelist module that configures the
CSA option; it must begin in column 2

& Flag ending a namelist; it must be in column 2

CSA File Root Character root output path/filename

Number of CSA Domains Integer number of CSA domains to be evaluated during the
simulation.

Within CAMx Grid Integer array (by CSA domain) pointer into the CAMx grid within

which the CSA domain exists (1=master grid, etc.). Use the
CAMx internal grid number reported in the *.diag file. Note
that this may differ from the nest order provided by the user in
the CAMx control file.

CSA Beg I Index Integer array (by CSA domain) grid column containing western
edge of CSA domain.

CSA End I Index Integer array (by CSA domain) grid column containing eastern
edge of CSA domain.

CSA Beg J Index Integer array (by CSA domain) grid row containing southern
edge of CSA domain.

CSA End J Index Integer array (by CSA domain) grid row containing northern
edge of CSA domain.

CSA Beg K Index Integer array (by CSA domain) grid layer containing bottom of
CSA domain.

CSA End K Index Integer array (by CSA domain) grid layer containing top of CSA
domain.
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Integer number of reaction rate sensitivity groups to be
tracked. This number may be zero.

Character string containing each reaction rate sensitivity group
name and reaction numbers that belong to the group. Group
name and reaction numbers are separated by colon (:) and each
reaction number is separated by comma (,).

Integer number of rate term groups to be tracked. This number
may be zero.

Character array names, by number and group, of the rate terms
groups to be tracked.

&CSA Control

CSA File Root

Number of CSA Domains

Within CAMx Grid
CSA Beg I Index(
CSA End I Index(
CSA Beg J Index(
CSA End J Index(
CSA Beg K Index(
CSA End K Index(

Within CAMx Grid
CSA Beg I Index(
CSA End I Index(
CSA Beg J Index(
CSA End J Index(
CSA Beg K Index(
CSA End K Index(

(1
1)
1)
1)
1)
1)
1)

(2
2)
2)
2)
2)
2)
2)

'./CSA output/CAMx.020604",

2,

1,
8,
12,
9,
13,

Number of Rate Const Groups =

Rate Const Groups (1)

Number of Rate Term Groups

Rate Term Groups(1,1)
Rate Term Groups(2,1)
Rate Term Groups(3,1)

'"RXN1: 120,121,122°',
3,

'"RTO1: 45[R]JOH',
'"RT02: 45[R]NO2',
'"RT03: 45[P]HNO3"',

Figure 7-2. Example of CSA inputs in the CAMXx control file. CAMXx is run with two grids, and CSA is
configured to track chemical sensitivity within two sub-domains, one in each CAMx grid. Sensitivities
for a single rate constant group will be calculated involving mechanism reaction numbers 120, 121,
and 122. Three rate term group sensitivities are calculated for the single rate constant group.
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7.3 DDM Output Files

The output file types for a DDM simulation are described in Table 7-1. These files have the
same format as corresponding concentration output files, described in Section 3.

Table 7-1. DDM output file suffix names.

File Name Suffix DDM File Type
CAMXx binary master grid instantaneous sensitivity file at end of simulation (used for

~ddm. inst restart), 3-D, all sensitivities, in pmol m™ for gases and pg m™ for PM.
, CAMx binary nested grid instantaneous sensitivity file at end of simulation (used for
.ddm. finst e 3 3
restart), 3-D, all sensitivities, in umol m™ for gases and ug m for PM.
NetCDF average sensitivity file for grid nn, 2-D, surface layer sensitivities only for
.ddm.grdnn affected species requested in the CAMx average file, in ppm or pg/m? for gases and pg

m™ for PM.
Text hourly average sensitivities at user specific receptor locations. This file is in comma
delimited text format suitable for importing into a spreadsheet.

.ddm.receptor

The gridded CSA output files are in netCDF format, as described in Section 3, with the
path/filename defined by CSA File Root and appended with *.csa.grdnn.nc. The
files contain 2-D surface layer sensitivities for rate constants and reaction terms specified in the
CSA control module.

7.4 DDM Sensitivity Coefficient Names

Each DDM sensitivity coefficient tracks the influence of a species from a specific source (the
influencing species) on a predicted concentration (the affected species). The sensitivity
coefficient names are constructed to show this relationship, as follows:

{Affected SpeciesH{Pollutant Source}{Influencing Species}

This is a lot of information to encode in a name that must conform to the ten character limit
imposed by the CAMx I/0 file convention. Because of this, two naming systems are used in
CAMXx:

e Long Names - these names are easy to read, but since they are more than ten characters
in length they cannot be used in sensitivity coefficient output files.

e Short Names - these convey the same information as the long names but require more
practice to learn. They are used in the sensitivity coefficient output files.

At the start of each CAMx run a concordance of Long and Short sensitivity coefficient names is
written to the diagnostic output file (.diag file). An example concordance is shown in Figure 7-
3, and a detailed explanation of the naming convention follows.
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Affected Influencing

Source Long Short
Type Group Region Name Name

EM 1 2 NO EMO102ALL  0160102ALL
EM 1 2 NOZ2 EMO102ALL  0170102ALL
EM 1 2 03 EMO102ALL  0180102ALL
EM 1 2 PAN EMO102ALL ~ 0190102ALL
EM 1 2 PANXEMO102ALL  0200102ALL
EM 1 2 PNA EMO102ALL  0210102ALL
EM 1 2 FACDEMO102ALL  0220102ALL
EM 1 2 FORMEMO102ALL ~ 0230102ALL
EM 1 2 H202EMO0102ALL  0240102ALL
EM 1 2 HNO3EMO102ALL  0250102ALL
EM 1 2 HONOEMO102ALL ~ 0260102ALL
EM 1 2 IOLEEMO102ALL  0270102ALL
EM 1 2 ISOPEMO102ALL  0280102ALL
EM 1 2 ISPDEMO102ALL  0290102ALL
EM 1 2 MEOHEMO102ALL  0300102ALL
EM 1 2 MEPXEMO102ALL  0310102ALL
EM 1 2 MGLYEMO102ALL  0320102ALL
EM 1 2 AACDEMO102ALL  0330102ALL
EM 1 2 ALDXEMO102ALL  0340102ALL
EM 1 2 CO EMO102ALL_ 0350102ALL
EM 1 2 ALD2EMO102ALL  0360102ALL
EM 1 2 NTR EMO102ALL  0370102ALL

Species Species
NO ALL
NO2 ALL
03 ALL
PAN ALL
PANX ALL
PNA ALL
FACD ALL
FORM ALL
H202 ALL
HNO3 ALL
HONO ALL
IOLE ALL
ISOP ALL
ISPD ALL
MEOH ALL
MEPX ALL
MGLY ALL
AACD ALL
ALDX ALL
CO ALL
ALD2 ALL
NTR ALL

Figure 7-3. Example concordance of long and short sensitivity coefficient names from the

CAMXx diagnostic output file.

7.4.1 Initial Condition Sensitivity Names

Long Name
where:
IC

MMMM

Examples:

Short Name

where:
nnn

NNNNIC MMMM

Affected species name with trailing underscore to pad blanks
Indicates the sensitivity coefficient is for initial conditions

Four underscores to pad the name to 14 characters

Influencing species name with trailing underscore to pad blanks

O3__IC 03__
HNO3IC NOX
ETH IC HRVO
nnnl mmm

Affected species number

Indicates the sensitivity coefficient is for initial conditions
Three underscores to pad the name to 10 characters
Influencing species number or name of a species group (NOX,
VOC, HRVOC or ALL).
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0181 018 (where O3 is species number 18)
0251 NOX (where HNO3 is species number 25)
0421 HRV (where ETH is species number 42)

7.4.2 Boundary Condition Sensitivity Names

Long Name
where:

BC

Examples:

Short Name

where:
nnn

Examples:

NNNNBCRRR MMMM

Affected species name with trailing underscore to pad blanks
Indicates the sensitivity coefficient is for master grid boundary
conditions

NTH, STH, EST, WST or TOP if stratified by boundary; ALL if not
stratified by boundary

Underscore to pad the name to 14 characters

Influencing species name with trailing underscore to pad blanks

03 BCTOP 03
HNO3BCEST NOX_
ETH BCALL_ HRVO

nnnBRRRmmm

Affected species number

Indicates the sensitivity coefficient is for initial conditions
NTH, STH, EST, WST or TOP if stratified by boundary; ALL if not
stratified by boundary

Influencing species number or name of a species group (NOX,
VOC, HRVOC or ALL)

018BTOP018 (where O3 is species number 18)
025BESTNOX (where HNO3 is species number 25)
042BALLHRV (where ETH is species number 42)

7.4.3 Emissions Sensitivity Names

Long Name

where:
NNNN
EM
GG
RR

NNNNEMGGRRMMMM

Affected species name with trailing underscore to pad blanks
Indicates the sensitivity coefficient is for emissions

Emissions group number

Emissions region number
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MMMM Influencing species name with trailing underscore to pad blanks
Examples: 03 EMO010103
HNO3EMO0201NOX

ETH EM0103HRVO

Short Name nnnGGRRmmm
where:
nnn Affected species number
GG Emissions group number
RR Emissions region number
mmm Influencing species number or name of a species group (NOX,

VOC, HRVOC or ALL)

Examples: 0180101018 (where O3 is species number 18)
0250201NOX (where HNO3 is species number 25)
0420103HRV (where ETH is species number 42)

7.4.4 Deposition Sensitivity Names

Long Name NNNNDEP MMMM
where:
NNNN Affected species name with trailing underscore to pad blanks
DEP Indicates the sensitivity coefficient is for deposition
MMMM Influencing species name with trailing underscore to pad blanks
Examples: O3 DEP 03

03 DEP _ ISOP

Short Name nnnDEP_mmm
where:
nnn Affected species number
DEP Deposition sensitivity
mmm Influencing species number
Examples: 018DEP 018 (where O3 is species number 18)

018DEP_058 (where ISOP is species number 58)

7.4.5 Reaction Rate/Term Sensitivity Names

Long Name NNNNRATE __MMMM
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where:

RATE

Examples:

Short Name
where:
nnn
RATE

mmm

Examples:

Long Name
where:

HDDM
LLL

Examples:

Short Name

where:
nnn
H

7. Decoupled Direct Method

Affected species name with trailing underscore to pad blanks
Indicates the sensitivity coefficient is for rate constants
(alternatively, TERM indicates sensitivity for a reaction term)
Two underscores to pad the name to 14 characters

Reaction rate sensitivity group name with trailing underscore to
pad blanks

NO RATE RXN1
03 RATE R28

nnnRATEmmm

Affected species number

Indicates the sensitivity coefficient is for rate constants
(alternatively, TERM indicates sensitivity for a reaction term)
Reaction rate sensitivity group number

016RATEO001 (where NO is species number 16)
018RATE002 (where O3 is species number 18)

7.4.6 HDDM Sensitivity Names

NNNNHDDMLLLMMM

Affected species name with trailing underscore to pad blanks
Indicates the sensitivity coefficient is second-order

The index of the first 15--order sensitivity parameter in the internal
list of the 1st-order parameters

The index of the second 1%t-order sensitivity parameter in the
internal list of the 1st-order parameters

NO HDDM001001
03 __HDDM001002

nnnH1l1llmmm

Affected species number
Indicates the sensitivity coefficient is second-order
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111 The index of the first 15--order sensitivity parameter in the internal
list of the 1st-order parameters
mmm The index of the second 1%t-order sensitivity parameter in the

internal list of the 1st-order parameters

Examples: 016H001001 (where NO is species number 16)
018H001002 (where O3 is species number 18)

7.5 Steps In Developing Inputs And Running DDM

Below is a simple methodological list of steps to follow in setting up and running DDM. The
process is similar among the SAT and DDM Probing Tools.

1) Define the source groups and regions that you wish to track. Keep in mind that memory
resources increase dramatically as the number of sensitivities grows. Probing Tool
applications with large numbers of sensitivities, nested grids or grid cells may exceed
available memory.

2) Build an integer source region map (see Section 6) that defines the spatial allocation of
emission sensitivities. For small domains or small number of regions, this can be done by
hand. We suggest using GIS software to develop complex source region maps on large
grids.

3) Process the emissions inventory into the separate source group files that you want to
track (e.g., mobile, area, point, biogenic, etc.).

a) Consideration of potential source apportionment or sensitivity applications prior to
any emissions processing can be very beneficial so that files by group are available
for later use.

b) Elevated point sources will automatically be assigned to the source region in which
they reside. However, you may override the region to which each individual point
source is assigned (see Section 3, Elevated Point Source File). A point source region
does not need to be defined in the source region map, e.g., you could have a map
with two regions that split the domain in half, with a third region assigned arbitrarily
to represent elevated point sources only.

4) Edit the CAMx control namelist file (Section 2).

a) For H/DDM, set the Probing Tool variable to the technology you wish to use
(DDM, HDDM). This will activate the §DDM Control namelist module.
b) Editor add the §DDM Control namelist module (described earlier). Provide the
required information
c) For CSA, setthe Probing Tool variable to “CSA”. This will activate the
&CSA Control namelist module.
d) Editoraddthe &CSA Control namelist module (described earlier). Provide the
required information.
5) Configure the CAMXx source code to define the number of tracers, and build an
executable. This will ensure that you have sufficient memory for the Probing Tool
application.
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a) Editthe file Includes/camx.prm

b) Change the parameters MXTRSP and MXF DDV, following the instructions provided
in the file. CAMx is distributed with MXTRSP = 1 and MXFDDM = 1 to minimize
memory requirements for standard applications of the model. If you run DDM with
an insufficient value, the model will stop and tell you the required value of MXTRSP
and MXFDDM for your application.

c) Execute the CAMx Makefile to build an executable program (Section 2).

6) Run CAMx and review the diagnostic output files to ensure that the model is correctly
interpreting and running the Probing Tool configuration that you have specified. Ensure
that CAMx is generating the proper output files that you are expecting. Review the table
of concordance of long and short sensitivity coefficient names.

7) Review gridded tracer fields using commonly available plotting programs. Utilities such as
PAVE or Verdi will read Probing Tool files directly. Use of any other software may require
specialized re-formatting procedures.

8) Probing Tool gridded tracer output files are written in the same netCDF format as the
regular CAMx concentration output files. You can post-process gridded output fields
using any software that reads CAMXx files, or you can adapt those programs or build your
own software to generate specialized analysis and graphical products.
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8. PROCESS ANALYSIS

Process Analysis (PA) allows for in-depth analysis of photochemical model performance by
revealing the contributions from individual physical and chemical processes operating within
the model (Jeffries and Tonnesen, 1994). Using PA, one can more fully understand the complex
interactions between the different processes, explain simulation results within the context of
the model formulation, and improve the design of control strategies.

A conventional model performance evaluation employs statistical and graphical methods to
analyze predicted concentrations against observed concentrations. This answers the basic
guestion: “How well is the model replicating measurements?” While such comparisons are
necessary to summarize performance, they are far from sufficient to determine whether the
model is adequately representing the real situation. This is because compensating errors
among various model processes can result in predictions that serendipitously agree with limited
observations but for the wrong reasons. In contrast PA provides information on how the
specific model predictions were obtained, which can be interpreted to improve model
performance and/or inform control strategy decisions.

8.1 Process Analysis In CAMXx

Three components of PA are implemented in CAMXx:

1) Integrated Processes Rate (IPR) analysis. The IPR method provides detailed process rate
information for each physical process in CAMXx (i.e., advection, diffusion, deposition,
emissions, and chemistry) for selected grid cells and selected species (Wang, Langstaff,
and Jeffries, 1995). The IPR outputs can be analyzed to determine what processes
governed the model-predicted concentrations at any time and place. IPR information has
often been plotted as a time series of process contributions for specific cells or groups of
cells. IPR outputs have also been used to check the mass balance in the host model, i.e.,
to determine whether model concentrations are fully explained by the diagnosed process
information or whether unexpected artifacts are occurring. The IPR data are relatively
easy to interpret and can be analyzed using simple tools such as spreadsheets.

2) Integrated Reaction Rate (IRR) analysis. The IRR method provides detailed reaction rate
information for all reactions in the chemical mechanism for selected grid cells (Jeffries and
Tonnesen, 1994). The IRR data can be analyzed to determine how the chemical changes
occurring in the model are related to the chemical mechanism. For example, by analyzing
rate information over groups of reactions it is possible to quantify chemically meaningful
attributes such as radical initiation rates, radical propagation efficiencies, chain lengths,
etc. Since these analyses tend to be complex, IRR data generally require post-processing
to be useful. IRR is implemented for all gas-phase chemical mechanisms.
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3) Chemical Process Analysis (CPA). CPA improves upon IRR by computing within CAMx a
selection of parameters that are useful for understanding oxidant chemistry, such as
production/destruction rates for ozone (Tonnesen and Dennis, 2000). The CPA
parameters are computed for entire grids and output in the same file format as gridded
concentrations. CPA is more convenient to use than IRR because no post-processing is
required by CPA.

8.1.1 Integrated Process Rate Analysis

The specific processes that are reported by IPR are listed in Table 8-1. This information is
output for each chemical species selected for inclusion in the average concentration output file,
and for each grid cell selected for analysis. The process rates are integrated across each model
output time interval (normally hourly). Taken together, this information provides a complete
description of how the species concentration changed across the output time interval and the
magnitude of all of the processes that caused this change. Information is output in the
concentration units used internally within CAMx (umole/m3 for gases, ug/m?3 for PM species). A
gas conversion factor (ppm/umole/m?3) specific to the grid cell/time period is also output to
allow conversion to mixing ratio (ppm) for comparison of gas species with CAMx average
concentration outputs. For PM species, the conversion factor is always 1. Grid cell volume is
also output to allow aggregation across grid cells. The units for IPR output data are not affected
by the “Output Gas Concs PPM“flagin the CAMx control file.

For most of the process rates listed in Table 8-1 the interpretation is straightforward, the rate is
simply the concentration change caused by the named process across the output time interval.
The sign convention is such that a positive flux always tends to increase the cell concentration.
Further explanation is provided for several processes below:

Dilution in the vertical: CAMXx allows for layer interface heights to change over time
which can lead to a “dilution” term for affected grid cells.

Boundary diffusion: In some cases this term will be zero by definition, namely: the
bottom boundary of surface layer grid cells; the top boundary of top layer grid cells; any
lateral boundary that coincides with a nest boundary.

Dry deposition: This term is zero by definition for all grid cells above the surface layer.
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Table 8-1. Process information reported by the IPR option.

IPR Parameter Process Information Units?
1 Initial concentration umole/m3 (ug/m3)
2 Gas phase chemistry umole/m?3 (ug/m3)
3 Gridded emissions umole/m3 (ug/m3)
4 Point source emissions umole/m?3 (ug/m3)
5 Unused
6 West boundary advection umole/m?3 (ug/m?3)
7 East boundary advection umole/m?3 (ug/m3)
8 South boundary advection umole/m3 (ug/m3)
9 North boundary advection umole/m?3 (ug/m?3)
10 Bottom boundary advection umole/m3 (ug/m3)
11 Top boundary advection umole/m?3 (ug/m3)
12 Dilution in the vertical umole/m?3 (ug/m3)
13 West boundary diffusion umole/m?3 (ug/m3)
14 East boundary diffusion umole/m3 (ug/m3)
15 South boundary diffusion umole/m?3 (ug/m3)
16 North boundary diffusion umole/m?3 (ug/m3)
17 Bottom boundary diffusion umole/m?3 (ug/m3)
18 Top boundary diffusion umole/m?3 (ug/m3)
19 Dry deposition umole/m?3 (ug/m3)
20 Wet deposition umole/m?3 (ug/m3)
21 Inorganic aerosol chemistry umole/m3 (ug/m?3)
22 Organic aerosol chemistry umole/m3 (ug/m?3)
23 Aqueous aerosol chemistry umole/m3 (ug/m?3)
24 Final concentration umole/m3 (ug/m?3)
25 Units conversion ppm/(umole/m3) (N/A)®
26 Average cell volume m3

a Units in the parentheses are for PM species.
b Unit conversion factor for PM species is always 1.

8.1.2 Integrated Reaction Rate Analysis

IRR provides the integrated rate of each gas-phase chemical reaction in units of ppm hr for
each grid cell selected for process analysis. Reaction rates are accumulated (integrated) within
the chemistry solver at the time steps being used to solve the chemical equations, and output
at the CAMx output time interval (usually 1 hour). The units for IRR output data are not
affected by the “Output Gas Concs_ PPM“flag in the CAMXx control file.

8.1.3 Chemical Process Analysis

The CPA method calculates a pre-determined set of parameters for all gas mechanisms as listed
in Table 8-2. The CPA parameters are calculated for all grid cells in either the surface layer or all
layers. The selection between surface layer or all layer CPA outputs is determined by the “3-D
average file” flag specified in the CAMx Control File (see Section 2). This is based on the
premise that 3-D CPA information will be interpreted in conjunction with 3-D concentration
fields. The units for CPA output data are not affected by the “Output Gas Concs PPM“ flag

in the CAMXx control file.
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Table 8-2. Chemical Process Analysis (CPA) variables for all gas-phase chemical mechanisms.

CPA Parameter Description Unit
J_NO2 NO: photolysis frequency hrt
J_0301D 0s to 0}(D) atom photolysis frequency hrt
J_HCHOr HCHO (formaldehyde) to radical products photolysis frequency hrt
PO3_net Net Os production rate ppb hr?
PO3_VOCsns gz’;())s production rate under VOC-limited conditions (PH202_PHN3 < opb hr
PO3_NOXsns gz’;())s production rate under NOx-limited conditions (PH202_PHN3 > opb hr
PH202_PHN3 Ratio of production rates of H202 to HNO3 ratio
03_dest O3 destruction rate estimated using the OSAT method ppb hrt
PNO_net Net NO production rate ppb hrt
PNO2_net Net NO: production rate ppb hrt
PNOx_net Net NOx production rate ppb hrt
OH_prod Total OH production rate including conversion from other radicals ppb hrt
newOH_01D OH production from 0}(D) + H.0 reaction ppb hrt
newOH_03 OH production from Os + alkene reactions ppb hrt
newOH_phot OH production directly from photolysis reactions, excluding from PNA ppb hrt
OH_new New OH production rate, i.e., newOH_01D + newOH_03 + newOH_phot ppb hrt
newOH_HONO OH production from HONO photolysis ppb hrt
newOH_HPLD g:ofg?yitijsction from isoprene-derived hydroxyperoxyaldehyde (HPALD) opb hrl
OH_loss Total OH loss rate, also called "OH reactivity" ppb hrt
OHwH?2 OH reaction rate with H: ppb hrt
OHwWEH2 OH reaction rate with emitted H» ppb hrt
OHwCO OH reaction rate with CO ppb hrt
OHwCH4 OH reaction rate with CH4 ppb hrt!
OHwWECH4 OH reaction rate with emitted CH4 ppb hrt
OHwISOP OH reaction rate with isoprene ppb hrt
OHWTERPS OH reaction rate with all terpenes and sesquiterpenes ppb hrt
OHwHRVOC OH reaction rate with HRVOC, i.e., anthropogenic alkenes ppb hrt
OHwArom OH reaction rate with aromatic hydrocarbons ppb hrt
OHWETHY OH reaction rate with ethyne (acetylene) ppb hrt
OHwAlkane OH reaction rate with all alkanes ppb hrt
OHwHCHO OH reaction rate with HCHO ppb hrt
OHwWROH OH reaction rate with all alcohols ppb hrt
oHwovoc | O extn ate wih aaerited VOC gl g | g
OHWVOC E)Etrhejccrtci’?;nr?te with all VOC (excluding predominantly secondary, e.g., opb hrt
HCHO_prod HCHO production rate ppb hrt
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CPA Parameter Description Unit
nWHCHO_HRV :;Eilazp)roduction rate from HRVOCs at first generation (unreliable for opb hrl
nWHCHO_ ISP :;Eilazp)roduction rate from isoprene at first generation (unreliable for opb hrl
HO2_prod Zz(t:?ll(;-:nogz fr;oniupc:l;)n rate including conversion from other radicals and opb hrl
newHO2_03 HO:2 production from Os + alkene reactions ppb hrt
newHO2_pht HO: production directly from photolysis, excluding from PNA ppb hr?
HO2_new New HO: production rate, i.e. newHO2_03 + newHO2_pht ppb hr?
nwHO2_HCHO New HO: production from HCHO photolysis ppb hr?
HO2_loss Total HO; loss rate ppb hrt
HO2wHO2 HO: loss by self-reaction ppb hrt
HOx_CL :8)2(_c::\i;)length computed as (OH_loss + HO2_loss / (OH_new + ratio
NO3_prod Total NOs production rate ppb hrt
N205toNO3 NOs production rate from N20s decomposition and photolysis ppb hrt
NO3_loss NOs loss by reaction with all species ppb hrt
NO3toN205 NOs conversion rate to N20s ppb hrt
RO2_loss Total ROz loss rate ppb hrt
RO2wNO RO: loss by NO-reaction ppb hrt
RO2wHO2 RO: loss by HO»-reaction ppb hrt
RO2wNO3 RO: loss by NOs-reaction ppb hrt
RO2wRO2 ROz loss by self-reaction (challenging for RACM?2) ppb hrt
ON_prod Total production rate of organic nitrate (ON) species ppb hrt
ON_dest Total destruction rate of ON species ppb hrt
HNO3_prod Total production rate of HNO3 ppb hrt
NO2wOH Production rate of HNOs from OH + NO: reaction(s) ppb hrt
N205wH20 Production rate of HNOs from N20s hydrolysis ppb hrt
NOXrcyHNO3 NOx production rate from HNOs (NOx recycling) ppb hrt
NOXrcyNTR NOx production rate from ONs (NOx recycling) ppb hrt
PAN_prdNet Net production rate of peroxyacylnitrate (PAN) species ppb hrt
NO3WVOC :12ir1rscarcgli:ir:];'ate with all VOC (excluding predominantly secondary, e.g., opb hrl
NOz_prod Net production rate of NOz species, i.e., NO2wOH + NO3wVOC + opb hrt

N205wH20 + PAN_prdNet + ON_prod - ON_dest
OPE Ozone Production Efficiency (OPE), i.e., PO3/NOz_prod ratio
LNoQ tg{v(aen;(:tgiz:zrl%z(;))ne sensitivity, i.e., NOz_prod / HOx_new (constrained ratio
|_prod® Total l-atom production rate ppb hrt
|_O3dest Net ozone destruction rate by I-atom (estimated from 10 conversion to |) ppb hrt
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8.2 Running Process Analysis

PA can be used with most of the physical options available for the “core” CAMx model, e.g., the
various advection and chemistry mechanisms/solvers. However, PA cannot be used at the
same time as the other CAMx “Probing Tool” options (e.g., SAT, DDM, or RTRAC) because the
Probing Tools share internal data structures to minimize the total memory resources required
by CAMXx. IPR cannot be used with the ACM2 diffusion option.

PA is invoked similarly to the other Probing Tools within the CAMx control file. In the

&CAMx Control namelist module, the variable Probing Tool must be set to either “PA”
(generates all PA output), “IPR”, or “IRR”. Table 8-3 summarizes the types of process analysis
performed for each keyword and the output files that are produced.

Table 8-3. Process analysis keywords and associated CAMx output files.

Process Analysis Key Word Output File
IPR IRR PA Filename Contains
. Integrated process rate (IPR)
*
ves No ves Pt information for all selected cells
No Yes Yes « irr !ntegratgd reaction rate (IRR)
information for all selected cells
No Yes Yes *.cpa.grdnn Chemical process.analy5|s (CPA)
parameters for grid nn

An additional namelist module called §PA_ Control must then be provided in the control file
to configure the PA portion of the model. The additional namelist module is described below.
The order of the variables follow the template available with the source code. An example of
the PA portion of the CAMx run control file is shown in Figure 8-1.

The rules for defining PA sub-domains are as follows:

2) They must be contained within a single CAMXx grid;
3) They may not include cells that contain a nested grid;
4) They may contain as few as 1 grid cells;

5) They may contain up to all of the grid cells in a CAMx grid provided that this does not
violate the second rule;

6) They may intersect or overlap —the same grid cell may be in several process analysis

domains.
Description of PA Control in the CAMx Run Control File
&PA Control Label for the Probing Tool namelist module that configures the
PA option; it must begin in column 2
& Flag ending a namelist; it must be in column 2
PA File Root Character root output path/filename
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Number of PA Domains

Within CAMx Grid

PA Beg I Index
PA End I Index
PA Beg J Index
PA End J Index
PA Beg K Index

PA End K Index

8. Process Analysis

Integer number of PA analysis domains to be evaluated during
the simulation.

Integer array (by PA domain) pointer into the CAMx grid within
which the PA domain exists (1=master grid, etc.). Use the CAMx
internal grid number reported in the *.diag file. Note that this
may differ from the nest order provided by the user in the
CAMXx control file.

Integer array (by PA domain) grid column containing western
edge of PA domain.

Integer array (by PA domain) grid column containing eastern
edge of PA domain.

Integer array (by PA domain) grid row containing southern edge
of PA domain.

Integer array (by PA domain) grid row containing northern edge
of PA domain.

Integer array (by PA domain) grid layer containing bottom of PA
domain.

Integer array (by PA domain) grid layer containing top of PA
domain.

&PA Control

PA File Root

Number of PA Domains =

Within CAMx Grid(1l)

PA Beg I Index(1l)
PA End I Index(1)
PA Beg J Index(1)
PA End J Index(1)
PA Beg K Index(1)
PA End K Index(1)

Within CAMx Grid(2)

PA Beg I Index (2
PA End I Index (2
PA Beg J Index (2
PA End J Index (2
PA Beg K Index (2
PA End K Index (2
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Figure 8-1. Example section of a CAMx control file specifying options for Process Analysis.
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8.2.1 Setting CAMx Parameters

PA stores information in data structures that are dimensioned using Fortran parameter
statements. These parameters must be large enough to accommodate the PA configuration
specified in the CAMx control file. If one of these parameters is exceeded CAMx will stop with
an error message stating that a parameter must be changed and the model recompiled. Itis
always a good idea to do a complete rebuild (use the Unix command “make clean”) when a
parameter is changed. The parameters that may need to be changed are in two include files,
“procan.inc” and “camx.prm”.

procan.inc

MXPADOM — The maximum number of Process Analysis domains.
MXPACEL — The maximum number of Process Analysis cells over all domains

camx .prm

MXTRSP — This parameter defines gridded data structures that are used by several
probing tools. For PA the data structures store chemical process analysis (CPA)
variables, so MXTRSP must be set to at least the value of MXCPA (set in procan.inc)
which is 99.

8.2.2 Output File Formats

CAMXx may output up to four files containing PA information according to the PA option
selected (see Table 8-3). IPR and IRR files are written in CAMXx binary format to conserve disk
space. Output files from CPA are written as netCDF. Two files (the * . ipr and *.irr files)
contain information for just the grid cells selected for PA. The formats for these files are not
described here since two Fortran post-processor programs are provided to extract data from
these files in a comma-delimited text format. The files containing CPA information (the

* . cpa.grdnn) are gridded files covering the same area as the regular model average files
(*.avrg.grdnn). The gridded CPA files have the same format as a regular model average file
as described in Section 3.

8.3 Postprocessing

Two post-processors are provided to read the CAMx binary * . ipr and *. irr output files and
extract PA data for further analysis. The CPA output files can be visualized directly (in PAVE or
VERDI or many other graphing programs if in netCDF format).

8.3.1 IPR Output Files

The Fortran program “ext ipr” extracts IPR data from one or more CAMx * . ipr binary files
and reformats the data to comma delimited text format (. csv) suitable for subsequent
analysis (e.g., using spreadsheets). The “ext ipr” program performs the following tasks:

e Reads and outputs the descriptive header of the * . ipr file;
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e Optionally combines data from several consecutive * . ipr files to provide multi-day
output;

e Selects data for an individual cell within a PA sub-domain or aggregates data over multiple
cells within a PA sub-domain;

e Outputs the selected IPR data in . csv format in either ppb or molar units for gas species;
PM species are in either pg/m?3 or mass units.

A sample script to run the “ext ipr” program is provided with its source code, and the script
includes a description of how to use the program.

The “ext ipr” program can combine IPR information across several cells. This is useful for
analyzing the contributions of model processes to a geographic area that spans multiple cells
and layers (e.g., an urban area). For simplicity, the multi-cell area must be defined as a
rectangular box. The capability of aggregating IPR information across vertical layers is
particularly important during the day because vertical columns of cells within the mixed layer
become strongly coupled on time scales shorter than one hour. Thus, if the process
contributions for a surface grid cell are analyzed during the day vertical diffusion will often
completely dominate all other processes. In this situation, it is more informative to analyze a
column of cells extending from the surface to the approximate height of the mixed layer. When
the “ext ipr” program aggregates information across grid cells it accounts for differences in
cell volume. If the output for aggregate cells is requested in ppb units, the output from CAMx
in micromole/volume units is converted to ppb using the volume-weighted average units
conversion factor for the cells being aggregated.

One useful approach to analyzing IPR data is to plot the contributions of several processes as a
time series. Figure 8-2 presents an example as an illustration of how PA can be used.
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Hourly PSO4 Change from Different Processes in Chicago Area.
Run = postproc_test
Grid cells used from grid number 1: (43, 47) to (52, 56) using layers 1 to 5

O Top Boundary O Deposition O Emissions
B Gas-Phase Chemistry B Heterogeneous Chemistry O West Boundary
B East Boundary @ South Boundary B North Boundary

Change in PSO4 (ug/m3)

Jun 13, 2002 Jun 14, 2002

Figure 8-2. Example IPR time series analysis for PSO4; lateral boundary and chemistry terms
are not aggregated.

8.3.2 IRR Output Files

The Fortran program “ext irr” extracts IRR data from one or more CAMx * . i rr binary files
and reformats the data for subsequent analysis. The “ext irr” program performs the
following tasks:

e Reads and outputs the descriptive header of the * . i rr file;

e Optionally combines data from several consecutive * . i rr files to provide multi-day
output;

e Selects data for an individual cell or multiple cells within a PA sub-domain;
e Optionally, outputs the selected IRR data to a . csv format text file;

e Optionally, outputs the selected IRR data to a CAMx average binary file format.

The text IRR data are suitable for subsequent analysis (e.g., using spreadsheets). The CAMx
binary IRR output from “ext_irr” can be displayed using any post-processing software that can
display CAMx average concentration outputs.

8.3.3 CPA Output Files

CPA results are output from CAMx as gridded files in the same format as the average
concentration files, and therefore can be visualized using any post-processing software that can
display CAMx concentration outputs. These files may optionally include just the surface layer
or all layers according to how the “3-D output” flag is set in the CAMx control file. Surface layer
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species concentrations reflect the balance between several model processes including surface
emissions/deposition, vertical mixing, and chemical reactions in surface (and possibly aloft) grid
cells. In contrast, the CPA output data are grid cell specific and reflect chemical change in single
grid cells. The fact that vertical mixing tends to average species concentrations over multiple
layers whereas CPA variables are layer specific may complicate and bias the interpretation of
CPA results. A solution is to place both the concentrations and CPA variables on a comparable
basis by averaging them over all layers within the planetary boundary layer. CAMx must be run
using the option to create 3-D species concentration (and therefore CPA) output files in order
to perform such averaging.
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9. REACTIVE TRACERS

The CAMx reactive tracer (RTRAC) algorithm provides a flexible approach for simulating the
emission, dispersion, chemistry, and deposition of multiple trace gas and particulate
compounds on the computational grid(s). Originally developed to model explicit air toxics, it
was extended and generalized to be able to track a variety of user-defined organic and
inorganic species. RTRAC can address a variety of issues, separately or in combination:

e Specific inert or reactive gases along with inert particulates;
e Chemical decay of individual gases into multiple generations of daughter products;

e Source tagging of primary emitted inert and linearly reactive species from certain source
types/classes, or from individual stacks, facilities and/or complexes.

RTRAC is implemented as a CAMx “Probing Tool” and thus shares model data structures with
other Probing Tools such as the SAT, DDM and PA. This streamlines the CAMx code, improves
efficiency, and maximizes consistency with the core model since it allows calculations for
emissions, transport, and deposition using core CAMx algorithms. However, this means that
RTRAC cannot be used simultaneously with other Probing Tools.

Chemical species in RTRAC are listed separately from those defined for the core model’s gas
and PM chemistry mechanisms, and thus are not chemically evolved by those mechanisms.
Instead, RTRAC employs two approaches for gas-phase chemistry while all RTRAC particles are
treated as inert. The original RTRAC approach allows gases to decay and form multiple
generations of daughter products through photolysis and user-specified thermal reactions with
ozone and radicals (OH, NOs) that are extracted from the core model’s gas-phase chemistry (CB
or SAPRC). The second approach, referred to as the RTRAC Chemical Mechanism Compiler
(RTCMC), allows the user to externally define a full chemistry mechanism with no limits on
complexity (within available computer resources). RTCMC can also access any gas-phase
concentrations from the core gas-phase mechanism as well so that the evolution of those
species do not need to be duplicated in RTCMC.

The emission rates for the RTRAC species are provided by an extra set of emission files (surface
and/or point source). Emissions of gases are in moles per time period (normally moles/hour),
whereas particles are in grams per time period. The emissions file format is the same as for a
regular CAMx emissions file, as described in Section 3.

Like the core model, CAMx will output RTRAC average concentrations in ppm or pg/m?3 units for
gases and pg/m?3 units for PM, and will output RTRAC deposition loadings in mol/ha or g/ha
units for gases and PM, respectively.

9.1 Description of RTRAC

RTRAC species are defined for each CAMx run by providing an RTRAC chemistry parameters file
like that used for the core model. The example in Figure 9-1 illustrates an example RTRAC air
toxics application (ENVIRON, 2002; Morris et al., 2003).
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CAMx Version | VERSION7.3
Description |Example RTRAC Chemsitry for Toxics
No of gas tracers | 6
No of aero tracers |8
No photolysis rxns |4
No thermal rxns |12
Gas Tracers
No. Name P/s Pname lower bnd H-law T-fact Molwt Reactvty Rscale Koa
1 PACET PRIM 1.00E-12 6.30e+03 -6492. 44.00 0.0 1.0 0.0
2 HCHO PRIM 1.00E-12 6.30e+03 -6492. 30.00 0.0 1.0 0.0
3 BENZ PRIM 1.00E-12 1.80e-01 0. 78.00 0.0 1.0 0.0
4 BUTA PRIM 1.00E-12 1.00e-02 0. 54.00 0.0 1.0 0.0
5 SACET SEC ALD2 1.00E-12 6.30e+03 -6492. 44.00 0.0 1.0 0.0
6 SFORM SEC FORM 1.00E-12 6.30e+03 -6492. 30.00 0.0 1.0 0.0
7 TRACER1 PRIM 1.00E-12 1.00e+00 0. 18.00 0.0 1.0 0.0
Surface Model
Species Hydrolysis SolLeach VegPen Photolysis
TRACER1 1.00E+10 1.00E-10 1.00E+10 0.00E-00
Aero Tracers
No. Name lower bnd Density Low cut Upper cut
8 DSLF 1.00E-09 1.5 0.10 2.50
9 ECF 1.00E-09 1.5 0.10 2.50
10 CRF 1.00E-09 1.5 0.10 2.50
11 CR6F 1.00E-09 1.5 0.10 2.50
12 DSLC 1.00E-09 1.5 2.50 10.00
13 ECC 1.00E-09 1.5 2.50 10.00
14 CRC 1.00E-09 1.5 2.50 10.00
15 CRe6C 1.00E-09 1.5 2.50 10.00
Photolysis reactions
Toxic Rxn # Factor
PACET 106 1.0
SACET 106 1.0
HCHO 98 1.6
SFORM 98 1.6
Thermal reactions and rates
Toxic React A (molec units) Ea (K) B Tref
PACET OH 5.6238E-12 -3.1099E+02 0.0 300.0
PACET NO3 1.4186E-12 1.8599E+03 0.0 300.0
HCHO OH 1.1451E-12 -6.4815E+02 2.0 300.0
HCHO NO3 2.8372E-12 2.5161E+03 0.0 300.0
BENZ OH 2.5333E-12 1.9978E+02 0.0 300.0
BUTA OH 1.4997E-11 -4.4787E+02 0.0 300.0
BUTA 03 3.3439E-14 2.5000E+03 0.0 300.0
BUTA NO3 1.4997E-11 1.4890E+03 0.0 300.0
SACET OH 5.6238E-12 -3.1099E+02 0.0 300.0
SACET NO3 1.4186E-12 1.8599E+03 0.0 300.0
SFORM OH 1.1451E-12 -6.4815E+02 2.0 300.0
SFORM NO3 2.8372E-12 2.5161E+03 0.0 300.0

Figure 9-1. Example RTRAC chemistry input file for modeling specific toxic species. Seven
gases and 8 PM species are tracked independently from the core model. Two gases (SACET
and SFORM) are purely secondary species formed from the decay of their primary parents
ALD2 and FORM, respectively, from the core model. Four RTRAC gases (PACET, SACET, HCHO,
SFORM) undergo photolysis, and six gases react with up to three radicals (OH, NO3, 03). PM
is inert in RTRAC. TRACER1 exemplifies a compound that is treated by the RTRAC surface
model.

The number and names of the species (8-character maximum) are arbitrary; i.e. information on
chemical identities, structure, reaction pathways, and kinetics are kept separate from the core
model. Consistent with the chemistry parameters files used for the core model’s
photochemistry, the physical characteristics for each reactive tracer must be specified for
deposition calculations, and their reaction pathways and rates must be defined.
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The structure of the RTRAC tracer definition provides complete flexibility in the selection of the
compounds to be included in each analysis. The user can easily alter or expand the list as
needed. Just like the standard chemistry parameters file, for gas species, the required
deposition parameters include temperature-dependent Henry’s Law (“H-law” and “T-fact”) and
molecular weight. The deposition calculation for gases that react when dissolved in plant tissue
also needs a “Reactivity” parameter (Wesely, 1989), while the “Rscale” factor is used to set the
surface resistance to zero for strong acids (e.g., HNO3). If RTRAC gas/aerosol partitioning is
flagged, the octanol partitioning coefficient (Koa, unitless) is used to partition semi-volatile
organic species. No partitioning is performed for Koa = 0, otherwise partitioning will occur
depending on relative quantities of organic aerosol to total PM simulated by the core model.

RTRAC gas/aerosol partitioning requires that the CF/SOAP aerosol options are activated.

RTRAC gas/aerosol partitioning assumes that each gas species pairs to an aerosol species in
the same order: i.e., gas tracer 1 will partition to aerosol tracer 1, etc. Therefore, all semi-
volatile gas species defined with non-zero Koo values must be listed first (1 through n) with
corresponding aerosol species listed in the same order (1 through n). Remaining gas species
with zero K., must be listed after all semi-volatile gases, and corresponding aerosol species do
not need to be listed. This requirement on species order is not checked or enforced within the
model, so it is important to build the RTRAC chemistry parameters file correctly.

If the RTRAC surface model is flagged, then the optional “Surface Model” section of the
chemistry parameters file must follow the list of gas species. Parameters have the same
meanings and units as the core model surface model variables (see section 4.9). However, the
RTRAC surface model does not include re-emissions of surface material or a snow compartment
(soil and vegetation only). Surface reactions may include hydrolysis and photolysis. The RTRAC
surface model is only compatible with the WESELY89 dry deposition option. The surface
model is not available for RTCMC.

The general deposition parameters for particles include density and size range associated with
each species. The particle size is calculated as the geometric mean of the lower and upper cut
points (see Figure 9-1). The particle size and density should be based on typical values for the
species of interest or for the compound with which it is associated (e.g., for species associated
mostly with soot particles use a density and size representing the soot).

When the RTRAC surface model is invoked, chemically-evolved surface mass loadings for the
separate soil and vegetation compartments are output to the RTRAC deposition files, but only
for the species explicitly listed for the surface model treatment. When the RTRAC surface
model in not invoked, the total deposited surface mass loadings (not chemically evolved, not
soil/vegetation compartmentalized) for all RTRAC/RTCMC species are output to the RTRAC
deposition files.

9.1.1 RTRAC Gas-Phase Chemistry

The RTRAC chemistry calculations use a special chemistry module. Chemistry may be modeled
for primary and secondary gas species, meaning that tracers can be formed from the decay of
primary tracers or from the decay of host model species as noted by the “Pname” header (e.g.,
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secondary formaldehyde). The chemical decay of gaseous tracers can account for thermal
reactions with ozone (03z), hydroxyl radical (OH) and nitrate radical (NOs), as well as photolysis.
The algorithms are coded so that all chemical decay pathways are zero by default and only
become non-zero if decay rates are explicitly specified in the input file (see Figure 9-1). The
example RTRAC chemistry input file in Figure 9-1 shows how thermal reactions are specified by
naming the tracer and oxidant, and providing reaction rate parameters. Note that the RTRAC
chemical reaction rates depend on the rates and parameters provided in the RTRAC input file,
and not the rates in the host model chemical mechanism; however the host model does
provide the oxidizing species concentrations (i.e., O3, OH, and NOs).

9.1.1.1 Thermal Reactions
Thermal reactions with oxidants are modeled as second order reactions:

R = k[tracer][oxidant]

where R is the decay rate and the rate constant k is defined using the generalized temperature
dependent rate expression:
T \? —E,
e = Algg) e ()

The Arrhenius factor (A) must be in molecular units (cm3 molecule's) and is internally
converted to units of ppm™ min, the activation energy (Es) must be Kelvin and B is
dimensionless. This is the same as expression 3 in Table 3-3a. Oxidant concentrations for the
decay calculation are obtained from the CAMx photochemical simulation for each grid cell at
each time step. RTRAC can be used with any of the photochemical mechanisms that are
available in the current version of CAMXx (see Section 5). Choosing between the core
mechanisms will influence the RTRAC chemical decay rates by changing the oxidant
concentrations in the host model.

9.1.1.2 Photolysis

Photolysis reactions are specified by naming the tracer undergoing photolysis and providing a
ratio of the tracer photolysis rate to one of the photolysis reactions in the host photochemical
mechanism. For example, Figure 9-1 shows that there are both primary and secondary
acetaldehyde reactive tracers (PACET and SACET) and the photolysis rate for both species is set
equal to CB6r5 reaction 106 (photolysis of ALD2), which is based on acetaldehyde. Figure 9-1
also shows that there are two types of formaldehyde (PFORM and SFORM). Modeling the
photolysis of formaldehyde with RTRAC is complicated by the fact that the CB6r5 mechanism
includes two photolysis reactions for formaldehyde (reactions 97 and 98). The solution shown
in Figure 9-1 is to model formaldehyde photolysis as 1.6 times the rate of reaction 98. The
CAMXx host mechanisms are discussed in Section 5 and are defined by the text chemistry
parameters files (Section 3) and mechanism listings distributed with CAMx and available from
the CAMx web page (www.camx.com).
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9.1.1.3 Secondary Species

RTRAC allows for formation of secondary/daughter products related to the chemical decay of
one of the primary tracers or a host model species. Secondary species can also be subject to
chemical decay, just like primary species, if the user desires. Therefore, the RTRAC chemistry
module allows decay reactions (thermal and photolysis) to be specified for secondary species
using the same method as for primary species. In this manner, concentrations of secondary
species are determined by the balance between chemical production and destruction. RTRAC
requires that any secondary daughter tracers must be specified after their parent tracer in the
chemistry parameters input file.

RTRAC also allows tracers that track the secondary formation of any species that is included in
the host chemical mechanism. For example, in Figure 9-1 the species SFORM is used to track
secondary formaldehyde, and so SFORM is defined as a secondary species and identified with
the host species FORM. This means that the RTRAC chemistry module will identify the chemical
production of FORM in each grid cell at each time step, and add this chemical production to the
SFORM tracer. Since SFORM is intended to track only secondary formaldehyde, no primary
emissions should be included for SFORM.

9.1.1.4 Chemical Decay Rates for Near-Source Modeling

The RTRAC algorithm can output hourly chemical decay rates at user-specified locations to
support external analyses, for example, as input to a Gaussian plume/puff model. The user
provides the locations of each receptor using the CAMx Probing Tools receptor file input
format. Figure 9-2 displays an example RTRAC receptor input file for the five locations. At each
grid cell, hourly decay rates for each RTRAC compound and every vertical layer are output and
can then be interfaced with a user-selected plume model.

SINGLE CELL Test Cell 1 42 44
SINGLE CELL Test Cell 1 41 36
SINGLE CELL Test Cell 1 39 36
SINGLE CELL Test Cell 1 50 43
SINGLE CELL Test Cell 1 34 48

Figure 9-2. Example RTRAC receptor input file identifying the grid cells with locations where
hourly decay rates will be output for subgrid-scale point source modeling (see format for SAT
receptor file in Table 6-2).

Separate families of reactive tracer compounds can be simulated by providing separate
emission inputs similarly to SAT (see Section 6). Tracking separate families of RTRAC tracers
allows for source apportionment and can be used to avoid double counting when an external
plume model is used to obtain near-source impacts. For example, separate families of air toxic
tracers can be specified for each point source complex to be modeled by the external plume
model, so that total concentrations could include the local point source impacts (plume model)
plus the regional contributions from all other sources (CAMx RTRAC).
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9.2 Description of RTCMC

Like RTRAC, the purpose of RTCMC is to add explicit tracer species to a CAMx simulation and
have the tracers undergo chemical changes that depend, in part, upon the evolution of CAMx
core model species. The RTCMC approach differs from the original RTRAC approach by allowing
arbitrarily complex chemical reaction schemes, but it is exactly like RTRAC in every other
respect. The current implementation of RTCMC is for gas-phase reactions, i.e., gas-phase
tracers reacting with each other and/or gas-phase host model species. The core model’s
photochemical mechanisms remain intact and separate from the reactive tracer chemistry.

9.2.1 RTCMC Gas-Phase Chemistry

The RTCMC allows users to input, in a text-based format, a set of chemical reactions
(mechanism) for certain target species to be treated by the CAMx Reactive Tracer Probing Tool.
RTCMC is an extension of the original RTRAC algorithm that reads (and solves) a completely
independent, user-defined chemical mechanism for reactive tracers that can utilize
concentrations of any photochemical species from the core model mechanism. Upon startup,
RTCMC compiles information on the chemical mechanism and configures the reactive tracer
chemistry solver. During the model simulation, the RTCMC chemistry solver receives ambient
pollutant information from the core photochemical mechanism and uses this to calculate the
evolution of RTRAC species.

The format of the RTCMC input file is based on the “IMC” input file format of the SCICHEM
Lagrangian puff model (EPRI, 2000) but is specific to CAMx. An example IMC format file is
shown in Figure 9-3. There are four sections in an IMC file that are identified by a keyword at
the start of each section, as follows:

#Control Configuration information identified by keywords
#Species Names of chemical species and associated data
#Table Photolysis rate data for any photolytic reactions
#Equations Chemical reactions and thermal rate constants

The IMC file uses space-delimited free-form text format. Leading white space at the start of
any line will be ignored. CAMx reads the IMC file as case insensitive. The hash symbol (#)
before each section keyword marks the start of a section and should be reserved for this
purpose. The four sections should appear in the order shown above. The only section that may
be unnecessary in some cases (i.e., if there are no photolytic reactions) is the # Table section
and guidance on handling this case is provided below.

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 210 WWW.camx.com



July 2026 CAMXx User’s Guide Version 7.40
9. Reactive Tracers
#Control
rate species units = 'ppm'
rate time units = 'min'
solver = 'dlsode'
Jacobian = 'numeric'
#Species Type H-law T-fact Molwt Reactivity Rscale
03 A 8.90E-03 -2900. 48.0 1. 1.
OH A 1.00E+00 0. 0.0 0 0
ATRAC F 3.20E+03 -6800. 30.0 1 1
BTRAC F 3.20E+03 -6800. 30.0 1 1
CTRAC F 3.20E+03 -6800. 30.0 1 1
DTRAC F 3.20E+03 -6800. 30.0 1 1
ETRAC F 3.20E+03 -6800. 30.0 1 1
FTRAC F 3.20E+03 -6800. 30.0 1 1
#Table
0 0. 15. 30. 45. 60. 75. 80.
86. 87. 88.
1 4.1590E-04 4.0600E-04 3.7540E-04 3.27E-04 2.6040E-04 9.4990E-05 2.9930E-05
4.8590E-06 8.3030E-08 1.0000E-09
#Equations
1 [ATRAC] -> (2.0) [BTRAC] ; 0 0.000E-00
2 (1.5) [CTRAC] + [OH] -> (0.5) [DTRAC] ; 1 4.2000E+04
3 [ETRAC] + [03] -> [FTRAC] ; 1 1.8000E-02

Figure 9-3. Example free-format RTCMC IMC chemistry input file.

9.2.1.1 The Control Section

One or more control options may be specified using keywords, inserted one per line, like this:

#CONTROL
Keyword = ‘option’
Keyword = ‘option’

The keywords used by CAMXx are listed in Table 9-1 and are case insensitive. A “=

2.

" symbol must

separate each keyword and option. The option must be enclosed within single quotes. In
practice, only the first six letters of each keyword and the first three letters of each option are

considered and you may abbreviate accordingly (i.e., keyword =

‘opt’). All keywords have

a default setting that will be used if the keyword is omitted, meaning that the CAMx RTCMC
may be run without specifying any keywords provided that that all other input data (e.g., rate
constants) are consistent with the defaults. The allowed keyword options in Table 9-1 are

discussed below:

Table 9-1. Keywords, options and default values for the Control section of the IMC file.

Keyword

Options Allowed by CAMx

Rate species units

molecules/cm? (default)

ppm

seconds (default)
Rate time units minutes

hours

DLSODE (default)
Solver SLSODE

Rosenbrock
Rtol Real number (default = 1.0E-5)
Atol Real number (default = 1.0E-18)
Jacobian Numeric (default)

Algebraic
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Rate species units
The concentration units for thermal rate constant expressions.

Rate time units
The time units for photolysis and thermal rate constant expressions.

Solver
The name of the numerical integrator to be used as the chemistry solver. SLSODE and
DLSODE are, respectively, the single and double precision versions of the Livermore
Solver for Ordinary Differential Equations (Hindmarsh 1983). The Rosenbrock solver is
the double precision RODAS solver (Hairer and Wanner, 1991).

Rtol
The relative error tolerance (convergence criterion) employed for all chemical species by
the chemistry solver.

Atol
The absolute error tolerance (convergence criterion) employed for all chemical species
by the chemistry solver.

Jacobian

The chemistry solvers employ a Jacobian matrix of first-order derivatives of each
chemical species with respect to all species. The Jacobian matrix is constructed
automatically by the RTCMC. This option controls whether the Jacobian is constructed
algebraically or numerically. Both options may be used with the double precision
solvers and numeric may be more efficient. The algebraic option is strongly
recommended for the single precision SLSODE solver (because single precision may be
inadequate for constructing a numeric Jacobian by finite difference).

All three RTCMC chemistry solvers use the Rtol and Atol parameters specified in the control
section to manage errors in predicted concentrations. The error (err) in the predicted
concentration (con) for species i should be roughly less than:

err(i) = rtol x con(i) + atol

The combined Rtol and Atol determine accuracy. Setting Atol to zero will result in pure
relative error control. Relative error control has the advantage of being easily understood (the
errors should be smaller than X percent) but suffers the disadvantage of excessive
computational resources that may be expended to manage errors in species concentrations
that are essentially zero. Note that RTCMC sets a concentration floor of 10716 ppm.

The default settings for Rtol and Atol listed in Table 9-1 should be generally applicable
because they are conservative and effectively result in pure relative error control. We
recommend against setting Rt ol greater than 0.001. Appropriate settings for Atol depend
upon the magnitude of concentration predictions and the need for accurate predictions in high
vs. low concentration areas (e.g., plume centerline vs. out of plume).
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Do not request infeasible accuracy from single precision SLSODE by setting Rtol and Atol
smaller than about 107.

9.2.1.2 The Species Section

The species section of the IMC file lists chemical species and associated data. All chemical
species referred to in the equation section must appear in the species section. Extra species
may appear in the species section, but including numerous extra species may cause a run-time
error by exceeding the memory available for storing species information (if this happens, delete
some of the unused species from the species section).

The first line is the keyword identifying the species section. The following information must be
provided for each listed species:

Species
Species names may be up to 8 characters and must start with a letter. They are case
insensitive. Accurate names are important because other CAMx input data (e.g.,
emissions, boundary conditions) will be matched to RTRAC species by name.
Type
There are four permissible species types identified by first letter: Ambient (A), Fast (F),
Slow (S), and Equilibrium (E). Setting the species type is discussed in more detail below.
H-law
The Henry’s Law constant in units of M/atm.
T-fact
The Henry’s Law temperature dependence in units of K.
Molwt
The molecular weight in units of g/mol.
Reactivity

The dry deposition reactivity factor (unitless); provide a real number of 0 or 1.
Rscale

The dry deposition surface resistance scaling factor (unitless); provide a real number of
Oor1.

The Type for each RTCMC species should be set according to: (a) whether the species
concentration should be obtained from the core model or modeled using the RTCMC; and (b)
the most accurate and efficient numerical method for performing chemistry within RTCMC.

All species to be obtained from the core model (e.g., O3, OH, NO, NO3, H,0, M, O2) must be set
to type Ambient. This rule will be enforced by CAMx and, for example, the species O3 must
be set to type A, because it is part of all the core chemical mechanisms.

Species that are solved by the RTCMC may be type F, S or E. The recommended default type
is I (fast) in which case chemistry will be performed using the selected chemistry solver (e.g.,
DLSODE). Species that undergo slow chemical change (lifetime of hours or longer) may be set
to type S (slow) with potential gain in efficiency but some loss in accuracy. Species that
undergo extremely rapid chemical change (lifetime smaller than a second) may be set to type E
(equilibrium) and solved using a steady-state approximation with some gain in efficiency but
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some loss in accuracy. The Rosenbrock solver does not work well with species types S or E.
Equilibrium species may be used effectively with the single precision SLSODE solver to avoid the
need for double precision. You should use types S or E with caution and evaluate both
computational speed and concentration accuracy by comparing against results with using

type F.

9.2.1.3 The Table Section

The table section of the IMC file provides photolysis rates for any photolytic reactions in the
RTCMC mechanism. It must contain at least two lines:

#Table
0 =zenithl, zenith2, zenith3,

The first line is the keyword identifying the table section. The second line must begin with 0
(zero) followed by a list of space-delimited zenith angles (in degrees) starting with zero degrees
and ascending to the largest angle. If the largest zenith angle specified is less than 90 degrees a
value of 90 degrees is implicitly added to the list. By default, up to 15 zenith angles are allowed
(this may be changed as described under adjustable parameters, below). If the final zenith
angle is not 90 degrees, no more than 14 angles should be listed to allow the 15" angle to be
implicitly set to 90 degrees.

If the reaction mechanism has no photolytic reactions, include just the first two lines (keyword
followed by zenith angles) in the table section. If the reaction mechanism includes photolytic
reactions, list them one reaction per space-delimited line after the zenith angles:

reaction ID, ratel, rate2, rate3,

Thereaction ID must be the integer identification number of the photolytic reaction
followed by the photolysis rate at each zenith angle, from zero to the largest angle. Photolysis
reactions are first order and have rate units of reciprocal time to be provided in the

Rate time units specified in the control section of the IMC file. A photolysis rate of zero
is implicitly assumed at 90 degrees unless you specify otherwise.

A negative “reaction_ ID” inthe table section causes the photolysis rate to be set to a core
model reaction number, which is set in the position of “ratel”. Inthe example below,
RTCMC reaction #1 is photolytic and rates will be set according to the CAMx core photolysis
reaction number 9 and scaled by a factor of 1.0:

#Table
0 0. 10. 20. 30. 40. 50. 60. 70. 78. 86.
-001 9 1.

9.2.1.4 The Equations Section

The equations section of the IMC file lists the chemical reactions and rate constants for the
RTCMC reaction mechanism and must contain at least two lines:

#Equations
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reaction ID [Reactants] > (Stoichiometry) [Products] ; Rate Constant

The first line is the keyword identifying the equations section and must be followed by at least
one reaction line. Reaction lines list reactions and rate constants and are delimited by white
space and separators. The reaction IDandthe Reactants must be separated by white
space. The Reactants and Products must be separated by a right arrow symbol (the right
arrow may be preceded by characters, e.g., => or —>). The Products and the

Rate Constant must be separated by a semi-colon.

The reaction ID must be an integer value that uniquely identifies each reaction. Reactions
identifiers need not be in order or continuous.

The name of Reactants and Products must be enclosed within square brackets, begin
with a letter, and not exceed 8 characters in length. All species names used in the equations
section must also appear in the species section. Zero to three reactants are allowed. Zero to 20
products are allowed (the maximum is a user adjustable parameter). Reactant and product
names may be preceded by a stoichiometric coefficient enclosed within round brackets. If the
stoichiometric coefficient is omitted it is assumed to be unity.

Rate constants are specified using the units specified by the keywords

Rate species unitsandRate time units inthe control section (the defaults are
molecules cm™ and seconds, respectively). CAMx should interpret all rate constant expression
types correctly, although not all have been thoroughly tested. Table 9-2 defines the rate
constant expression types that are recommended for use with CAMx. The format for specifying
rate expressions is the integer expression type followed by a list of the numerical values
required by that expression type. It is important that rate expressions are defined in units that
are consistent with the reaction order, and Table 9-3 defines how the reaction order and rate
constant unit dimensions may be determined.

The CAMXx output “diag” file lists diagnostic information on the mechanism and rate constant
expressions read by from the IMC file. You should review this diagnostic output to ensure that
CAMXx correctly read and configured the RTCMC chemistry mechanism.
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Table 9-2a. Recommended rate constant expression types for use in CAMXx.

Expression Type Description Expression
0 Photolysis k=0
1 Constant k =k
General temperature — (B/T
2 dependence k=AT e( )
0
1+, [M]/k®
0_ B
3 Troe-type temperature and k”=AT
D
pressure dependence Kk =CT
F=0.6
-1
G= {1+ [log(kO[M]/koo)]z}
Equilibrium with a
8 previously defined reaction k=kyord \B/T)
(kref)
_ k3[M]
1+ k3[M}/ Ky
13 Lindemann - Hinshelwood ko = 4\B/T)
as used for OH + HNO3
ky = CD/T)
k3 = Ee(F/T)
Simple pressure
7 dependence used for OH + k = ko(1+0.6P)
CcO

Table 9-2b. Parameters required by rate constant expression types.

Expression
Type Parameters
1 2 3 4 5 6
0 0
1 ko
2 A B C
3 A B C D
8 Kref A B
13 A B C D E F
7 ko
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Table 9-3. Determining the reaction order and consequent unit dimensions for rate

constants.
Concentration Unit
Number of Reactants Reaction Order Dimension Time Unit Dimension
0 Zero None Time™!
1 First None Time™!
2 Second Concentration™ Time™!
3 Third Concentration™ Time™!

9.3 Running CAMx With Reactive Tracers

9.3.1 CAMXx Control File

RTRAC is invoked similarly to the other Probing Tools within the CAMx control file. In the
&CAMx Control namelist module, the variable Probing Tool must be set to “RTRAC” or
“RTCMC”. An additional namelist module called &RT Control must then be provided in the
control file to configure the RTRAC portion of the model. The additional namelist module is
described below. The order of the variables follows the template available with the source
code. Figure 9-4 provides an example of the RTRAC control module.

Description of RTRAC Control in the CAMx Run Control File

&RT Control

&
RT File Root

RT Initial Conditions

RT Boundary Conditions

RT Master Restart
RT Nested Restart
RT Chemistry Parameters
RT Receptor Definitions

RT Point Sources

Label for the Probing Tool namelist module that configures the
RTRAC option; it must begin in column 2

Flag ending a namelist; it must be in column 2

Character root output path/filename

Character input master grid RTRAC initial conditions
path/filename, netCDF (optional, ignored if Restart=TRUE).
These files are completely unique to RTRAC.

Character input master grid RTRAC boundary conditions
path/filename, netCDF (optional). These files are completely
unique to RTRAC.

Character input master grid RTRAC restart path/filename
(ignored if Restart=FALSE)

Character input nested grid RTRAC restart path/filename
(ignored if Restart=FALSE or Number of Grids=1)

Character input RTRAC chemistry parameters path/filename, or
RTCMC IMC chemistry definition path/filename

Character input RTRAC receptor definition path/filename
(optional)

Character input RTRAC elevated point source emissions
path/filename, netCDF (optional, ignored if

Point Emissions=FALSE). These files are completely
unique to RTRAC; unlike SAT or DDM, multiple inputs files are
not allowed.
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RT Emiss Grid Character array (by CAMx grid) input RTRAC 2-D or 3-D gridded
emissions path/filename, netCDF (optional, ignored if
Gridded Emissions=FALSE). These files are completely
unique to RTRAC; unlike SAT or DDM, multiple input files per
grid are not allowed.

RT Partitioning Logical RTRAC tracer gas/PM partitioning flag (TRUE=apply
partitioning to specified tracers, FALSE=ignore tracer
partitioning). Only available for RTRAC, not RTCMC, must
operate with CF/SOAP aerosol options.

RT Surface Model Logical RTRAC surface model flag (TRUE=RTRAC surface model
on, FALSE=RTRAC surface model off). Only available for RTRAC,
not RTCMC, must operate with WESELY89 dry deposition
option. This flag determines the contents of the RTRAC
deposition file (see Section 9.1).

RT Srfmod Grid Character array (by grid) input RTRAC surface model restart
path/filename, netCDF (ignored if Restart=FALSE or
RTRAC_Surface_Model=FALSE)

&RT Control

RT File Root = 'CAMx.test.0200614"',

RT Initial Conditions ="',

RT Boundary Conditions = ' ',

RT Master Restart = 'CAMx.test.020613.rt.inst’',
RT Nested Restart = 'CAMx.test.020613.rt.finst’,
RT Chemistry Parameters = 'CAMx.chemparam.rtrac test',

RT Receptor Definitions 'receptor.rtrac.test',
RT Point Sources 'ptemiss.rtrac',
RT Emiss Grid(1) = 'emiss.rtrac.36km',
RT Emiss Grid(2) = 'emiss.rtrac.1l2km',
RT Emiss Grid(3) 'emiss.rtrac.04km',
&

Figure 9-4. Example input of RTRAC options and filenames within the CAMx control file.

As with the output for the host model and other Probing Tools, a “root” file name is specified
and suffixes are added depending upon the type of output produced. A separate root name for
RTRAC (and other Probing Tools) allows the user to direct the output to a completely different
path. RTRAC writes several output files that are in netCDF format, as described in Section 3.
Master and nested grid tracer instantaneous concentration files (. rt . inst and .rt.finst)
remain in the CAMx-specific binary format and are used for model restarts. The grid-specific
surface tracer average concentration files (. rt . grdnn) are in netCDF format. These files are
written in the same format as for the regular model species described in Section 3.
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9. Reactive Tracers

The “RT Chemistry Parameter” namelist variable specifies the path/filename of either
the RTRAC chemistry parameters file or the RTCMC IMC chemistry definition file. The choice of
which type of file format is read is set according the main “Probing Tool” variable (i.e.,
RTRAC or RTCMC).

9.3.2 User Adjustable Parameters

Once the RTRAC/RTCMC chemistry parameters/definition file is established, the user should be
sure that a sufficient allocation of memory is provided for this Probing Tool. This is done by
examining the main Probing Tool parameter and common block file in
Includes/camx.prm. The parameter MXTRSP should be set to the total number of species
defined in the chemistry parameters file.

User adjustable parameters for RTCMC are set in the CAMXx include file
Includes/rtcmcchm. inc. If an erroris encountered at model start up because one of
these RTCMC parameter has been exceeded, consult the list of parameters in Table 9-4 and
then change the parameter appropriately in the rtcmcchm. inc include file. Rebuild the
CAMx executable (we recommend performing a “make clean” before making a new CAMXx
executable) after changing any RTCMC parameter.

Table 9-4. RTCMC parameters default settings in the Includes/rtcmecchm. inc include
file.

Name Description Default
MXRX maximum number of RTCMC reactions 20
MXPHOT maximum number of photolysis reactions 10
MXZEN maximum number of photolysis reaction zenith angles 15
MXRCT Maximum number of reactants in each reaction 3
MXPRD maximum number of products in each reaction 20
MXEQM maximum number of equilibrium species 5
MXSLO maximum number of slow species 25
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Appendix A

CB6r5 Gas-Phase Chemistry

Table A-1. Reactions and rate constant expressions for the CB6r5 mechanism. kags is the rate
constant at 298 K and 1 atmosphere using units in cm3 molecule s’!. See Table A-2 for
species names. See Section 3.1 on temperature and pressure dependencies. For photolysis
reactions k2gs shows the photolysis rate at a solar zenith angle of 60° and height of 600 m
MSL/AGL. See Table A-3 for a listing of photolysis rates by zenith angle.

Number | Reactants and Products Rate Constant Expression kaes
1 NO2=NO+0O Photolysis 6.30E-3
2 0+02+M=03+M k = 6.00E-34 (T/300)"-2.6
6.11E-34
3 03 +NO =NO2 k = 2.07E-12 exp(-1400/T)
1.89E-14
4 O +NO =NO2 Falloff: F=0.85; n=0.84
k(0) = 1.00E-31 (T/300)"-1.6
k(inf) = 5.00E-11 (T/300)7-0.3 2.26E-12
5 0+NO2=NO k = 5.10E-12 exp(198/T)
9.91E-12
6 O +NO2 =NO3 Falloff: F=0.6; n=1.03
k(0) = 1.30E-31 (T/300)7-1.5
k(inf) = 2.30E-11 (T/300)10.24 2.098-12
7 0+03= k = 8.00E-12 exp(-2060/T) 7.96E-15
8 03=0 Photolysis 3.33E-4
9 03=01D Photolysis 8.78E-6
10 OlID+M=0+M k =2.23E-11 exp(115/T) 3.28E-11
11 01D +H20=20H k =2.14E-10 2.14E-10
12 03 + OH =HO2 k = 1.70E-12 exp(-940/T) 7.25E-14
13 03 +HO2=0H k = 2.03E-16 (T/300)*4.57 exp(693/T) 2.01E-15
14 OH+ 0 =HO02 k = 2.40E-11 exp(110/T) 3.47E-11
15 HO2+0=0H k = 3.00E-11 exp(200/T)
5.87E-11
16 OH+OH=0 k = 6.20E-14 (T/298)"2.6 exp(945/T) 1.48E-12
17 OH + OH =H202 Falloff: F=0.42; n=1.23
k(0) = 9.00E-31 (T/300)*-3.2
k(inf) = 3.90E-11 (T/300)7-0.47 6.216-12
18 OH +HO2 = k = 4.80E-11 exp(250/T) 1.11E-10
19 HO2 + HO2 = H202 k =kl + k2 [M]
k1 =2.20E-13 exp(600/T) 2.90E-12
k2 = 1.90E-33 exp(980/T)
20 HO2 + HO2 + H20 = H202 k=k1+ k2 [M]
k1 = 3.08E-34 exp(2800/T) 6.53E-30
k2 = 2.66E-54 exp(3180/T)
21 H202 =2 OH Photolysis 3.78E-6
22 H202 + OH =HO2 k =1.80E-12
1.80E-12
23 H202 + O = OH + HO2 k = 1.40E-12 exp(-2000/T) 1.70E-15
24 NO + NO+02=2N02 k = 4.25E-39 exp(664/T) 3.95E-38
25 HO2 + NO = OH + NO2 k = 3.45E-12 exp(270/T) 8.54E-12
26 NO2 + 03 =NO3 k = 1.40E-13 exp(-2470/T) 3.52E-17
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Number | Reactants and Products Rate Constant Expression kass
27 NO3=N0O2+0 Photolysis 1.56E-1
28 NO3 =NO Photolysis 1.98E-2
29 NO3 + NO =2 NO2 k = 1.80E-11 exp(110/T) 2.60E-11
30 NO3 + NO2 =NO + NO2 k = 4.50E-14 exp(-1260/T) 6.56E-16
31 NO3 + O =NO2 k=1.70E-11 1.70E-11
32 NO3 + OH =HO2 + NO2 k =2.00E-11 2.00E-11
33 NO3 + HO2 = OH + NO2 k = 4.00E-12 4.00E-12
34 NO3 + 03 =NO2 k =1.00E-17 1.00E-17
35 NO3 + NO3 =2 NO2 k = 8.50E-13 exp(-2450/T) 2.28E-16
36 NO3 + NO2 = N205 Falloff: F=0.35; n=1.33

k(0) = 3.60E-30 (T/300)*-4.1 1.24E-12

k(inf) = 1.90E-12 (T/300)70.2
37 N205 =NO3 + NO2 Falloff: F=0.35; n=1.33

k(0) = 1.30E-3 (T/300)"-3.5 exp(-

11000/T) 4.46E-2
k(inf) = 9.70E+14 (T/300)70.1 exp(-
11080/T)

38 N205 = NO2 + NO3 Photolysis 2.52E-5
39 N205 + H20 =2 HNO3 k =1.00E-22 1.00E-22
40 NO + OH =HONO Falloff: F=0.81; n=0.87

k(0) = 7.40E-31 (T/300)"-2.4 9.77E-12

k(inf) = 3.30E-11 (T/300)*-0.3
41 NO + NO2 + H20 =2 HONO k = 5.00E-40 5.00E-40
42 HONO + HONO = NO + NO2 k = 1.00E-20 1.00E-20
43 HONO =NO + OH Photolysis 1.04E-3
44 HONO + OH = NO2 k = 2.50E-12 exp(260/T) 5.98E-12
45 NO2 + OH =HNO3 Falloff: F=0.41; n=1.24

k(0) = 3.20E-30 (T/300)-4.5

k(inf) = 3.00E-11 9.89E-12
46 HNO3 + OH =NO3 k=k1+k3[M]/(1+k3[M]/k2)

k1 = 2.40E-14 exp(460/T)

k2 = 2.70E-17 exp(2199/T) 1.54E-13

k3 = 6.50E-34 exp(1335/T)
47 HNO3 = OH + NO2 Photolysis 2.54E-7
48 HO2 + NO2 = PNA Falloff: F=0.4; n=1.26

k(0) = 1.40E-31 (T/300)*-3.1

k(inf) = 4.00E-12 7.50€-13
49 PNA =HO2 + NO2 Falloff: F=0.4; n=1.26

k(0) = 4.10E-5 exp(-10650/T)

k(inf) = 6.00E+15 exp(-11170/T) 6.208-2
50 PNA =0.59 HO2 + 0.59 NO2 + 0.41 OH + Photolysis 2 36E-6

0.41 NO3 ’

51 PNA + OH =NO2 k = 3.20E-13 exp(690/T) 3.24E-12
52 SO2 + OH = SULF + HO2 Falloff: F=0.53; n=1.1

k(0) = 2.80E-31 (T/300)-2.6

k(inf) = 2.00E-12 335813
53 C203 + NO =NO2 + MEO2 + RO2 k = 7.50E-12 exp(290/T) 1.98E-11
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Number | Reactants and Products Rate Constant Expression ka2os
54 C203 + NO2 = PAN Falloff: F=0.3; n=1.41
k(0) = 3.28E-28 (T/300)"-6.87
K(inf) = 1.12E-11 (T/300)A-1.11 8.92E-12
55 PAN = NO2 + C203 Falloff: F=0.3; n=1.41
k(0) = 1.10E-5 exp(-10100/T)
k(inf) = 1.90E+17 exp(-14100/T) 4.31&-4
56 PAN =0.6 NO2 + 0.6 C203 + 0.4 NO3 + 0.4 Photolysis 3.47E-7
MEO2 + 0.4 RO2 ’
57 C203 + HO2 =0.37 PACD + 0.13 AACD + k = 3.14E-12 exp(580/T)
0.1303+0.50H + 0.5 MEO2 + 0.5 RO2 2.20E-11
58 C203 + RO2 = MEO2 k = 4.40E-13 exp(1070/T)
1.60E-11
59 C203 + C203 =2 MEO2 + 2 RO2 k = 2.90E-12 exp(500/T) 1.55E-11
60 C203 + CX0O3 =MEO2 + ALD2 + XO2H + 2 k = k(ref)/K
RO2 k(ref) = k(59) 1.55E-11
K=1.00E+0
61 CX03 + NO =NO2 + ALD2 + XO2H + RO2 k = 6.70E-12 exp(340/T) 2.10E-11
62 CX03 + NO2 = PANX k = k(ref)/K
k(ref) = k(54)
K = 1.21E+0 7.378-12
63 PANX =NO2 + CX03 k = k(ref)/K
k(ref) = k(55)
K=1.21E+0 3.56E-4
64 PANX =0.6 NO2 + 0.6 CXO3 + 0.4 NO3 + 0.4 | Photolysis 3.47E-7
ALD2 + 0.4 XO2H + 0.4 RO2 ’
65 CX03 + HO2 =0.37 PACD + 0.13 AACD + k = k(ref)/K
0.1303+0.50H +0.5 MEO2 + 0.5 RO2 k(ref) = k(57)
K = 1.00E+0 2.208-11
66 CX03 + RO2 = MEO2 k = k(ref)/K
k(ref) = k(58)
K = 1.00E+0 1.60E-11
67 CX03 + CX03 =2 MEO2 + 2 RO2 k = k(ref)/K
k(ref) = k(59)
K = 1.00E+0 1.558-11
68 RO2 + NO=NO k = 2.40E-12 exp(360/T) 8.03E-12
69 RO2 + HO2 = HO2 k = 4.80E-13 exp(800/T) 7.03E-12
70 RO2 + RO2 = k = 6.50E-14 exp(500/T) 3.48E-13
71 MEO2 + NO = FORM + HO2 + NO2 k = 2.30E-12 exp(360/T) 7.70E-12
72 MEO2 + HO2 = 0.9 MEPX + 0.1 FORM k = 3.80E-13 exp(780/T) 5.21E-12
73 MEQ2 + C203 = FORM + 0.9 HO2 + 0.9 k = 2.00E-12 exp(500/T) 1.07E-11
MEQO2 + 0.1 AACD + 0.9 RO2 ’
74 MEO2 + RO2 = 0.685 FORM + 0.315 MEOH + | k = k(ref)/K
0.37 HO2 + RO2 k(ref) = k(70) 3.48E-13
K =1.00E+0
75 XO2H + NO = NO2 + HO2 k = 2.70E-12 exp(360/T) 9.04E-12
76 XO2H + HO2 = ROOH k = 6.80E-13 exp(800/T) 9.96E-12
77 XO2H +C203=0.8 HO2 + 0.8 MEO2 + 0.2 k = k(ref)/K
AACD + 0.8 RO2 k(ref) = k(58)
K = 1.00E+0 1.608-11
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Number | Reactants and Products Rate Constant Expression kass
78 XO2H + RO2 = 0.6 HO2 + RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K=1.00E+0
79 X02 + NO =NO2 k = k(ref)/K
k(ref) = k(75) 9.04E-12
K = 1.00E+0
80 X02 + HO2 = ROOH k = k(ref)/K
k(ref) = k(76) 9.96E-12
K=1.00E+0
81 X02 + €203 = 0.8 MEO2 + 0.2 AACD + 0.8 k = k(ref)/K
RO2 k(ref) = k(58)
K = 1.00E+0 1.608-11
82 X02 + RO2 = RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K=1.00E+0
83 XO2N + NO = 0.5 NTR1 + 0.5 NTR2 k = k(ref)/K
k(ref) = k(75) 9.04E-12
K=1.00E+0
84 XO2N + HO2 = ROOH k = k(ref)/K
k(ref) = k(76) 9.96E-12
K=1.00E+0
85 XO2N + C203 =0.8 HO2 + 0.8 MEO2 + 0.2 k = k(ref)/K
AACD + 0.8 RO2 k(ref) = k(58)
K = 1.00E+0 1.60€-11
86 XO2N + RO2 = RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K=1.00E+0
87 MEPX + OH =0.6 MEO2 + 0.6 RO2 + 0.4 k = 5.30E-12 exp(190/T) 1.00E-11
FORM + 0.4 OH ’
88 MEPX = MEO2 + RO2 + OH Photolysis 2.68E-6
89 ROOH + OH =0.54 XO2H + 0.06 XO2N + 0.6 k = 5.30E-12 exp(190/T) 1.00E-11
RO2 + 0.4 OH ’
90 ROOH =HO2 + OH Photolysis 2.68E-6
91 NTR1 + OH = NTR2 k =2.00E-12 2.00E-12
92 NTR1 =NO2 Photolysis 1.06E-6
93 FACD + OH = HO2 k =4.50E-13 4.50E-13
94 AACD + OH = MEO2 + RO2 k = 4.00E-14 exp(850/T) 6.93E-13
95 PACD + OH =C203 k = 5.30E-12 exp(190/T) 1.00E-11
96 FORM + OH =HO2 + CO k = 5.40E-12 exp(135/T) 8.49E-12
97 FORM =2 HO2 + CO Photolysis
1.69E-5
98 FORM = CO + H2 Photolysis
2.69E-5
99 FORM + NO3 =HNO3 + HO2 + CO k =5.50E-16 5.50E-16
100 FORM + HO2 = HCO3 k = 9.70E-15 exp(625/T) 7.90E-14
101 HCO3 = FORM + HO2 k = 2.40E+12 exp(-7000/T) 1.51E+2
102 HCO3 + NO = FACD + NO2 + HO2 k =5.60E-12 5.60E-12
103 HCO3 + HO2 = 0.5 MEPX + 0.5 FACD + 0.2 k = 5.60E-15 exp(2300/T) 1.26E-11
OH + 0.2 HO2 :
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104 ALD2 + OH = C203 k = 4.70E-12 exp(345/T) 1.50E-11
105 ALD2 + NO3 = C203 + HNO3 k = 1.40E-12 exp(-1860/T) 2.73E-15
106 ALD2 = MEO2 + RO2 + CO + HO2 Photolysis 1.96E-6
107 ALDX + OH = CX03 k = 4.90E-12 exp(405/T) 1.91E-11
108 ALDX + NO3 = CXO3 + HNO3 k = 6.30E-15 6.30E-15
109 ALDX = ALD2 + XO2H + RO2 + CO + HO2 Photolysis
2.62E-5
110 GLYD + OH =0.2 GLY + 0.2 HO2 + 0.8 C203 k = 8.00E-12 8.00E-12
111 GLYD =0.74 FORM +0.89 CO + 1.4 HO2 + Photolysis
0.15 MEOH +0.19 OH +0.11 GLY + 0.11
XO2H +0.11 RO2 2.76E-6
112 GLYD + NO3 =HNO3 + C203 k = k(ref)/K
k(ref) = k(105) 2.73E-15
K =1.00E+0
113 GLY +OH=1.8CO+0.2 X02 +0.2 RO2 + k = 3.10E-12 exp(340/T)
9.70E-12
HO2
114 GLY=2H02+2CO Photolysis
5.01E-4
115 GLY + NO3 =HNO3 +1.5CO +0.5X02 +0.5 | k=4.00E-16
RO2 + HO2 4.00E-16
116 MGLY = C203 + HO2 + CO Photolysis 1.46E-4
117 MGLY + NO3 = HNO3 + C203 + X02 + RO2 k = 5.00E-16
5.00E-16
118 MGLY + OH =C203 + CO k = 1.90E-12 exp(575/T) 1.31E-11
119 H2 + OH = HO2 k = 7.70E-12 exp(-2100/T) 6.70E-15
120 CO + OH = HO2 k =kl +k2 [M]
k1l =1.44E-13 2.28E-13
k2 = 3.43E-33
121 CH4 + OH = MEO2 + RO2 k = 1.85E-12 exp(-1690/T) 6.37E-15
122 ETHA + OH =0.991 ALD2 + 0.991 XO2H + k = 6.90E-12 exp(-1000/T) 5 41E-13
0.009 XO2N + RO2 )
123 MEOH + OH = FORM + HO2 k = 2.85E-12 exp(-345/T) 8.95E-13
124 ETOH + OH =0.95 ALD2 + 0.9 HO2 + 0.1 k = 3.00E-12 exp(20/T)
XO2H + 0.1 RO2 + 0.078 FORM + 0.011 3.21E-12
GLYD
125 KET = 0.5 ALD2 + 0.5 C203 + 0.5 XO2H + 0.5 Photolysis 2 27E-7
CX03 + 0.5 MEO2 + RO2 - 2.5 PAR ’
126 ACET=0.38 CO +1.38 MEO2 + 1.38 RO2 + Photolysis 5 08E7
0.62 C203 .
127 ACET + OH = FORM + C203 + XO2 + RO2 k = 1.41E-12 exp(-620.6/T) 1.76E-13
128 PRPA + OH = XPRP k = 7.60E-12 exp(-585/T) 1.07E-12
129 PAR + OH = XPAR k =8.10E-13 8.10E-13
130 ROR =0.2 KET + 0.42 ACET + 0.74 ALD2 + k = 5.70E+12 exp(-5780/T)
0.37 ALDX + 0.04 XO2N + 0.94 XO2H + 0.98 2.15E+4
RO2 + 0.02 ROR - 2.7 PAR
131 ROR + 02 = KET + HO2 k = 1.50E-14 exp(-200/T) 7.67E-15
132 ROR + NO2 = NTR1 k = 8.60E-12 exp(400/T) 3.29E-11
133 ETHY + OH=0.7 GLY + 0.7 OH + 0.3 FACD + Falloff: F=0.37; n=1.3
0.3CO+0.3HO02 k(0) = 5.00E-30 (T/300)*-1.5 7.52E-13
k(inf) = 1.00E-12
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134 ETH + OH = XO2H + RO2 + 1.56 FORM + 0.22 | Falloff: F=0.48; n=1.15
GLYD k(0) = 8.60E-29 (T/300)7-3.1 7.84E-12
k(inf) = 9.00E-12 (T/300)7-0.85
135 ETH + O3 =FORM + 0.35 CO + 0.27 HO2 + k = 6.82E-15 exp(-2500/T)
0.17 OH + 0.42 FACD 1.55E-18
136 ETH + NO3=0.5N02 + 0.5 NTR1 + 0.5 k = 3.30E-12 exp(-2880/T)
XO2H + 0.5 XO2 + RO2 + 1.125 FORM 2.10E-16
137 OLE + OH =0.781 FORM + 0.488 ALD2 + Falloff: F=0.5; n=1.13
0.488 ALDX + 0.976 XO2H + 0.195 X0O2 + k(0) = 8.00E-27 (T/300)7-3.5 2.86E-11
0.024 XO2N + 1.195 RO2 - 0.73 PAR k(inf) = 3.00E-11 (T/300)"-1
138 OLE + 03 =0.295 ALD2 + 0.555 FORM + 0.27 | k = 5.50E-15 exp(-1880/T)
ALDX + 0.15 XO2H + 0.15 RO2 + 0.334 OH +
0.08 HO2 + 0.378 CO + 0.075 GLY + 0.075 1.00E-17
MGLY + 0.09 FACD + 0.13 AACD + 0.04
H202 - 0.79 PAR
139 OLE + NO3 = 0.5 NO2 + 0.5 NTR1 + 0.48 XO2 | k = 4.60E-13 exp(-1155/T)
+0.48 XO2H + 0.04 XO2N + RO2 + 0.5 FORM 9.54E-15
+0.25 ALD2 + 0.375 ALDX - 1 PAR
140 IOLE + OH = 1.3 ALD2 + 0.7 ALDX + XO2H + k = 1.05E-11 exp(519/T)
RO2 5.99E-11
141 IOLE + 03 =0.732 ALD2 + 0.442 ALDX + k = 4.70E-15 exp(-1013/T)
0.128 FORM +0.245 CO + 0.5 0OH + 0.3
XO2H + 0.3 RO2 + 0.24 GLY + 0.06 MGLY + 157E-16
0.29 PAR + 0.08 AACD + 0.08 H202
142 IOLE + NO3 =0.5NO2 + 0.5 NTR1 + 0.48 k =3.70E-13
X02 +0.48 XO2H + 0.04 XO2N + RO2 + 0.5 3.70E-13
ALD2 + 0.625 ALDX + PAR
143 ISOP + OH =1S0O2 + RO2 k = 2.70E-11 exp(390/T) 9.99E-11
144 ISO2 + NO=0.1INTR+ 0.9 NO2 +0.673 k = 2.39E-12 exp(365/T)
FORM + 0.9 ISPD + 0.818 HO2 + 0.082 XO2H 8.13E-12
+0.082 RO2
145 1ISO2 + HO2 = 0.88 ISPX + 0.12 OH + 0.12 k = 7.43E-13 exp(700/T)
HO2 +0.12 FORM + 0.12 ISPD 7.78E-12
146 ISO2 + C203 = 0.598 FORM + 1 ISPD + 0.728 | k = k(ref)/K
HO2 + 0.072 XO2H + 0.8 MEO2 + 0.2 AACD + | k(ref) = k(58)
0.872 RO2 K = 1.00E+0 1.60E-11
147 ISO2 + RO2 = 0.598 FORM + 1 ISPD +0.728 | k = k(ref)/K
HO2 + 0.072 XO2H + 1.072 RO2 k(ref) = k(70) 3.48E-13
K=1.00E+0
148 ISO2 = HO2 + HPLD k = 3.30E+9 exp(-8300/T) 2.64E-3
149 ISOP + 03 =0.6 FORM + 0.65 ISPD + 0.15 k = 1.03E-14 exp(-1995/T)
ALDX + 0.2 CXO3 + 0.35 PAR + 0.266 OH + 1.27E-17
0.2 X02 + 0.2 RO2 +0.066 HO2 + 0.066 CO
150 ISOP + NO3 =0.35NO2 + 0.65 NTR2 + 0.64 k = 3.03E-12 exp(-448/T)
XO2H +0.33 XO2 + 0.03 XO2N + RO2 + 0.35 6.74E-13
FORM + 0.35 ISPD
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151

ISPD + OH = 0.022 XO2N + 0.521 XO2 +
0.115 MGLY +0.115 MEO2 + 0.269 GLYD +
0.269 C203 +0.457 OPO3 + 0.117 PAR +
0.137 ACET +0.137 CO + 0.137 HO2 + 0.658
RO2

k = 5.58E-12 exp(511/T)

3.10E-11

152

ISPD + 03 =0.04 ALD2 + 0.231 FORM +
0.531 MGLY +0.17 GLY + 0.17 ACET + 0.543
CO +0.461 OH + 0.15 FACD + 0.398 HO2 +
0.143 C203

k = 3.88E-15 exp(-1770/T)

1.02E-17

153

ISPD + NO3 =0.717 HNO3 + 0.142 NTR2 +
0.142 NO2 + 0.142 XO2 + 0.142 XO2H +
0.113 GLYD + 0.113 MGLY + 0.717 PAR +
0.717 CXO3 + 0.284 RO2

k = 4.10E-12 exp(-1860/T)

7.98E-15

154

ISPD =0.76 HO2 + 0.34 XO2H + 0.16 XO2 +
0.34 MEO2 +0.208 C203 + 0.26 FORM +
0.24 OLE + 0.24 PAR + 0.17 ACET + 0.128
GLYD +0.84 RO2

Photolysis

1.60E-5

155

ISPX + OH = 0.904 EPOX + 0.933 OH + 0.067
ISO2 + 0.067 RO2 + 0.029 IOLE + 0.029 ALDX

k = 2.23E-11 exp(372/T)

7.77E-11

156

HPLD = OH + ISPD

Photolysis

4.41E-4

157

HPLD + NO3 = HNO3 + ISPD

k = 6.00E-12 exp(-1860/T)

1.17E-14

158

EPOX + OH = EPX2 + RO2

k = 5.78E-11 exp(-400/T)

1.51E-11

159

EPX2 + HO2 =0.275 GLYD + 0.275 GLY +
0.275 MGLY +1.125 OH + 0.825 HO2 +
0.375 FORM + 0.074 FACD +0.251 CO +
2.175 PAR

k = 7.43E-13 exp(700/T)

7.78E-12

160

EPX2 + NO =0.275 GLYD + 0.275 GLY +
0.275 MGLY +0.125 OH + 0.825 HO2 +
0.375 FORM + NO2 + 0.251 CO + 2.175 PAR

k = 2.39E-12 exp(365/T)

8.13E-12

161

EPX2 + C203 =0.22 GLYD + 0.22 GLY + 0.22
MGLY + 0.1 OH + 0.66 HO2 + 0.3 FORM +
0.2CO+1.74 PAR + 0.8 MEO2 + 0.2 AACD +
0.8 RO2

k = k(ref)/K
k(ref) = k(58)
K=1.00E+0

1.60E-11

162

EPX2 + RO2 = 0.275 GLYD + 0.275 GLY +
0.275 MGLY +0.125 OH + 0.825 HO2 +
0.375 FORM + 0.251 CO + 2.175 PAR + RO2

k = k(ref)/K
k(ref) = k(70)
K=1.00E+0

3.48E-13

163

INTR + OH = 0.63 XO2 + 0.37 XO2H + RO2 +
0.444 NO2 +0.185 NO3 + 0.104 INTR +
0.592 FORM + 0.331 GLYD + 0.185 FACD +
2.7 PAR + 0.098 OLE + 0.078 ALDX + 0.266
NTR2

k =3.10E-11

3.10E-11

164

TERP + OH = 0.75 XO2H + 0.5 XO2 + 0.25
XO2N +1.5R02 + 0.28 FORM + 1.66 PAR +
0.47 ALDX

k = 1.50E-11 exp(449/T)

6.77E-11

165

TERP + 03 =0.57 OH + 0.07 XO2H + 0.69
X02 +0.18 XO2N + 0.94 RO2 + 0.24 FORM +
0.001 CO +7 PAR +0.21 ALDX + 0.39 CXO3

k = 1.20E-15 exp(-821/T)

7.63E-17

166

TERP + NO3 =0.47 NO2 + 0.28 XO2H + 0.75
X02 +0.25 XO2N + 1.28 RO2 + 0.47 ALDX +
0.53 NTR2

k =3.70E-12 exp(175/T)

6.66E-12
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167 BENZ + OH = 0.53 CRES + 0.352 BZO2 + k = 2.30E-12 exp(-190/T)
0.352 RO2 +0.118 OPEN +0.118 OH + 0.53 1.22E-12
HO2
168 BZ0O2 + NO = 0.918 NO2 + 0.082 NTR2 + k = 2.70E-12 exp(360/T)
0.918 GLY + 0.918 OPEN + 0.918 HO2 9.04E-12
169 BZO2 + C203 = GLY + OPEN + HO2 + MEO2 | k = k(ref)/K
+R0O2 k(ref) = k(58)
K = 1.00E+0 1.608-11
170 BZO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
171 BZO2 + RO2 = GLY + OPEN + HO2 + RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K =1.00E+0
172 TOL+OH=0.18 CRES+0.65TO2 + 0.72 k = 1.80E-12 exp(340/T)
RO2 + 0.1 OPEN + 0.1 OH + 0.07 XO2H + 5.63E-12
0.18 HO2
173 TO2 + NO=0.86 NO2 +0.14 NTR2 + 0.417 k = 2.70E-12 exp(360/T)
GLY + 0.443 MGLY + 0.66 OPEN + 0.2 XOPN 9.04E-12
+0.86 HO2
174 TO2 + C203 = 0.48 GLY + 0.52 MGLY + 0.77 k = k(ref)/K
OPEN + 0.23 XOPN + HO2 + MEO2 + RO2 k(ref) = k(58)
K = 1.00E+0 1.60E-11
175 TO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
176 TO2 + RO2 =0.48 GLY + 0.52 MGLY + 0.77 k = k(ref)/K
OPEN + 0.23 XOPN + HO2 + RO2 k(ref) = k(70) 3.48E-13
K = 1.00E+0
177 XYL + OH = 0.155 CRES + 0.544 XLO2 + 0.602 | k=1.85E-11
RO2 + 0.244 XOPN + 0.244 OH + 0.058 1.85E-11
XO2H + 0.155 HO2
178 XLO2 + NO =0.86 NO2 + 0.14 NTR2 + 0.221 k = 2.70E-12 exp(360/T)
GLY + 0.675 MGLY + 0.3 OPEN + 0.56 XOPN 9.04E-12
+0.86 HO2
179 XLO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
180 XLO2 + C203 =0.26 GLY + 0.77 MGLY + 0.35 | k = k(ref)/K
OPEN + 0.65 XOPN + HO2 + MEO2 + RO2 k(ref) = k(58)
K = 1.00E+0 1.60-11
181 XLO2 + RO2 =0.26 GLY + 0.77 MGLY + 0.35 k = k(ref)/K
OPEN + 0.65 XOPN + HO2 + RO2 k(ref) = k(70) 3.48E-13
K = 1.00E+0
182 CRES + OH = 0.025 GLY + 0.025 OPEN + HO2 | k =1.70E-12 exp(950/T)
+0.2 CRO +0.732 CAT1 + 0.02 XO2N + 0.02 4.12E-11
RO2
183 CRES + NO3 =0.3 CRO + HNO3 +0.48 X02 + | k=1.40E-11
0.12 XO2H + 0.24 GLY + 0.24 MGLY + 0.48 1.40E-11
OPO3 + 0.1 XO2N + 0.7 RO2
184 CRO + NO2 = CRON k =2.10E-12 2.10E-12
185 CRO + HO2 = CRES k = 5.50E-12 5.50E-12
186 CRON + OH = NTR2 + 0.5 CRO k =1.53E-12 1.53E-12
187 CRON + NO3 = NTR2 + 0.5 CRO + HNO3 k = 3.80E-12 3.80E-12
188 CRON = HONO + HO2 + FORM + OPEN Photolysis 9.45E-5
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189 XOPN = 0.4 GLY + XO2H + 0.7 HO2 + 0.7 CO Photolysis
+0.3C203 >-04-4
190 XOPN + OH = MGLY + 0.4 GLY + 2 XO2H + 2 k =9.00E-11
RO2 9.00E-11
191 XOPN +03=1.2 MGLY + 0.5 OH + 0.6 C203 | k = 1.08E-16 exp(-500/T)
+0.1 ALD2 + 0.5 CO + 0.3 XO2H + 0.3 RO2 2.028-17
192 XOPN + NO3 =0.5 NO2 + 0.5 NTR2 + 0.45 k =3.00E-12
XO2H +0.45 XO2 + 0.1 XO2N + RO2 +0.25 3.00E-12
OPEN + 0.25 MGLY
193 OPEN =0OP0O3 + HO2 + CO Photolysis 5.04E-4
194 OPEN +OH=0.6 OPO3 + 0.4 XO2H + 0.4 k =4.40E-11
RO2 + 0.4 GLY 4.40E-11
195 OPEN +03=1.4 GLY +0.24 MGLY + 0.5 OH k = 5.40E-17 exp(-500/T)
+0.12 C203 + 0.08 FORM + 0.02 ALD2 + 1.01E-17
1.98 CO + 0.56 HO2
196 OPEN + NO3 = OPO3 + HNO3 k = 3.80E-12 3.80E-12
197 CAT1+OH=0.14 FORM + 0.2 HO2 + 0.5 k =5.00E-11 5 00E-11
CRO
198 CAT1 + NO3 = CRO + HNO3 k =1.70E-10 1.70E-10
199 OPO3 +NO=NO2+0.5GLY+0.5CO+0.8
HO2 + 0.2 CX03 k = k(ref)/K
k(ref) = k(61) 2.10E-11
K=1.00E+0
200 OPO3 + NO2 = OPAN k = k(ref)/K
k(ref) = k(62)
K = 1.00E+0 7.37E-12
201 OPAN = 0OPO3 + NO2 k = k(ref)/K
k(ref) = k(63)
K = 1.00E+0 3.56E-4
202 OPO3 + HO2 =0.37 PACD + 0.13 AACD + k = k(ref)/K
0.13 03 + 0.5 OH + 0.5 MEO2 + 0.5 RO2 k(ref) = k(65)
K = 1.00E+0 2.208-11
203 OPO3 + C203 = MEO2 + XO2 + ALDX + 2 k = k(ref)/K
RO2 k(ref) = k(59) 1.55E-11
K=1.00E+0
204 OPO3 +R0O2 =0.8 XO2H + 0.8 ALDX + 1.8 k = k(ref)/K
RO2 + 0.2 AACD k(ref) = k(58)
K = 1.00E+0 1.60E-11
205 OPAN +OH=0.5N02+0.5GLY+CO +0.5 k =3.60E-11
NTR2 3.60E-11
206 PANX + OH = ALD2 + NO2 k =3.00E-12 3.00E-12
207 NTR2 = HNO3 k =2.30E-5 2.30E-5
208 ECH4 + OH = MEO2 + RO2 k = 1.85E-12 exp(-1690/T) 6.37E-15
209 2=21 Photolysis 1.44E-1
210 HOI=1+OH Photolysis 6.36E-2
211 I1+03=10 k =2.10E-11 exp(-830/T) 1.30E-12
212 I0=1+0 Photolysis 1.18E-1
213 I0+10=0.41+0.40I0+0.61202 k = 5.40E-11 exp(180/T) 9.88E-11
214 10 + HO2 = HOI k = 1.40E-11 exp(540/T) 8.57E-11
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215 I0+NO =1+ NO2 k = 7.15E-12 exp(300/T) 1.96E-11
216 10 + NO2 =INO3 Falloff: F=0.4; n=1.26

k(0) = 7.70E-31 (T/300)A-5

k(inf) = 1.60E-11 3.54E-12
217 Olo =1 Photolysis 1.41E-1
218 OIO + OH = HIO3 Falloff: F=0.3; n=1.41

k(0) = 1.50E-27 (T/300)"-3.93

k(inf) = 5.50E-10 exp(46/T) 3.96E-10
219 010 + 10 = IXOY k = 1.00E-10 1.00E-10
220 0l0 + NO = 10 + NO2 k = 1.10E-12 exp(542/T) 6.78E-12
221 1202 =1+ 0I0 k =1.00E+1 1.00E+1
222 1202 + 03 = IXOY k =1.00E-12 1.00E-12
223 INO3 =1+ NO3 Photolysis 1.25E-2
224 INO3 + H20 = HOI + HNO3 k =2.50E-22 2.50E-22
225 XPRP =XO2N + RO2 Falloff: F=0.41; n=1

k(0) = 2.37E-21 3.09E-2

k(inf) = 4.30E-1 (T/298)7-8
226 XPRP =0.732 ACET + 0.268 ALDX + 0.268 k = 1.00E+0 1.00E+0

PAR + XO2H + RO2 ’

227 XPAR = XO2N + RO2 Falloff: F=0.41; n=1

k(0) = 4.81E-20 1.49E-1

k(inf) = 4.30E-1 (T/298)7-8
228 XPAR =0.126 ALDX + 0.874 ROR + 0.126 k = 1.00E+0 1.00E+0

XO2H +0.874 XO2 + RO2 - 0.126 PAR ’

229 INTR = HNO3 k = 1.40E-4 1.40E-4
230 SO2 = SULF k = 0.00E+0 0.00E+0
231 DMS + OH =S02 + FORM + MEQO2 k = 1.12E-11 exp(-250/T) 4.84E-12
232 DMS + OH + 02 = SULF + MEO2 k = 1.28E-37 exp(4480/T) 4.33E-31
233 DMS + NO3 =S02 + FORM + MEO2 + HNO3 k = 1.90E-13 exp(520/T) 1.09E-12
234 NO2 + OH + H20 = HNO3 + H20 k =1.10E-30 1.10E-30
235 GLY = CGLY k = 1.00E-6 1.00E-6
236 MGLY = CGLY k = 1.00E-6 1.00E-6
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Table A-2. CB6 species names and descriptions.

Appendix A: CB6r5 Gas-Phase Chemistry

Species | Description Carbon# | C | H |O | N | I MW
Bz02 Peroxy radical from OH addition to benzene 6 6 | 7|5 159.06
C203 Acetylperoxy radical 2 2 |1 31]3 75.01
CRO Alkoxy radical from cresol 7 717 |1 107.11
CGLY Condensible SOA product from GLY/MGLY oxidation 2 2 | 2|2 58.01
CX03 C3 and higher acylperoxy radicals 3 315|3 89.04
EPX2 Peroxy radical from EPOX reaction with OH 5 519 |5 149.06
HCO3 Adduct from HO2 plus formaldehyde 1 1133 63.00
HO2 Hydroperoxy radical 1|2 32.99
1SO2 Peroxy radical from OH addition to isoprene 5 519 |3 117.08
MEO2 Methylperoxy radical 1 1|3 ]2 47.01
0 Oxygen atom in the O3(P) electronic state 1 15.99
01D Oxygen atom in the 01(D) electronic state 1 15.99
OH Hydroxyl radical 1)1 17.00
OPO3 Peroxyacyl radical from OPEN 4 4 | 3 |4 115.02
RO2 Operator to approximate total peroxy radical 4 7 |2 87.07
concentration
ROR Secondary alkoxy radical 1 4 |7 |1 71.08
TO2 Peroxy radical from OH addition to TOL 7 71915 173.08
XLO2 Peroxy radical from OH addition to XYL 8 8 (11| 5 187.11
X02 NO to NO2 conversion from alkylperoxy (RO2) radical 4 | 7 |2 87.07
XO2H NO to NO2 conversion (X02) accompanied by HO2 4 |7 |2 87.07
production
XO2N NO to organic nitrate conversion from alkylperoxy (RO2) 4 | 7 |2 87.07
radical
I lodine atom 1 | 126.90
10 lodine monoxide 1 1 | 142.89
(0][e] lodine dioxide 2 1 | 158.88
XPRP Operator for organic nitrates from PRPA 3 317121 89.06
XPAR Operator for organic nitrates from PAR 1 5 (112 |1 117.11
AACD Acetic acid 2 2 | 4|2 60.03
ACET Acetone 3 3 6 |1 58.06
ALD2 Acetaldehyde 2 2 4|1 44.04
ALDX Propionaldehyde and higher aldehydes 3 3|16 |1 58.06
BENZ Benzene 6 6 6 78.10
CAT1 Methyl-catechols 7 7| 8|2 124.11
(60) Carbon monoxide 1 1 1 28.00
CRES Cresols 7 718 |1 108.12
CRON Nitro-cresols 7 7 713]1 153.09
EPOX Epoxide formed from ISPX reaction with OH 5 5 (10| 3 118.09
ETH Ethene 2 2 | 4 28.05
ETHA Ethane 2 2 | 6 30.06
ETHY Ethyne 2 2 |2 26.03
ETOH Ethanol 2 2 |16 |1 46.05
FACD Formic acid 1 1 2 |2 46.00
FORM Formaldehyde 1 1121 30.01
GLY Glyoxal 2 2 2 |2 58.01
GLYD Glycolaldehyde 2 2 | 4|2 60.03
H202 Hydrogen peroxide 2 |2 33.99
HNO3 Nitric acid 1 (13]1 62.98
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Species | Description Carbon# | C | H |O | N | I MW

HONO Nitrous acid 1 (2|1 46.99
HPLD hydroperoxyaldehyde 5 518 |3 116.08
INTR Organic nitrates from ISO2 reaction with NO 5 51941 147.07
IOLE Internal olefin carbon bond (R-C=C-R) 4 4 | 8 56.10
ISOP Isoprene 5 51| 8 68.11
ISPD Isoprene product (lumped methacrolein, methyl vinyl 4 4 |6 |1 70.07

ketone, etc.)
ISPX Hydroperoxides from 1SO2 reaction with HO2 5 5 (10| 3 118.09
KET Ketone carbon bond (C=0) 4 4 |18 |1 72.09
MEOH Methanol 1 1|41 32.03
MEPX Methylhydroperoxide 1 1|42 48.02
MGLY Methylglyoxal 3 314 1|2 72.04
N205 Dinitrogen pentoxide 512 107.95
NO Nitric oxide 111 29.99
NO2 Nitrogen dioxide 2|1 45.98
NO3 Nitrate radical 311 61.97
NTR1 Simple organic nitrates 4 9 (3|1 119.07
NTR2 Multi-functional organic nitrates 4 |9 |41 135.06
03 Ozone 3 47.97
OLE Terminal olefin carbon bond (R-C=C) 3 3|6 42.07
OPAN Peroxyacyl nitrate (PAN compound) from OPO3 4 4 | 3]6|1 161.00
OPEN Aromatic ring opening product (unsaturated dicarbonyl) 4 4 | 4 |2 84.05
PACD Peroxyacetic and higher peroxycarboxylic acids 2 2 |1 413 76.02
PAN Peroxyacetyl Nitrate 2 2 13|51 120.99
PANX C3 and higher peroxyacyl nitrate 3 3 (15|51 135.02
PAR Paraffin carbon bond (C-C) 1 51|12 72.13
PNA Peroxynitric acid 11411 78.97
PRPA Propane 3 3| 8 44.09
ROOH Higher organic peroxide 4 110 2 90.09
S02 Sulfur dioxide 2 64.04
SULF Sulfuric acid (gaseous) 2 |4 98.03
TERP Monoterpenes 10 10 | 16 136.21
TOL Toluene and other monoalkyl aromatics 7 7 | 8 92.13
XOPN Aromatic ring opening product (unsaturated dicarbonyl) 5 5|16 |2 98.07
XYL Xylene and other polyalkyl aromatics 8 8 | 10 106.15
ECH4 Emitted methane (to enable tracking seperate from 1 1|4 16.04
CH4)

12 Molecular iodine 2 | 253.80
1202 Diiodine dioxide 2 2 | 285.78
IXOY Condensable iodine oxides 3 2 | 301.77
HOI Hypoiodous acid 1|1 1 | 143.90
HIO3 lodic acid 113 1| 175.88
INO3 lodine nitrate 3|1 1] 188.87
DMS Dimethyl sulfate 2 2 | 6 62.10
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Appendix A: CB6r5 Gas-Phase Chemistry

Table A-3. CB6r5 primary (unshaded) and secondary (shaded) photolysis rates (1/s) by solar
zenith angle at 600 m MSL/AGL.

Reaction Solar zenith angle (degree)

ID 0 10 20 30 40 50 60 70 78 86
1 1.01E-02 | 9.99E-03 | 9.77E-03 | 9.38E-03 | 8.75E-03 | 7.77E-03 | 6.30E-03 | 4.15E-03 | 2.09E-03 | 5.12E-04
4.26E-04 | 4.24E-04 | 4.19E-04 | 4.10E-04 | 3.94E-04 | 3.71E-04 | 3.33E-04 | 2.69E-04 | 1.79E-04 | 4.27E-05
9 4,55E-05 | 4.41E-05 | 3.99E-05 | 3.35E-05 | 2.54E-05 | 1.67E-05 | 8.78E-06 | 3.17E-06 | 9.20E-07 | 1.52E-07
21 8.79E-06 | 8.66E-06 | 8.26E-06 | 7.60E-06 | 6.64E-06 | 5.35E-06 | 3.78E-06 | 2.05E-06 | 8.81E-07 | 2.03E-07
27 1.88E-01 | 1.88E-01 | 1.86E-01 | 1.84E-01 | 1.79E-01 | 1.71E-01 | 1.56E-01 | 1.26E-01 | 8.22E-02 | 1.79E-02
28 2.32E-02 | 2.32E-02 | 2.31E-02 | 2.28E-02 | 2.23E-02 | 2.14E-02 | 1.98E-02 | 1.64E-02 | 1.12E-02 | 2.63E-03
38 5.54E-05 | 5.46E-05 | 5.23E-05 | 4.84E-05 | 4.26E-05 | 3.48E-05 | 2.52E-05 | 1.42E-05 | 6.30E-06 | 1.48E-06
43 1.74E-03 | 1.73E-03 | 1.68E-03 | 1.61E-03 | 1.49E-03 | 1.31E-03 | 1.04E-03 | 6.69E-04 | 3.29E-04 | 8.35E-05
47 8.47E-07 | 8.28E-07 | 7.70E-07 | 6.80E-07 | 5.57E-07 | 4.09E-07 | 2.54E-07 | 1.16E-07 | 4.20E-08 | 7.98E-09
50 7.02E-06 | 6.88E-06 | 6.46E-06 | 5.78E-06 | 4.84E-06 | 3.66E-06 | 2.36E-06 | 1.12E-06 | 4.16E-07 | 7.73E-08
56 9.53E-07 | 9.36E-07 | 8.81E-07 | 7.94E-07 | 6.72E-07 | 5.19€-07 | 3.47E-07 | 1.75E-07 | 7.05E-08 | 1.52E-08
88 6.02E-06 | 5.94E-06 | 5.68E-06 | 5.25E-06 | 4.61E-06 | 3.75E-06 | 2.68E-06 | 1.49E-06 | 6.52E-07 | 1.53E-07
92 3.29E-06 | 3.22E-06 | 3.01E-06 | 2.68E-06 | 2.22E-06 | 1.66E-06 | 1.06E-06 | 4.98E-07 | 1.85E-07 | 3.60E-08
97 4.16E-05 | 4.10E-05 | 3.90E-05 | 3.58E-05 | 3.10E-05 | 2.46E-05 | 1.69E-05 | 8.78E-06 | 3.55E-06 | 7.35E-07
98 5.43E-05 | 5.37E-05 | 5.18E-05 | 4.85E-05 | 4.35E-05 | 3.63E-05 | 2.69E-05 | 1.56E-05 | 7.06E-06 | 1.73E-06
106 7.29-06 | 7.12E-06 | 6.59E-06 | 5.77E-06 | 4.65E-06 | 3.32E-06 | 1.96E-06 | 8.07E-07 | 2.54E-07 | 3.93E-08
109 6.88E-05 | 6.77E-05 | 6.41E-05 | 5.83E-05 | 4.99E-05 | 3.90E-05 | 2.62E-05 | 1.32E-05 | 5.17E-06 | 1.04E-06
111 9.03E-06 | 8.83E-06 | 8.24E-06 | 7.30E-06 | 6.01E-06 | 4.44E-06 | 2.76E-06 | 1.25E-06 | 4.40E-07 | 7.94E-08
114 7.40E-04 | 7.36E-04 | 7.23E-04 | 7.00E-04 | 6.61E-04 | 5.99E-04 | 5.01E-04 | 3.48E-04 | 1.83E-04 | 4.23E-05
116 2.36E-04 | 2.35E-04 | 2.29E-04 | 2.19E-04 | 2.04E-04 | 1.80E-04 | 1.46E-04 | 9.67E-05 | 4.92E-05 | 1.16E-05
125 1.16E-06 | 1.12E-06 | 1.02E-06 | 8.55E-07 | 6.50E-07 | 4.28E-07 | 2.27E-07 | 8.20E-08 | 2.34E-08 | 3.59E-09
126 1.02E-06 | 9.94E-07 | 9.02E-07 | 7.62E-07 | 5.83E-07 | 3.88E-07 | 2.08E-07 | 7.70E-08 | 2.25E-08 | 3.51E-09
154 2.96E-05 | 2.93E-05 | 2.84E-05 | 2.69E-05 | 2.45E-05 | 2.09E-05 | 1.60E-05 | 9.75E-06 | 4.60E-06 | 1.16E-06
64 9.53E-07 | 9.36E-07 | 8.81E-07 | 7.94E-07 | 6.72E-07 | 5.19€-07 | 3.47E-07 | 1.75E-07 | 7.05E-08 | 1.52E-08
90 6.02E-06 | 5.94E-06 | 5.68E-06 | 5.25E-06 | 4.61E-06 | 3.75E-06 | 2.68E-06 | 1.49E-06 | 6.52E-07 | 1.53E-07
156 7.04E-04 | 6.99E-04 | 6.84E-04 | 6.57E-04 | 6.12E-04 | 5.44E-04 | 4.41E-04 | 2.91E-04 | 1.46E-04 | 3.58E-05
188 1.51E-04 | 1.50E-04 | 1.47E-04 | 1.41E-04 | 1.31E-04 | 1.17E-04 | 9.45E-05 | 6.23E-05 | 3.13E-05 | 7.68E-06
189 8.04E-04 | 7.99E-04 | 7.82E-04 | 7.51E-04 | 7.00E-04 | 6.21E-04 | 5.04E-04 | 3.32E-04 | 1.67E-04 | 4.09E-05
193 8.04E-04 | 7.99E-04 | 7.82E-04 | 7.51E-04 | 7.00E-04 | 6.21E-04 | 5.04E-04 | 3.32E-04 | 1.67E-04 | 4.09E-05
209 1.73E-01 | 1.73E-01 | 1.72E-01 | 1.69-01 | 1.65E-01 | 1.57E-01 | 1.44E-01 | 1.16E-01 | 7.58E-02 | 1.65E-02
210 1.02E-01 | 1.01E-01 | 9.87E-02 | 9.48E-02 | 8.84E-02 | 7.84E-02 | 6.36E-02 | 4.19E-02 | 2.11E-02 | 5.17E-03
212 1.88E-01 | 1.87E-01 | 1.83E-01 | 1.756-01 | 1.64E-01 | 1.45E-01 | 1.18E-01 | 7.77E-02 | 3.91E-02 | 9.57E-03
217 1.71E-01 | 1.70E-01 | 1.69E-01 | 1.67E-01 | 1.62E-01 | 1.55E-01 | 1.41E-01 | 1.15E-01 | 7.46E-02 | 1.63E-02
223 2.51E-02 | 2.49E-02 | 2.40E-02 | 2.25E-02 | 2.01E-02 | 1.68E-02 | 1.25E-02 | 7.20E-03 | 3.27E-03 | 8.00E-04
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Appendix B

CB6r5h Gas-Phase Chemistry

Table B-1. Reactions and rate constant expressions for the CB6r5h mechanism. kaos is the
rate constant at 298 K and 1 atmosphere using units in cm3molecule® s'. See Table B-2 for
species names. See Section 3.1 on temperature and pressure dependencies. For photolysis
reactions k2gs shows the photolysis rate at a solar zenith angle of 60° and height of 600 m
MSL/AGL. See Table B-3 for a listing of photolysis rates by zenith angle.

Number Reactants and Products Rate Constant Expression k2os
1 NO2=NO+0O Photolysis 6.30E-3
2 0+02+M=03+M k = 6.00E-34 (T/300)"-2.6 6.11E-34
3 03 + NO =NO2 k =2.07E-12 exp(-1400/T) 1.89E-14
4 O+ NO =NO2 Falloff: F=0.85; n=0.84
k(0) = 1.00E-31 (T/300)*-1.6 2.26E-12
k(inf) = 5.00E-11 (T/300)"-0.3
5 O +NO2=NO k =5.10E-12 exp(198/T) 9.91E-12
6 O +NO2=NO3 Falloff: F=0.6; n=1.03
k(0) = 1.30E-31 (T/300)7-1.5 2.09E-12
k(inf) = 2.30E-11 (T/300)"0.24
7 0+03= k = 8.00E-12 exp(-2060/T) 7.96E-15
8 03=0 Photolysis 3.33E4
9 03=01D Photolysis 8.78E-6
10 OlID+M=0+M k =2.23E-11 exp(115/T) 3.28E-11
11 01D +H20=20OH k =2.14E-10 2.14E-10
12 03 + OH =HO2 k = 1.70E-12 exp(-940/T) 7.25E-14
13 03 +HO2=0H k =2.03E-16 (T/300)"4.57 exp(693/T) 2.01E-15
14 OH + 0 =HO02 k = 2.40E-11 exp(110/T) 3.47E-11
15 HO2 + O =0H k = 3.00E-11 exp(200/T) 5.87E-11
16 OH+OH=0 k = 6.20E-14 (T/298)"2.6 exp(945/T) 1.48E-12
17 OH + OH =H202 Falloff: F=0.42; n=1.23
k(0) = 9.00E-31 (T/300)7-3.2 6.21E-12
k(inf) = 3.90E-11 (T/300)*-0.47
18 OH +HO2 = k = 4.80E-11 exp(250/T) 1.11E-10
19 HO2 + HO2 = H202 k=k1+k2[M]
k1 =2.20E-13 exp(600/T) 2.90E-12
k2 = 1.90E-33 exp(980/T)
20 HO2 + HO2 + H20 = H202 k=k1+k2[M]
k1 = 3.08E-34 exp(2800/T) 6.53E-30
k2 = 2.66E-54 exp(3180/T)
21 H202 =2 OH Photolysis 3.78E-6
22 H202 + OH = HO2 k =1.80E-12 1.80E-12
23 H202 + O = OH + HO2 k = 1.40E-12 exp(-2000/T) 1.70E-15
24 NO + NO+02=2N02 k = 4.25E-39 exp(664/T) 3.95E-38
25 HO2 + NO = OH + NO2 k = 3.45E-12 exp(270/T) 8.54E-12
26 NO2 + 03 =NO3 k = 1.40E-13 exp(-2470/T) 3.52E-17
27 NO3=N02+0 Photolysis 1.56E-1
28 NO3 =NO Photolysis 1.98E-2
29 NO3 + NO =2 NO2 k =1.80E-11 exp(110/T) 2.60E-11
30 NO3 + NO2 =NO + NO2 k = 4.50E-14 exp(-1260/T) 6.56E-16
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Number Reactants and Products Rate Constant Expression kaog
31 NO3 + 0 =NO2 k=1.70E-11 1.70E-11
32 NO3 + OH = HO2 + NO2 k =2.00E-11 2.00E-11
33 NO3 + HO2 = OH + NO2 k =4.00E-12 4.00E-12
34 NO3 + 03 =NO2 k =1.00E-17 1.00E-17
35 NO3 + NO3 =2 NO2 k = 8.50E-13 exp(-2450/T) 2.28E-16
36 NO3 + NO2 = N205 Falloff: F=0.35; n=1.33
k(0) = 3.60E-30 (T/300)*-4.1 1.24E-12
k(inf) = 1.90E-12 (T/300)70.2
37 N205 = NO3 + NO2 Falloff: F=0.35; n=1.33
k(0) = 1.30E-3 (T/300)"-3.5 exp(-11000/T)
k(inf) = 9.70E+14 (T/300)A0.1 expi- 4.46E-2
11080/T)
38 N205 = NO2 + NO3 Photolysis 2.52E-5
39 N205 + H20 =2 HNO3 k =1.00E-22 1.00E-22
40 NO + OH =HONO Falloff: F=0.81; n=0.87
k(0) = 7.40E-31 (T/300)*-2.4 9.77E-12
k(inf) = 3.30E-11 (T/300)7-0.3
41 NO + NO2 + H20 =2 HONO k = 5.00E-40 5.00E-40
42 HONO + HONO = NO + NO2 k = 1.00E-20 1.00E-20
43 HONO =NO + OH Photolysis 1.04E-3
44 HONO + OH = NO2 k = 2.50E-12 exp(260/T) 5.98E-12
45 NO2 + OH = HNO3 Falloff: F=0.6; n=1
k(0) = 1.80E-30 (T/300)"-3 1.06E-11
k(inf) = 2.80E-11
46 HNO3 + OH =NO3 k=k1+k3[M]/(1+k3[M]/k2)
k1 = 2.40E-14 exp(460/T)
k2 = 2.70E-17 exp(2199/T) 1.548-13
k3 = 6.50E-34 exp(1335/T)
47 HNO3 = OH + NO2 Photolysis 2.54E-7
48 HO2 + NO2 = PNA Falloff: F=0.4; n=1.26
k(0) = 1.40E-31 (T/300)7-3.1 7.50E-13
k(inf) = 4.00E-12
49 PNA =HO2 + NO2 Falloff: F=0.4; n=1.26
k(0) = 4.10E-5 exp(-10650/T) 6.20E-2
k(inf) = 6.00E+15 exp(-11170/T)
50 PNA =0.59 HO2 + 0.59 NO2 + 0.41 OH + Photolysis 5 36E-6
0.41 NO3 ’
51 PNA + OH = NO2 k = 3.20E-13 exp(690/T) 3.24E-12
52 SO2 + OH = SULF + HO2 Falloff: F=0.53; n=1.1
k(0) = 2.80E-31 (T/300)"-2.6 9.35E-13
k(inf) = 2.00E-12
53 C203 + NO =NO2 + MEO2 + RO2 k = 7.50E-12 exp(290/T) 1.98E-11
54 C203 + NO2 = PAN Falloff: F=0.3; n=1.41
k(0) = 3.61E-28 (T/300)"-6.87 9.86E-12
k(inf) = 1.24E-11 (T/300)*-1.105
55 PAN = NO2 + C203 Falloff: F=0.3; n=1.41
k(0) = 1.10E-5 exp(-10100/T) 4.31E-4
k(inf) = 1.90E+17 exp(-14100/T)
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Number Reactants and Products Rate Constant Expression k2og
56 PAN =0.6 NO2 + 0.6 C203 + 0.4 NO3 + 0.4 Photolysis 3.47E-7
MEO2 + 0.4 RO2 ’
57 C203 + HO2 =0.37 PACD + 0.13 AACD + k = 3.14E-12 exp(580/T) 2 20E-11
0.1303+0.50H + 0.5 MEO2 + 0.5 RO2 )
58 C203 + RO2 = MEO2 k = 4.40E-13 exp(1070/T) 1.60E-11
59 C203 + C203 =2 MEO2 + 2 RO2 k = 2.90E-12 exp(500/T) 1.55E-11
60 C203 + CX03 =MEO2 + ALD2 + XO2H + 2 k = k(ref)/K
RO2 k(ref) = k(59) 1.55E-11
K =1.00E+0
61 CX0O3 + NO =NO2 + ALD2 + XO2H + RO2 k = 6.70E-12 exp(340/T) 2.10E-11
62 CX03 + NO2 = PANX k = k(ref)/K
k(ref) = k(54) 8.28E-12
K=1.19E+0
63 PANX = NO2 + CX03 k = k(ref)/K
k(ref) = k(55) 3.62E-4
K=1.19E+0
64 PANX =0.6 NO2 + 0.6 CXO3 + 0.4 NO3 + 0.4 | Photolysis 34767
ALD2 + 0.4 XO2H + 0.4 RO2 '
65 CX03 + HO2 =0.37 PACD +0.13 AACD + k = k(ref)/K
0.1303 +0.50H + 0.5 MEO2 + 0.5 RO2 k(ref) = k(57) 2.20E-11
K =1.00E+0
66 CX03 + RO2 = MEO2 k = k(ref)/K
k(ref) = k(58) 1.60E-11
K =1.00E+0
67 CX03 + CX03 =2 MEO2 + 2 RO2 k = k(ref)/K
k(ref) = k(59) 1.55E-11
K=1.00E+0
68 RO2 + NO = NO k = 2.40E-12 exp(360/T) 8.03E-12
69 RO2 + HO2 = HO2 k = 4.80E-13 exp(800/T) 7.03E-12
70 RO2 +RO2 = k = 6.50E-14 exp(500/T) 3.48E-13
71 MEQO2 + NO = FORM + HO2 + NO2 k = 2.30E-12 exp(360/T) 7.70E-12
72 MEQO2 + HO2 = 0.9 MEPX + 0.1 FORM k = 3.80E-13 exp(780/T) 5.21E-12
73 MEO2 + C203 =FORM + 0.9 HO2 + 0.9 k = 2.00E-12 exp(500/T) 1.07E-11
MEO2 + 0.1 AACD + 0.9 RO2 ’
74 MEQ2 + RO2 = 0.685 FORM + 0.315 MEOH k = k(ref)/K
+0.37 HO2 + RO2 k(ref) = k(70) 3.48E-13
K=1.00E+0
75 XO2H + NO = NO2 + HO2 k = 2.70E-12 exp(360/T) 9.04E-12
76 XO2H + HO2 = ROOH k = 6.80E-13 exp(800/T) 9.96E-12
77 XO2H +C203=0.8 HO2 + 0.8 MEO2 + 0.2 k = k(ref)/K
AACD + 0.8 RO2 k(ref) = k(58) 1.60E-11
K=1.00E+0
78 XO2H + RO2 = 0.6 HO2 + RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K =1.00E+0
79 X02 + NO =NO2 k = k(ref)/K
k(ref) = k(75) 9.04E-12
K =1.00E+0

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS

254

Www.Camx.com



July 2026 CAMXx User’s Guide Version 7.40
Appendix B: CB6r5h Gas-Phase Chemistry
Number Reactants and Products Rate Constant Expression k2og
80 X02 + HO2 = ROOH k = k(ref)/K
k(ref) = k(76) 9.96E-12
K = 1.00E+0
81 X02 + C203 =0.8 MEO2 + 0.2 AACD + 0.8 k = k(ref)/K
RO2 k(ref) = k(58) 1.60E-11
K = 1.00E+0
82 X02 + RO2 =R0O2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K = 1.00E+0
83 XO2N + NO =0.5 NTR1 + 0.5 NTR2 k = k(ref)/K
k(ref) = k(75) 9.04E-12
K = 1.00E+0
84 XO2N + HO2 = ROOH k = k(ref)/K
k(ref) = k(76) 9.96E-12
K =1.00E+0
85 XO2N + C203 = 0.8 HO2 + 0.8 MEO2 + 0.2 k = k(ref)/K
AACD + 0.8 RO2 k(ref) = k(58) 1.60E-11
K = 1.00E+0
86 XO2N + RO2 = RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K = 1.00E+0
87 MEPX + OH = 0.6 MEO2 + 0.6 RO2 + 0.4 k = 5.30E-12 exp(190/T) 1.00E-11
FORM + 0.4 OH )
88 MEPX = MEO2 + RO2 + OH Photolysis 2.68E-6
89 ROOH + OH = 0.54 XO2H + 0.06 XO2N + 0.6 | k = 5.30E-12 exp(190/T) 1.00E-11
RO2 + 0.4 OH ’
90 ROOH = HO2 + OH Photolysis 2.68E-6
91 NTR1 + OH = NTR2 k =2.00E-12 2.00E-12
92 NTR1 =NO2 Photolysis 1.06E-6
93 FACD + OH = HO2 k =4.50E-13 4.50E-13
94 AACD + OH = MEO2 + RO2 k = 4.00E-14 exp(850/T) 6.93E-13
95 PACD + OH = C203 k =1.00E-14 1.00E-14
96 FORM + OH =HO2 + CO k = 5.40E-12 exp(135/T) 8.49E-12
97 FORM =2 HO2 + CO Photolysis 1.69E-5
98 FORM = CO + H2 Photolysis 2.69E-5
99 FORM + NO3 = HNO3 + HO2 + CO k =5.50E-16 5.50E-16
100 FORM + HO2 = HCO3 k =9.70E-15 exp(625/T) 7.90E-14
101 HCO3 = FORM + HO2 k = 2.40E+12 exp(-7000/T) 1.51E+2
102 HCO3 + NO = FACD + NO2 + HO2 k =5.60E-12 5.60E-12
103 HCO3 + HO2 = 0.5 MEPX + 0.5 FACD + 0.2 k = 5.60E-15 exp(2300/T) 1.96E-11
OH + 0.2 HO2 )
104 ALD2 + OH = C203 k = 4.70E-12 exp(345/T) 1.50E-11
105 ALD2 + NO3 = C203 + HNO3 k = 1.40E-12 exp(-1860/T) 2.73E-15
106 ALD2 = MEO2 + RO2 + CO + HO2 Photolysis 1.96E-6
107 ALDX + OH = CX03 k = 4.90E-12 exp(405/T) 1.91E-11
108 ALDX + NO3 = CX03 + HNO3 k = 6.30E-15 6.30E-15
109 ALDX = ALD2 + XO2H + RO2 + CO + HO2 Photolysis 2.62E-5
110 GLYD + OH =0.2 GLY + 0.2 HO2 + 0.8 C203 k = 8.00E-12 8.00E-12
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111 GLYD =0.74 FORM + 0.89 CO + 1.4 HO2 + Photolysis
0.15 MEOH +0.19 OH +0.11 GLY + 0.11 2.76E-6
XO2H + 0.11 RO2
112 GLYD + NO3 =HNO3 + C203 k = k(ref)/K
k(ref) = k(105) 2.73E-15
K =1.00E+0
113 GLY+OH=1.8CO+0.2 X02+0.2 RO2 + k = 3.10E-12 exp(340/T)
HO2 9.70E-12
114 GLY=2HO02+2CO Photolysis 7.95E-5
115 GLY + NO3 =HNO3 +1.5CO + 0.5 X02 +0.5 | k=4.00E-16 4.00E-16
RO2 + HO2 ’
116 MGLY = C203 + HO2 + CO Photolysis 1.46E-4
117 MGLY + NO3 = HNO3 + C203 + X02 + RO2 k =5.00E-16 5.00E-16
118 MGLY + OH = C203 + CO k = 1.90E-12 exp(575/T) 1.31E-11
119 H2 + OH = HO2 k =7.70E-12 exp(-2100/T) 6.70E-15
120 CO + OH = HO2 k = k1 +k2 [M]
kl=1.44E-13 2.28E-13
k2 =3.43E-33
121 CH4 + OH = MEO2 + RO2 k = 1.85E-12 exp(-1690/T) 6.37E-15
122 ETHA + OH =0.991 ALD2 + 0.991 XO2H + k = 6.90E-12 exp(-1000/T) 5 41E-13
0.009 XO2N + RO2 )
123 MEOH + OH = FORM + HO2 k = 2.85E-12 exp(-345/T) 8.95E-13
124 ETOH + OH =0.95 ALD2 + 0.9 HO2 + 0.1 k = 3.00E-12 exp(20/T)
XO2H + 0.1 RO2 + 0.078 FORM + 0.011 3.21E-12
GLYD
125 KET = 0.5 ALD2 + 0.5 C203 + 0.5 XO2H + 0.5 | Photolysis 5 97E-7
CX03 + 0.5 MEO2 + RO2 - 2.5 PAR :
126 ACET=0.38 CO + 1.38 MEO2 + 1.38 RO2 + Photolysis 5 08E-7
0.62 C203 )
127 ACET + OH = FORM + C203 + X0O2 + RO2 k =1.41E-12 exp(-620.6/T) 1.76E-13
128 PRPA + OH = XPRP k = 7.60E-12 exp(-585/T) 1.07E-12
129 PAR + OH = XPAR k =8.10E-13 8.10E-13
130 ROR =0.2 KET + 0.42 ACET + 0.74 ALD2 + k =5.70E+12 exp(-5780/T)
0.37 ALDX + 0.04 XO2N + 0.94 XO2H + 0.98 2.15E+4
RO2 +0.02 ROR - 2.7 PAR
131 ROR + 02 = KET + HO2 k = 1.50E-14 exp(-200/T) 7.67E-15
132 ROR + NO2 = NTR1 k = 8.60E-12 exp(400/T) 3.29E-11
133 ETHY + OH=0.7 GLY + 0.7 OH + 0.3 FACD + Falloff: F=0.37; n=1.3
0.3CO+0.3HO2 k(0) = 5.00E-30 (T/300)*-1.5 7.52E-13
k(inf) = 1.00E-12
134 ETH + OH = XO2H + RO2 + 1.56 FORM + Falloff: F=0.48; n=1.15
0.22 GLYD k(0) = 8.60E-29 (T/300)"-3.1 7.84E-12
k(inf) = 9.00E-12 (T/300)*-0.85
135 ETH + O3 = FORM +0.35 CO + 0.27 HO2 + k = 6.82E-15 exp(-2500/T) 1 55618
0.17 OH + 0.42 FACD )
136 ETH + NO3 =0.5 NO2 + 0.5 NTR1 + 0.5 k = 3.30E-12 exp(-2880/T) 5 10E-16
XO2H + 0.5 XO2 + RO2 + 1.125 FORM )
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137 OLE + OH =0.781 FORM + 0.488 ALD2 + Falloff: F=0.5; n=1.13
0.488 ALDX + 0.976 XO2H + 0.195 XO2 + k(0) = 8.00E-27 (T/300)A-3.5 2.86E-11
0.024 XO2N + 1.195 RO2 - 0.73 PAR k(inf) = 3.00E-11 (T/300)"-1
138 OLE + 03 =0.295 ALD2 + 0.555 FORM + k = 5.50E-15 exp(-1880/T)
0.27 ALDX + 0.15 XO2H + 0.15 RO2 + 0.334
OH +0.08 HO2 +0.378 CO + 0.075 GLY + 1.00E-17
0.075 MGLY + 0.09 FACD +0.13 AACD +
0.04 H202 - 0.79 PAR
139 OLE + NO3=0.5N02 + 0.5 NTR1 +0.48 k = 4.60E-13 exp(-1155/T)
X02 +0.48 XO2H + 0.04 XO2N + RO2 + 0.5 9.54E-15
FORM + 0.25 ALD2 + 0.375 ALDX - 1 PAR
140 IOLE + OH = 1.3 ALD2 + 0.7 ALDX + XO2H + k =1.05E-11 exp(519/T)
RO2 5.99E-11
141 IOLE + 03 =0.732 ALD2 + 0.442 ALDX + k = 4.70E-15 exp(-1013/T)
0.128 FORM +0.245CO +0.50H + 0.3
XO2H + 0.3 RO2 + 0.24 GLY + 0.06 MGLY + 1.57E-16
0.29 PAR + 0.08 AACD + 0.08 H202
142 IOLE + NO3 =0.5NO2 + 0.5 NTR1 + 0.48 k =3.70E-13
X02 +0.48 XO2H + 0.04 XO2N + RO2 + 0.5 3.70E-13
ALD2 + 0.625 ALDX + PAR
143 ISOP + OH =1S02 + RO2 k = 2.70E-11 exp(390/T) 9.99E-11
144 ISO2 + NO=0.1INTR+ 0.9 NO2 +0.673 k =2.39E-12 exp(365/T)
FORM + 0.9 ISPD + 0.818 HO2 + 0.082 8.13E-12
XO2H + 0.082 RO2
145 ISO2 + HO2 = 0.88 ISPX + 0.12 OH + 0.12 k = 7.43E-13 exp(700/T)
HO2 +0.12 FORM + 0.12 ISPD 7.78E-12
146 ISO2 + C203 = 0.598 FORM + 1 ISPD + 0.728 | k = k(ref)/K
HO2 + 0.072 XO2H + 0.8 MEO2 + 0.2 AACD | k(ref) = k(58) 1.60E-11
+0.872 RO2 K =1.00E+0
147 ISO2 + RO2 =0.598 FORM + 1 ISPD + 0.728 k = k(ref)/K
HO2 +0.072 XO2H + 1.072 RO2 k(ref) = k(70) 3.48E-13
K =1.00E+0
148 ISO2 =HO2 + HPLD k = 3.30E+9 exp(-8300/T) 2.64E-3
149 ISOP + 03 =0.6 FORM + 0.65 ISPD + 0.15 k = 1.03E-14 exp(-1995/T)
ALDX + 0.2 CXO3 + 0.35 PAR + 0.266 OH + 1.27E-17
0.2 X02 + 0.2 RO2 +0.066 HO2 + 0.066 CO
150 ISOP + NO3 =0.35NO2 + 0.65 NTR2 + 0.64 k = 3.03E-12 exp(-448/T)
XO2H +0.33 XO2 + 0.03 XO2N + RO2 +0.35 6.74E-13
FORM + 0.35 ISPD
151 ISPD + OH = 0.022 XO2N + 0.521 X02 + k =5.58E-12 exp(511/T)
0.115 MGLY +0.115 MEO2 + 0.269 GLYD +
0.269 C203 + 0.457 OPO3 +0.117 PAR + 3.10E-11
0.137 ACET +0.137 CO + 0.137 HO2 + 0.658
RO2
152 ISPD + O3 = 0.04 ALD2 + 0.231 FORM + k = 3.88E-15 exp(-1770/T)
0.531 MGLY +0.17 GLY + 0.17 ACET + 0.543
CO +0.461 OH + 0.15 FACD + 0.398 HO2 + 1.02E-17
0.143 C203
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153 ISPD + NO3 =0.717 HNO3 + 0.142 NTR2 + k =4.10E-12 exp(-1860/T)
0.142 NO2 +0.142 XO2 + 0.142 XO2H +
0.113 GLYD + 0.113 MGLY + 0.717 PAR + 7.98E-15
0.717 CX03 + 0.284 RO2
154 ISPD =0.76 HO2 + 0.34 XO2H + 0.16 XO2 + Photolysis
0.34 MEO2 + 0.208 C203 + 0.26 FORM +
0.24 OLE + 0.24 PAR +0.17 ACET +0.128 1.60E-5
GLYD + 0.84 RO2
155 ISPX + OH = 0.904 EPOX + 0.933 OH + 0.067 | k =2.23E-11 exp(372/T)
ISO2 + 0.067 RO2 + 0.029 IOLE + 0.029 7.77E-11
ALDX
156 HPLD = OH + ISPD Photolysis 4.41E-4
157 HPLD + NO3 = HNO3 + ISPD k = 6.00E-12 exp(-1860/T) 1.17E-14
158 EPOX + OH = EPX2 + RO2 k = 5.78E-11 exp(-400/T) 1.51E-11
159 EPX2 + HO2 =0.275 GLYD + 0.275 GLY + k = 7.43E-13 exp(700/T)
0.275 MGLY + 1.125 OH + 0.825 HO2 + 7 78E-12
0.375 FORM + 0.074 FACD + 0.251 CO +
2.175 PAR
160 EPX2 + NO =0.275 GLYD + 0.275 GLY + k =2.39E-12 exp(365/T)
0.275 MGLY +0.125 OH + 0.825 HO2 + 8.13E-12
0.375 FORM + NO2 +0.251 CO + 2.175 PAR
161 EPX2 + C203 =0.22 GLYD + 0.22 GLY + 0.22 k = k(ref)/K
MGLY + 0.1 OH + 0.66 HO2 + 0.3 FORM + k(ref) = k(58)
0.2CO +1.74 PAR +0.8 MEO2 + 0.2 AACD + | K= 1.00E+0 1.60E-11
0.8 RO2
162 EPX2 + RO2 =0.275 GLYD + 0.275 GLY + k = k(ref)/K
0.275 MGLY +0.125 OH + 0.825 HO2 + k(ref) = k(70) 3.48E-13
0.375 FORM + 0.251 CO + 2.175 PAR + RO2 K =1.00E+0
163 INTR + OH =0.63 XO2 + 0.37 XO2H + RO2 + k =3.10E-11
0.444 NO2 + 0.185 NO3 + 0.104 INTR +
0.592 FORM +0.331 GLYD + 0.185 FACD + 3.10E-11
2.7 PAR + 0.098 OLE + 0.078 ALDX + 0.266
NTR2
164 TERP + OH =0.75 XO2H + 0.5 XO2 + 0.25 k = 1.50E-11 exp(449/T)
XO2N + 1.5 RO2 + 0.28 FORM + 1.66 PAR + 6.77E-11
0.47 ALDX
165 TERP + 03 =0.57 OH + 0.07 XO2H + 0.69 k = 1.20E-15 exp(-821/T)
X02 +0.18 XO2N + 0.94 RO2 + 0.24 FORM 7 63E-17
+0.001 CO+7PAR +0.21 ALDX +0.39
CX03
166 TERP + NO3 = 0.47 NO2 + 0.28 XO2H + 0.75 | k = 3.70E-12 exp(175/T)
X02 +0.25 XO2N + 1.28 RO2 + 0.47 ALDX + 6.66E-12
0.53 NTR2
167 BENZ + OH = 0.53 CRES + 0.352 BZO2 + k = 2.30E-12 exp(-190/T)
0.352 RO2 +0.118 OPEN + 0.118 OH + 0.53 1.22E-12
HO2
168 BZ02 + NO =0.918 NO2 + 0.082 NTR2 + k = 2.70E-12 exp(360/T)
0.918 GLY +0.918 OPEN + 0.918 HO2 9.04E-12
169 BZO2 + C203 = GLY + OPEN + HO2 + MEO2 | k = k(ref)/K
+RO2 k(ref) = k(58) 1.60E-11
K =1.00E+0
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170 BZO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
171 BZO2 + RO2 = GLY + OPEN + HO2 + RO2 k = k(ref)/K
k(ref) = k(70) 3.48E-13
K = 1.00E+0
172 TOL + OH =0.18 CRES + 0.65 TO2 + 0.72 k = 1.80E-12 exp(340/T)
RO2 + 0.1 OPEN + 0.1 OH + 0.07 XO2H + 5.63E-12
0.18 HO2
173 TO2 + NO =0.86 NO2 + 0.14 NTR2 + 0.417 k =2.70E-12 exp(360/T)
GLY + 0.443 MGLY + 0.66 OPEN + 0.2 XOPN 9.04E-12
+0.86 HO2
174 TO2 + C203 =0.48 GLY + 0.52 MGLY +0.77 | k = k(ref)/K
OPEN + 0.23 XOPN + HO2 + MEO2 + RO2 k(ref) = k(58) 1.60E-11
K = 1.00E+0
175 TO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
176 TO2 + RO2 =0.48 GLY + 0.52 MGLY + 0.77 k = k(ref)/K
OPEN + 0.23 XOPN + HO2 + RO2 k(ref) = k(70) 3.48E-13
K = 1.00E+0
177 XYL + OH =0.155 CRES + 0.544 XLO2 + k=1.85E-11
0.602 RO2 +0.244 XOPN + 0.244 OH + 1.85E-11
0.058 XO2H +0.155 HO2
178 XLO2 + NO =0.86 NO2 + 0.14 NTR2 + 0.221 | k=2.70E-12 exp(360/T)
GLY +0.675 MGLY + 0.3 OPEN + 0.56 XOPN 9.04E-12
+0.86 HO2
179 XLO2 + HO2 = k = 1.90E-13 exp(1300/T) 1.49E-11
180 XLO2 + C203 =0.26 GLY + 0.77 MGLY + k = k(ref)/K
0.35 OPEN + 0.65 XOPN + HO2 + MEO2 + k(ref) = k(58) 1.60E-11
RO2 K =1.00E+0
181 XLO2 + RO2 =0.26 GLY + 0.77 MGLY + 0.35 | k = k(ref)/K
OPEN + 0.65 XOPN + HO2 + RO2 k(ref) = k(70) 3.48E-13
K = 1.00E+0
182 CRES + OH = 0.025 GLY + 0.025 OPEN + HO2 | k= 1.70E-12 exp(950/T)
+0.2 CRO +0.732 CAT1 + 0.02 XO2N + 0.02 4.12E-11
RO2
183 CRES + NO3 =0.3 CRO + HNO3 + 0.48 XO2 + | k=1.40E-11
0.12 XO2H + 0.24 GLY + 0.24 MGLY + 0.48 1.40E-11
OPO3 + 0.1 XO2N + 0.7 RO2
184 CRO + NO2 = CRON k=2.10E-12 2.10E-12
185 CRO + HO2 = CRES k =5.50E-12 5.50E-12
186 CRON + OH = NTR2 + 0.5 CRO k =1.53E-12 1.53E-12
187 CRON + NO3 = NTR2 + 0.5 CRO + HNO3 k =3.80E-12 3.80E-12
188 CRON = HONO + HO2 + FORM + OPEN Photolysis 9.45E-5
189 XOPN =0.4 GLY + XO2H + 0.7 HO2 + 0.7 CO | Photolysis 5 04E-4
+0.3C203 ’
190 XOPN + OH = MGLY + 0.4 GLY + 2 XO2H +2 | k=9.00E-11
RO2 9.00E-11
191 XOPN +03=1.2 MGLY + 0.5 OH + 0.6 C203 | k = 1.08E-16 exp(-500/T) 5 02E-17
+0.1 ALD2 + 0.5 CO + 0.3 XO2H + 0.3 RO2 )
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192 XOPN + NO3 =0.5 NO2 + 0.5 NTR2 + 0.45 k = 3.00E-12
XO2H + 0.45 X02 + 0.1 XO2N + RO2 + 0.25 3.00E-12
OPEN + 0.25 MGLY
193 OPEN = OPO3 + HO2 + CO Photolysis 5.04E-4
194 OPEN + OH =0.6 OPO3 + 0.4 XO2H + 0.4 k =4.40E-11
RO2 +0.4 GLY 4.40E-11
195 OPEN +03=1.4GLY +0.24 MGLY + 0.5 OH | k =5.40E-17 exp(-500/T)
+0.12 C203 + 0.08 FORM + 0.02 ALD2 + 1.01E-17
1.98 CO + 0.56 HO2
196 OPEN + NO3 = OPO3 + HNO3 k =3.80E-12 3.80E-12
197 gs;l + OH=0.14 FORM + 0.2 HO2 + 0.5 k =5.00E-11 5 00E-11
198 CAT1 + NO3 = CRO + HNO3 k =1.70E-10 1.70E-10
199 OPO3 +NO=NO2+0.5GLY+0.5CO+0.8 k = k(ref)/K
HO2 + 0.2 CX03 k(ref) = k(61) 2.10E-11
K =1.00E+0
200 OPO3 + NO2 = OPAN k = k(ref)/K
k(ref) = k(62) 8.28E-12
K = 1.00E+0
201 OPAN = OPO3 + NO2 k = k(ref)/K
k(ref) = k(63) 3.62E-4
K = 1.00E+0
202 OPO3 + HO2 =0.37 PACD + 0.13 AACD + k = k(ref)/K
0.1303 +0.50H + 0.5 MEO2 + 0.5 RO2 k(ref) = k(57) 2.20E-11
K = 1.00E+0
203 OPO3 + C203 = MEO2 + X0O2 + ALDX + 2 k = k(ref)/K
RO2 k(ref) = k(59) 1.55E-11
K = 1.00E+0
204 OPO3 +R0O2=0.8 XO2H + 0.8 ALDX + 1.8 k = k(ref)/K
RO2 + 0.2 AACD k(ref) = k(58) 1.60E-11
K =1.00E+0
205 OPAN +OH=0.5N02+0.5GLY+CO +0.5 k =3.60E-11
NTR2 3.60E-11
206 PANX + OH = ALD2 + NO2 k = 3.00E-12 3.00E-12
207 NTR2 =HNO3 k = 2.30E-5 2.30E-5
208 ECH4 + OH = MEO2 + RO2 k = 1.85E-12 exp(-1690/T) 6.37E-15
209 2=21 Photolysis 1.30E-1
210 HOI =1+ OH Photolysis 6.38E-2
211 I+03=10 k =2.10E-11 exp(-830/T) 1.30E-12
212 I0=1+0 Photolysis 1.18E-1
213 I0+10=0.41+0.4010+0.61202 k = 5.40E-11 exp(180/T) 9.88E-11
214 10 + HO2 = HOI k = 1.40E-11 exp(540/T) 8.57E-11
215 I0+NO =1+ NO2 k = 7.15E-12 exp(300/T) 1.96E-11
216 10 + NO2 =INO3 Falloff: F=0.4; n=1.26
k(0) = 7.70E-31 (T/300)7-5 3.54E-12
k(inf) = 1.60E-11
217 Olo =1 Photolysis 1.28E-1
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218 Ol0 + OH = HIO3 Falloff: F=0.3; n=1.41
k(0) = 1.50E-27 (T/300)*-3.93 3.96E-10
k(inf) = 5.50E-10 exp(46/T)
219 OI0 + 10 = IXOY k = 1.00E-10 1.00E-10
220 OI0O + NO =10 + NO2 k =1.10E-12 exp(542/T) 6.78E-12
221 1202 =1+0I0 k =1.00E+1 1.00E+1
222 1202 + 03 = IXOY k =1.00E-12 1.00E-12
223 INO3 =1+ NO3 Photolysis 1.26E-2
224 INO3 + H20 = HOI + HNO3 k =2.50E-22 2.50E-22
225 XPRP = XO2N + RO2 Falloff: F=0.41; n=1
k(0) = 2.37E-21 3.09E-2
k(inf) = 4.30E-1 (T/298)"-8
226 XPRP =0.732 ACET + 0.268 ALDX + 0.268 k = 1.00E+0 LOOE+0
PAR + XO2H + RO2 ’
227 XPAR = XO2N + RO2 Falloff: F=0.41; n=1
k(0) = 4.81E-20 1.49E-1
k(inf) = 4.30E-1 (T/298)"-8
228 XPAR =0.126 ALDX + 0.874 ROR + 0.126 k = 1.00E+0 1O0E+0
XO2H + 0.874 XO2 + RO2 - 0.126 PAR '
229 INTR =HNO3 k =1.40E-4 1.40E-4
230 SO2 = SULF k = 0.00E+0 0.00E+0
231 DMS + OH =S0O2 + FORM + MEO2 + RO2 k =1.12E-11 exp(-250/T) 4.84E-12
232 DMS + OH + 02 = SULF + MEO2 + RO2 k = 1.28E-37 exp(4480/T) 4.33E-31
233 DMS + NO3 =SO2 + FORM + HNO3 + MEO2 | k = 1.90E-13 exp(520/T)
+RO2 1.09E-12
234 NO2 + OH + H20 = HNO3 + H20 k =1.10E-30 1.10E-30
235 Cl2=2CL Photolysis 1.55E-3
236 ICL=1+CL Photolysis 1.91E-2
237 HOCL=CL+OH Photolysis 1.35E-4
238 CL+03=CLO k = 2.30E-11 exp(-200/T) 1.18E-11
239 CL+HO2=0.78 HCL+0.22 CLO + 0.22 OH k = 3.00E-11 exp(120/T) 4.49E-11
240 CL+H2 =HCL + HO2 k = 3.05E-11 exp(-2270/T) 1.50E-14
241 CLO+CLO=0.3CL2+1.4CL k=1.63E-14 1.63E-14
242 CLO+I10=CL+I k = 5.00E-13 exp(300/T) 1.37E-12
243 CLO + HO2 = HOCL k = 2.60E-12 exp(290/T) 6.88E-12
244 CLO + MEO2 =CL + FORM + HO2 k = 1.80E-11 exp(-600/T) 2.40E-12
245 CLO + NO =CL+ NO2 k = 6.40E-12 exp(290/T) 1.69E-11
246 CLO + NO2 =CLN3 Falloff: F=0.6; n=1
k(0) = 1.80E-31 (T/300)*-3.4 2.34E-12
k(inf) = 1.50E-11 (T/300)~-1.9
247 CLN3 =CLO + NO2 k = k(ref)/K
k(ref) = k(246) 3.67E-4
K =2.98E-28 exp(13264/T)
248 CLN3 =CLO + NO2 Photolysis 4.03E-6
249 CLN3 =CL+NO3 Photolysis 2.33E-5
250 CLN2 =CL + NO2 Photolysis 2.16E-4
251 HCL + N205 = CLN2 + HNO3 k = 6.00E-13 6.00E-13
252 CLN3 + H20 = HOCL + HNO3 k =2.50E-22 2.50E-22
253 FORM + CL =HCL + CO + HO2 k = 8.10E-11 exp(-30/T) 7.32E-11
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254 ALD2 + CL=HCL + C203 k =7.30E-11 7.30E-11
255 ALDX + CL = HCL + CX03 k = 1.40E-10 1.40E-10
256 GLY + CL=HCL + 1.8 CO + HO2 + 0.2 XO2 + k =3.80E-11
0.2 RO2 3.80E-11
257 GLYD + CL=HCL+0.2 GLY + 0.2 HO2 + 0.8 k =6.60E-11
203 6.60E-11
258 MGLY + CL = HCL + CO + C203 k =4.80E-11 4.80E-11
259 ACET + CL=HCL + FORM + C203 + X02 + k =1.63E-11 exp(-610/T)
2.10E-12
RO2
260 KET + CL=HCL+ 0.5 ALD2 + 0.5 C203 + 0.5 k =2.77E-11 exp(76/T)
XO2H + 0.5 CX03 + 0.5 MEO2 + RO2 - 2.5 3.57E-11
PAR
261 MEOH + CL = HCL + FORM + HO2 k =5.50E-11 5.50E-11
262 ETOH + CL=0.95 ALD2 + 0.9 HO2 + 0.1 k =9.60E-11
XO2H + 0.1 RO2 + 0.078 FORM + 0.011 9.60E-11
GLYD
263 ISPD + CL=0.17 HCL + 0.34 CLAO + 0.5 k =2.20E-10
CLAD +0.32CO +0.17 OPO3 + 0.48 C203 + 5 20E-10
0.32 XO2H + 0.48 XO2 + 0.04 XO2N + 0.84
RO2
264 FMCL = CO + HCL k = 6.94E-5 6.94E-5
265 CLAD = MEO2 + XO2 + CO +CL + 2 RO2 Photolysis 4.04E-5
266 CLAD + OH = FMCL + XO2 + XO2H + 2 RO2 k =3.10E-12 3.10E-12
267 CLAO + OH = FMCL + C203 + X02 + 2 RO2 k =4.20E-13 4.20E-13
268 CH4 + CL = HCL + MEO2 + RO2 k =7.10E-12 exp(-1270/T) 1.00E-13
269 ECH4 + CL=HCL + MEO2 + RO2 k =7.10E-12 exp(-1270/T) 1.00E-13
270 ETHA + CL=HCL + 0.991 ALD2 + 0.991 k =7.20E-11 exp(-70/T) 5 69E-11
XO2H + 0.009 XO2N + RO2 ’
271 PRPA + CL = HCL + XPRP k = 1.40E-10 1.40E-10
272 PAR + CL = HCL + XPAR k =4.50E-11 4.50E-11
273 ETHY + CL=0.53 HCL+0.26 FMCL + 1.32 Falloff: F=0.6; n=1
CO+0.79 HO2 + 0.21 GLY +0.21 CL k(0) = 5.30E-30 (T/300)*-2.4 5.09E-11
k(inf) = 2.20E-10 (T/300)7-0.7
274 ETH + CL = CLAD + XO2H + RO2 Falloff: F=0.6; n=1
k(0) = 1.60E-29 (T/300)"-3.3 1.06E-10
k(inf) = 3.10E-10 (T/300)*-1
275 OLE + CL=0.2 HCL+ 0.3 CLAD + 0.5 CLAO + | k=2.15E-10
0.18 ALDX + 0.08 XO2N + 0.92 XO2H + RO2 2.15E-10
- 1. PAR
276 IOLE + CL=0.44 HCL + 0.56 CLAO +0.23 k = 3.50E-10
ALDX +0.17 ALD2 +0.17 C203 + 0.1 XO2N 3.50E-10
+0.73 XO2H + 0.83 RO2
277 ISOP + CL = 0.15 HCL + 0.58 CLAD + 0.22 k = 7.60E-11 exp(500/T)
CLAO + 0.05 FMCL + 0.15 ISPD + 0.1 FORM 4.07E-10
+0.12 XO2N + 0.88 XO2H + 0.88 XO2 + 1.88
RO2
278 TERP + CL = 0.55 HCL + 0.15 CLAO +0.15 k =5.30E-10
CLAD +0.15 FMCL + 0.3 XO2N + 0.7 XO2H + 5.30E-10
RO2
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279 TOL+ CL=HCL+ 0.9 CRES+0.1 XO2N +0.9 | k=5.60E-11 5 60E-11
XO2H + R0O2 )
280 XYL+ CL=HCL+ 0.9 CRES +0.1 XO2N +0.9 k =1.40E-10 1.40E-10
XO2H + RO2 ’
281 CRES + CL = HCL + 0.025 GLY + 0.025 OPEN k =1.90E-10
+0.2 CRO +0.732 CAT1 + HO2 + 0.02 XO2N 1.90E-10
+0.02 RO2
282 Eg/lzs + CL=HCL+S0O2 + FORM + MEO2 + k =1.80E-10 1.80E-10
283 BR2 =2 BR Photolysis 2.79E-2
284 IBR=1+BR Photolysis 5.90E-2
285 BRCL=CL+BR Photolysis 7.36E-3
286 HOBR = BR + OH Photolysis 1.51E-3
287 BR + 03 =BRO k = 1.60E-11 exp(-780/T) 1.17E-12
288 BR + HO2 = HBR k = 4.80E-12 exp(-310/T) 1.70E-12
289 BR + NO2 = BRN2 Falloff: F=0.6; n=1
k(0) = 6.45E-32 (T/300)*-2.4 7.43E-13
k(inf) = 4.05E-12
290 BR + NO3 = BRO + NO2 k =1.60E-11 1.60E-11
291 BR2 + OH = HOBR + BR k =2.10E-11 exp(240/T) 4.70E-11
292 HBR + OH =BR k = 5.50E-12 exp(200/T) 1.08E-11
293 BRO=BR+0 Photolysis 2.13E-2
294 BRO + BRO = 1.7 BR + 0.15 BR2 k = 1.50E-12 exp(230/T) 3.25E-12
295 BRO + CLO=BR +CL k = 3.10E-12 exp(420/T) 1.27E-11
296 BRO+I10=BR+1 k = 5.50E-12 exp(760/T) 7.05E-11
297 BRO + HO2 = HOBR k = 4.50E-12 exp(460/T) 2.11E-11
298 BRO + NO = BR + NO2 k = 8.80E-12 exp(260/T) 2.11E-11
299 BRO + NO2 = BRN3 Falloff: F=0.6; n=1
k(0) = 5.50E-31 (T/300)~-3.1 2.84E-12
k(inf) = 6.60E-12 (T/300)"-2.9
300 BRN2 =BR + NO2 Photolysis 3.21E-3
301 BRN3 =0.85 BR + 0.85 NO3 + 0.15 BRO + Photolysis 9.73E-4
0.15 NO2 .
302 BRN3 + H20 = HOBR + HNO3 k = 2.50E-22 2.50E-22
303 BR + FORM = HBR + CO + HO2 k = 1.70E-11 exp(-800/T) 1.16E-12
304 BR + ALD2 = HBR + C203 k = 1.80E-11 exp(-460/T) 3.84E-12
305 BR + ALDX = HBR + CX03 k =5.75E-11 exp(-575/T) 8.35E-12
306 BR + ETH = FMBR + FORM + XO2H + RO2 k = 6.35E-15 exp(-440/T) 1.45E-15
307 BR + OLE = FMBR + ALD2 + 0.08 XO2N + k =3.60E-12 3 60E-12
0.92 XO2H + RO2 - 1. PAR )
308 BR + IOLE = FMBR + 0.5 ALDX + 0.5 ACET + k =9.30E-12 9.30E-12
0.1 XO2N + 0.9 XO2H + RO2 ’
309 BR + ISOP = FMBR + ISPD + 0.12 XO2N + k =7.40E-11 7 40E-11
0.88 XO2H + RO2 )
310 BR + TERP = FMBR + 0.3 XO2N + 0.7 XO2H + | k=2.50E-11
RO2 2.50E-11
311 FMBR = HBR + CO k=2.78E-4 2.78E-4
312 CH3I =1+ MEO2 Photolysis 3.17E-6
313 MI2 =21+ FORM Photolysis 4.74E-3
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314 MIB =1+ BR + FORM Photolysis 2.51E-4
315 MIC = | + CL + FORM Photolysis 7.44E-5
316 MB3 =3 BR+HO2 +CO Photolysis 5.10E-7
317 MB3 + OH=3BR + CO k = 9.00E-13 exp(-360/T) 2.69E-13
318 MB2 + OH =2 BR + HO2 + CO k = 2.00E-12 exp(-840/T) 1.19E-13
319 MBC + OH = BR + MEO2 k = 2.10E-12 exp(-880/T) 1.10E-13
320 MBC2 + OH = BR + MEO2 k = 9.40E-13 exp(-510/T) 1.70E-13
321 MB2C + OH = BR + MEO2 k = 9.00E-13 exp(-420/T) 2.20E-13
322 I +HO2 =HI k = 1.50E-11 exp(-1090/T) 3.87E-13
323 HI+OH =1 k =3.00E-11 3.00E-11
324 I+ NO2 =INO2 Falloff: F=0.63; n=1

k(0) = 3.00E-31 (T/300)*-1 5.24E-12

k(inf) = 6.60E-11
325 INO2 =1+ NO2 Photolysis 2.01E-3
326 INO2 +INO2 =12 +2 NO2 k =4.70E-12 exp(-1670/T) 1.73E-14
327 BR + BRN2 = BR2 + NO2 k =5.00E-11 5.00E-11
328 GLY = CGLY k = 1.00E-6 1.00E-6
329 MGLY = CGLY k = 1.00E-6 1.00E-6
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Table B-2. CB6r5h species names and descriptions.
Name Description C|H|O|N|S |Cl|Br| I MW
BZO2 Peroxy radical from OH addition to benzene 6 | 7|5 159.1
€203 Acetylperoxy radical 2 |33 75.0
CRO Alkoxy radical from cresol 71711 107.1
CX03 C3 and higher acylperoxy radicals 2 | 3|3 75.0
EPX2 Peroxy radical from EPOX reaction with OH 519 |5 149.1
HCO3 Adduct from HO2 plus formaldehyde 1 (3|3 63.0
HO2 Hydroperoxy radical 1] 2 33.0
1SO2 Peroxy radical from OH addition to isoprene 5193 117.1
MEO2 Methylperoxy radical 1|32 47.0
0] Oxygen atom in the O3(P) electronic state 1 16.0
01D Oxygen atom in the O(D) electronic state 1 16.0
OH Hydroxyl radical 1 1 17.0
0PO3 :sgtcnixeysacyl radical from OPEN and other model 4 3 4 115.1
RO2 COOpnecrear:i)rraici)oe:]pprommate total peroxy radical 4|7 ) 87.1
ROR Secondary alkoxy radical from PAR 4 1 71.1
TO2 Peroxy radical from OH addition to TOL 7 5 173.1
XLO2 Peroxy radical from OH addition to XYL 8 | 11| 5 187.2
X02 NO to NO2 conversion from a peroxy radical 4 | 7|2 87.1
o | e e o e |4 |7
XO2N rNa(;)ji'::;lorganlc nitrate conversion from a peroxy 4 7 ) 87.1
XPRP \C/)izﬁjraf‘:grrnt?):;:ble T-dependent organic nitrate 3 7 ) 75.1
XPAR \C/)izﬁjraf‘:grrnt?):;able T-dependent organic nitrate 1 25 ) 46.5
AACD Acetic acid 2 | 4] 2 60.1
ACET Acetone 3 6 1 58.1
ALD2 Acetaldehyde 2 4 1 441
ALDX Higher aldehydes (R-C-CHO) 2 13 |1 43.0
BENZ Benzene 6 6 78.1
CAT1 Methyl-catechols 7812 124.1
co Carbon monoxide 1 1 28.0
CH4 Methane 1| 4 16.0
CRES Cresols 7|8 1 108.1
CRON Nitro-cresols 717131 153.1
DMS Dimethyl sulfide 2|6 1 62.1
ECHA ]Errg:]:tgﬁ';r)\ethane (to enable tracking seperate 1 4 16.0
EPOX Epoxide formed from ISPX reaction with OH 10| 3 118.1
ETH Ethene 2 | 4 28.1

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 265

Www.Camx.com




July 2026 CAMXx User’s Guide Version 7.40

Appendix B: CB6r5h Gas-Phase Chemistry

Name Description C|H|O|N|S |Cl|Br| I MW

ETHA Ethane 2 6 30.1
ETHY Ethyne 2 2 26.0
ETOH Ethanol 2 6 1 46.1
FACD Formic acid 1122 46.0
FORM Formaldehyde 1121 30.0
GLY Glyoxal 2 2 2 58.0
GLYD Glycolaldehyde 2 1 4|2 60.1
H202 Hydrogen peroxide 2 |2 34.0
HNO3 Nitric acid 1 3 1 63.0
HONO Nitrous acid 11211 47.0
HPLD Hydroperoxyaldehyde from 1SO2 isomerization 5|83 116.1
INTR Organic nitrates from 1SO2 reaction with NO 519 |41 147.1
IOLE Internal olefin carbon bond (R-C=C-R) 4 | 8 56.1
ISOP Isoprene 5 8 68.1
ISPD :(s;;;:]e;eefcrjduct (methacrolein, methyl vinyl 4 6 1 70.1
ISPX Hydroperoxides from 1SO2 reaction with HO2 5 (10 3 118.1
KET Ketone carbon bond (C=0) 1 1 28.0
MEOH Methanol 1 1 32.0
MEPX Methylhydroperoxide 1 2 48.0
MGLY Methylglyoxal 3 2 72.1
N205 Dinitrogen pentoxide 51| 2 108.0
NO Nitric oxide 1 1 30.0
NO2 Nitrogen dioxide 2 |1 46.0
NO3 Nitrate radical 3 1 62.0
NTR1 Simple organic nitrates 3 1 119.1
NTR2 Multi-functional organic nitrates 4 1 135.1
03 Ozone 3 48.0

OLE Terminal olefin carbon bond (R-C=C) 2 5 29.1

OPAN fOr:c)lﬁropPe(;gxyacyl nitrates (PAN compounds) 4|3 6 1 1611
OPEN gir;r:;’)uncy:l)ng opening product (unsaturated 4l 4 ) 841

PACD Peroxyacetic and higher peroxycarboxylic acids 2 4 3 76.1

PAN Peroxyacetyl Nitrate 3 1 121.0
PANX Larger alkyl peroxyacyl nitrates (from CX03) 5 5 1 135.1
PAR Paraffin carbon bond (C-C) 1 é 14.5

PNA Peroxynitric acid 1 4 1 79.0

PRPA Propane 8 44.1

ROOH Higher organic peroxide 4 10| 2 90.1

SO2 Sulfur dioxide 2 1 64.1

SULF Sulfuric acid (gaseous) 2 4 1 98.1
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Name Description C|H|O|N|S |Cl|Br| I MW
TERP Monoterpenes 10 | 16 136.2
TOL Toluene and other monoalkyl aromatics 7 8 92.1
XOPN ,c’;\ir;T;(::yT;ng opening product (unsaturated 5 6 5 98.1
XYL Xylene and other polyalkyl aromatics 8 |10 106.2
CL2 Molecular chlorine 2 70.9
CL Chlorine atom 1 35.5
CLO Chlorine monoxide 1 1 515
HCL Hydrogen chloride 1 1 36.5
HOCL Hypochlorous acid 1 1 1 52.5
CLN2 Nitryl chloride 2 1 1 81.5
CLN3 Chlorine nitrate 3 1 1 97.5
FMCL Formyl chloride 1 1 1 1 64.5
CLAD Chloroacetaldehyde 2 3 1 1 78.5
CLAO Chloroacetone 3 5 1 1 92.5
BR2 Molecular bromine 2 159.8
BRCL Bromine monochloride 1 1 115.4
BR Bromine atom 1 79.9
BRO Bromine monoxide 1 1 95.9
HBR Hydrogen bromide 1 1 80.9
HOBR Hypobromous acid 1 1 1 96.9
BRN2 Nitryl bromide 2 1 1 125.9
BRN3 Bromine nitrate 3 1 1 141.9
FMBR Formyl bromide 1 1 1 1 108.9
12 Molecular iodine 2 | 253.8
IBR lodine monobromide 1 1 | 206.8
ICL lodine monochloride 1 1 | 162.4
I lodine atom 1 | 126.9
10 lodine monoxide 1 1 | 1429
(0][0] lodine dioxide 2 1 | 158.9
1202 Diiodine dioxide 2 2 | 285.8
IXOY Condensable iodine oxides 3 2 | 301.8
HI Hydrogen iodide 1 1 | 127.9
HOI Hypoiodous acid 1 1 1 | 143.9
HIO3 lodic acid 1 3 1 | 1759
INO2 Nitryl iodide 2 |1 1| 1729
INO3 lodine nitrate 3 1 1 | 188.9
CH3I lodomethane (CH3I) 1 3 1 | 141.9
MI2 Diiodomethane (CH2I2) 1 2 2 | 267.8
MIB Bromoiodomethane (CH2IBr) 1 2 1 1 | 220.8
MIC Chloroiodomethane (CH2ICIO 1 2 1 1 | 176.4
MBC Chlorobromomethane (CH2BrCl) 1 2 1 1 129.4
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Name Description C | H N | S |Cl|Br| I MW
MB2 Dibromomethane (CH2Br2) 1 2 2 173.8
MBC2 Dichlorobromomethane (CHBrCI2) 1 3 2 1 165.8
MB2C Chlorodibromomethane (CHBr2Cl) 1 3 2 210.3
MB3 Bromoform (CHBr3) 1 1 3 252.7
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Table B-3. Zenith angle (degrees) dependence of photolysis frequencies (s!) for CB6r5h

reactions.
Reaction Solar zenith angle (degree)

ID 0 20 40 60 78 86
1.01E-02 9.77E-03 8.75E-03 6.30E-03 2.09E-03 5.12E-04
4.26E-04 4.19E-04 3.94E-04 3.33E-04 1.79E-04 4.27E-05
4,55E-05 3.99E-05 2.54E-05 8.78E-06 9.20E-07 1.52E-07

21 8.79E-06 8.26E-06 6.64E-06 3.78E-06 8.81E-07 2.03E-07

27 1.88E-01 1.86E-01 1.79€E-01 1.56E-01 8.22E-02 1.79E-02

28 2.32E-02 2.31E-02 2.23E-02 1.98E-02 1.12E-02 2.63E-03

38 5.54E-05 5.23E-05 4.26E-05 2.52E-05 6.30E-06 1.48E-06

43 1.74E-03 1.68E-03 1.49E-03 1.04E-03 3.29E-04 8.35E-05

47 8.47E-07 7.70E-07 5.57E-07 2.54E-07 4.20E-08 7.98E-09

50 7.02E-06 6.46E-06 4.84E-06 2.36E-06 4.16E-07 7.73E-08

56 9.53E-07 8.81E-07 6.72E-07 3.47E-07 7.05E-08 1.52E-08

64 9.53E-07 8.81E-07 6.72E-07 3.47E-07 7.05E-08 1.52E-08

88 6.02E-06 5.68E-06 4.61E-06 2.68E-06 6.52E-07 1.53E-07

90 6.02E-06 5.68E-06 4.61E-06 2.68E-06 6.52E-07 1.53E-07

92 3.29E-06 3.01E-06 2.22E-06 1.06E-06 1.85E-07 3.60E-08

97 4.16E-05 3.90E-05 3.10E-05 1.69E-05 3.55E-06 7.35E-07

98 5.43E-05 5.18E-05 4.35E-05 2.69E-05 7.06E-06 1.73E-06

106 7.29E-06 6.59E-06 4.65E-06 1.96E-06 2.54E-07 3.93E-08
109 6.88E-05 6.41E-05 4.99E-05 2.62E-05 5.17E-06 1.04E-06
111 9.03E-06 8.24E-06 6.01E-06 2.76E-06 4.40E-07 7.94E-08
114 1.35E-04 1.30E-04 1.14E-04 7.95E-05 2.57E-05 6.08E-06
116 2.36E-04 2.29E-04 2.04E-04 1.46E-04 4,92E-05 1.16E-05
125 1.16E-06 1.02E-06 6.50E-07 2.27E-07 2.34E-08 3.59E-09
126 1.02E-06 9.02E-07 5.83E-07 2.08E-07 2.25E-08 3.51E-09
154 2.96E-05 2.84E-05 2.45E-05 1.60E-05 4.60E-06 1.16E-06
156 7.04E-04 6.84E-04 6.12E-04 4.41E-04 1.46E-04 3.58E-05
188 1.51E-04 1.47E-04 1.31E-04 9.45E-05 3.13E-05 7.68E-06
189 8.04E-04 7.82E-04 7.00E-04 5.04E-04 1.67E-04 4.09E-05
193 8.04E-04 7.82E-04 7.00E-04 5.04E-04 1.67E-04 4.09E-05
209 1.57E-01 1.56E-01 1.49E-01 1.30E-01 6.88E-02 1.50E-02
210 1.02E-01 9.90E-02 8.87E-02 6.38E-02 2.12E-02 5.18E-03
212 1.88E-01 1.82E-01 1.63E-01 1.18E-01 3.90E-02 9.56E-03
217 1.55E-01 1.53€-01 1.47E-01 1.28E-01 6.77E-02 1.48E-02
223 2.53E-02 2.42E-02 2.03E-02 1.26E-02 3.29E-03 8.06E-04
235 2.48E-03 2.41E-03 2.16E-03 1.55E-03 5.15E-04 1.26E-04
236 2.31E-02 2.29E-02 2.19E-02 1.91E-02 1.01E-02 2.20E-03
237 2.72E-04 2.60E-04 2.18E-04 1.35E-04 3.54E-05 8.66E-06
248 9.89E-06 9.28E-06 7.36E-06 4.03E-06 8.45E-07 1.75E-07
249 4.71E-05 4.49E-05 3.77E-05 2.33E-05 6.12E-06 1.50E-06
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Reaction Solar zenith angle (degree)

ID 0 20 40 60 78 86
250 4.36E-04 4.15E-04 3.49E-04 2.16E-04 5.66E-05 1.39E-05
265 9.92E-05 9.30E-05 7.38E-05 4.04E-05 8.47E-06 1.75E-06
283 3.37E-02 3.34E-02 3.21E-02 2.79E-02 1.47E-02 3.22E-03
284 7.12E-02 7.06E-02 6.77E-02 5.90E-02 3.12E-02 6.80E-03
285 1.18E-02 1.14E-02 1.02E-02 7.36E-03 2.44E-03 5.98E-04
286 2.41E-03 2.34E-03 2.10E-03 1.51E-03 5.01E-04 1.23E-04
293 4.29E-02 4.09E-02 3.43E-02 2.13E-02 5.57E-03 1.37E-03
300 5.13E-03 4.99E-03 4.46E-03 3.21E-03 1.07E-03 2.61E-04
301 1.55E-03 1.51E-03 1.35E-03 9.73E-04 3.23E-04 7.91E-05
312 7.80E-06 7.31E-06 5.80E-06 3.17E-06 6.66E-07 1.38E-07
313 9.57E-03 9.13E-03 7.66E-03 4.74E-03 1.24E-03 3.04E-04
314 6.18E-04 5.79E-04 4.60E-04 2.51E-04 5.28E-05 1.09E-05
315 1.83E-04 1.71E-04 1.36E-04 7.44E-05 1.56E-05 3.23E-06
316 1.70E-06 1.54E-06 1.12E-06 5.10E-07 8.42E-08 1.60E-08
325 3.21E-03 3.12E-03 2.79E-03 2.01E-03 6.66E-04 1.63E-04
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Appendix C

CB7r3 Gas-Phase Chemistry

Table C-1. Reactions and rate constant expressions for the CB7r3 mechanism. kagos is the rate
constant at 298 K and 1 atmosphere using units in cm3molecule® s’l. See Table C-2 for
species names. See Section 3.1 on temperature and pressure dependencies. For photolysis
reactions k2gs shows the photolysis rate at a solar zenith angle of 60° and height of 600 m
MSL/AGL. See Table C-3 for a listing of photolysis rates by zenith angle.

Number Reactants and Products Rate Constant Expression kaos
1 NO2=NO+0 Photolysis: NO2.PHF 6.30x1073
2 02+0+M=03+M k = 6.00x1073* (T/300)7%5 6.11x1073*
3 NO + 03 =NO2 k = 2.07x107*2 exp(-1400/T) 1.89x107%
4 NO + 0 = NO2 Falloff: F=0.85; n=0.84 2.26x10712
k(0) = 1.00x1073! (T/300)1®
k(inf) = 5.00x107* (T/300)7%3
5 NO2 + 0 =NO k = 5.10x107*2 exp(198/T) 9.91x1072
NO2 + O = NO3 Falloff: F=0.6; n=1 2.11x1072
k(0) = 1.30x1073! (T/300)1
k(inf) = 2.30x107* (T/300)%%
03+0= k = 8.00x107*2 exp(-2060/T) 7.96x107%°
03=0 Photolysis: 0303P.PHF 3.33x10™*
03=01D Photolysis: 0301D.PHF 8.78x107°
10 O1ID+M=0+M k = 2.23x107* exp(115/T) 3.28x1071
11 01D + H20 =2 OH k=2.14x107% 2.14x107%
12 03 + OH=HO2 k = 1.70x107*2 exp(-940/T) 7.25x107
13 03 + HO2 = OH k = 2.03x107% (T/300)*>7 exp(693/T) 2.01x107%5
14 OH +0=HO02 k = 2.40x107* exp(110/T) 3.47x1071
15 HO2 + 0 = OH k = 3.00x107** exp(200/T) 5.87x1071!
16 OH+0OH=0 k = 6.20x107* (T/298)%® exp(945/T) 1.48x1071?
17 OH + OH = H202 Falloff: F=0.42; n=1.23 6.21x10712
k(0) = 9.00x1073! (T/300)732
k(inf) = 3.90x107* (T/300)7%47
18 OH + HO2 = k = 4.80x107 exp(250/T) 1.11x107°
19 HO2 + HO2 = H202 k =k1+k2 [M] 2.90x10712
k1 =2.20x1073 exp(600/T)
k2 = 1.90x10733 exp(980/T)
20 HO2 + HO2 + H20 = H202 k =kl +k2 [M] 6.53x1073°
k1 = 3.08x1073* exp(2800/T)
k2 = 2.66x107>* exp(3180/T)
21 H202 =2 OH Photolysis: H202.PHF 3.78x107®
22 H202 + OH = HO2 k = 1.80x107%2 1.80x107%2
23 H202 + 0 = OH + HO2 k = 1.40x107*2 exp(-2000/T) 1.70x107%
24 NO + NO + 02 =2 NO2 k = 4.25x107%° exp(664/T) 3.95x10738
25 NO + HO2 = OH + NO2 k = 3.45x107%2 exp(270/T) 8.54x10712
26 NO2 + 03 = NO3 k = 1.40x107%3 exp(-2470/T) 3.52x107Y
27 NO3=NO2+0 Photolysis: NO3_NO2.PHF 1.56x107?
28 NO3 = NO Photolysis: NO3_NO.PHF 1.98x1072
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29 NO3 + NO =2 NO2 k=1.80x107 exp(110/T) 2.60x1071!
30 NO3 + NO2 = NO + NO2 k = 4.35x107* exp(-1335/T) 4.93x10716
31 NO3 + OH =HO2 + NO2 k=2.00x10"1 2.00x1071!
32 NO3 + HO2 = OH + NO2 k =4.00x10712 4.00x10712
33 NO3 + NO3 =2 NO2 k = 8.50x1073 exp(-2450/T) 2.28x1071®
34 NO3 + NO2 = N205 Falloff: F=0.35; n=1.33 1.24x10712
k(0) = 3.60x1073° (T/300) ™4
k(inf) = 1.90x1072 (T/300)°2
35 N205 = NO3 + NO2 Falloff: F=0.35; n=1.33 4.46x107?
k(0) = 1.30x1073 (T/300)3>
exp(-11000/T)
k(inf) = 9.70x10%14 (T/300)°!
exp(-11080/T)
36 N205 =NO2 + NO3 Photolysis: N205.PHF 2.52x10°°
37 N205 + H20 =2 HNO3 k =1.00x107% 1.00x10722
38 NO + OH = HONO Falloff: F=0.6; n=1 7.39x10°%2
k(0) = 7.10x10731 (T/298)2¢
k(inf) = 3.60x107! (T/298)%1
39 HONO = NO + OH Photolysis: HONO.PHF 1.04x1073
40 HONO + OH = NO2 k =2.50x10712 exp(260/T) 5.98x10712
41 NO2 + OH = HNO3 Falloff: F=0.6; n=1 1.06x1071!
k(0) = 1.80x1073° (T/298)3
k(inf) = 2.80x107!
42 NO2 + OH + H20 = HNO3 + H20 k=1.10x10"% 1.10x1073°
43 HNO3 + OH = NO3 k=k1+k3[M]/(1+k3[M]/k2) 1.54x10713
k1 =2.40x1071* exp(460/T)
k2 = 2.70x107Y7 exp(2199/T)
k3 = 6.50x1073% exp(1335/T)
44 HNO3 = OH + NO2 Photolysis: HNO3.PHF 2.54x1077
45 NO2 + HO2 = PNA Falloff: F=0.6; n=1 1.30x10712
k(0) = 1.90x1073* (T/298)34
k(inf) = 4.00x1071? (T/298)%3
46 PNA = HO2 + NO2 k = k(ref)/K 8.04x1072
k(ref) = k(45)
K =2.10x107%7 exp(10900/T)
47 PNA =0.59 HO2 + 0.59 NO2 + 0.41 OH + Photolysis: PNA.PHF 2.36x10°°
0.41 NO3
48 PNA + OH = NO2 k =3.20x107 exp(690/T) 3.24x107%2
49 H2 + OH = HO2 k = 7.70x10712 exp(-2100/T) 6.70x107°
50 CO + OH =HO02 k =kl +k2 [M] 2.28x107%3
k1=1.44x10713
k2 =3.43x10733
51 SO2 + OH = SULF + HO2 Falloff: F=0.53; n=1.1 9.35x107%3
k(0) = 2.80x1073! (T/300)72¢
k(inf) = 2.00x10712
52 SO2 = SULF k=0 0
53 DMS + OH = SO2 + FORM + MEO2 k=1.12x107 exp(-250/T) 4.84x10712
54 DMS + OH + 02 = SULF + MEO2 k = 1.28x107% exp(4480/T) 4.33x1073
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55 DMS + NO3 =SO2 + FORM + MEO2 + k =1.90x107*3 exp(520/T) 1.09x10712
HNO3
56 C203 + NO = NO2 + MEO2 + R0O2 k = 7.50x107*2 exp(290/T) 1.98x1071
57 C203 + NO2 = PAN Falloff: F=0.3; n=1.41 9.86x10712
k(0) = 3.61x10728 (T/300)5%7
k(inf) = 1.24x107%! (T/300) %1%
58 PAN = NO2 + C203 Falloff: F=0.3; n=1.41 4.31x10™*
k(0) = 1.10x107° exp(-10100/T)
k(inf) = 1.90x10**” exp(-14100/T)
59 PAN = 0.6 NO2 + 0.6 C203 + 0.4 NO3 + 0.4 | Photolysis: PAN.PHF 3.47x1077
MEO?2 + 0.4 RO2
60 C203 + HO2 =0.37 PACD + 0.13 AACD + k =3.14x107%? exp(580/T) 2.20x107!
0.1303+0.50H+ 0.5 MEO2 + 0.5 RO2
61 C203 +R0O2 =0.3 AACD + 0.7 MEO2 + 1.7 | k =4.40x107*3 exp(1070/T) 1.60x107%*
RO2
62 C203 + C203 =2 MEO2 + 2 RO2 k = 2.90x107*? exp(500/T) 1.55x1071
63 CX03 + NO=NO2 +0.5 ALD2 + XO2H + k = 6.70x107*? exp(340/T) 2.10x107¢
RO2
64 CX03 + NO2 = PANX k = k(ref)/K 8.28x107%2
k(ref) = k(57)
K=1.19
65 PANX = NO2 + CX03 k = k(ref)/K 3.62x107*
k(ref) = k(58)
K=1.19
66 PANX + OH = 0.5 ALD2 + NO2 k = 3.00x107*? 3.00x107%2
67 CX03 + HO2 = 0.19 PACD + 0.06 AACD + k = k(ref)/K 2.20x1071!
0.25 ALD2 +0.06 O3 + 0.25 OH + 0.25 HO2 k(ref) = k(60)
K=1.0
68 CX03 + RO2 =0.3 AACD +0.7 ALD2 + 0.7 k = k(ref)/K 1.60x1071*
XO2H + 1.7 RO2 k(ref) = k(61)
K=1.0
69 OP0O3 + NO=NO2+0.5GLY+0.5C0O+0.8 | k=k(ref)/K 2.10x107!
HO2 + 0.2 CX03 k(ref) = k(63)
K=1.0
70 OPO3 + NO2 = OPAN k = k(ref)/K 8.28x10712
k(ref) = k(64)
K=1.0
71 OPAN = OPO3 + NO2 k = k(ref)/K 3.62x107*
k(ref) = k(65)
K=1.0
72 OPAN + OH =0.5 NO2 + 0.5 NTR2 + 0.5 k =3.60x107! 3.60x10711
GLY + CO
73 OPO3 + HO2 = 0.37 PACD + 0.13 AACD + k = k(ref)/K 2.20x1071
0.13 03 +0.5 OH + 0.5 MEO2 + 0.5 RO2 k(ref) = k(60)
K=1.0
74 OPO3 +R0O2=0.3 AACD +0.35GLY+0.4 k = k(ref)/K 1.60x10711
XO2H 0.35 CO + 0.14 CX03 + 1.4 RO2 k(ref) = k(61)
K=1.0
75 RO2 + NO =NO k =2.70x107? exp(360/T) 9.04x10712
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76 RO2 + HO2 = HO2 k =1.93x1071 exp(1300/T) 1.52x1071
77 RO2 +RO2 = k = 1.55x1073 exp(350/T) 5.00x107%3
78 MEO2 + NO = FORM + HO2 + NO2 k =2.30x10712 exp(360/T) 7.70x10712
79 MEO2 + HO2 = 0.9 MEPX + 0.1 FORM k = 3.80x10713 exp(780/T) 5.21x107%2
80 MEO2 + RO2 = 0.685 FORM + 0.315 MEOH | k = k(ref)/K 5.00x107%3
+0.37 HO2 + RO2 k(ref) = k(77)
K=1.0
81 MEPX + OH = 0.6 MEO2 + 0.6 RO2 + 0.4 k = 5.30x10712 exp(190/T) 1.00x107
FORM + 0.4 OH
82 MEPX = MEO2 + RO2 + OH Photolysis: MEPX.PHF 2.68x10°®
83 XO2H + NO = NO2 + HO2 k = k(ref)/K 9.04x10712
k(ref) = k(75)
K=1.0
84 XO2H + HO2 = ROOH k = k(ref)/K 1.52x1071
k(ref) = k(76)
K=1.0
85 XO2H + RO2 = RO2 k = k(ref)/K 5.00x107%3
k(ref) = k(77)
K=1.0
86 X02 + NO =NO2 k = k(ref)/K 9.04x107%2
k(ref) = k(75)
K=1.0
87 X02 + HO2 = ROOH k = k(ref)/K 1.52x1071
k(ref) = k(76)
K=1.0
88 X02 + RO2 = R0O2 k = k(ref)/K 5.00x107%3
k(ref) = k(77)
K=1.0
89 XO2N + NO = 0.5 NTR1 + 0.5 NTR2 k = k(ref)/K 9.04x10712
k(ref) = k(75)
K=1.0
90 XO2N + HO2 = ROOH k = k(ref)/K 1.52x1071
k(ref) = k(76)
K=1.0
91 XO2N + RO2 = R0O2 k = k(ref)/K 5.00x107%3
k(ref) = k(77)
K=1.0
92 ROOH + OH = 0.56 XO2H + 0.04 XO2N + k =9.00x10712 exp(190/T) 1.70x1071
0.6 RO2 + 0.4 OH
93 ROOH = HO2 + OH Photolysis: J(ROOH) = J(MEPX)x1.0 2.68x107°
94 NTR1 + OH = NO2 k =2.00x10712 2.00x10712
95 NTR1 = NO2 Photolysis: NTR.PHF 1.06x107®
96 NTR2 = NO2 Photolysis: J(NTR2) = J(NTR1)x1.0 1.06x107®
97 NTR2 = HNO3 k=2.30x10"° 2.30x10°°
98 MEOH + OH = FORM + HO2 k = 2.85x107? exp(-345/T) 8.95x107%3
99 ETOH + OH =0.95 ALD2 + 0.9 HO2 + 0.1 k = 3.00x10712 exp(20/T) 3.21x107%2
XO2H + 0.1 RO2 + 0.078 FORM + 0.011
GLYD
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100 FORM + OH =HO2 + CO k = 5.40x10712 exp(135/T) 8.49x10712
101 FORM =2 HO2 + CO Photolysis: FORM_R72.PHF 1.75x107°
102 FORM = CO + H2 Photolysis: FORM_Mr5.PHF 2.69x10°°
103 FORM + NO3 = HNO3 + HO2 + CO k=5.50x1071¢ 5.50x10716
104 ALD2 + OH = C203 k = 4.70x10712 exp(345/T) 1.50x1071
105 ALD2 + NO3 = C203 + HNO3 k = 1.40x10712 exp(-1860/T) 2.73x10°%°
106 ALD2 = MEO2 + RO2 + CO + HO2 Photolysis: ALD2_Rr5.PHF 1.96x10°°
107 ALDX + OH = CX03 k = 4.90x10712 exp(405/T) 1.91x1071
108 ALDX + NO3 = CX03 + HNO3 k=6.30x10"1 6.30x107°
109 ALDX = ALD2 + CO + HO2 + XO2H + DPAR + | Photolysis: ALDX_R72.PHF 1.54x107°
RO2
110 GLYD + OH=0.2 GLY + 0.2 HO2 + 0.8 C203 | k =8.00x10712 8.00x10712
111 GLYD =0.74 FORM + 0.89 CO + 1.4 HO2 + Photolysis: GLYDr5.PHF 2.76x10°®
0.15 MEOH +0.19 OH + 0.11 GLY + 0.11
XO2H +0.11 RO2
112 GLYD + NO3 = HNO3 + C203 k = k(ref)/K 2.73x10°%°
k(ref) = k(105)
K=1.0
113 GLY+OH=1.8CO+0.2X02+0.2R02 + k =3.10x10712 exp(340/T) 9.70x107%?
HO2
114 GLY=2H02+2CO Photolysis: GLY_Rr5.PHF 7.95x10°°
115 GLY + NO3 =HNO3 + 1.5 CO + 0.5 XO2 + k = 4.00x1071¢ 4.00x10716
0.5 R0O2 + HO2
116 MGLY = C203 + HO2 + CO Photolysis: MGLY.PHF 1.46x107
117 MGLY + NO3 = HNO3 + C203 + XO2 + RO2 | k =5.00x107%6 5.00x10716
118 MGLY + OH = C203 + CO k =1.90x107*2 exp(575/T) 1.31x1071
119 ACET =0.38 CO +1.38 MEO2 + 1.38 RO2 + | Photolysis: ACET.PHF 2.27x1077
0.62 C203
120 ACET + OH = FORM + C203 + X02 + RO2 k =1.41x10712 exp(-620.6/T) 1.76x10713
121 KET =0.64 ALD2 +0.32 ALDX + 0.64 C203 Photolysis: KET.PHF 2.08x1077
+0.32 CX03 + 0.96 XO2H + 0.04 XO2N +
3.0 DPAR + RO2
122 KET + OH = 0.63 ALD2 + 0.31 ALDX + 0.63 k =2.70x10712 exp(~°%/T) 2.00x10712
C203 +0.31 CX03 + 0.94 XO2 + 0.06 XO2N
+ 3.0 DPAR + RO2
123 HACT + OH = MGLY + HO2 k = 2.00x107*? exp(320/T) 5.85x107%2
124 FACD + OH = HO2 k=4.50x10"13 4.50x10713
125 AACD + OH = MEO2 + RO2 k = 4.00x107* exp(850/T) 6.93x107%3
126 PACD + OH =C203 k = 5.30x107*2 exp(190/T) 1.00x107
127 CH4 + OH = MEO2 + RO2 k = 1.85x107*2 exp(-1690/T) 6.37x107%°
128 ECH4 + OH = MEO2 + RO2 k = 1.85x107*2 exp(-1690/T) 6.37x107%°
129 ETHA + OH =0.991 ALD2 + 0.991 XO2H + k = 6.90x107*2 exp(-1000/T) 2.41x107%3
0.009 XO2N + RO2
130 PRPA + OH =0.71 ACET + 0.26 ALDX + 0.26 | k = 7.60x107*2 exp(-585/T) 1.07x10712
PAR + 0.97 XO2H + 0.03 XO2N + RO2
131 DPAR + PAR = k=1.00x10° 1.00x107°
132 DPAR = k=1.00x107"? 1.00x107!

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS

275

Www.Camx.com




July 2026 CAMx User’s Guide Version 7.40
Appendix C: CB7r3 Gas-Phase Chemistry
Number Reactants and Products Rate Constant Expression kass
133 OH + PAR = XPAR + 3 DPAR k = 3.09x107*2 (T/300)? exp(300/T) 8.34x107°%3
134 XPAR = XO2N + RO2 Falloff: F=0.41; n=1 1.49x107!
k(0) = 4.80x1072°
k(inf) = 4.30x107* (T/298)"8
135 XPAR = ROR + X02 k=1.0 1.0
136 ROR = 0.14 ACET + 0.04 FORM + 0.46 ALD2 | k = k1 + k2 [M] 2.14x10*°
+0.19 ALDX + 0.57 HO2 + 0.3 XO2H + 0.05 k1 = 2.70x10*2 exp(-5000/T)
XO2N + 0.5 AUTX + 0.95 DPAR + 0.85 RO2 k2 = 7.00x107> exp(-250/T)
137 ROR + 02 = KET + 3. PAR + HO2 k = 2.00x107* exp(-250/T) 8.64x107%
138 ETHY + OH = 0.7 GLY + 0.7 OH + 0.3 FACD Falloff: F=0.37; n=1.3 7.52x10713
+0.3CO +0.3H02 k(0) = 5.00x1073° (T/300)**
k(inf) = 1.00x1072
139 ETH + OH = 1.56 FORM +0.22 GLYD + Falloff: F=0.48; n=1.15 7.84x10712
XO2H + RO2 k(0) = 8.60x1072° (T/300)73
k(inf) = 9.00x107% (T/300)7°8>
140 ETH + O3 = FORM + 0.35 CO + 0.42 FACD + | k = 6.82x107° exp(-2500/T) 1.55x10718
0.17 OH +0.27 HO2
141 ETH + NO3 = 0.5 NO2 + 0.5 NTR1 + 1.125 k = 3.30x107*2 exp(-2880/T) 2.10x107%6
FORM + 0.5 XO2H + 0.5 XO2 + RO2
142 OLE + OH = 0.781 FORM + 0.488 ALD2 + Falloff: F=0.5; n=1.13 2.86x1071
0.488 ALDX + 0.976 XO2H + 0.195 X02 + k(0) = 8.00x107?7 (T/300)73>
0.024 XO2N + 0.73 DPAR + 1.195 RO2 k(inf) = 3.00x107* (T/300)
143 OLE + 03 =0.295 ALD2 + 0.555 FORM + k = 5.50x107%° exp(-1880/T) 1.00x107Y
0.27 ALDX +0.378 CO + 0.075 GLY + 0.075
MGLY + 0.09 FACD + 0.13 AACD + 0.04
H202 + 0.334 OH + 0.08 HO2 + 0.15 XO2H
+0.79 DPAR + 0.15 RO2
144 OLE + NO3 = 0.5 NO2 + 0.5 NTR1 + 0.5 k = 4.60x1073 exp(-1155/T) 9.54x10°*
FORM + 0.25 ALD2 + 0.375 ALDX + 0.48
X02 +0.48 XO2H + 0.04 XO2N + DPAR +
RO2
145 IOLE + OH = 1.3 ALD2 + 0.7 ALDX + 2 PAR + | k = 1.05x107'* exp(519/T) 5.99x10°%
XO2H + RO2
146 IOLE + 03 = 0.732 ALD2 + 0.442 ALDX + k = 4.70x107%° exp(-1013/T) 1.57x1071®
0.128 FORM + 0.245 CO + 0.24 GLY + 0.06
MGLY + 0.29 PAR + 0.08 AACD + 0.08
H202 + 0.5 OH + 0.3 XO2H + 0.3 RO2
147 IOLE + NO3 = 0.5 NO2 + 0.5 NTR1 + 0.5 k =3.70x10713 3.70x107°%3
ALD2 + 0.625 ALDX + PAR + 0.48 XO2 +
0.48 XO2H + 0.04 XO2N + RO2
148 BENZ + OH = 0.53 CRES + 0.118 OPEN + k = 2.30x107'2 exp(-190/T) 1.22x10712
0.118 OH + 0.53 HO2 + 0.352 BZO2 +
0.352 RO2
149 BZO2 + NO = 0.918 NO2 + 0.082 NTR2 + k = k(ref)/K 9.04x10°2
0.918 GLY + 0.918 OPEN + 0.918 HO2 k(ref) = k(75)
K=1.0
150 BZO2 + HO2 = ARPX k = k(ref)/K 1.77x1071
k(ref) = k(76)
K =8.55x107!
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151 BZO2 + RO2 = GLY + OPEN + HO2 + RO2 k = k(ref)/K 5.00x107%3
k(ref) = k(77)
K=1.0
152 TOL + OH = 0.18 CRES + 0.1 OPEN + 0.1 OH | k = 1.80x107? exp(340/T) 5.63x107%2
+0.18 HO2 + 0.65 TO2 + 0.07 XO2H + 0.72
RO2
153 TO2 + NO =0.86 NO2 + 0.14 NTR2 + 0.417 | k = k(ref)/K 9.04x107%2
GLY + 0.443 MGLY + 0.66 OPEN + 0.2 k(ref) = k(75)
XOPN + 0.86 HO2 K=1.0
154 TO2 + HO2 = ARPX k = k(ref)/K 1.86x10711
k(ref) = k(76)
K=8.13x10"
155 TO2 +R0O2=0.48 GLY + 0.52 MGLY +0.77 | k = k(ref)/K 5.00x107%3
OPEN + 0.23 XOPN + HO2 + RO2 k(ref) = k(77)
K=1.0
156 XYL + OH =0.155 CRES + 0.244 XOPN + k =1.85x107! 1.85x1071
0.244 OH + 0.155 HO2 + 0.544 XLO2 +
0.058 XO2H + 0.602 RO2
157 XLO2 + NO =0.86 NO2 + 0.14 NTR2 + k = k(ref)/K 9.04x107%2
0.221 GLY + 0.625 MGLY + 0.05 BACL+ 0.3 k(ref) = k(75)
OPEN + 0.56 XOPN + 0.86 HO2 K=1.0
158 XLO2 + HO2 = ARPX k = k(ref)/K 1.94x1071
k(ref) = k(76)
K =7.83x10"
159 XLO2 + RO2 =0.26 GLY + 0.72 MGLY + 0.05 | k = k(ref)/K 5.00x107%3
BACL + 0.35 OPEN + 0.65 XOPN + HO2 + k(ref) = k(77)
RO2 K=1.0
160 OPEN = OP0O3 + HO2 + CO Photolysis: J(OPEN) = J(NO2)x0.03 1.89x107
161 OPEN + OH=0.6 OPO3 +0.4 GLY + 0.4 k=4.40x10"1 4.40x10711
XO2H + 0.4 RO2
162 OPEN + 03 =1.4 GLY + 0.24 MGLY + 0.5 k = 5.40x107 exp(-500/T) 1.01x10°Y
OH +0.12 C203 + 0.08 FORM + 0.02 ALD2
+1.98 CO + 0.56 HO2
163 OPEN + NO3 = OPO3 + HNO3 k =3.80x10712 3.80x107%2
164 XOPN = 0.4 GLY + XO2H + 0.7 HO2 + 0.7 Photolysis: J(XOPN) = J(NO2)x0.08 5.04x10™*
CO +0.3 C203 +R0O2
165 XOPN + OH = MGLY + 0.4 GLY + 2 XO2H + k=9.00x10711 9.00x10°%
2 RO2
166 XOPN + 03 =1.2 MGLY + 0.5 OH + 0.6 k = 1.08x107% exp(-500/T) 2.02x107Y
C203 + 0.1 ALD2 + 0.5 CO + 0.3 XO2H +
0.3 RO2
167 XOPN + NO3 = 0.5 NO2 + 0.5 NTR2 + 0.25 k =3.00x10712 3.00x107%2
OPEN + 0.25 MGLY + 0.45 XO2H + 0.45
X02 + 0.1 XO2N + RO2
168 CRES + OH =0.7 CAT1 + 0.7 HO2 + 0.3 CRO | k=1.70x10712 exp(950/T) 4.12x1071
169 CRES + NO3 = 0.5 HNO3 + 0.5 CRON + 0.5 k=1.40x10"1 1.40x1071
CRO
170 CRO + NO2 = CRON k=2.10x10712 2.10x10712
171 CRO + HO2 = CRES k =5.50x10712 5.50x10712
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172 CRON + OH =NTR2 + 0.5 CRO k=1.53x10712 1.53x10712
173 CRON + NO3 = HNO3 + NTR2 + 0.5 CRO k =3.80x10712 3.80x107%2
174 CRON = HONO + 0.5 CRO Photolysis: J(CRON) = J(NO2)x0.015 9.45x10°°
175 CAT1+OH=0.5CRO k=5.00x10"1 5.00x107%
176 CAT1 +NO3 =0.5CRO + HNO3 k=1.70x10710 1.70x1071°
177 ARPX + OH = 0.5 OH + 0.2 BZO2 + 0.15 k =8.00x1071 8.00x10°1
TO2 +0.15 XLO2 + 0.5 RO2
178 ISOP + OH =1SO2 + RO2 k =2.70x107! exp(390/T) 9.99x10™1
179 ISO2 + NO=0.9NO2 + 0.1 INTR+0.9 k = k(ref)/K 9.04x107%2
FORM + 0.9 ISPD + 0.9 HO2 k(ref) = k(75)
K=1.0
180 ISO2 + HO2 = 0.94 ISPX + 0.06 FORM + k = k(ref)/K 1.66x1071!
0.06 ISPD + 0.06 OH + 0.06 HO2 k(ref) = k(76)
K =9.13x10"
181 ISO2 + RO2 = ISPD + RO2 k = k(ref)/K 5.00x107%3
k(ref) = k(77)
K=1.0
182 ISO2 =0.4 HPLD + 0.1 ISPD + 0.1 GLY + 0.1 k = 3.30x10*° exp(-8300/T) 2.64x1073
GLYD + CO +1.7 OH + 0.35 HO2
183 ISOP + 03 =0.8 FORM + 0.5 ISPD + 0.58 k = 1.03x107* exp(-1995/T) 1.27x107V
FACD +0.5CO +0.28 OH +0.5H0O2 +0.4
MEO2 + 0.4 RO2
184 ISOP + NO3 =0.25 NO2 + 0.75 NTR2 + 0.25 | k = 2.95x107*2 exp(-450/T) 6.52x10713
FORM + 0.25 ISPD + 0.25 OH + 0.25 X02 +
0.25 R0O2
185 ISPD + OH = 0.28 MGLY + 0.14 HACT + 0.2 k = 7.00x107*? exp(430/T) 2.96x1071!
GLYD +0.1 FORM + CO + 0.1 OH + 0.1 HO2
+0.1 0P0O3 + 0.4 C203
186 ISPD + NO3 =0.9 NTR2 +0.1 HNO3 + 0.1 k =3.94x1071* exp(475/T) 1.94x107%3
CO +0.1C203
187 ISPD = 0.5 FORM + 0.35 OLE + 0.35 PAR + Photolysis: J(ISPD) = J(MEPX)x1.0 2.68x107°
0.95 CO +0.15 OPO3 + 0.4 C203 +0.1
MEQO2 + 0.55 HO2 + 0.1 RO2
188 ISPX + OH = 0.6 EPOX + 0.2 MGLY + 0.2 k =2.80x107! exp(370/T) 9.69x10°1
FORM + 0.2 ROOH + OH + 0.5 HO2
189 HPLD = 0.6 HPLD + 0.3 ISPD + 1.65 OH + Photolysis: J(HPLD) = J(NO2)x0.07 4.41x10™*
0.2 HO2 + 0.8 CO
190 HPLD + OH = ISPD + 0.2 FORM + 0.5 CO + k =1.17x107! exp(450/T) 5.30x10°%
1.1 OH
191 EPOX + OH =0.2ISPD+0.2 HO2 + 0.8 k = 5.43x107* exp(-450/T) 1.20x107
EPX2 + 0.8 RO2
192 EPX2 + NO =0.98 NO2 + 0.02 NTR2 + 0.7 k = k(ref)/K 9.04x107%?
MGLY + 0.2 HACT + 0.7 GLYD + 0.2 GLY + k(ref) = k(75)
0.2CO +0.7 OH + HO2 K=1.0
193 EPX2 + HO2 = 0.2 ISPD + 0.3 MGLY +0.15 k = k(ref)/K 1.66x107!
HACT + 0.1 GLY + 0.2 GLYD + 1.5 FORM + k(ref) = k(76)
ROOH +0.2 CO + 1.7 OH + HO2 K =9.13x10"
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194 EPX2 + RO2 = 0.6 MGLY + 0.1 HACT + 0.5 k = k(ref)/K 5.00x10°%3
GLY + 0.5 FORM + 0.3 GLYD + 0.2 CO + k(ref) = k(77)
0.85 OH + HO2 + RO2 K=1.0
195 INTR + OH = 0.45 NO2 + 0.45 NTR2 + 0.1 k = 1.00x107* exp(300/T) 2.74x1071
INTR + 0.4 ISPD + 0.1 EPOX
196 APIN + OH = APO2 + 0.11 AUTX k = 1.34x107! exp(410/T) 5.30x10°%
197 APO2 + NO =0.77 NO2 + 0.23 NTR2 + 0.55 | k = k(ref)/K 9.04x10712
TPRD +0.21 FORM + 0.09 ACET + 0.77 k(ref) = k(75)
HO2 K=1.0
198 APO2 + HO2 = 0.65 ROOH + 0.29 TPRD + k = k(ref)/K 2.10x107%
0.08 FORM + 0.06 ACET + 0.48 HO2 + 0.35 k(ref) = k(76)
OH K=7.21x10"
199 APO2 + RO2 =0.13 ROOH + 0.77 TPRD + k = k(ref)/K 5.00x107%3
0.06 ACET + 0.5 HO2 + RO2 k(ref) = k(77)
K=1.0
200 APIN + 03 =0.35 TPRD + 0.27 FORM + k = 8.05x107%° exp(-640/T) 9.40x10°Y
0.22 H202 +0.17 CO+0.77 OH + 0.17
HO2 +0.27 CX03 +0.33 X02 + 0.33 RO2
201 APIN + NO3 =0.76 NO2 + 0.24 NTR2 + k = 1.20x107*2 exp(490/T) 6.21x10712
0.68 TPRD + 0.42 OH
202 TERP + OH = TPO2 k = 3.20x107 exp(390/T) 1.18x1071°
203 TPO2 + NO = 0.75 NO2 +0.25 NTR2 + 0.49 | k = k(ref)/K 9.04x10712
TPRD + 0.45 FORM + 0.1 ACET + 0.39 PAR k(ref) = k(75)
+0.13 KET + 0.75 HO2 K=1.0
204 TPO2 + HO2 = 0.94 ROOH + 0.04 TPRD + k = k(ref)/K 2.10x107*
0.04 FORM + 0.01 ACET + 0.06 HO2 + 0.06 k(ref) = k(76)
OH K=7.21x10"
205 TPO2 + RO2=0.7 TPRD + 0.31 FORM + k = k(ref)/K 5.00x107%3
0.05 ACET + 0.51 PAR + 0.17 KET + 0.5 k(ref) = k(77)
HO2 + RO2 K=1.0
206 TERP + 03 = 0.74 TPRD + 0.63 FORM + k = 4.24x107%° exp(-1030/T) 1.34x1071®
0.04 ACET + 0.03 HACT + 0.05 FACD + 0.27
H202 + 0.44 OH + 0.09 HO2 + 0.08 C203 +
0.26 CX03 + 0.07 XO2 + 0.07 RO2
207 TERP + NO3 = 0.35 NO2 + 0.65 NTR2 + k = 6.15x10712 6.15x10712
0.31 TPRD + 0.09 ACET + 0.29 OH + 0.2
HO2
208 SQT + OH = 0.6 TPRD + 0.6 XO2H + 0.4 k = 2.00x107%° 2.00x1071°
XO2N + RO2
209 SQT + 03 =0.58 TPRD + 0.08 FORM +0.17 | k=1.20x10"* 1.20x107%
H202 + 0.57 OH + 0.08 HO2
210 SQT + NO3 = 0.58 NO2 + 0.42 NTR2 + 0.39 | k=1.90x10* 1.90x107!
TPRD + 0.3 OH
211 TPRD + OH = FORM + 0.5 ACET + 0.5 CO+ | k=1.35x107* exp(400/T) 5.17x1071
0.8 HO2 + 0.3 C203 + 1.1 X02 + 0.4 XO2N
+1.5R02
212 TPRD + NO3 = 0.87 HNO3 + 0.08 NO2 + k =1.00x107%3 1.00x1071
0.05 NTR2 + 0.3 FORM + 0.1 CO + 0.1 HO2
+0.6 CX03
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213 TPRD + 03 = 0.5 FORM + 0.2 FACD + 0.1 k=1.10x10"" 1.10x107Y
H202 + 0.1 OH + 0.3 MEO2 + 0.3 RO2
214 TPRD = 1.5 FORM + 0.5 ACET + 1.8 CO + Photolysis: J(TPRD) = J(MEPX)x4.6 1.23x107°
1.8 HO2 + 0.5 C203 + 0.3 XO2N + 1.5 XO2
+1.8 RO2
215 EDOH + OH = GLYD + HO2 k =1.45x1071 1.45x107%*
216 PDOH + OH = 0.61 ACET + 0.39 ALDX + k=2.10x10"1* 2.10x107*
0.39 PAR + HO2
217 IPOH + OH = 0.86 ACET + 0.14 ALD2 + 0.14 | k = 2.60x107'2 exp(200/T) 5.09x10°%2
FORM + 0.86 HO2 + 0.14 XO2H + 0.14 RO2
218 NPOH + OH = 0.55 ALDX + 0.43 ALD2 + k = 4.60x1072 exp(70/T) 5.82x107%2
0.55 PAR + 0.43 FORM + 0.48 HO2 + 0.5
XO2H +0.02 XO2N + 0.52 RO2
219 ROH + OH = 0.2 ALDX + 0.4 PAR + 0.77 k = 7.00x107*? exp(60/T) 8.56x107%2
ROR + 0.2 HO2 + 0.77 XO2 + 0.03 XO2N +
0.8 RO2
220 DME + OH = 0.99 MEFM + 0.99 XO2H + k = 5.70x107*2 exp(-215/T) 2.77x1072
0.01 XO2N + RO2
221 DEE + OH = 0.8 ETFM + 0.2 ALD2 + 0.04 k = 8.91x107!8 (T)2 exp(837/T) 1.31x107%*
ETAC + 0.8 MEO2 + 0.9 XO2 + 0.14 XO2H +
0.06 XO2N + 2 RO2
222 ETHR + OH = 0.62 ESTR + 0.3 ALDX + 0.3 k = 8.90x107*2 exp(100/T) 1.24x107%*
PAR +0.62 MEO2 + 0.3 XO2H + 0.62 XO2 +
0.08 XO2N + RO2
223 MEFM + OH = 0.17 FACD + 0.55 CO + 0.45 | k = 9.39x10713 exp(-461/T) 2.00x107%3
MEO2 + 0.55 XO2H + 0.005 XO2N + RO2
224 MEAC + OH = 0.67 AACD + 0.67 CO+0.32 | k =8.54x107° (T)? exp(455/T) 3.49x10713
MEO2 + 0.67 XO2H + 0.32 X0O2 + 0.01
XO2N + 1.32 RO2
225 ETFM + OH = 0.78 AACD + 0.78 CO + 0.2 k = 5.66x1073 exp(134/T) 8.87x10713
ALD2 + 0.98 XO2H + 0.02 XO2N + 1.2 RO2
226 ETAC + OH = 0.93 AACD + 0.93 C203 + k = 6.92x107%° (T)2 exp(986/T) 1.68x107?
0.93 XO2 + 0.07 XO2N + RO2
227 ESTR + OH = 0.13 AACD + 0.13 FACD + 0.15 | k = 2.50x107*3 exp(740/T) 2.99x1071?
PAR +0.63 ROR + 0.25 CX03 + 0.89 X02 +
0.11 XO2N + RO2
228 SXD5 + OH = 0.5 FORM + 0.5 FACD + XO2H | k=2.10x10712 2.10x10712
+ RO2
229 IBTA + OH = 0.78 ACET + 0.19 ALDX + 0.78 | k = 5.40x107'? exp(-285/T) 2.08x10712
MEO2 +0.78 XO2 +0.19 XO2H + 0.03
XO2N + RO2
230 HPAR + OH = HPO2 + RO2 k = 2.54x107™ exp(-180/T) 1.39x1071
231 HPO2 + NO = NTR2 k = k(ref)/K 2.57x10712
k(ref) = k(75)
K = 6.16x10*? exp(-1540/T)
232 HPO2 + NO = NO2 + HO2 + AUTX + RO2 k = k(ref)/K 6.46x10712
k(ref) = k(75)
K =1.13x107t exp(750/T)
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233 HPO2 + HO2 = ROOH k = k(ref)/K 2.07x1071
k(ref) = k(76)
K=7.31x10"
234 HPO2 + RO2 = 0.6 HO2 + 0.6 AUTX + 0.6 k = k(ref)/K 5.00x107™13
RO2 k(ref) = k(77)
K=1.0
235 AUTX + NO=0.88 NO2 +0.12 NTR2 +0.46 | k = k(ref)/K 9.04x107%2
HKET + 0.3 KET + 0.12 ALDX + 1.98 PAR k(ref) = k(75)
K=1.0
236 AUTX + HO2 = ROOH k = k(ref)/K 1.86x107!
k(ref) = k(76)
K=8.13x10"
237 AUTX =0.9 HKET + 0.9 XO2 + 0.1 XO2N k = 2.20x10*® exp(-6200/T) 2.03x107!
238 HKET + OH = 1.5 KET + 4.5 PAR + OH k = 6.00x10711 6.00x10711
239 HKET = ALDX + 0.25 FORM + 2.7 PAR + 0.5 Photolysis: J(HKET) = J(MEPX)x1.1 2.95x107®
CX03 + OH + HO2
240 EH2 + OH =HO2 k = 7.70x107*? exp(-2100/T) 6.70x107°
241 2=21 Photolysis: J(12) = J(NO3)x0.922 1.44x10™
242 HOI = | + OH Photolysis: J(HOI) = J(NO2)x10.1 6.36x1072
243 I1+03=10 k =2.10x107*! exp(-830/T) 1.30x1071?
244 I0=1+0 Photolysis: J(10) = J(NO2)x18.7 1.18x10™
245 I0+10=0.41+0.4010+0.61202 k = 5.40x107*! exp(180/T) 9.88x10°%
246 10 + HO2 = HOI k = 1.40x107*! exp(540/T) 8.57x107%
247 I0+NO=1+NO2 k = 7.15x107*? exp(300/T) 1.96x107*
248 10 + NO2 =INO3 Falloff: F=0.4; n=1.26 3.54x10°2
k(0) = 7.70x1073! (T/300)°
k(inf) = 1.60x107%*
249 Olo =1 Photolysis: J(OI10) = J(NO3)x0.908 1.41x10!
250 0OlO + OH = 0.5 IXOY Falloff: F=0.3; n=1.41 3.96x10°%
k(0) = 1.50x107%7 (T/300)3%3
k(inf) = 5.50x107° exp(46/T)
251 0OI0 +10 = IXOY k =1.00x1071° 1.00x1071°
252 OlI0 +NO =10+ NO2 k =1.10x107*2 exp(542/T) 6.78x107?
253 1202 =1+0I0 k = 1.00x10*! 1.00x10%!
254 1202 + O3 = IXOY k =1.00x107*? 1.00x10712
255 INO3 =1+ NO3 Photolysis: J(INO3) = J(N205)x470.0 1.18x1072
256 INO3 + H20 = HOI + HNO3 k=2.50x10"% 2.50x1072%2
257 IXOY + H202 =12 k =5.00x10716 5.00x107%6
258 BACL + OH =0.93 CO + 0.93 FORM + 0.93 k =1.23x10*3 (T/300)? exp(197.77/T) 2.36x1013
C203 + 0.07 XO2N + 0.93 XO2 + RO2
259 BACL =2 C203 Photolysis: J(BACL) = J(NO2)x0.038 2.39x10*
260 BACL + NO3 =0.93 CO + 0.93 FORM + k=3.32x10"%° 3.32x10%°
HNO3 + 0.93 C203 + 0.07 XO2N + 0.93
X02 + RO2
261 FVC1 + OH =0.15 ALDX + 0.03 CO + 0.22 k = 3.54x10 ! exp(150/T) 5.86x10!!
CRES + 0.05 FORM + 0.07 ISPD + 0.05
MGLY + 0.04 OLE + 0.28 OPEN + 0.06
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k29s

ROOH + 0.07 CX0O3 + 0.45 HO2 + 0.03
MEO2 + 0.04 OPO3 + 0.36 XO2H + 0.04
XO2N + 0.07 XO2 + 0.47 RO2

262

FVC1+03= 0.3CO+0.04ISPD +0.24
MGLY + 0.03 OLE +0.12 OPEN + 0.25 HO2
+0.39 OH + 0.51 ROOH + 0.12 XO2H +
0.05 X02 +0.18 RO2

k = 4.59x10"7

4.59x107

263

FVC1 +NO3 =0.13 ALDX + 0.06 CO + 0.04
FORM + 0.45 HNO3 + 0.03 ISPD + 0.29
NO2 + 0.03 NO3 + 0.23 NTR2 + 0.16 OPEN
+0.33 CRO +0.08 CXO3 + 0.03 HO2 + 0.04
OPO3 +0.14 XO2H + 0.05 XO2N +0.43
X02 +0.62 RO2

k =1.35x10!

1.35x10 11
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Table C-2. CB7r3 species names and descriptions.

Appendix C: CB7r3 Gas-Phase Chemistry

Name Description C H (0] N S | Si M Wt
APO2 Peroxy radical from OH addition to a-pinene 10 17 3 185.24
AUTX Operator for hydroxyalkylperoxy radical 6 13 2 117.17

autoxidation
Bz0O2 Peroxy radical from OH addition to benzene 6 7 5 159.12
C203 Acetylperoxy radical 2 3 3 75.04
CRO Alkoxy radical from cresol 7 7 1 107.13
CX03 C3 and higher acylperoxy radicals 2 3 3 75.04
DPAR Operator for PAR destruction (replacing 1 2.5 14.53
negative PAR product)
EPX2 Peroxy radical from EPOX reaction with OH 5 9 5 149.12
HO2 Hydroperoxy radical 2 33.01
HPO2 Peroxy radical from HPAR reaction with OH 12 25 3 217.33
1SO2 Peroxy radical from OH addition to isoprene 5 9 3 117.12
MEO2 Methylperoxy radical 1 2 47.03
0 Oxygen atom in the O3(P) electronic state 1 16.00
01D Oxygen atom in the OY(D) electronic state 1 16.00
OH Hydroxyl radical 1 17.01
OPO3 Peroxyacyl radical from OPEN and other 4 3 4 115.06
model species
RO2 Operator to approximate total peroxy 2 32.00
radical concentration
ROR Secondary alkoxy radical 4 9 1 73.12
TPO2 Peroxy radical from OH addition to TERP 10 17 3 185.24
TO2 Peroxy radical from OH addition to TOL 9 5 173.14
XLO2 Peroxy radical from OH addition to XYL 11 5 187.17
X02 NO to NO2 conversion from a peroxy radical 2 32.00
XO2H NO to NO2 conversion (X02) accompanied 2 32.00
by HO2 production from a peroxy radical
XO2N NO to organic nitrate conversion from a 4 9 2 89.11
peroxy radical
XPAR Operator to enable T-dependent organic 4 9 2 89.11
nitrate yield from PAR
AACD Acetic acid 2 4 2 60.05
ACET Acetone 3 6 1 58.08
ALD2 Acetaldehyde 2 4 1 44.05
ALDX Higher aldehydes (R-C-CHO) 2 3 1 43.05
APIN a-Pinene 10 16 136.24
ARPX Aromatic peroxide from BZO2, TO2 and 6 8 6 176.12
XLO2
BACL 2,3-Butanedione 4 2 86.09
BENZ Benzene 6 78.11
CAT1 Methyl-catechols 7 2 124.14
co Carbon monoxide 1 1 28.01
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CH4 Background methane (see also ECH4) 1 4 16.04
CRES Cresols 7 8 1 108.14
CRON Nitro-cresols 7 7 3 1 153.14
DEE Diethyl ether 4 10 1 74.12
DME Dimethyl ether 2 6 1 46.07
DMS Dimethyl sulfide 2 1 62.14
ECH4 Emitted methane (to enable tracking 1 16.04
separate from CH4)
EDOH 1,2-ethanediol (ethylene glycol) 2 6 2 62.07
EH2 Emitted hydrogen (to enable tracking 2.02
separate from H2)
EPOX Epoxide formed from ISPX reaction with OH 5 10 3 118.13
ESTR Larger esters (C4+, excluding ethyl acetate) 4 8 2 88.11
ETAC Ethyl acetate 4 8 2 88.11
ETFM Ethyl formate 3 6 2 74.08
ETH Ethene 2 4 28.05
ETHA Ethane 2 6 30.07
ETHR Larger ethers (C4+, excluding diethyl ether) 4 10 1 74.12
ETHY Ethyne 2 2 26.04
ETOH Ethanol 2 6 1 46.07
FACD Formic acid 1 2 2 46.03
FORM Formaldehyde 1 2 1 30.03
FVC1 Lumped wildfire VOC 7 8 2 124.14
GLY Glyoxal 2 2 2 58.04
GLYD Glycolaldehyde 2 4 2 60.05
H2 Background hydrogen 2 2.02
H202 Hydrogen peroxide 2 2 34.01
HACT Hydroxyacetone 6 74.08
HKET Hydroperoxyketones from alkoxy radical 6 12 148.16
autoxidation
HNO3 Nitric acid 1 1 63.01
HONO Nitrous acid 1 2 1 47.01
HPAR Large alkanes, based on n-dodecane 12 26 170.34
HPLD Hydroperoxyaldehyde from 1SO2 5 8 3 116.12
isomerization
IBTA 2-methylpropane (isobutane) 4 10 58.12
INTR Organic nitrates from ISO2 reaction with NO 5 9 4 1 147.13
IOLE Internal olefin carbon bond (R-C=C-R) 4 8 56.11
IPOH Isopropanol 3 8 1 60.10
ISOP Isoprene 5 8 68.12
ISPD Isoprene product (methacrolein, methyl 4 6 1 70.09
vinyl ketone, etc.)
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Name Description C H (0] N Si M Wt
ISPX Hydroperoxides from ISO2 reaction with 5 10 3 118.13
HO2
KET Ketone bond in larger ketones (C4+) 1 1 28.01
MEAC Methyl acetate 3 6 2 74.08
MEFM Methyl formate 2 4 2 60.05
MEOH Methanol 1 4 1 32.04
MEPX Methylhydroperoxide 1 4 2 48.04
MGLY Methylglyoxal 3 4 2 72.06
N205 Dinitrogen pentoxide 5 2 108.01
NO Nitric oxide 1 1 30.01
NO2 Nitrogen dioxide 2 1 46.01
NO3 Nitrate radical 3 1 62.00
NPOH 1-Propanol 1 60.10
NTR1 Simple organic nitrates 3 1 119.12
NTR2 Multi-functional organic nitrates 4 1 135.12
03 Ozone 3 48.00
OLE Terminal olefin carbon bond (R-C=C) 4 28.06
OPAN Other peroxyacyl nitrates (PAN compounds) 4 6 1 161.07
from OPO3
OPEN Aromatic ring opening product (unsaturated 4 4 2 84.07
dicarbonyl)
PACD Peroxyacetic and higher peroxycarboxylic 2 4 3 76.05
acids
PAN Peroxyacetyl Nitrate 2 5 1 121.05
PANX Larger alkyl peroxyacyl nitrates (from CX03) 2 5 1 121.05
PAR Paraffin carbon bond (C-C) 1 2.5 14.53
PDOH 1,2-propanediol (propylene glycol) 3 8 76.10
PNA Peroxynitric acid 4 1 79.01
PRPA Propane 3 8 44.10
ROH Larger alcohols (C4+) 10 1 74.12
ROOH Higher organic peroxide 10 2 90.12
S02 Sulfur dioxide 2 64.06
SULF Sulfuric acid (gaseous) 2 4 98.08
sQT Sesqiterpenes 15 24 204.36
SXD5 Siloxanes represented by 10 30 5 370.62
decamethylcyclopentasiloxane (D5)
TERP Monoterpenes 10 16 136.24
TOL Toluene and other monoalkyl aromatics 8 92.14
TPRD Terpene product (pinonaldehyde, 14 2 142.20
limonaldehyde, etc.)
XOPN Aromatic ring opening product (unsaturated 5 6 2 98.10
dicarbonyl)
XYL Xylene and other polyalkyl aromatics 8 10 106.17
12 Molecular iodine 253.81
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Name Description C (0] N S | Si M Wt
I lodine atom 1 126.91
10 lodine monoxide 1 1 142.90
o][e] lodine dioxide 2 1 158.90
1202 Diiodine dioxide 2 2 285.81
IXOY Condensable iodine oxides 3 2 301.81
HOI Hypoiodous acid 1 1 143.91
INO3 lodine nitrate 3 1 1 188.91
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Table C-3. Zenith angle (Z, in degrees) dependence of photolysis frequencies (mint) for CB7r3
reactions computed by the TUV discrete ordinates radiative transfer scheme. Conditions are
600 m above mean sea level with surface UV albedo of 0.04, stratospheric ozone column of

0.3 atm cm, and the aerosol profile of Elterman (1968) provided with TUV.

Number Species 2=0 2=20 2=40 2=60 2=78 2=86

1 NO2 1.01x10° | 9.77x107% | 8.75x10°% | 6.30x10°% | 2.09x10™% | 5.12x10°%

8 03 4.26x10°* | 4.19x10°* | 3.94x107%* | 3.33x10%* | 1.79x10°** | 4.27x10°%

9 03 4.55x107% | 3.99x10% | 2.54x107% | 8.78x107% | 9.20x10°7 | 1.52x107%
21 H202 8.79x107% | 8.26x10% | 6.64x107% | 3.78x107% | 8.81x10% | 2.03x107"
27 NO3 1.88x10™% | 1.86x10™%* | 1.79x107%* | 1.56x107%' | 8.22x10°% | 1.79x10°®
28 NO3 2.32x107%% | 2.31x107%% | 2.23x10°%? | 1.98x107%? | 1.12x10%* | 2.63x10°%
36 N205 5.54x10% | 5.23x10% | 4.26x10% | 2.52x10% | 6.30x107% | 1.48x107%
39 HONO 1.74x10% | 1.68x10™% | 1.49x10™% | 1.04x10™% | 3.29x10°* | 8.35x10™%
44 HNO3 8.47x10°%7 | 7.70x10°% | 5.57x10°% | 2.54x10°% | 4.20x107% | 7.98x10°%
47 PNA 7.02x10°% | 6.46x10°%° | 4.84x107% | 2.36x10°% | 4.16x10%7 | 7.73x107%
59 PAN 9.53x10%7 | 8.81x10°%7 | 6.72x10°%7 | 3.47x10°%7 | 7.05x107% | 1.52x107%
82 MEPX 6.02x10% | 5.68x10° | 4.61x107% | 2.68x107% | 6.52x10%7 | 1.53x107"
93 ROOH 6.02x10°% | 5.68x10°% | 4.61x10°% | 2.68x10°% | 6.52x10%7 | 1.53x10°"
95 NTR1 3.29x107% | 3.01x107% | 2.22x10% | 1.06x10% | 1.85x10% | 3.60x107%
96 NTR2 3.29x107% | 3.01x107% | 2.22x10°% | 1.06x10°% | 1.85x10%7 | 3.60x107%
101 FORM 4.27x107% | 4.00x107% | 3.18x107% | 1.75x10% | 3.72x107% | 7.81x107%’
102 FORM 5.43x10% | 5.18x10°% | 4.35x10°% | 2.69x10°% | 7.06x107% | 1.73x107%
106 ALD2 7.29x10°% | 6.59x10°% | 4.65x10°% | 1.96x107% | 2.54x107%7 | 3.93x107%
109 ALDX 4.27x107% 3.96x107% 3.03x107% 1.54x107% 2.90x107% 5.67x107%7
111 GLYD 9.03x107% | 8.24x10°% | 6.01x10°% | 2.76x10°% | 4.40x10°%7 | 7.94x107%
114 GLY 1.35x10™% 1.30x107% 1.14x107% 7.95x107% 2.57x107% 6.08x107%
116 MGLY 2.36x10° | 2.29x10°* | 2.04x10°* | 1.46x10°* | 4.92x10% | 1.16x107%
119 ACET 1.16x107% | 1.02x10% | 6.50x10°%7 | 2.27x10°%7 | 2.34x10°% | 3.59x10°%
121 KET 1.02x107 9.02x107%7 5.83x107%7 2.08x107%7 2.25x107% 3.51x107%
160 OPEN 3.02x10°* | 2.93x10°* | 2.62x10°* | 1.89x10°* | 6.27x10% | 1.54x10°%
164 XOPN 8.04x107% 7.82x107% 7.00x107%* 5.04x107% 1.67x107% | 4.09x107%
174 CRON 1.51x107%* | 1.47x107%* | 1.31x10°** | 9.45x10% | 3.13x10°% | 7.68x10°%
187 ISPD 6.02x10°% | 5.68x10°% | 4.61x10°% | 2.68x10°% | 6.52x10%7 | 1.53x10°%
189 HPLD 7.04x10% | 6.84x10°* | 6.12x10°* | 4.41x10°* | 1.46x10°* | 3.58x10°%
214 TPRD 2.77x10°% | 2.61x107% | 2.12x10°% | 1.23x10°% | 3.00x10% | 7.06x10°%
239 HKET 6.62x10% | 6.24x107% | 5.07x107% | 2.95x10°% | 7.17x10°% | 1.69x10°%’
241 12 1.73x107%* | 1.72x10%* | 1.65x107%' | 1.44x10™%* | 7.58x10°%? | 1.65x10°®
242 HOI 1.02x107% | 9.87x10™2 | 8.84x10™? | 6.36x10™? | 2.11x10™? | 5.17x107%
244 [o] 1.88x107% | 1.83x10™' | 1.64x10™* | 1.18x10™°* | 3.91x10° | 9.57x107%
249 0lo 1.71x107%* | 1.69x107%* | 1.62x10™%* | 1.41x10°%' | 7.46x10°%2 | 1.63x10™®
255 INO3 2.60x107% | 2.46x107% | 2.00x107% | 1.18x10°® | 2.96x10°% | 6.97x10™*
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Appendix D

RACM2s21 Gas-

Phase Chemistry

Table D-1. Reactions and rate constant expressions for the RACM2s21 mechanism. kzgs is the
rate constant at 298 K and 1 atmosphere using units in cm3molecule® s'. See Table D-2 for
species names. See Section 3.1 on temperature and pressure dependencies. For photolysis
reactions k2gs shows the photolysis rate at a solar zenith angle of 60° and height of 600 m
MSL/AGL. See Table D-3 for a listing of photolysis rates by zenith angle.

Number Reactants and Products Rate Constant Expression kaog
1 NO2 =0+ NO Photolysis 6.45E-3
2 03=0+02 Photolysis 3.40E-4
3 03=01D+02 Photolysis 9.30E-6
4 H202 =2 HO Photolysis 3.78E-6
5 NO3 =02+ NO Photolysis 1.93E-2
6 NO3 =0+ NO2 Photolysis 1.53E-1
7 HONO =HO + NO Photolysis 9.12E-4
8 HNO3 = HO + NO2 Photolysis 2.52E-7
9 HNO4 =0.2 HO + 0.8 HO2 + 0.8 NO2 + 0.2 Photolysis

NO3 3.07E-6
10 HCHO =H2 + CO Photolysis 3.14E-5
11 HCHO = HO2 + HO2 + CO Photolysis 1.73E-5
12 ACD =HO2 + MO2 + CO Photolysis 1.73E-6
13 ALD =HO2 + ETHP + CO Photolysis 6.80E-6
14 ACT = MO2 + ACO3 Photolysis 1.85E-7
15 UALD =1.22 HO2 + 0.784 ACO3 + 1.22 CO + | Photolysis 8.43E-6

0.35HCHO + 0.434 ALD +0.216 KET ’
16 MEK = 0.1 MO2 + ETHP + 0.9 ACO3 + 0.1 CO | Photolysis 1.54E-6
17 KET = 1.5 ETHP + 0.5 ACO3 + 0.5 CO Photolysis 1.59E-6
18 HKET = HO2 + ACO3 + HCHO Photolysis 8.51E-7
19 MACR =0.34 HO + 0.66 HO2 + 0.67 ACO3 + | Photolysis

0.33 MACP + 0.34 XO2 + 0.67 CO + 0.67 2.52E-6

HCHO
20 MVK =0.3 MO2 + 0.3 MACP + 0.7 CO + 0.7 Photolysis

UALD 5.10E-7
21 GLY=H2+2CO Photolysis 3.12E-6
22 GLY =HCHO + CO Photolysis 1.57E-5
23 GLY=2H02+2CO Photolysis 4.53E-5
24 MGLY = HO2 + ACO3 + CO Photolysis 4.89E-4
25 DCB1 =1.5H02 +0.25 ACO3 + 0.2 XO2 + Photolysis 4.89E-4

CO + 0.5 GLY + 0.5 MGLY ’
26 DCB2 =1.5H02 + 0.25 ACO3 + 0.2 X02 + Photolysis 4.89E-4

CO + 0.5 GLY + 0.5 MGLY ’
27 BALD = CHO + HO2 + CO Photolysis 2.41E-5
28 OP1 =HO + HO2 + HCHO Photolysis 2.64E-6
29 OP2 =HO + HO2 + ALD Photolysis 2.64E-6
30 PAA = MO2 + HO Photolysis 3.54E-7
31 ONIT=HO2 + NO2 + 0.2 ALD + 0.8 KET Photolysis 1.07E-6
32 PAN = ACO3 + NO2 Photolysis 2.20E-7
33 PAN = MO2 + CO2 + NO3 Photolysis 1.37E-7
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Number Reactants and Products Rate Constant Expression ka2os
34 03 +HO =HO2 +02 k = 1.70E-12 exp(-940/T) 7.25E-14
35 03+HO2=HO+202 k = 1.00E-14 exp(-490/T) 1.93E-15
36 03+NO=N0O2+02 k = 1.40E-12 exp(-1310/T) 1.73E-14
37 03+NO2=N03+02 k = 1.40E-13 exp(-2470/T) 3.52E-17
38 0+02+M=03 k = 5.74E-34 (T/300)*-2.6 5.84E-34
39 0+03=202 k = 8.00E-12 exp(-2060/T) 7.96E-15
40 01D+02=0+02 k =3.20E-11 exp(67/T) 4.01E-11
41 O1D+N2=0+N2 k = 2.00E-11 exp(130/T) 3.09E-11
42 01D + H20=2HO k=2.14E-10 2.14E-10
43 HO + H2 = H20 + HO2 k = 7.70E-12 exp(-2100/T) 6.70E-15
44 HO + HO2 =H20 + 02 k = 4.80E-11 exp(250/T) 1.11E-10
45 HO2 + HO2 =H202 + 02 k=k1+k2[M]
k1 = 2.20E-13 exp(600/T) 2.90E-12
k2 = 1.90E-33 exp(980/T)
46 HO2 + HO2 + H20 = H202 + H20 + 02 k=k1+k2[M]
k1 = 3.08E-34 exp(2800/T) 6.53E-30
k2 = 2.66E-54 exp(3180/T)
47 H202 + HO =HO2 + H20 k = 2.90E-12 exp(-160/T) 1.70E-12
48 NO + O =NO2 Falloff: F=0.6; n=1
k(0) = 9.10E-32 (T/300)*-1.5 1.68E-12
k(inf) = 3.00E-11
49 NO + HO = HONO Falloff: F=0.6; n=1
k(0) = 7.00E-31 (T/300)"-2.6 7.41E-12
k(inf) = 3.60E-11 (T/300)"-0.1
50 NO + HO2 = HO + NO2 k = 3.44E-12 exp(260/T) 8.23E-12
51 NO + HO2 = HNO3 k = k(ref)/K
k(ref) = k(50) 4.01E-14
K = 1.10E+3 exp(-500/T)
52 NO + NO + 02 =2 N02 k = 4.25E-39 exp(663.5/T) 3.94E-38
53 HONO + HO = H20 + NO2 k = 2.50E-12 exp(260/T) 5.98E-12
54 NO2 +0=NO + 02 k = 5.30E-12 exp(200/T) 1.04E-11
55 NO2 + O =NO3 Falloff: F=0.6; n=1
k(0) = 3.40E-31 (T/300)*-1.6 4.03E-12
k(inf) = 2.30E-11 (T/300)"-0.2
56 NO2 + HO = HNO3 Falloff: F=0.6; n=1
k(0) = 1.51E-30 (T/300)A-3 9.34E-12
k(inf) = 2.58E-11
57 HNO3 + HO = NO3 + H20 k=k1+k3[M]/(1+k3[M]/k2)
k1 =2.40E-14 exp(460/T)
k2 = 2.70E-17 exp(2199/T) 1.54€-13
k3 = 6.50E-34 exp(1335/T)
58 NO3 + HO =HO2 + NO2 k =2.00E-11 2.00E-11
59 NO3 + HO2=0.7 HO + 0.7 NO2 + 0.3 HNO3 k =4.00E-12 4.00E-12
60 NO3 + NO =2 NO2 k =1.80E-11 exp(110/T) 2.60E-11
61 NO3 + NO2=NO + NO2 + 02 k = 4.35E-14 exp(-1335/T) 4.93E-16
62 NO3 + NO3 =2 NO2 + 02 k = 8.50E-13 exp(-2450/T) 2.28E-16
63 NO3 + NO2 = N205 Falloff: F=0.6; n=1
k(0) = 2.40E-30 (T/300)"-3 1.35E-12
k(inf) = 1.60E-12 (T/300)0.1
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64 N205 =NO2 + NO3 k = k(ref)/K
k(ref) = k(63) 3.69E-2
K = 5.80E-27 exp(10840/T)
65 N205 + H20 =2 HNO3 k =2.00E-21 1.00E-22
66 NO2 + HO2 = HNO4 Falloff: F=0.6; n=1
k(0) = 1.90E-31 (T/300)*-3.4 1.31E-12
k(inf) = 4.00E-12 (T/300)7-0.3
67 HNO4 = HO2 + NO2 k = k(ref)/K
k(ref) = k(66) 8.14E-2
K = 2.10E-27 exp(10900/T)
68 HNO4 + HO = NO2 + H20 + 02 k = 1.30E-12 exp(380/T) 4.65E-12
69 SO2 + HO = HO2 + SULF Falloff: F=0.6; n=1
k(0) = 3.30E-31 (T/300)"-4.3 9.59E-13
k(inf) = 1.60E-12
70 CO + HO = HO2 + CO2 k = k1 +k2 [M]
k1l=1.44E-13 2.11E-13
k2 =2.74E-33
71 CH4 + HO =MO2 + H20 k = 1.85E-12 exp(-1690/T) 6.37E-15
72 ETH + HO = ETHP + H20 k = 6.90E-12 exp(-1000/T) 2.41E-13
73 HC3 + HO = HC3P + H20 k = 7.68E-12 exp(-370/T) 2.22E-12
74 HC5 + HO = HC5P + H20 k =1.01E-11 exp(-245/T) 4.44E-12
75 HC8 + HO = 0.049 HO2 + 0.951 HC8P + k =2.82E-11 exp(-273/T) 1.13E-11
0.025 ALD + 0.024 HKET + H20 ’
76 ETE + HO = ETEP Falloff: F=0.6; n=1
k(0) = 1.00E-28 (T/300)"-4.5 8.20E-12
k(inf) = 8.80E-12 (T/300)"-0.85
77 OLT + HO = OLTP k =5.72E-12 exp(500/T) 3.06E-11
78 OLI + HO = OLIP k =1.33E-11 exp(500/T) 7.12E-11
79 DIEN + HO = OLIP k =1.48E-11 exp(448/T) 6.66E-11
80 ACE + HO =0.65 HO + 0.35 HO2 + 0.35 CO + | Falloff: F=0.6; n=1
0.65 GLY + 0.35 ORA1 k(0) = 5.50E-30 7.47E-13
k(inf) = 8.30E-13 (T/300)A2
81 BEN + HO = 0.648 HO2 + 0.352 BENP + k =2.33E-12 exp(-193/T) 1.92E-12
0.118 EPX + 0.53 PHEN :
82 TOL+HO =0.177 HO2 + 0.763 TR2 + 0.06 k =1.81E-12 exp(354/T) 5 94E-12
TLP1 +0.177 CSL ’
83 XYM + HO =0.177 HO2 + 0.763 XY2 + 0.06 k=2.31E-11
XYL1 +0.177 CSL 2.31€-11
84 XYP + HO =0.177 HO2 + 0.763 XY2 + 0.06 k=1.43E-11 T
XYL1 +0.177 CSL :
85 XYO + HO =0.177 HO2 + 0.763 XYO2 + 0.06 | k=1.36E-11
XYL1 +0.177 CSL 1.36E-11
86 ISO + HO = ISOP k = 2.70E-11 exp(390/T) 9.99E-11
87 APl + HO = APIP k =1.21E-11 exp(440/T) 5.30E-11
88 LIM + HO = LIMP k =4.20E-11 exp(401/T) 1.61E-10
89 HCHO + HO =HO2 + CO + H20 k = 5.50E-12 exp(125/T) 8.37E-12
90 ACD + HO = ACO3 + H20 k = 4.70E-12 exp(345/T) 1.50E-11
91 ALD + HO = RCO3 + H20 k = 4.90E-12 exp(405/T) 1.91E-11
92 ACT + HO = ACTP + H20 k=1.33E-13 1.33E-13
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93 MEK + HO = MEKP + H20 k = 1.50E-12 exp(-90/T) 1.11E-12
94 KET + HO = KETP + H20 k = 2.80E-12 exp(10/T) 2.90E-12
95 HKET + HO = HO2 + MGLY + H20 k =3.00E-12 3.00E-12
96 MACR + HO = 0.57 MACP + 0.43 MCP k = 8.00E-12 exp(380/T) 2.86E-11
97 MVK + HO = MVKP k =2.60E-12 exp(610/T) 2.01E-11
98 UALD + HO =0.313 ACO3 + 0.687 UALP k =5.77E-12 exp(533/T) 3.45E-11
99 GLY + HO =HO2 +2 CO + H20 k=1.10E-11 1.10E-11
100 MGLY + HO = ACO3 + CO + H20 k =9.26E-13 exp(830/T) 1.50E-11
101 DCB1 +HO =0.52 HO2 +0.33 CO + 0.4 ALD k =2.80E-11 exp(175/T) 5 04E-11
+0.78 KET + 0.1 GLY + 0.01 MGLY :
102 DCB2 + HO=0.52 HO2 +0.33 CO +0.13 k = 2.80E-11 exp(175/T) 5 04E-11
MEK + 0.1 GLY + 0.01 MGLY + 0.78 OP2 '
103 DCB3 + HO =0.56 HO2 + 0.21 MACP + 0.11 k =1.00E-11 1.00E-11
CO +0.27 GLY + 0.01 MGLY + 0.79 OP2 :
104 BALD + HO = BALP + H20 k =5.32E-12 exp(243/T) 1.20E-11
105 PHEN + HO =0.73 HO2 + 0.2 ADDC + 0.07 k =6.75E-12 exp(405/T) 2 63E-11
CHO +0.73 MCT ’
106 CSL+HO =0.73 HO2 + 0.2 ADDC + 0.07 k =4.65E-11 4.65E-11
CHO +0.73 MCT ’
107 EPX+HO =HO2 + X02 + CO + ALD k = 2.80E-11 exp(175/T) 5.04E-11
108 MCT + HO = MCTO k =2.05E-10 2.05E-10
109 MOH + HO = HO2 + HCHO k = 2.85E-12 exp(-345/T) 8.95E-13
110 EOH + HO = HO2 + ACD k = 3.00E-12 exp(20/T) 3.21E-12
111 ROH + HO =HO2 +0.184 ACD + 0.719 ALD k = 2.60E-12 exp(200/T) 5.09E-12
112 ETEG + HO =HO2 + ALD k=1.47E-11 1.47E-11
113 OP1+HO =0.35HO +0.65 MO2 + 0.35 k = 2.90E-12 exp(190/T)
HCHO 5.49E-12
114 OP2 + HO =0.01 HO + 0.44 HC3P + 0.07 k = 3.40E-12 exp(190/T) 6.43E-17
X02 + 0.08 ALD + 0.41 KET )
115 ISHP + HO = HO + MACR k = 1.00E-10 1.00E-10
116 MAHP + HO = MACP k =3.00E-11 3.00E-11
117 ORA1 + HO =HO2 + CO2 k =4.50E-13 4.50E-13
118 ORA2 + HO = 0.64 MO2 + 0.36 ORAP + 0.64 | k = 4.00E-14 exp(850/T)
o2 6.93E-13
119 PAA + HO = 0.35 HO + 0.65 ACO3 + 0.35 k =2.93E-12 exp(190/T) 5 EAE-12
X02 + 0.35 HCHO )
120 PAN + HO = X02 + NO3 + HCHO + H20 k = 4.00E-14 4.00E-14
121 PPN + HO = XO2 + NO3 + HCHO + H20 k =4.00E-14 4.00E-14
122 MPAN + HO = NO2 + HKET k =3.20E-11 3.20E-11
123 ONIT + HO = HC3P + NO2 + H20 k =5.31E-12 exp(-260/T) 2.22E-12
124 NALD + HO = NO2 + XO2 + HKET k = 5.60E-12 exp(270/T) 1.39E-11
125 :jé)l_l:lo+ HO = NALD + 0.07 HKET + 0.07 k=1.30E-11 1.30E-11
126 ETE+03=0.08 HO +0.15HO2 +0.43CO + | k =9.14E-15 exp(-2580/T) 1 59E-18
HCHO +0.37 ORA1 + 0.13 H2 ’
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127

OLT + 03 =0.56 HCHO + 0.44 ALD + 0.43 CO
+0.03 ORA1 + 0.06 ORA2 + 0.32 HO2 + 0.22
HO + 0.06 MEK + 0.01 ACD + 0.01 CH4 +
0.01 HKET + 0.02 ETH + 0.068 H202 + 0.08
MO2 +0.06 ETHP + 0.015 HC3 + 0.04 HC3P
+0.03 ACT + 0.006 HC5 + 0.02 HC5P + 0.02
BALD + 0.032 BEN

k = 4.33E-15 exp(-1800/T)

1.03E-17

128

OLI + 03 =0.46 HO + 0.07 HO2 + 0.32 MO2
+0.07 ETHP + 0.04 HC3P + 0.09 ACO3 +
0.37 CO +0.026 H202 + 0.04 CH4 + 0.01
ETH + 0.01 HC3 + 0.09 HCHO + 0.457 ACD +
0.73 ALD + 0.11 ACT + 0.017 KET + 0.044
HKET + 0.017 ORA2

k = 4.40E-15 exp(-845/T)

2.58E-16

129

DIEN + 03 =0.09 O + 0.28 HO + 0.3 HO2 +
0.03 MO2 +0.15 ACO3 + 0.02 KETP + 0.13
X02 +0.001 H202 + 0.36 CO + 0.35 OLT +
0.9 HCHO + 0.39 MACR + 0.15 ORA1 + 0.05
H2

k = 1.34E-14 exp(-2283/T)

6.31E-18

130

ISO+03=0.25H0 +0.25 HO2 + 0.08 MO2
+0.1 ACO3 + 0.1 MACP +0.09 H202 + 0.14
CO +0.58 HCHO + 0.461 MACR + 0.189
MVK +0.28 ORA1 + 0.153 OLT

k = 7.86E-15 exp(-1913/T)

1.28E-17

131

API+03=0.85H0O +0.1 HO2 + 0.2 ETHP +
0.42 KETP +0.14 CO + 0.02 H202 + 0.65
ALD + 0.53 KET

k = 5.00E-16 exp(-530/T)

8.44E-17

132

LIM + 03 =0.85H0 + 0.1 HO2 + 0.16 ETHP
+0.42 KETP + 0.02 H202 + 0.14 CO + 0.46
OLT + 0.04 HCHO + 0.79 MACR + 0.01 ORA1
+0.07 ORA2

k = 2.95E-15 exp(-783/T)

2.13E-16

133

MACR +03=0.19 HO + 0.14 HO2 + 0.1
ACO3 +0.22 CO + 0.5 MGLY + 0.45 ORA1

k = 1.36E-15 exp(-2112/T)

1.14E-18

134

MVK+03=0.16 HO +0.11 HO2 + 0.28
ACO3 +0.01 XO2 +0.56 CO + 0.1 HCHO +
0.54 MGLY + 0.07 ORA1 + 0.07 ORA2 + 0.1
ALD

k = 8.50E-16 exp(-1520/T)

5.18E-18

135

UALD + 03 =0.1 HO +0.072 HO2 + 0.008
MO2 +0.002 ACO3 + 0.1 XO2 + 0.243 CO +
0.08 HCHO +0.42 ACD + 0.028 KET + 0.491
GLY + 0.003 MGLY + 0.044 ORA1

k=1.66E-18

1.66E-18

136

DCB1 + 03 =0.05HO + HO2 + 0.6 RCO3 +
0.6 XO2 + 1.5 CO + 0.05 HCHO + 0.05 GLY +
0.08 MGLY + 0.65 OP2 + 0.5 CO2

k = 2.00E-16

2.00E-16

137

DCB2 + 03 =0.05 HO + HO2 + 0.6 RCO3 +
0.6 XO2 + 1.5 CO + 0.05 HCHO + 0.05 GLY +
0.08 MGLY + 0.7 DCB1 + 0.65 OP2 + 0.5 CO2

k = 2.00E-16

2.00E-16

138

DCB3 + 03 =0.05 HO + HO2 + 1.5 CO + 0.48
GLY + 0.7 DCB1 + 0.25 ORA1 + 0.25 ORA2 +
0.11 PAA+ 0.5 CO2

k =9.00E-17

9.00E-17

139

EPX+03=0.05HO+1.5H02+1.5CO +
0.85 BALD + GLY + 0.5 CO2

k = 5.00E-16

5.00E-16

140

MCTO + 03 = MCTP

k =2.86E-13

2.86E-13
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Number Reactants and Products Rate Constant Expression kass
141 ETE + NO3 = 0.8 OLNN + 0.2 OLND k = 4.88E-18 exp(-2282/T) 2.31E-21
142 OLT + NO3 = 0.43 OLNN + 0.57 OLND k = 1.79E-13 exp(-450/T) 3.95E-14
143 OLI + NO3 =0.11 OLNN + 0.89 OLND k = 8.64E-13 exp(450/T) 3.91E-12
144 :\3/:/5;2; NO3 = 0.9 OLNN + 0.1 OLND + 0.9 k = 1.00E-13 1 00E-13
145 ISO + NO3 = ISON k = 3.03E-12 exp(-446/T) 6.78E-13
146 AP+ NO3 = 0.1 OLNN + 0.9 OLND k = 1.19E-12 exp(490/T) 6.16E-12
147 LIM + NO3 = 0.71 OLNN + 0.29 OLND k=1.22E-11 1.22E-11
148 HCHO + NO3 = HO2 + CO + HNO3 k = 2.00E-12 exp(-2440/T) 5.56E-16
149 ACD + NO3 = ACO3 + HNO3 k = 1.40E-12 exp(-1900/T) 2.38E-15
150 ALD + NO3 = RCO3 + HNO3 k = 3.76E-12 exp(-1900/T) 6.40E-15
151 MACR + NO3 = 0.68 HCHO + 0.32 MACP + k = 3.40E-15
0.68 XO2 + 0.68 MGLY + 0.32 HNO3 + 0.68 3.40E-15
NO2
152 UALD + NO3 = HO2 + XO2 + 0.668 CO + k = 5.02E-13 exp(-1076/T) L 36E.14
0.332 HCHO + 0.332 ALD + ONIT :
153 GLY + NO3 = HO2 + 2 CO + HNO3 k = 2.90E-12 exp(-1900/T) 4.94E-15
154 MGLY + NO3 = ACO3 + CO + HNO3 k = 3.76E-12 exp(-1900/T) 6.40E-15
155 PHEN + NO3 = 0.4 CHO + 0.1 ADDC + 0.5 k = 3.78E-12
ADCN + 0.5 HNO3 3.78E-12
156 CSL + NO3 = 0.4 CHO + 0.1 ADDC + 0.5 k = 1.06E-12
ADCN +0.5 HNO3 1.06E-12
157 EPX+ NO3=0.5HO + 1.5 HO2 + 1.5 CO + k = 2.87E-13 exp(-1000/T) 100E-14
GLY + 0.5 NO2 + 0.5 HNO3 + 0.5 CO2 :
158 MCT + NO3 = MCTO + HNO3 k =2.01E-10 2.01E-10
159 MPAN + NO3 = MACP + NO2 k = 2.20E-14 exp(-500/T) 4.11E-15
160 TR2 = 0.28 HO + 0.29 HO2 + 0.28 TOLP + k = 1.00E+3
0.15 PER1 + 0.28 DCB2 + 0.01 CSL + 0.28 1.00E+3
EPX
161 TOLP = 0.49 HO + 0.01 HO2 + 0.5 PER1 + k = 1.00E+3
0.49 DCB2 +0.01 CSL 1.00E+3
162 XY2 = 0.158 HO + 0.308 HO2 + 0.25 RCO3 + | k = 1.00E+3
0.308 XYLP +0.15 PER2 + 0.224 DCB2 + 1.00E+3
0.01 CSL + 0.84 EPX
163 XYLP = 0.39 HO + 0.01 HO2 + 0.5 PER2 + k = 1.00E+3
0.49 DCB2 + 0.01 CSL 1.00E+3
164 XYO2 = 0.158 HO +0.308 HO2 + 0.25 RCO3 | k = 1.00E+3
+0.308 XYOP + 0.15 PER2 + 0.224 DCB2 + 1.00E+3
0.01 CSL + 0.84 EPX
165 XYOP = 0.39 HO + 0.01 HO2 + 0.5 PER2 + k = 1.00E+3
0.49 DCB2 + 0.01 CSL 1.00E+3
166 ACO3 + NO2 = PAN Falloff: F=0.6; n=1
k(0) = 9.70E-29 (T/300)A-5.6 8.69E-12
k(inf) = 9.30E-12 (T/300)*-1.5
167 PAN = ACO3 + NO2 k = k(ref)/K
k(ref) = k(166) 3.82E-4
K = 9.00E-29 exp(14000/T)
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168 RCO3 + NO2 =PPN Falloff: F=0.6; n=1
k(0) = 9.70E-29 (T/300)A-5.6 8.69E-12
k(inf) = 9.30E-12 (T/300)7-1.5
169 PPN = RCO3 + NO2 k = k(ref)/K
k(ref) = k(168) 3.82E-4
K = 9.00E-29 exp(14000/T)
170 MACP + NO2 = MPAN k =2.80E-12 exp(181/T) 5.14E-12
171 MPAN = MACP + NO2 k = 1.60E+16 exp(-13486/T) 3.55E-4
172 MO2 + NO =HO2 + NO2 + HCHO k = 2.80E-12 exp(300/T) 7.66E-12
173 ETHP + NO = HO2 + NO2 + ACD k = 2.60E-12 exp(365/T) 8.85E-12
174 HC3P + NO =0.66 HO2 + 0.131 MO2 + k = 4.00E-12
0.048 ETHP + 0.089 XO2 + 0.935 NO2 + 4.00E-12
0.504 ACD +0.132 ALD + 0.165 ACT + 0.042
MEK + 0.065 ONIT
175 HC5P + NO =0.2 HO2 + 0.051 MO2 +0.231 k = 4.00E-12
ETHP + 0.235 X02 + 0.864 NO2 + 0.018
HCHO + 0.045 ACD + 0.203 ALD + 0.039 KET 4.00E-12
+0.217 ACT + 0.033 MEK + 0.272 HKET +
0.136 ONIT
176 HC8P + NO = 0.606 HO2 + 0.133 ETHP + k = 4.00E-12
0.416 XO2 +0.739 NO2 + 0.15 ALD + 0.642 4.00E-12
KET + 0.261 ONIT
177 ETEP + NO=HO2 + NO2 + 1.6 HCHO + 0.2 k =9.00E-12 9 00E-12
ALD
178 OLTP + NO =0.78 HO2 + 0.97 NO2 + 0.78 k = 4.00E-12
HCHO + 0.012 ACD + 0.44 ALD + 0.06 ACT + 4.00E-12
0.13 MEK + 0.03 ONIT
179 OLIP + NO=0.83 HO2 + 0.95 NO2 +0.81 k =4.00E-12
ACD + 0.68 ALD + 0.2 ACT + 0.09 KET + 0.02 4.00E-12
HKET + 0.05 ONIT
180 BENP + NO =0.918 HO2 + 0.918 NO2 + k = 2.54E-12 exp(360/T)
0.459 DCB2 + 0.459 DCB3 + 0.918 GLY + 8.50E-12
0.082 ONIT
181 TLP1 + NO =NO2 + BALD k =4.00E-12 4.00E-12
182 TOLP + NO =0.95 HO2 + 0.95 NO2 + 0.95 k = 2.70E-12 exp(360/T)
DCB2 +0.05 ONIT 9.048-12
183 PER1+NO =0.5H02 +0.95 NO2 + 0.5 k = 2.70E-12 exp(360/T)
BALD + 0.5 MGLY + 0.5 DCB1 + 0.05 ONIT 9.048-12
184 XYL1 + NO =NO2 + BALD k =4.00E-12 4.00E-12
185 XYLP + NO = 0.95 HO2 + 0.95 NO2 + 0.95 k = 2.70E-12 exp(360/T)
DCB3 +0.05 ONIT 9.048-12
186 PER2 + NO =0.95 HO2 + 0.95 NO2 + 0.95 k = 2.70E-12 exp(360/T)
MGLY +0.95 DCB1 + 1.05 DCB3 + 0.05 ONIT 9.04€-12
187 XYOP + NO =0.95 HO2 + 0.95 NO2 + 0.35 k = 2.70E-12 exp(360/T)
GLY + 0.6 MGLY + 0.7 DCB1 + 0.073 DCB2 + 9.04E-12
0.177 DCB3 + 0.05 ONIT
188 ISOP + NO =0.88 HO2 + 0.88 NO2 + 0.2 k =2.43E-12 exp(360/T)
HCHO + 0.28 MACR + 0.44 MVK + 0.12 ISON 8.13E-12
+0.021 GLY + 0.029 HKET + 0.027 ALD
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189 APIP + NO = 0.82 HO2 + 0.82 NO2 + 0.23 k =4.00E-12
HCHO + 0.43 ALD + 0.11 ACT + 0.44 KET + 4.00E-12
0.07 ORA1 + 0.18 ONIT
190 LIMP + NO=HO2 + NO2 + 0.050LI +0.43 k =4.00E-12 4.00E-12
HCHO + 0.68 UALD + 0.07 ORA1 ’
191 ACO3 + NO = MO2 + NO2 k = 8.10E-12 exp(270/T) 2.00E-11
192 RCO3 + NO = ETHP + NO2 k = 8.10E-12 exp(270/T) 2.00E-11
193 ACTP + NO = ACO3 + NO2 + HCHO k = 2.90E-12 exp(300/T) 7.94E-12
194 MEKP + NO = 0.67 HO2 + NO2 + 0.33 HCHO | k =4.00E-12 4.00E-12
+0.67 DCB1 .
195 KETP + NO =0.77 HO2 + 0.23 ACO3 + 0.16 k =4.00E-12 4.00E-12
X02 + NO2 + 0.54 MGLY + 0.46 ALD '
196 MACP + NO = 0.65 MO2 + 0.35 ACO3 + 0.65 | k =2.54E-12 exp(360/T) 8 50E-12
CO + NO2 + 0.65 HCHO '
197 MCP + NO =NO2 + 0.5 HO2 + 0.5 HCHO + k =2.54E-12 exp(360/T)
HKET 8.50E-12
198 MVKP + NO =0.3 HO2 + 0.7 ACO3 + 0.7 XO2 | k = 2.54E-12 exp(360/T) 8.50E-12
+NO2 + 0.3 HCHO + 0.7 ALD + 0.3 MGLY '
199 UALP + NO =HO2 +0.61 CO + NO2 + 0.03 k =2.54E-12 exp(360/T)
HCHO + 0.27 ALD + 0.7 KET + 0.18 GLY + 8.50E-12
0.21 MGLY
200 BALP + NO = BAL1 + NO2 k =4.00E-12 4.00E-12
201 BAL1 + NO = BAL2 + NO2 k =4.00E-12 4.00E-12
202 ADDC + NO =HO2 + NO2 + 0.32 HKET + k =2.70E-12 exp(360/T) 9.04E-12
0.68 GLY + 0.68 OP2 :
203 MCTP + NO = MCTO + NO2 k = 2.70E-12 exp(360/T) 9.04E-12
204 ORAP + NO = HO2 + NO2 + GLY k =4.00E-12 4.00E-12
205 OLNN + NO =HO2 + NO2 + ONIT k =4.00E-12 4.00E-12
206 OLND + NO=2NO2 +0.287 HCHO + 1.24 k =4.00E-12 4.00E-12
ALD + 0.464 KET ’
207 ADCN + NO =2 NO2 + GLY + OP2 k = 2.70E-12 exp(360/T) 9.04E-12
208 X02 + NO = NO2 k =4.00E-12 4.00E-12
209 BAL2 + NO2 = ONIT k =2.00E-11 2.00E-11
210 CHO + NO2 = ONIT k =2.00E-11 2.00E-11
211 MCTO + NO2 = ONIT k =2.08E-12 2.08E-12
212 MO2 + HO2 =0OP1 k = 4.10E-13 exp(750/T) 5.08E-12
213 ETHP + HO2 = OP2 k = 7.50E-13 exp(700/T) 7.86E-12
214 HC3P + HO2 = OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
215 HC5P + HO2 = OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
216 HC8P + HO2 = OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
217 ETEP + HO2 = OP2 k = 1.90E-13 exp(1300/T) 1.49E-11
218 OLTP + HO2 = OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
219 OLIP + HO2 = 0OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
220 BENP + HO2 = OP2 k =2.91E-13 exp(1300/T) 2.28E-11
221 TLP1 + HO2 = OP2 k = 3.75E-13 exp(980/T) 1.01E-11
222 TOLP + HO2 = 0P2 k = 3.75E-13 exp(980/T) 1.01E-11
223 PER1 + HO2 = OP2 k = 3.75E-13 exp(980/T) 1.01E-11
224 XYL1 + HO2 = OP2 k =3.75E-13 exp(980/T) 1.01E-11
225 XYLP + HO2 = OP2 k = 3.75E-13 exp(980/T) 1.01E-11
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226 PER2 + HO2 = OP2 k = 3.75E-13 exp(980/T) 1.01E-11
227 XYOP + HO2 = OP2 k = 3.75E-13 exp(980/T) 1.01E-11
228 ISOP + HO2 = ISHP k = 2.05E-13 exp(1300/T) 1.61E-11
229 APIP + HO2 = OP2 k =1.50E-11 1.50E-11
230 LIMP + HO2 = OP2 k =1.50E-11 1.50E-11
231 ACO3 + HO2 =0.44 HO + 0.44 MO2 + 0.15 k = 4.30E-13 exp(1040/T) 141611
ORA2 +0.41 PAA + 0.44 CO2 ’
232 RCO3 + HO2 =0.44 HO + 0.44 ETHP + 0.15 k = 4.30E-13 exp(1040/T) 1.41E-11
ORA2 + 0.41 PAA +0.44 CO2 ’
233 ACTP +HO2=0.15HO + 0.15 ACO3 + 0.15 k =1.15E-13 exp(1300/T) 9.02E-12
HCHO + 0.85 OP2 '
234 MEKP + HO2 = OP2 k =1.15E-13 exp(1300/T) 9.02E-12
235 KETP + HO2 = OP2 k =1.15E-13 exp(1300/T) 9.02E-12
236 MACP + HO2 = MAHP k = 1.82E-13 exp(1300/T) 1.43E-11
237 MCP + HO2 = MAHP k = 1.82E-13 exp(1300/T) 1.43E-11
238 MVKP + HO2 = OP2 k =2.91E-13 exp(1300/T) 2.28E-11
239 UALP + HO2 = OP2 k =2.91E-13 exp(1300/T) 2.28E-11
240 ADDC + HO2 = 0OP2 k =3.75E-13 exp(980/T) 1.01E-11
241 CHO + HO2 = CSL k =1.00E-11 1.00E-11
242 MCTP + HO2 = OP2 k =3.75E-13 exp(980/T) 1.01E-11
243 ORAP + HO2 = 0OP2 k =1.15E-13 exp(1300/T) 9.02E-12
244 OLNN + HO2 = ONIT k = 1.66E-13 exp(1300/T) 1.30E-11
245 OLND + HO2 = ONIT k = 1.66E-13 exp(1300/T) 1.30E-11
246 ADCN + HO2 = OP2 k =3.75E-13 exp(980/T) 1.01E-11
247 X02 + HO2 = 0OP2 k = 1.66E-13 exp(1300/T) 1.30E-11
248 MO2 + MO2 = 0.74 HO2 + 1.37 HCHO + k = 9.50E-14 exp(390/T) 352E-13
0.63 MOH
249 ETHP + MO2 = HO2 + 0.75 HCHO + 0.75 k =1.18E-13 exp(158/T) 2 01E-13
ACD +0.25 MOH + 0.25 EOH )
250 HC3P + MO2 =0.894 HO2 + 0.08 MO2 + k = 9.46E-14 exp(431/T)
0.026 ETHP + 0.026 XO2 + 0.827 HCHO + 4.02E-13
0.198 ALD +0.497 KET + 0.05 GLY + 0.25
MOH + 0.25 ROH
251 HC5P + MO2 = 0.842 HO2 + 0.018 MO2 + k = 1.00E-13 exp(467/T)
0.14 ETHP +0.191 XO2 + 0.777 HCHO + 4.79E-13
0.251 ALD + 0.618 KET + 0.25 MOH + 0.25
ROH
252 HC8P + MO2 =0.91 HO2 + 0.09 ETHP + k =4.34E-14 exp(633/T)
0.281 XO2 +0.75 HCHO + 0.197 ALD + 3.63E-13
0.652 KET + 0.25 MOH + 0.25 ROH
253 ETEP + MO2 = HO2 + 1.95 HCHO + 0.15 ALD | k =1.71E-13 exp(708/T) 1.84E-12
+0.25 MOH + 0.25 ETEG )
254 OLTP + MO2 =HO2 + 1.5 HCHO + 0.705 ALD | k = 1.46E-13 exp(708/T) 1576-12
+0.045 KET + 0.25 MOH + 0.25 ROH ’
255 OLIP + MO2 =HO2 + 0.75 HCHO + 1.28 ALD | k =9.18E-14 exp(708/T) 9.88E-13
+0.218 KET + 0.25 MOH + 0.25 ROH )
256 BENP + MO2 = 1.6 HO2 + 0.459 DCB3 + k = 3.56E-14 exp(708/T) 3.83E-13
HCHO + 0.459 DCB2 + 0.6 GLY ’
257 TLP1 + MO2 = HO2 + HCHO + BALD k = 3.56E-14 exp(708/T) 3.83E-13
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258 TOLP + MO2 = 2 HO2 + HCHO + 0.271 GLY + | k = 3.56E-14 exp(708/T)
3.83(-13
DCB2
259 PERL + MO2 = 2 HO2 + HCHO + MGLY + k = 3.56E-14 exp(708/T)
3.83(-13
DCB1
260 XYL1 + MO2 = HO2 + HCHO + BALD k = 3.56E-14 exp(708/T) 3.83(-13
261 XYLP + MO2 = 2 HO2 + HCHO + DCB2 k = 3.56E-14 exp(708/T) 3.83(-13
262 PER2 + MO2 = 2 HO2 + HCHO + MGLY + k = 3.56E-14 exp(708/T)
DCB1 + 1.05 DCB3 3.83E-13
263 XYOP + MO2 = 2 HO2 + HCHO + 0.368 GLY + | k = 3.56E-14 exp(708/T)
0.632 MGLY + 0.737 DCB1 + 0.077 DCB2 + 3.83(-13
0.186 DCB3
264 ISOP + MO2 = HOZ + 1.31 HCHO +0.159 k = 3.40E-14 exp(221/T)
MACR + 0.25 MVK + 0.25 MOH + 0.25 ROH 7.14E-14
+0.023 ALD + 0.018 GLY + 0.016 HKET
265 APIP + MO2 = HO2 + 0.75 HCHO + 0.75 ALD | k = 3.56E-14 exp(708/T)
+0.75 KET + 0.25 MOH + 0.25 ROH 3.838-13
266 LIMP + MO2 = HO2 + 0.192 OLI + 1.04 k = 3.56E-14 exp(708/T)
HCHO + 0.308 MACR + 0.25 MOH + 0.25 3.83E-13
ROH
267 ACO3 + MO2 = 0.9 HO2 + 0.9 MO2 + HCHO | k = 2.00E-12 exp(500/T)
+0.1 ORA2 + 0.4 CO2 1.076-11
268 RCO3 + MO2 = 0.9 HO2 + 0.9 MO2 + HCHO | k = 2.00E-12 exp(500/T)
+0.1 ORA2 + 0.4 CO2 1.07e-11
269 ACTP + MO2 = 0.5 HO2 + 0.5 ACO3 + 1.5 k = 7.50E-13 exp(500/T)
HCHO + 0.25 MOH + 0.25 ROH + 0.125 4.02E-12
ORA2
270 MEKP + MO2 = 0.834 HO2 + HCHO + 0.334 | k = 6.91E-13 exp(508/T)
DCB1 + 0.25 MOH + 0.25 ROH 3.808-12
271 KETP + MO2 = HO2 + 0.75 HCHO + 0.5 DCB1 | k = 6.91E-13 exp(508/T)
+0.25 MOH +0.25 ROH 3.80E-12
272 MACP + MO2 = 0.5 HO2 + 0.269 ACO3 + 0.5 | k = 3.40E-14 exp(221/T)
CO +1.66 HCHO + 0.067 ORA2 + 0.25 M0O2 7.14E-14
+0.25 MOH + 0.25 ROH
273 MCP + MO2 = NO2 + HO2 + 1.5 HCHO + 0.5 | k = 3.40E-14 exp(221/T)
HKET + 0.25 MOH + 0.25 ROH 7.148-14
274 MVKP + MO2 = HO2 + 1.16 ACO3 + 1.16 k=8.37E-14
X02 + 1.5 HCHO + 1.75 ALD + 0.5 MGLY + 8.37E-14
0.25 MOH + 0.25 ROH + 0.292 ORA2
275 UALP + MO2 = HO2 + 0.305 CO + 0.773 k = 3.40E-14 exp(221/T)
HCHO + 0.203 ALD + 0.525 KET + 0.105 7.14E-14
MGLY + 0.135 GLY + 0.25 MOH + 0.25 ROH
276 BALP + MO2 = HO2 + HCHO + BALL k = 3.56E-14 exp(708/T) 3.83(-13
277 BALL + MO2 = HO2 + HCHO + BAL2 k = 3.56E-14 exp(708/T) 3.836-13
278 ADDC + MO2 = 2 HO2 + HCHO + 0.32 HKET | k = 3.56E-14 exp(708/T) s 83613
+0.68 GLY + 0.68 OP2 :
279 MCTP + MO2 = HO2 + MCTO + HCHO k = 3.56E-14 exp(708/T) 3.83(-13
280 ORAP + MO2 = HO2 + HCHO + GLY k = 7.50E-13 exp(500/T) 4.02E-12
281 OLNN + MO2 = 2 HO2 + HCHO + ONIT k = 1.60E-13 exp(708/T) 1.726-12
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282 OLND + M0O2 = 0.5 HO2 + 0.5 NO2 + 0.965 k = 9.68E-14 exp(708/T)
HCHO + 0.93 ALD + 0.348 KET + 0.25 MOH + 1.04E-12
0.25 ROH + 0.5 ONIT
283 ADCN + MO2 =HO2 + 0.7 NO2 + HCHO + k =3.56E-14
0.7 GLY +0.7 OP2 + 0.3 ONIT 3.56E-14
284 X02 + MO2 =HO2 + HCHO k =5.99E-15 exp(1510/T) 9.51E-13
285 ETHP + ACO3 =0.5H02 +0.5 MO2 + ACD + | k=1.03E-12 exp(211/T)
2.09E-12
0.5 ORA2
286 HC3P + ACO3 =0.394 HO2 + 0.58 MO2 + k = 6.90E-13 exp(460/T)
0.026 ETHP + 0.026 XO2 + 0.13 HCHO + 393E-12
0.273 ALD +0.662 KET + 0.067 GLY + 0.5
ORA2
287 HC5P + ACO3 =0.342 HO2 + 0.518 MO2 + k = 5.59E-13 exp(522/T)
0.14 ETHP +0.191 XO2 + 0.042 HCHO + 3.22E-12
0.381 ALD +0.824 KET + 0.5 ORA2
288 HC8P + ACO3 =0.303 HO2 + 0.5 MO2 + k =2.47E-13 exp(683/T)
0.067 ETHP + 0.208 XO2 + 0.217 ALD + 2.44E-12
0.642 KET + 0.495 ORA2
289 ETEP + ACO3=0.5H02 +0.5M02+1.6 k =9.48E-13 exp(765/T)
HCHO + 0.2 ALD + 0.5 ORA2 1.24E-11
290 OLTP + ACO3 =0.5H02 +0.5 MO2 +0.94 k = 8.11E-13 exp(765/T)
ALD + HCHO + 0.06 KET + 0.5 ORA2 1.06E-11
291 OLIP + ACO3=0.5H02 +0.5M02 +1.71 k = 5.09E-13 exp(765/T)
ALD +0.29 KET + 0.5 ORA2 6.638-12
292 BENP + ACO3 =0.6 HO2 + MO2 + 0.459 k = 7.40E-13 exp(765/T)
DCB2 +0.458 DCB3 + 0.6 GLY 3.648-12
293 TLP1 + ACO3 = MO2 + BALD k = 7.40E-13 exp(765/T) 9.64E-12
294 TOLP + ACO3 =HO2 + MO2 + DCB2 k = 7.40E-13 exp(765/T) 9.64E-12
295 PER1 + ACO3 =HO2 + MO2 + MGLY + DCB1 k = 7.40E-13 exp(765/T) 9.64E-12
296 XYL1 + ACO3 = MO2 + BALD k = 7.40E-13 exp(765/T) 9.64E-12
297 XYLP + ACO3 =HO2 + MO2 + DCB2 k = 7.40E-13 exp(765/T) 9.64E-12
298 PER2 + ACO3 =HO2 + MO2 + MGLY + DCB1 | k = 7.40E-13 exp(765/T)
+1.05 DCB3 9.64E-12
299 XYOP + ACO3 =HO2 + MO2 + 0.368 GLY + k = 7.40E-13 exp(765/T)
0.632 MGLY +0.737 DCB1 + 0.077 DCB2 + 9.64E-12
0.186 DCB3
300 ISOP + ACO3=0.5H02 + 0.5 MO2 +0.75 k = 8.40E-14 exp(221/T)
HCHO + 0.159 MACR + 0.25 MVK + 0.5 1.76E-13
ORA2 +0.031 ALD + 0.024 GLY + 0.033
HKET
301 APIP + ACO3 =0.5H02 + 0.5 MO2 + ALD + k = 7.40E-13 exp(765/T) 9.64E-12
KET + ORA2 '
302 LIMP + ACO3 = 0.5 HO2 + 0.5 MO2 +0.192 | k = 7.40E-13 exp(765/T)
OLI + 0.385 HCHO + 0.308 MACR + 0.5 9.64E-12
ORA2
303 ACO3 +AC0O3=2MO02+2C02 k = 2.50E-12 exp(500/T) 1.34E-11
304 RCO3 + ACO3 = MO2 + ETHP + 2 CO2 k = 2.50E-12 exp(500/T) 1.34E-11
305 ACTP + ACO3=0.5MO02 +0.5 ACO3 + k = 7.51E-13 exp(565/T) 5 00E-12
HCHO + 0.75 ORA2 ’
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306 MEKP + ACO3 =0.33 HO2 + 0.5 MO2 + 0.33 | k =7.51E-13 exp(565/T) 5 00E-12
HCHO + 0.334 DCB1 + 0.5 ORA2 '
307 KETP + ACO3 = 0.5 HO2 + 0.5 DCB1 + 0.5 k = 7.51E-13 exp(565/T) 5 00E.12
MO2 + 0.5 ORA2 ’
308 MACP + ACO3 = 0.635 ORA2 + 0.5 MO2 + k = 8.40E-14 exp(221/T)
0.269 ACO3 + 0.5 CO + HCHO 1.76€-13
309 MCP + ACO3 =NO2 + 0.5 HO2 + HCHO + 0.5 | k = 8.40E-14 exp(221/T) 1.76E-13
HKET + 0.5 MO2 + 0.5 ORA2 '
310 MVKP + ACO3 =0.5H0O2 +0.5 MO2 +1.16 k = 1.68E-12 exp(500/T)
ACO3 +1.16 XO2 + HCHO + 2.3 ALD + 0.5 8.99E-12
MGLY + 1.083 ORA2
311 UALP + ACO3 =0.5 HO2 + 0.5 M0O2 + 0.5 CO | k =1.68E-12 exp(500/T)
+0.03 HCHO + 0.27 ALD + 0.7 KET + 0.18 8.99E-12
GLY + 0.105 MGLY + 0.5 ORA2
312 BALP + ACO3 = MO2 + BAL1 k = 7.40E-13 exp(765/T) 9.64E-12
313 BAL1 + ACO3 = MO2 + BAL2 k = 7.40E-13 exp(765/T) 9.64E-12
314 ADDC + ACO3 =2 HO2 + MO2 + 0.32 HKET + | k = 7.40E-13 exp(708/T)
0.68 GLY +0.68 OP2 7.96E-12
315 MCTP + ACO3 = HO2 + MO2 + MCTO k = 7.40E-13 exp(708/T) 7.96E-12
316 ORAP + ACO3 = MO2 + GLY k = 7.51E-13 exp(565/T) 5.00E-12
317 OLNN + ACO3 =HO2 + MO2 + ONIT k = 8.85E-13 exp(765/T) 1.15E-11
318 OLND + ACO3=0.5MO2 + NO2 +0.287 k =5.37E-13 exp(765/T) 7 00E-12
HCHO + 1.24 ALD + 0.464 KET + 0.5 ORA2 '
319 ADCN + ACO3 =HO2 + MO2 + 0.7 NO2 + 0.7 | k =7.40E-13 exp(708/T) 7 96E-12
GLY + 0.7 OP2 + 0.3 ONIT '
320 X02 + ACO3 = MO2 k = 3.40E-14 exp(1560/T) 6.38E-12
321 RCO3 + RCO3 =2 ETHP + 2 CO2 k = 2.50E-12 exp(500/T) 1.34E-11
322 MO2 + NO3 =HO2 + HCHO + NO2 k=1.20E-12 1.20E-12
323 ETHP + NO3 =HO2 + NO2 + ACD k=1.20E-12 1.20E-12
324 HC3P + NO3 =0.254 HO2 + 0.14 MO2 + k=1.20E-12
0.092 XO2 + 0.503 ETHP + NO2 + 0.519 ACD 1.20E-12
+0.147 ALD + 0.075 MEK + 0.095 ACT
325 HC5P + NO3 =0.488 HO2 + 0.055 MO2 + k=1.20E-12
0.28 ETHP + 0.485 XO2 + NO2 + 0.024
HCHO + 0.241 ALD + 0.06 KET + 0.063 MEK 1.20€-12
+0.247 ACT +0.048 ACD + 0.275 HKET
326 HC8P + NO3 =0.82 HO2 + 0.18 ETHP + k=1.20E-12
0.563 XO2 + NO2 + 0.203 ALD + 0.869 KET 1.208-12
327 Z'[EDP +NO3=HO2 +NO2 + 1.6 HCHO + 0.2 k=1.20E-12 1.20E-12
328 OLTP + NO3 =0.47 ALD + 0.79 HCHO + 0.79 | k=1.20E-12
HO2 + NO2 + 0.18 MEK + 0.02 ACD + 0.09 1.20E-12
ACT
329 OLIP + NO3 =0.86 HO2 + 0.72 ALD + 0.11 k=1.20E-12
KET + NO2 + 0.2 ACT + 0.85 ACD + 0.04 1.20E-12
HKET
330 BENP + NO3 =HO2 + NO2 + 0.5 DCB2 + 0.5 k=1.20E-12
DCB3 + GLY 1.208-12
331 TLP1 + NO3 =NO2 + BALD k=1.20E-12 1.20E-12
332 TOLP + NO3 =HO2 + NO2 + DCB2 k=1.20E-12 1.20E-12
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333 PER1 + NO3 =0.5 HO2 + NO2 + 0.5 MGLY + | k=1.20E-12 1.20E-12
0.5 DCB1 + 0.5 BALD '
334 XYL1 + NO3 =NO2 + BALD k=1.20E-12 1.20E-12
335 XYLP + NO3 =HO2 + NO2 + DCB3 k =1.20E-12 1.20E-12
336 PER2 + NO3 =HO2 + NO2 + MGLY + DCB1 + | k=1.20E-12 1.20E-12
1.05 DCB3 '
337 XYOP + NO3 =HO2 + NO2 + 0.368 GLY + k =1.20E-12
0.632 MGLY +0.737 DCB1 + 0.077 DCB2 + 1.20E-12
0.186 DCB3
338 ISOP + NO3 = HO2 + NO2 + 0.75 HCHO + k =1.20E-12
0.318 MACR + 0.5 MVK + 0.024 GLY + 0.033 1.20E-12
HKET + 0.031 ALD
339 APIP + NO3 =HO2 + NO2 + ALD + KET k=1.20E-12 1.20E-12
340 LIMP + NO3 = HO2 + NO2 + 0.385 OLI + k =1.20E-12
0.385 HCHO + 0.615 MACR 1.208-12
341 ACO3 + NO3 =MO02 + NO2 k =4.00E-12 4.00E-12
342 RCO3 + NO3 = ETHP + NO2 k =4.00E-12 4.00E-12
343 ACTP + NO3 = ACO3 + NO2 + HCHO k=1.20E-12 1.20E-12
344 MEKP + NO3 =0.67 HO2 + NO2 + 0.33 k =1.20E-12
HCHO +0.67 DCB1 1.20€-12
345 KETP + NO3 = HO2 + NO2 + DCB1 k =1.20E-12 1.20E-12
346 II:I/IQ;ZP +NO3 =HCHO + 0.538 ACO3 + CO + k=1.20E-12 1.20E-12
347 MCP + NO3 =NO2 + HO2 + HCHO + HKET k=1.20E-12 1.20E-12
348 MVKP + NO3 =0.3 HO2 + 0.7 ACO3 + 0.7 k =2.50E-12
X02 + NO2 + 0.3 HCHO + 0.7 ALD + 0.3 2.50E-12
MGLY
349 UALP + NO3 =HO2 + 0.61 CO + NO2 +0.03 | k=2.50E-12
HCHO + 0.27 ALD + 0.7 KET + 0.18 GLY + 2.50E-12
0.21 MGLY
350 BALP + NO3 = BAL1 + NO2 k = 2.50E-12 2.50E-12
351 BAL1 + NO3 = BAL2 + NO2 k = 2.50E-12 2.50E-12
352 ADDC + NO3 = HO2 + NO2 + 0.32 HKET + k =1.20E-12
0.68 GLY +0.68 OP2 1.208-12
353 MCTP + NO3 = MCTO + NO2 k=1.20E-12 1.20E-12
354 ORAP + NO3 =HO2 + NO2 + GLY k =1.20E-12 1.20E-12
355 OLNN + NO3 =HO2 + NO2 + ONIT k =1.20E-12 1.20E-12
356 OLND + NO3 =2 NO2 + 0.287 HCHO + 1.24 k =1.20E-12
ALD +0.464 KET 1.208-12
357 ADCN + NO3 =2 NO2 + GLY + OP2 k =1.20E-12 1.20E-12
358 OLNN + OLNN =HO2 + 2 ONIT k = 7.00E-14 exp(1000/T) 2.01E-12
359 OLNN + OLND = 0.5 HO2 + 0.5 NO2 + 0.202 | k =4.25E-14 exp(1000/T) 199619
HCHO + 0.64 ALD + 0.149 KET + 1.5 ONIT ’
360 OLND + OLND = NO2 + 0.504 HCHO + 1.21 k = 2.96E-14 exp(1000/T) 8.49E-13
ALD +0.285 KET + ONIT ’
361 X02 + NO3 = NO2 k =1.20E-12 1.20E-12
362 X02 + RCO3 = ETHP + CO2 k = 2.50E-12 exp(500/T) 1.34E-11
363 X02 + X02 = k =7.13E-17 exp(2950/T) 1.42E-12
364 ACT + HO = ACTP + H20 k = 3.82E-11 exp(-2000/T) 4.65E-14
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365 ECH4 + HO = MO2 + H20 k = 1.85E-12 exp(-1690/T) 6.37E-15
366 DMS + OH = SO2 + HCHO + M02 k =1.12E-11 exp(-250/T) 4.84E-12
367 DMS + OH + 02 = SULF + MO2 k = 1.28E-37 exp(4480/T) 4.33E-31
368 DMS + NO3 =S02 + HCHO + MO2 + HNO3 k = 1.90E-13 exp(520/T) 1.09E-12
369 SO2 = SULF k = 0.00E+0 0.00E+0
370 ACT =CO +2 MO2 Photolysis 7.57E-8
371 ONIT =HNO3 k = 2.30E-5 2.30E-5
372 ISON = HNO3 k =1.40E-4 1.40E-4
374 GLY = CGLY k = 1.00E-6 1.00E-6
375 MGLY = CGLY k = 1.00E-6 1.00E-6
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Table D-2. RACM2s21 species names and descriptions.

Name Description C H (0] S MW
ACD Acetaldehyde 2 4 1 44.1
ACE Ethyne 2 2 26.0
ACT Acetone 3 6 1 58.1
ALD Higher aldehydes (R-C-CHO) 3 6 1 58.1
API alpha-Pinene 10 16 136.2
BALD Benzaldehyde 7 6 1 106.1
BEN Benzene 6 78.1
co Carbon monoxide 1 1 28.0
CSL Cresols 7 8 1 108.1
DCBI1 ﬁir;r:\;c:ir::y:;ng opening product (unsaturated 4 4 ) 841
DCB2 ,:ir;r:\;ct:y:;ng opening product (unsaturated 4 4 5 841
DCB3 jir;r:\;;:y:;ng opening product (unsaturated 4 4 ) 841
DIEN Dienes 4 8 56.1
DMS Dimethyl sulfide 1 62.1
ECHA fg:;tzilzrlr;ethane (to enable tracking seperate 1 4 16.0
EOH Ethanol 2 6 1 46.1
EPX Organic expoxide aldehyde 6 6 3 126.1
ETE Ethene 2 4 28.1
ETEG Ethylene glycol (Ethane-1,2-diol) 2 6 2 62.1
ETH Ethane 2 6 30.1
GLY Glyoxal 2 2 58.0
H202 Hydrogen peroxide 2 34.0
HC3 Propane and similar 3.6 9.2 52.5
HC5 Pentane and similar 5.6 13.2 80.6
HC8 Octane and similar 7.9 17.8 112.8
HCHO Formaldehyde 1 2 1 30.0
HKET Hydroxyketones 3 6 2 74.1
HNO3 Nitric acid 1 3 63.0
HNO4 Peroxynitric acid 1 4 79.0
HONO Nitrous acid 1 2 47.0
ISHP Hydroperoxides from ISOP reaction with HO2 5 10 3 118.1
ISO Isoprene 5 8 68.1
ISON Organic nitrates from ISOP reaction with NO 5 4 147.1
KET Ketone 5 10 86.1
LIM Limonene 10 16 136.2
MACR Methacrolein (2-Methylprop-2-enal) 4 70.1
MAHP Methacrolein hydroperoxide 120.1
MCT Catechols 124.1
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Name Description C H (0] N S MW
MEK Methyl ethyl ketone (2-butanone) 4 8 1 72.1
MGLY Methylglyoxal 3 4 2 72.1
MOH Methanol 1 4 1 32.0
MPAN PAN compound from Methacrolein 4 6 5 1 148.1
MVK Methyl vinyl ketone (but-3-en-2-one) 4 6 1 70.1
N205 Dinitrogen pentoxide 5 2 108.0
NALD Nitrooxyaldehyde 2 3 4 1 105.0
NO Nitric oxide 1 1 30.0
NO2 Nitrogen dioxide 2 1 46.0
NO3 Nitrate radical 3 1 62.0
03 Ozone 3 48.0
ol Internal olefins (R-C=C-R) 5 10 70.1
OLT Terminal olefins (R-C=C) 3.8 7.6 53.3
ONIT Organic nitrate 4 3 1 119.1
OP1 Methylhydroperoxide 1 4 2 48.0
OP2 Higher organic peroxide 4 10 2 90.1
ORA1 Formic acid 1 2 2 46.0
ORA2 Acetic and higher acids 2 4 2 60.1
PAA Peroxyacetic and higher peroxycarboxylic acids 3 6 3 90.1
PAN Peroxyacetyl Nitrate 2 3 5 1 121.0
PHEN Phenol 7 8 1 108.1
PPN Peroxypropionyl and higher peroxyacyl nitrates 3 5 5 1 135.1
ROH Larger alcohols 3 8 1 60.1
S02 Sulfur dioxide 2 1 64.1
SULF Sulfuric acid (gaseous) 2 4 1 98.1
TOL Toluene and other monoalkyl aromatics 7.1 9.1 94.5
UALD Unsaturated aldehyde 4 4 2 84.1
XYM m-Xylene and other aromatics 8.9 12.9 119.9
XYO o-Xylene and other aromatics 8.9 12.9 1199
XYP p-Xylene and other aromatics 9 13.0 121.2
ACO3 Acetylperoxy radical 1.0
ACTP Peroxy radical from acetone 1.0
ADCN Nitroperoxy radical from phenol/cresols 1.0
ADDC Hydroxyperoxy radical from phenol/cresols 1.0
APIP Peroxy radical from alpha-Pinene 1.0
BAL1 Radical product from BALP 1.0
BAL2 Radical product from BALP 1.0
BALP Peroxy radical from benzaldehyde 1.0
BENP Peroxy radical from benzene 1.0
CGLY g)(zir(;(:;r;srible SOA product from GLY/MGLY 5 5 5 58.01
CHO Phenoxy radical 1.0

COMPREHENSIVE AIR QUALITY MODEL WITH EXTENSIONS 303

Www.Camx.com




July 2026 CAMXx User’s Guide Version 7.40

Appendix D: RACM2s21 Gas-Phase Chemistry

Name Description C H (0] N S MW

ETEP Peroxy radical from ethene 1.0
ETHP Peroxy radical from ethane 1.0
HC3P Peroxy radical from HC3 1.0
HC5P Peroxy radical from HC5 1.0
HC8P Peroxy radical from HC8 1.0
HO2 Hydroperoxy radical 1.0
ISOP Peroxy radical from OH addition to isoprene 1.0
KETP Peroxy radical from KET 1.0
LIMP Peroxy radical from limonene 1.0
MACP Peroxy radical from methacrolene 1.0
MCP Peroxy radical from methacrolene 1.0
MCTO Radical product from MCTP 1.0
MCTP Peroxy radical from MCP 1.0
MEKP Peroxy radical from methyl ethyl ketone 1.0
MO2 Methylperoxy radical 1.0
MVKP Peroxy radical from methyl vinyl ketone 1.0
0] Oxygen atom in the O3(P) electronic state 1.0
01D Oxygen atom in the O1(D) electronic state 1.0
OH Hydroxyl radical 1.0
oLIP Peroxy radical from OLI 1.0
OLND gci_\lrlc_)rxy radical from NO3 + alkene that produces 10

Peroxy radical from NO3 + alkene that

OLNN decomposes to NO2 10
OoLTP Peroxy radical from OLT 1.0
ORAP Peroxy radical from ORA2 1.0
PER1 Peroxy radical from TOL 1.0
PER2 Peroxy radical from XYM, XYP or XYO 1.0
RCO3 Alkylperoxy radical 1.0
TLP1 Peroxy radical from TOL 1.0
TOLP Peroxy radical from TOL 1.0
TR2 Peroxy radical from TOL 1.0
UALP Peroxy radical from UALD 1.0
X02 Peroxy radical operator 1.0
XY2 Peroxy radical from XYM, XYP or XYO 1.0
XYL1 Peroxy radical from XYM, XYP or XYO 1.0
XYLP Peroxy radical from XYM, XYP or XYO 1.0
XY02 Peroxy radical from XYO 1.0
XYOP Peroxy radical from XYM, XYP or XYO 1.0
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Table D-3. Zenith angle (degrees) dependence of photolysis frequencies (s!) for RACM2s21

reactions.
Reaction Solar zenith angle (degree)

ID 0 20 40 60 78 86
1 1.03E-02 9.98E-03 8.95E-03 6.45E-03 2.15E-03 5.25E-04
2 4.38E-04 4.31E-04 4.05E-04 3.40E-04 1.80E-04 4.28E-05
3 4.81E-05 4.23E-05 2.70E-05 9.30E-06 9.63E-07 1.58E-07
4 8.79E-06 8.26E-06 6.64E-06 3.78E-06 8.82E-07 2.03E-07
5 2.26E-02 2.25E-02 2.17E-02 1.93E-02 1.09E-02 2.54E-03
6 1.85E-01 1.83E-01 1.76E-01 1.53€-01 8.08E-02 1.76E-02
7 1.52E-03 1.47E-03 1.30E-03 9.12E-04 2.87E-04 7.28E-05
8 8.35E-07 7.60E-07 5.50E-07 2.52E-07 4.20E-08 8.03E-09
9 8.33E-06 7.71E-06 5.91E-06 3.07E-06 6.31E-07 1.36E-07
10 6.29E-05 6.00E-05 5.05E-05 3.14E-05 8.27E-06 2.03E-06
11 4.30E-05 4,03E-05 3.18E-05 1.73E-05 3.58E-06 7.35E-07
12 6.38E-06 5.77E-06 4.08E-06 1.73E-06 2.28E-07 3.58E-08
13 2.10E-05 1.93E-05 1.43E-05 6.80E-06 1.14E-06 2.11E-07
14 9.41E-07 8.27E-07 5.30E-07 1.85E-07 1.90E-08 2.85E-09
15 1.56E-05 1.50E-05 1.29E-05 8.43E-06 2.41E-06 6.05E-07
16 5.05E-06 4.61E-06 3.37E-06 1.54E-06 2.42E-07 4.25E-08
17 5.32E-06 4.85E-06 3.52E-06 1.59E-06 2.42E-07 4.19E-08
18 2.51E-06 2.30E-06 1.72E-06 8.51E-07 1.64E-07 3.40E-08
19 4.64E-06 4.46E-06 3.84E-06 2.52E-06 7.22E-07 1.82E-07
20 1.13E-06 1.07E-06 8.71E-07 5.10E-07 1.23E-07 2.89E-08
21 7.87E-06 7.35E-06 5.78E-06 3.12E-06 6.63E-07 1.44E-07
22 3.52E-05 3.32E-05 2.70E-05 1.57E-05 3.83E-06 8.70E-07
23 7.99E-05 7.69E-05 6.67E-05 4.53E-05 1.43E-05 3.35E-06
24 7.21E-04 7.04E-04 6.43E-04 4.89E-04 1.81E-04 4.15E-05
25 7.21E-04 7.04E-04 6.43E-04 4.89E-04 1.81E-04 4.15E-05
26 7.21E-04 7.04E-04 6.43E-04 4.89E-04 1.81E-04 4.15E-05
27 4.52E-05 4.34E-05 3.71E-05 2.41E-05 6.79E-06 1.71E-06
28 5.95E-06 5.61E-06 4.55E-06 2.64E-06 6.38E-07 1.50E-07
29 5.95E-06 5.61E-06 4.55E-06 2.64E-06 6.38E-07 1.50E-07
30 9.28E-07 8.63E-07 6.69E-07 3.54E-07 7.36E-08 1.58E-08
31 3.36E-06 3.08E-06 2.27E-06 1.07E-06 1.85E-07 3.55E-08
32 6.28E-07 5.78E-07 4.35E-07 2.20E-07 4.43E-08 9.56E-09
33 3.47E-07 3.24E-07 2.54E-07 1.37E-07 2.92E-08 6.31E-09
370 3.07E-07 2.75E-07 1.88E-07 7.57E-08 9.48E-09 1.47E-09
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SAPRCO7TC Gas-Phase Chemistry

Table E-1. Reactions and rate constants for the SAPRCO7TC mechanism. kzqo is the rate
constant at 300 K and 1 atmosphere using units in cm® molecule s, See Table E-2 for

S

pecies names. See Section 3.1 on temperature and pressure dependencies.
Number |Reactants and Products Rate Constant Expression k3oo
1 NO2 = NO + 03P Photolysis 6.37E-3
2 O3P+02+M=03 k = 5.68E-34 (T/300)*-2.6 5.68E-34
3 O3P+03= k = 8.00E-12 exp(-2060/T) 8.34E-15
4 03P + NO =NO2 Falloff: F=0.6; n=1
k(0) = 9.00E-32 (T/300)A-1.5 1.64E-12
k(inf) = 3.00E-11
5 03P +NO2=NO k = 5.50E-12 exp(188/T) 1.03E-11
6 O3P + NO2 =NO3 Falloff: F=0.6; n=1
k(0) = 2.50E-31 (T/300)7-1.8 3.24E-12
k(inf) = 2.20E-11 (T/300)7-0.7
7 03 + NO =NO2 k = 3.00E-12 exp(-1500/T) 2.02E-14
8 03+ NO2 =NO3 k = 1.40E-13 exp(-2470/T) 3.72E-17
9 NO + NO3 =2. NO2 k =1.80E-11 exp(110/T) 2.60E-11
10 NO + NO + 02 =2.NO2 k = 3.30E-39 exp(530/T) 1.93E-38
11 NO2 + NO3 = N205 Falloff: F=0.35; n=1.33
k(0) = 3.60E-30 (T/300)"-4.1 1.24E-12
k(inf) = 1.90E-12 (T/300)0.2
12 N205 =NO2 + NO3 Falloff: F=0.35; n=1.33
k(0) = 1.30E-3 (T/300)"-3.5 exp(-11000/T) 5 69E-2
k(inf) = 9.70E+14 (T/300)"0.1 exp(- '
11080/T)
13 N205 + H20 = 2. HNO3 k =1.00E-22 1.00E-22
14 N205 + H20 + H20 = 2. HNO3 k = 0.00E+0 0.00E+0
15 NO2 + NO3 =NO + NO2 k = 4.50E-14 exp(-1260/T) 6.75E-16
16 NO3 =NO Photolysis 1.98E-2
17 NO3 =NO2 + O3P Photolysis 1.56E-1
18 03=01D Photolysis 9.47E-6
19 03=03P Photolysis 3.40E-4
20 01D +H20=2.0H k =1.63E-10 exp(60/T) 1.99E-10
21 01D + M = 03P k =2.38E-11 exp(96/T) 3.28E-11
22 OH + NO =HONO Falloff: F=0.6; n=1
k(0) = 7.00E-31 (T/300)"-2.6 7.31E-12
k(inf) = 3.60E-11 (T/300)7-0.1
23 HONO =OH + NO Photolysis 9.88E-4
24 OH + HONO = NO2 k = 2.50E-12 exp(260/T) 5.95E-12
25 OH + NO2 = HNO3 Falloff: F=0.6; n=1
k(0) = 1.80E-30 (T/300)7-3 1.05E-11
k(inf) = 2.80E-11
26 OH + NO3 =HO2 + NO2 k =2.00E-11 2.00E-11
27 OH + HNO3 = NO3 k=kl1+k3[M]/(1+k3[M]/k2)
k1 =2.40E-14 exp(460/T)
k2 = 2.70E-17 exp(2199/T) 1.51E-13
k3 = 6.50E-34 exp(1335/T)
28 HNO3 = OH + NO2 Photolysis 2.55E-7
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29 OH + CO =HO2 + C02 k=k1+k2[M]
kl=1.44E-13 2.28E-13
k2 =3.43E-33
30 OH + 03 =HO2 k = 1.70E-12 exp(-940/T) 7.41E-14
31 HO2 + NO = OH + NO2 k = 3.60E-12 exp(270/T) 8.85E-12
32 HO2 + NO2 = PNA Falloff: F=0.6; n=1
k(0) = 2.00E-31 (T/300)*-3.4 1.12E-12
k(inf) = 2.90E-12 (T/300)*-1.1
33 PNA =HO2 + NO2 Falloff: F=0.6; n=1
k(0) = 3.72E-5 (T/300)"-2.4 exp(-10650/T) 1.07E-1
k(inf) = 5.42E+15 (T/300)*-2.3 exp(- '
11170/T7)
34 PNA =0.61 HO2 + 0.61 NO2 + 0.39 OH + 0.39 |Photolysis
3.17E-6
NO3
35 PNA + OH = NO2 k = 1.30E-12 exp(380/T) 4.61E-12
36 HO2 + 03 =0OH k =2.03E-16 (T/300)"4.57 exp(693/T) 2.05E-15
37 HO2 + HO2 = H202 k=k1+k2[M]
k1 = 2.20E-13 exp(600/T) 2.84E-12
k2 = 1.90E-33 exp(980/T)
38 HO2 + HO2 + H20 = H202 k=k1+k2[M]
k1 = 3.08E-34 exp(2800/T) 6.09E-30
k2 = 2.66E-54 exp(3180/T)
39 NO3 + HO2 =0.8 OH + 0.8 NO2 + 0.2 HNO3 k =4.00E-12 4.00E-12
40 NO3 + NO3 =2. NO2 k = 8.50E-13 exp(-2450/T) 2.41E-16
41 H202 =2.0OH Photolysis 3.78E-6
42 H202 + OH = HO2 k =1.80E-12 1.80E-12
43 OH + HO2 = k = 4.80E-11 exp(250/T) 1.10E-10
44 OH +S02 = HO2 + SULF Falloff: F=0.6; n=1
k(0) = 3.30E-31 (T/300)*-4.3 9.49E-13
k(inf) = 1.60E-12
45 OH + H2 =HO02 k =7.70E-12 exp(-2100/T) 7.02E-15
46 MEQO2 + NO = NO2 + HCHO + HO2 k = 2.30E-12 exp(360/T) 7.64E-12
47 MEO2 + HO2 = COOH k = 3.46E-13 (T/300)"0.36 exp(780/T) 4.66E-12
48 MEO2 + HO2 = HCHO k = 3.34E-14 (T/300)7-3.53 exp(780/T) 4.50E-13
49 MEO2 + NO3 = HCHO + HO2 + NO2 k=1.30E-12 1.30E-12
50 MEO2 + MEO2 = MEOH + HCHO k = 6.39E-14 (T/300)"-1.8 exp(365/T) 2.16E-13
51 MEO2 + MEO2 = 2. HCHO + 2. HO2 k = 7.40E-13 exp(-520/T) 1.31E-13
52 RO2C + NO = NO2 k = 2.60E-12 exp(380/T) 9.23E-12
53 RO2C + HO2 = k = 3.80E-13 exp(900/T) 7.63E-12
54 RO2C + NO3 =NO2 k =2.30E-12 2.30E-12
55 RO2C + MEO2 =0.5 HO2 + 0.75 HCHO + 0.25 |k =2.00E-13 2 00E-13
MEOH
56 RO2C + RO2C = k =3.50E-14 3.50E-14
57 RO2X + NO = XN k= k(52) 9.23E-12
58 RO2X + HO2 = k = k(53) 7.63E-12
59 RO2X + NO3 = NO2 k = k(54) 2.30E-12
60 RO2X + MEO2 = 0.5 HO2 + 0.75 HCHO + 0.25 |k = k(55) 5 00E-13
MEOH
61 RO2X + RO2C = k = k(56) 3.50E-14
62 RO2X + RO2X = k = k(56) 3.50E-14
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63 MCO3 + NO2 = PAN Falloff: F=0.3; n=1.41
k(0) = 2.70E-28 (T/300)*-7.1 9.38E-12
k(inf) = 1.21E-11 (T/300)7-0.9
64 PAN = MCO3 + NO2 Falloff: F=0.3; n=1.41
k(0) = 4.90E-3 exp(-12100/T) 6.27E-4
k(inf) = 4.00E+16 exp(-13600/T)
65 PAN = 0.6 MCO3 + 0.6 NO2 + 0.4 MEO2 + 0.4 |Photolysis 3.50E-7
CO2 + 0.4 NO3
66 MCO3 + NO = MEO2 + CO2 + NO2 k = 7.50E-12 exp(290/T) 1.97E-11
67 MCO3 + HO2 = 0.7 CO3H + 0.3 AACD + 0.3 03 |k = 5.20E-13 exp(980/T) 1.36E-11
68 MCO3 + NO3 = MEO2 + CO2 + NO2 k = k(54) 2.30E-12
69 MCO3 + MEO2 = 0.1 AACD + HCHO + 0.9 HO2 |k = 2.00E-12 exp(500/T) 1.06E-11
+0.9 MEO2 + 0.9 CO2
70 MCO3 + RO2C = MEO2 + CO2 k = 4.40E-13 exp(1070/T) 1.56E-11
71 MCO3 + RO2X = MEO2 + CO2 k = k(70) 1.56E-11
72 MCO3 + MCO3 = 2. MEO2 + 2. CO2 k = 2.90E-12 exp(500/T) 1.54E-11
73 RCO3 + NO2 = PAN2 k=1.21E-11 (T/300)*-1.07 1.21E-11
74 PAN2 = RCO3 + NO2 k = 8.30E+16 exp(-13940/T) 5.48E-4
75 PAN2 = 0.6 RCO3 + 0.6 NO2 + 0.4 RO2C + 0.4 |Photolysis
XHO2 + 0.4 YRPX + 0.4 XCCH + 0.4 CO2 + 0.4 3.50E-7
NO3
76 RCO3 + NO =NO2 + RO2C + XHO2 + YRPX + k = 6.70E-12 exp(340/T) 2 08E-11
XCCH + CO2
77 2203 +HO2=0.75 RO3H + 0.25 PACD + 0.25 |k = k(67) 1.36E-11
78 RCO3 + NO3 =NO2 + RO2C + XHO2 + YRPX + |k = k(54) 5 30E-12
XCCH + CO2
79 RCO3 + MEO2 = HCHO + HO2 + RO2C + XHO2 |k = k(69) 1.06E-11
+ XCCH + YRPX + CO2
80 RCO3 + RO2C = RO2C + XHO2 + XCCH + YRPX + |k = k(70) 1.56E-11
CO2
81 RCO3 + RO2X = RO2C + XHO2 + XCCH + YRPX + |k = k(70) 156E-11
CO2
82 RCO3 + MCO3 =2. CO2 + MEO2 + RO2C + k= k(72) 154E-11
XHO2 + YRPX + XCCH
83 RCO3 + RCO3 =2. RO2C + 2. XHO2 + 2. XCCH + |k = k(72) 1.54E-11
2. YRPX + 2. CO2
84 BZC3 + NO2 = PBZN k=1.37E-11 1.37E-11
85 PBZN = BZC3 + NO2 k = 7.90E+16 exp(-14000/T) 4.27E-4
86 PBZN =0.6 BZC3 + 0.6 NO2 +0.4C0O2 +0.4 Photolysis 3.50E-7
BZO + 0.4 RO2C + 0.4 NO3
87 BZC3 + NO = NO2 + CO2 + BZO + RO2C k= k(76) 2.08E-11
88 BZC3 + HO2 =0.75 RO3H + 0.25 PACD + 0.25 |k = k(67)
1.36E-11
03 +4.XC
89 BZC3 + NO3 =NO2 + CO2 + BZO + RO2C k = k(54) 2.30E-12
90 BZC3 + MEO2 = HCHO + HO2 + RO2C + BZO + |k = k(69) 1.06E-11
C02
91 BZC3 + RO2C = RO2C + BZO + CO2 k = k(70) 1.56E-11
92 BZC3 + RO2X = RO2C + BZO + CO2 k = k(70) 1.56E-11
93 BZC3 + MCO3 = 2. CO2 + MEO2 + BZO + RO2C |k = k(72) 1.54E-11
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94 BZC3 + RCO3 =2. CO2 + 2. RO2C + XHO2 + k= k(72) 1.54E-11
YRPX + XCCH + BZO
95 BZC3 + BZC3 = 2. BZO + 2. RO2C + 2. CO2 k= k(72) 1.54E-11
96 MAC3 + NO2 = MPAN k= k(73) 1.21E-11
97 MPAN = MAC3 + NO2 k =1.60E+16 exp(-13486/T) 4.80E-4
98 MPAN = 0.6 MAC3 + 0.6 NO2 + 0.4 CO2 + 0.4 |Photolysis 3.50E-7
HCHO + 0.4 MCO3 + 0.4 NO3
99 MAC3 + NO = NO2 + CO2 + HCHO + MCO3 k = k(76) 2.08E-11
100 MAC3 + HO2 =0.75 RO3H + 0.25 PACD + 0.25 |k = k(67)
03 + XC 1.36E-11
101 MAC3 + NO3 = NO2 + CO2 + HCHO + MCO3 k = k(54) 2.30E-12
102 MAC3 + MEO2 = 2. HCHO + HO2 + CO2 + k = k(69) 1.06E-11
MCO3
103 MAC3 + RO2C =CO2 + HCHO + MCO3 k = k(70) 1.56E-11
104 MAC3 + RO2X = CO2 + HCHO + MCO3 k = k(70) 1.56E-11
105 MAC3 + MCO3 =2. CO2 + MEO2 + HCHO + k= k(72) 1.54E-11
MCO3
106 MAC3 + RCO3 = HCHO + MCO3 + RO2C + k= k(72) 1.54E-11
XHO2 + YRPX + XCCH + 2. CO2
107 MAC3 + BZC3 = HCHO + MCO3 + BZO + RO2C |k = k(72)
+2.C0O2 1.54E-11
108 MAC3 + MAC3 = 2. HCHO + 2. MCO3 + 2. CO2 |k = k(72) 1.54E-11
109 TBUO + NO2 =RNO3 - 2. XC k =2.40E-11 2.40E-11
110 TBUO = ACET + MEO2 k = 7.50E+14 exp(-8152/T) 1.19E+3
111 BZO + NO2 = NPHE k =2.30E-11 exp(150/T) 3.79E-11
112 BZO + HO2 = CRES - 1. XC k = k(53) 7.63E-12
113 BZO = CRES + RO2C + XHO2 - 1. XC k = 1.00E-3 1.00E-3
114 XHO2 + NO =NO + HO2 k= k(52) 9.23E-12
115 XHO2 + HO2 = HO2 k = k(53) 7.63E-12
116 XHO2 + NO3 = NO3 + HO2 k = k(54) 2.30E-12
117 XHO2 + MEO2 = MEO2 + 0.5 HO2 k = k(55) 2.00E-13
118 XHO2 + RO2C = RO2C + 0.5 HO2 k = k(56) 3.50E-14
119 XHO2 + RO2X = RO2X + 0.5 HO2 k = k(56) 3.50E-14
120 XHO2 + MCO3 = MCO3 + HO2 k = k(70) 1.56E-11
121 XHO2 + RCO3 = RCO3 + HO2 k = k(70) 1.56E-11
122 XHO2 + BZC3 = BZC3 + HO2 k = k(70) 1.56E-11
123 XHO2 + MAC3 = MAC3 + HO2 k = k(70) 1.56E-11
124 XOH + NO=NO + OH k= k(52) 9.23E-12
125 XOH + HO2 = HO2 k = k(53) 7.63E-12
126 XOH + NO3 =NO3 + OH k = k(54) 2.30E-12
127 XOH + MEO2 = MEO2 + 0.5 OH k = k(55) 2.00E-13
128 XOH + RO2C =R0O2C+ 0.5 OH k = k(56) 3.50E-14
129 XOH + RO2X = RO2X + 0.5 OH k = k(56) 3.50E-14
130 XOH + MCO3 = MCO3 + OH k = k(70) 1.56E-11
131 XOH + RCO3 =RCO3 + OH k = k(70) 1.56E-11
132 XOH + BZC3 =BZC3 + OH k = k(70) 1.56E-11
133 XOH + MAC3 = MAC3 + OH k = k(70) 1.56E-11
134 XNO2 + NO =NO + NO2 k= k(52) 9.23E-12
135 XNO2 + HO2 = HO2 + XN k = k(53) 7.63E-12
136 XNO2 + NO3 = NO3 + NO2 k = k(54) 2.30E-12
137 XNO2 + MEO2 = MEO2 + 0.5 NO2 + 0.5 XN k = k(55) 2.00E-13
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138 XNO2 + RO2C = R0O2C + 0.5 NO2 + 0.5 XN k = k(56) 3.50E-14
139 XNO2 + RO2X = RO2X + 0.5 NO2 + 0.5 XN k = k(56) 3.50E-14
140 XNO2 + MCO3 = MCO3 + NO2 k = k(70) 1.56E-11
141 XNO2 + RCO3 = RCO3 + NO2 k = k(70) 1.56E-11
142 XNO2 + BZC3 = BZC3 + NO2 k = k(70) 1.56E-11
143 XNO2 + MAC3 = MAC3 + NO2 k = k(70) 1.56E-11
144 XMEO + NO = NO + MEO2 k= k(52) 9.23E-12
145 XMEO + HO2 = HO2 + XC k = k(53) 7.63E-12
146 XMEO + NO3 = NO3 + MEO2 k = k(54) 2.30E-12
147 XMEO + MEO2 = 1.5 MEO2 + 0.5 XC k = k(55) 2.00E-13
148 XMEO + RO2C = R0O2C + 0.5 MEO2 + 0.5 XC k = k(56) 3.50E-14
149 XMEO + RO2X = RO2X + 0.5 MEO2 + 0.5 XC k = k(56) 3.50E-14
150 XMEO + MCO3 = MCO3 + MEO2 k = k(70) 1.56E-11
151 XMEO + RCO3 = RCO3 + MEO2 k = k(70) 1.56E-11
152 XMEO + BZC3 =BZC3 + MEO2 k = k(70) 1.56E-11
153 XMEO + MAC3 = MAC3 + MEO2 k = k(70) 1.56E-11
154 XMC3 + NO =NO + MCO3 k= k(52) 9.23E-12
155 XMC3 + HO2 = HO2 + 2. XC k = k(53) 7.63E-12
156 XMC3 + NO3 =NO3 + MCO3 k = k(54) 2.30E-12
157 XMC3 + MEO2 = MEO2 + 0.5 MCO3 + XC k = k(55) 2.00E-13
158 XMC3 + RO2C =R0O2C + 0.5 MCO3 + XC k = k(56) 3.50E-14
159 XMC3 + RO2X = R0O2X + 0.5 MCO3 + XC k = k(56) 3.50E-14
160 XMC3 + MCO3 = 2. MCO3 k = k(70) 1.56E-11
161 XMC3 + RCO3 = RCO3 + MCO3 k = k(70) 1.56E-11
162 XMC3 + BZC3 = BZC3 + MCO3 k = k(70) 1.56E-11
163 XMC3 + MAC3 = MAC3 + MCO3 k = k(70) 1.56E-11
164 XRC3 + NO = NO + RCO3 k= k(52) 9.23E-12
165 XRC3 + HO2 = HO2 + 3. XC k = k(53) 7.63E-12
166 XRC3 + NO3 = NO3 + RCO3 k = k(54) 2.30E-12
167 XRC3 + MEO2 = MEO2 + 0.5 RCO3 + 1.5 XC k = k(55) 2.00E-13
168 XRC3 + RO2C = RO2C + 0.5 RCO3 + 1.5 XC k = k(56) 3.50E-14
169 XRC3 + RO2X = R0O2X + 0.5 RCO3 + 1.5 XC k = k(56) 3.50E-14
170 XRC3 + MCO3 = MCO3 + RCO3 k = k(70) 1.56E-11
171 XRC3 + RCO3 =2. RCO3 k = k(70) 1.56E-11
172 XRC3 + BZC3 = BZC3 + RCO3 k = k(70) 1.56E-11
173 XRC3 + MAC3 = MAC3 + RCO3 k = k(70) 1.56E-11
174 XMA3 + NO =NO + MAC3 k= k(52) 9.23E-12
175 XMA3 + HO2 =HO2 + 4. XC k = k(53) 7.63E-12
176 XMA3 + NO3 = NO3 + MAC3 k = k(54) 2.30E-12
177 XMA3 + MEO2 = MEO2 + 0.5 MAC3 + 2. XC k = k(55) 2.00E-13
178 XMA3 + RO2C =R0O2C+ 0.5 MAC3 + 2. XC k = k(56) 3.50E-14
179 XMAS3 + RO2X = RO2X + 0.5 MAC3 + 2. XC k = k(56) 3.50E-14
180 XMA3 + MCO3 = MCO3 + MAC3 k = k(70) 1.56E-11
181 XMA3 + RCO3 = RCO3 + MAC3 k = k(70) 1.56E-11
182 XMA3 + BZC3 = BZC3 + MAC3 k = k(70) 1.56E-11
183 XMA3 + MAC3 = 2. MAC3 k = k(70) 1.56E-11
184 XTBU + NO = NO + TBUO k= k(52) 9.23E-12
185 XTBU + HO2 = HO2 + 4. XC k = k(53) 7.63E-12
186 XTBU + NO3 = NO3 + TBUO k = k(54) 2.30E-12
187 XTBU + MEO2 = MEO2 + 0.5 TBUO + 2. XC k = k(55) 2.00E-13
188 XTBU + RO2C = RO2C + 0.5 TBUO + 2. XC k = k(56) 3.50E-14
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189 XTBU + RO2X = R0O2X + 0.5 TBUO + 2. XC k = k(56) 3.50E-14
190 XTBU + MCO3 = MCO3 + TBUO k = k(70) 1.56E-11
191 XTBU + RCO3 = RCO3 + TBUO k = k(70) 1.56E-11
192 XTBU + BZC3 = BZC3 + TBUO k = k(70) 1.56E-11
193 XTBU + MAC3 = MAC3 + TBUO k = k(70) 1.56E-11
194 XCO + NO =NO + CO k= k(52) 9.23E-12
195 XCO + HO2 =HO2 + XC k = k(53) 7.63E-12
196 XCO + NO3 =NO3 + CO k = k(54) 2.30E-12
197 XCO + MEO2 = MEO2 + 0.5 CO + 0.5 XC k = k(55) 2.00E-13
198 XCO + RO2C =R0O2C+0.5 CO + 0.5 XC k = k(56) 3.50E-14
199 XCO + RO2X = RO2X + 0.5 CO + 0.5 XC k = k(56) 3.50E-14
200 XCO + MCO3 =MCO03 + CO k = k(70) 1.56E-11
201 XCO + RCO3 =RCO3 + CO k = k(70) 1.56E-11
202 XCO + BZC3 = BZC3 + CO k = k(70) 1.56E-11
203 XCO + MAC3 = MAC3 + CO k = k(70) 1.56E-11
204 HCHO =2. HO2 + CO Photolysis 1.78E-5
205 HCHO = CO Photolysis 2.38E-5
206 HCHO + OH =HO2 + CO k = 5.40E-12 exp(135/T) 8.47E-12
207 HCHO + NO3 = HNO3 + HO2 + CO k = 2.00E-12 exp(-2431/T) 6.05E-16
208 CCHO + OH = MCO3 k = 4.40E-12 exp(365/T) 1.49E-11
209 CCHO =CO + HO2 + MEO2 Photolysis 1.77E-6
210 CCHO + NO3 =HNO3 + MCO3 k = 1.40E-12 exp(-1860/T) 2.84E-15
211 RCHO + OH = 0.965 RCO3 + 0.035 RO2C + k = 5.10E-12 exp(405/T)
0.035 XHO2 + 0.035 XCO + 0.035 XCCH + 1.97E-11
0.035 YRPX
212 RCHO =R0O2C + XHO2 + YRPX + XCCH + CO + |Photolysis
HO2 6.95E-6
213 RCHO + NO3 = HNO3 + RCO3 k = 1.40E-12 exp(-1601/T) 6.74E-15
214 ACET + OH = RO2C + XMC3 + XHCH + YRPX k = 4.56E-14 (T/300)"3.65 exp(429/T) 1.91E-13
215 ACET =0.62 MCO3 + 1.38 MEO2 + 0.38 CO Photolysis 1.04E-7
216 MEK + OH = 0.967 RO2C + 0.039 RO2X + 0.039 |k = 1.30E-12 (T/300)"2 exp(-25/T)
ZRN3 +0.376 XHO2 + 0.51 XMC3 + 0.074 1.20E-12
XRC3 +0.088 XHCH + 0.504 XCCH + 0.376
XRCH + YRPX + 0.3 XC
217 MEK = MCO3 + RO2C + XHO2 + XCCH + YRPX |Photolysis 8.13E-7
218 MEOH + OH = HCHO + HO2 k = 2.85E-12 exp(-345/T) 9.02E-13
219 FACD + OH = HO2 + CO2 k =4.50E-13 4.50E-13
220 AACD + OH = 0.509 MEO2 + 0.491 RO2C + k = 4.20E-14 exp(855/T)
0.509 CO2 + 0.491 XHO2 + 0.491 XMGL + 7.26E-13
0.491 YRPX - 0.491 XC
221 PACD + OH = RO2C + XHO2 + 0.143 CO2 + k =1.20E-12
0.142 XCCH + 0.4 XRCH + 0.457 XBAC + YRPX - 1.20E-12
0.455 XC
222 COOH + OH = 0.3 HCHO + 0.3 OH + 0.7 MEO2 |k = 3.80E-12 exp(200/T) 7.40E-12
223 COOH =HCHO + HO2 + OH Photolysis 2.72E-6
224 ROOH + OH =0.744 OH + 0.251 RO2C + 0.004 |k =2.50E-11
RO2X + 0.004 ZRN3 + 0.744 RCHO + 0.239
XHO2 + 0.012 XOH + 0.012 XHCH + 0.012 2.50E-11
XCCH + 0.205 XRCH + 0.034 XPD2 + 0.256
YRPX - 0.115 XC
225 ROOH = RCHO + HO2 + OH Photolysis 2.72E-6
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226 R6PX + OH = 0.84 OH + 0.222 RO2C + 0.029 k =5.60E-11
RO2X + 0.029 ZRN3 + 0.84 PRD2 + 0.09 XHO2 5 60E-11
+0.041 XOH + 0.02 XCCH + 0.075 XRCH +
0.084 XPD2 + 0.16 YRPX + 0.02 XC
227 R6PX = OH + 0.142 HO2 + 0.782 RO2C + 0.077 |Photolysis
RO2X + 0.077 ZRN3 + 0.085 RCHO + 0.142 2 72E-6
PRD2 + 0.782 XHO2 + 0.026 XCCH + 0.058
XRCH + 0.698 XPD2 + 0.858 Y6PX + 0.017 XC
228 RAPX + OH =0.139 OH + 0.148 HO2 + 0.589 k=1.41E-10
RO2C + 0.124 RO2X + 0.124 ZRN3 + 0.074
PRD2 + 0.147 MGLY + 0.139 IPRD + 0.565 1.41E-10
XHO2 + 0.024 XOH + 0.448 XRCH + 0.026 XGLY
+0.03 XMEK + 0.252 XMGL + 0.073 XAF1 +
0.073 XAF2 + 0.713 Y6PX + 2.674 XC
229 RAPX =0OH + HO2 + 0.5 GLY + 0.5 MGLY + 0.5 |Photolysis 2 72E-6
AFG1 + 0.5 AFG2 + 0.5 XC
230 GLY =2.CO + 2. HO2 Photolysis 7.88E-5
231 GLY =HCHO + CO Photolysis 2.23E-5
232 GLY + OH=0.63 HO2+1.26 CO+0.37 RCO3 - |k=1.10E-11 1.10E-11
0.37 XC
233 GLY + NO3 =HNO3 +0.63 HO2 + 1.26 CO + k = 2.80E-12 exp(-2376/T) 1.02E-15
0.37 RCO3 - 0.37 XC )
234 MGLY = HO2 + CO + MCO3 Photolysis 1.39E-4
235 MGLY + OH = CO + MCO3 k =1.50E-11 1.50E-11
236 MGLY + NO3 = HNO3 + CO + MCO3 k = 1.40E-12 exp(-1895/T) 2.53E-15
237 BACL = 2. MCO3 Photolysis 2.45E-4
238 CRES + OH = 0.2 BZO + 0.8 RO2C + 0.8 XHO2 + |k = 1.70E-12 exp(950/T) 4.03E-11
0.8 Y6PX + 0.25 XMGL + 5.05 XC ’
239 CRES + NO3 =HNO3 + BZO + XC k=1.40E-11 1.40E-11
240 NPHE + OH =BZO + XN k =3.50E-12 3.50E-12
241 NPHE = HONO + 6. XC Photolysis 9.55E-6
242 NPHE =6. XC + XN Photolysis 9.55E-5
243 BALD + OH = BZC3 k=1.20E-11 1.20E-11
244 BALD = 7. XC Photolysis 2.48E-5
245 BALD + NO3 = HNO3 + BZC3 k =1.34E-12 exp(-1860/T) 2.72E-15
246 AFG1 + OH =0.217 MAC3 + 0.723 RO2C + 0.06 |k = 7.40E-11
RO2X + 0.06 ZRN3 + 0.521 XHO2 + 0.201
XMC3 + 0.334 XCO + 0.407 XRCH + 0.129 7.40E-11
XMEK + 0.107 XGLY + 0.267 XMGL + 0.783
Y6PX +0.284 XC
247 AFG1 + 03 =0.826 OH + 0.522 HO2 + 0.652 k =9.66E-18
RO2C +0.522 CO +0.174 CO2 + 0.432 GLY + 9.66E-18
0.568 MGLY + 0.652 XRC3 + 0.652 XHCH +
0.652 Y6PX - 0.872 XC
248 AFG1=1.023 HO2 +0.173 MEO2 + 0.305 Photolysis
MCO3 + 0.5 MAC3 + 0.695 CO + 0.195 GLY + 3.07E-3
0.305 MGLY +0.217 XC
249 AFG2 + OH =0.217 MAC3 + 0.723 RO2C + 0.06 |k = 7.40E-11
RO2X + 0.06 ZRN3 + 0.521 XHO2 + 0.201
XMC3 + 0.334 XCO + 0.407 XRCH + 0.129 7.40E-11
XMEK + 0.107 XGLY + 0.267 XMGL + 0.783
Y6PX +0.284 XC
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250

AFG2 + 03 =0.826 OH + 0.522 HO2 + 0.652
RO2C+0.522 CO +0.174 CO2 + 0.432 GLY +
0.568 MGLY +0.652 XRC3 + 0.652 XHCH +
0.652 Y6PX - 0.872 XC

k =9.66E-18

9.66E-18

251

AFG2 =PRD2 - 1. XC

Photolysis

3.07E-3

252

AFG3 + OH =0.206 MAC3 + 0.733 RO2C +
0.117 RO2X + 0.117 ZRN3 + 0.561 XHO2 +
0.117 XMC3 + 0.114 XCO + 0.274 XGLY + 0.153
XMGL + 0.019 XBAC + 0.195 XAF1 + 0.195
XAF2 +0.231 XIPR + 0.794 Y6PX + 0.938 XC

k =9.35E-11

9.35E-11

253

AFG3 + 03 =0.471 OH + 0.554 HO2 + 0.013
MCO3 + 0.258 RO2C + 0.007 RO2X + 0.007
ZRN3 +0.58 CO +0.19 CO2 + 0.366 GLY +
0.184 MGLY + 0.35 AFG1 + 0.35 AFG2 + 0.139
AFG3 +0.003 MACR + 0.004 MVK + 0.003
IPRD + 0.095 XHO2 + 0.163 XRC3 + 0.163
XHCH + 0.095 XMGL + 0.264 Y6PX - 0.575 XC

k=1.43E-17

1.43E-17

254

MACR + OH = 0.5 MAC3 + 0.5 RO2C + 0.5
XHO2 +0.416 XCO + 0.084 XHCH + 0.416
XMEK + 0.084 XMGL + 0.5 YRPX - 0.416 XC

k = 8.00E-12 exp(380/T)

2.84E-11

255

MACR + 03 =0.208 OH + 0.108 HO2 + 0.1
RO2C +0.45C0O +0.117 CO2 + 0.1 HCHO + 0.9
MGLY + 0.333 FACD + 0.1 XRC3 + 0.1 XHCH +
0.1 YRPX-0.1 XC

k = 1.40E-15 exp(-2100/T)

1.28E-18

256

MACR + NO3 = 0.5 MAC3 + 0.5 R02C + 0.5
HNO3 + 0.5 XHO2 + 0.5 XCO + 0.5 YRPX + 1.5
XC+0.5 XN

k = 1.50E-12 exp(-1815/T)

3.54E-15

257

MACR + O3P = RCHO + XC

k =6.34E-12

6.34E-12

258

MACR =0.33 OH + 0.67 HO2 + 0.34 MCO3 +
0.33 MAC3 +0.33 RO2C +0.67 CO + 0.34
HCHO + 0.33 XMC3 + 0.33 XHCH + 0.33 YRPX

Photolysis

1.39E-6

259

MVK + OH = 0.975 RO2C + 0.025 RO2X + 0.025
ZRN3 + 0.3 XHO2 + 0.675 XMC3 + 0.3 XHCH +
0.675 XGLD + 0.3 XMGL + YRPX - 0.05 XC

k = 2.60E-12 exp(610/T)

1.99E-11

260

MVK + 03 =0.164 OH + 0.064 HO2 + 0.05
RO2C +0.05 XHO2 +0.475 CO + 0.124 CO2 +
0.05 HCHO + 0.95 MGLY + 0.351 FACD + 0.05
XRC3 + 0.05 XHCH + 0.05 YRPX - 0.05 XC

k = 8.50E-16 exp(-1520/T)

5.36E-18

261

MVK + O3P = 0.45 RCHO + 0.55 MEK + 0.45 XC

k=4.32E-12

4.32E-12

262

MVK = 0.4 MEO2 + 0.6 CO + 0.6 PRD2 + 0.4
MAC3 - 2.2 XC

Photolysis

5.25E-7

263

IPRD + OH = 0.289 MAC3 + 0.67 RO2C + 0.67
XHO2 +0.041 RO2X + 0.041 ZRN3 + 0.336 XCO
+0.055 XHCH + 0.129 XGLD + 0.013 XRCH +
0.15 XMEK + 0.332 XPD2 + 0.15 XGLY + 0.174
XMGL - 0.504 XC + 0.711 Y6PX

k=6.19E-11

6.19E-11

264

IPRD + 03 =0.285 OH + 0.4 HO2 + 0.048 RO2C
+0.048 XRC3 +0.498 CO + 0.14 CO2 + 0.124
HCHO +0.21 MEK + 0.023 GLY + 0.742 MGLY +
0.1 FACD +0.372 PACD + 0.047 XGLD + 0.001
XHCH + 0.048 Y6PX - 0.329 XC

k=4.18E-18

4.18E-18
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265

IPRD + NO3 =0.15 MAC3 + 0.15 HNO3 + 0.799
RO2C +0.799 XHO2 + 0.051 RO2X + 0.051
ZRN3 + 0.572 XCO +0.227 XHCH + 0.218 XRCH
+0.008 XMGL +0.572 XRN3 + 0.85 Y6PX +
0.278 XN - 0.815 XC

k =1.00E-13

1.00E-13

266

IPRD =1.233 HO2 + 0.467 MCO3 + 0.3 RCO3 +
1.233 CO + 0.3 HCHO + 0.467 GLYD +0.233
MEK - 0.233 XC

Photolysis

1.39E-6

267

PRD2 + OH = 0.472 HO2 + 0.379 XHO2 + 0.029
XMC3 + 0.049 XRC3 + 0.473 RO2C + 0.071
RO2X +0.071 ZRN3 + 0.002 HCHO + 0.211
XHCH + 0.001 CCHO + 0.083 XCCH + 0.143
RCHO + 0.402 XRCH + 0.115 XMEK + 0.329
PRD2 +0.007 XPD2 + 0.528 Y6PX + 0.877 XC

k=1.55E-11

1.55E-11

268

PRD2 =0.913 XHO2 + 0.4 MCO3 + 0.6 RCO3 +
1.59 RO2C + 0.087 RO2X + 0.087 ZRN3 + 0.303
XHCH + 0.163 XCCH + 0.78 XRCH + Y6PX -
0.091 XC

Photolysis

2.26E-8

269

RNO3 + OH =0.189 HO2 + 0.305 XHO2 + 0.019
NO2 +0.313 XNO2 + 0.976 RO2C + 0.175
RO2X +0.175 ZRN3 + 0.011 XHCH + 0.429
XCCH + 0.001 RCHO + 0.036 XRCH + 0.004
XACE +0.01 MEK + 0.17 XMEK + 0.008 PRD2 +
0.031 XPD2 +0.189 RNO3 + 0.305 XRN3 +
0.157 YRPX + 0.636 Y6PX + 0.174 XN + 0.04 XC

k =7.20E-12

7.20E-12

270

RNO3 =0.344 HO2 + 0.554 XHO2 + NO2 +
0.721 RO2C + 0.102 RO2X + 0.102 ZRN3 +
0.074 HCHO + 0.061 XHCH + 0.214 CCHO +
0.23 XCCH + 0.074 RCHO + 0.063 XRCH +
0.008 XACE + 0.124 MEK + 0.083 XMEK + 0.19
PRD2 +0.261 XPD2 + 0.066 YRPX + 0.591 Y6PX
+0.396 XC

Photolysis

1.20E-6

271

GLYD + OH = MCO3

k = k(208)

1.49E-11

272

GLYD =CO + 2. HO2 + HCHO

Photolysis

2.75E-6

273

GLYD + NO3 = HNO3 + MCO3

k= k(210)

2.84E-15

274

ACRO + OH =0.25 XHO2 + 0.75 MAC3 + 0.25
RO2C +0.167 XCO + 0.083 XHCH + 0.167 XCCH
+0.083 XGLY + 0.25 YRPX - 0.75 XC

k=1.99E-11

1.99E-11

275

ACRO + 03 =0.83 HO2 + 0.33 OH + 1.005 CO +
0.31 CO2 + 0.5 HCHO + 0.185 FACD + 0.5 GLY

k = 1.40E-15 exp(-2528/T)

3.07E-19

276

ACRO + NO3 =0.031 XHO2 + 0.967 MAC3 +
0.031 RO2C +0.002 RO2X + 0.002 ZRN3 +
0.967 HNO3 + 0.031 XCO + 0.031 XRN3 +
0.033 YRPX + 0.002 XN - 1.097 XC

k=1.18E-15

1.18E-15

277

ACRO + O3P = RCHO

k=2.37E-12

2.37E-12

278

ACRO =1.066 HO2 + 0.178 OH + 0.234 MEO2
+0.33 MAC3 +1.188 CO + 0.102 CO2 + 0.34
HCHO + 0.05 AACD - 0.284 XC

Photolysis

1.28E-6

279

CO3H + OH = 0.98 MCO3 + 0.02 RO2C + 0.02
CO2 +0.02 XOH + 0.02 XHCH + 0.02 YRPX

k=5.28E-12

5.28E-12

280

CO3H =MEO2 + CO2 + OH

Photolysis

3.60E-7
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281 RO3H + OH = 0.806 RCO3 + 0.194 RO2C + k=6.42E-12
0.194 YRPX +0.11 CO2 + 0.11 XOH + 0.11 6.42E-12
XCCH +0.084 XHO2 + 0.084 XRCH

282 RO3H = XHO2 + XCCH + YRPX + CO2 + OH Photolysis 3.60E-7
283 XHCH + NO = NO + HCHO k= k(52) 9.23E-12
284 XHCH + HO2 = HO2 + XC k = k(53) 7.63E-12
285 XHCH + NO3 = NO3 + HCHO k = k(54) 2.30E-12
286 XHCH + MEO2 = MEO2 + 0.5 HCHO + 0.5 XC k = k(55) 2.00E-13
287 XHCH + RO2C = RO2C + 0.5 HCHO + 0.5 XC k = k(56) 3.50E-14
288 XHCH + RO2X = RO2X + 0.5 HCHO + 0.5 XC k = k(56) 3.50E-14
289 XHCH + MCO3 = MCO3 + HCHO k = k(70) 1.56E-11
290 XHCH + RCO3 = RCO3 + HCHO k = k(70) 1.56E-11
291 XHCH + BZC3 = BZC3 + HCHO k = k(70) 1.56E-11
292 XHCH + MAC3 = MAC3 + HCHO k = k(70) 1.56E-11
293 XCCH + NO =NO + CCHO k= k(52) 9.23E-12
294 XCCH + HO2 =HO2 + 2. XC k = k(53) 7.63E-12
295 XCCH + NO3 = NO3 + CCHO k = k(54) 2.30E-12
296 XCCH + MEO2 = MEO2 + 0.5 CCHO + XC k = k(55) 2.00E-13
297 XCCH + RO2C =R0O2C + 0.5 CCHO + XC k = k(56) 3.50E-14
298 XCCH + RO2X = RO2X + 0.5 CCHO + XC k = k(56) 3.50E-14
299 XCCH + MCO3 = MCO3 + CCHO k = k(70) 1.56E-11
300 XCCH + RCO3 =RCO3 + CCHO k = k(70) 1.56E-11
301 XCCH + BZC3 = BZC3 + CCHO k = k(70) 1.56E-11
302 XCCH + MAC3 = MAC3 + CCHO k = k(70) 1.56E-11
303 XRCH + NO = NO + RCHO k= k(52) 9.23E-12
304 XRCH + HO2 =HO2 + 3. XC k = k(53) 7.63E-12
305 XRCH + NO3 = NO3 + RCHO k = k(54) 2.30E-12
306 XRCH + MEO2 = MEO2 + 0.5 RCHO + 1.5 XC k = k(55) 2.00E-13
307 XRCH + RO2C = RO2C + 0.5 RCHO + 1.5 XC k = k(56) 3.50E-14
308 XRCH + RO2X = RO2X + 0.5 RCHO + 1.5 XC k = k(56) 3.50E-14
309 XRCH + MCO3 = MCO3 + RCHO k = k(70) 1.56E-11
310 XRCH + RCO3 =RCO3 + RCHO k = k(70) 1.56E-11
311 XRCH + BZC3 = BZC3 + RCHO k = k(70) 1.56E-11
312 XRCH + MAC3 = MAC3 + RCHO k = k(70) 1.56E-11
313 XACE + NO = NO + ACET k= k(52) 9.23E-12
314 XACE + HO2 =HO2 + 3. XC k = k(53) 7.63E-12
315 XACE + NO3 = NO3 + ACET k = k(54) 2.30E-12
316 XACE + MEO2 = MEO2 + 0.5 ACET + 1.5 XC k = k(55) 2.00E-13
317 XACE + RO2C = RO2C + 0.5 ACET + 1.5 XC k = k(56) 3.50E-14
318 XACE + RO2X = RO2X + 0.5 ACET + 1.5 XC k = k(56) 3.50E-14
319 XACE + MCO3 = MCO3 + ACET k = k(70) 1.56E-11
320 XACE + RCO3 = RCO3 + ACET k = k(70) 1.56E-11
321 XACE + BZC3 = BZC3 + ACET k = k(70) 1.56E-11
322 XACE + MAC3 = MAC3 + ACET k = k(70) 1.56E-11
323 XMEK + NO = NO + MEK k= k(52) 9.23E-12
324 XMEK + HO2 = HO2 + 4. XC k= k(53) 7.63E-12
325 XMEK + NO3 = NO3 + MEK k = k(54) 2.30E-12
326 XMEK + MEO2 = MEO2 + 0.5 MEK + 2. XC k = k(55) 2.00E-13
327 XMEK + RO2C = RO2C + 0.5 MEK + 2. XC k = k(56) 3.50E-14
328 XMEK + RO2X = RO2X + 0.5 MEK + 2. XC k = k(56) 3.50E-14
329 XMEK + MCO3 = MCO3 + MEK k = k(70) 1.56E-11
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330 XMEK + RCO3 = RCO3 + MEK k = k(70) 1.56E-11
331 XMEK + BZC3 = BZC3 + MEK k = k(70) 1.56E-11
332 XMEK + MAC3 = MAC3 + MEK k = k(70) 1.56E-11
333 XPD2 + NO = NO + PRD2 k= k(52) 9.23E-12
334 XPD2 + HO2 =HO2 + 6. XC k = k(53) 7.63E-12
335 XPD2 + NO3 = NO3 + PRD2 k = k(54) 2.30E-12
336 XPD2 + MEO2 = MEO2 + 0.5 PRD2 + 3. XC k = k(55) 2.00E-13
337 XPD2 + RO2C = RO2C + 0.5 PRD2 + 3. XC k = k(56) 3.50E-14
338 XPD2 + RO2X = RO2X + 0.5 PRD2 + 3. XC k = k(56) 3.50E-14
339 XPD2 + MCO3 = MCO3 + PRD2 k = k(70) 1.56E-11
340 XPD2 + RCO3 = RCO3 + PRD2 k = k(70) 1.56E-11
341 XPD2 + BZC3 = BZC3 + PRD2 k = k(70) 1.56E-11
342 XPD2 + MAC3 = MAC3 + PRD2 k = k(70) 1.56E-11
343 XGLY + NO = NO + GLY k= k(52) 9.23E-12
344 XGLY + HO2 =HO2 + 2. XC k = k(53) 7.63E-12
345 XGLY + NO3 = NO3 + GLY k = k(54) 2.30E-12
346 XGLY + MEO2 = MEO2 + 0.5 GLY + XC k = k(55) 2.00E-13
347 XGLY + RO2C =R0O2C + 0.5 GLY + XC k = k(56) 3.50E-14
348 XGLY + RO2X = RO2X + 0.5 GLY + XC k = k(56) 3.50E-14
349 XGLY + MCO3 = MCO3 + GLY k = k(70) 1.56E-11
350 XGLY + RCO3 = RCO3 + GLY k = k(70) 1.56E-11
351 XGLY + BZC3 = BZC3 + GLY k = k(70) 1.56E-11
352 XGLY + MAC3 = MAC3 + GLY k = k(70) 1.56E-11
353 XMGL + NO = NO + MGLY k= k(52) 9.23E-12
354 XMGL + HO2 = HO2 + 3. XC k = k(53) 7.63E-12
355 XMGL + NO3 = NO3 + MGLY k = k(54) 2.30E-12
356 XMGL + MEO2 = MEO2 + 0.5 MGLY + 1.5 XC |k = k(55) 2.00E-13
357 XMGL + RO2C = RO2C + 0.5 MGLY + 1.5 XC k = k(56) 3.50E-14
358 XMGL + RO2X = RO2X + 0.5 MGLY + 1.5 XC k = k(56) 3.50E-14
359 XMGL + MCO3 = MCO3 + MGLY k = k(70) 1.56E-11
360 XMGL + RCO3 = RCO3 + MGLY k = k(70) 1.56E-11
361 XMGL + BZC3 = BZC3 + MGLY k = k(70) 1.56E-11
362 XMGL + MAC3 = MAC3 + MGLY k = k(70) 1.56E-11
363 XBAC + NO = NO + BACL k= k(52) 9.23E-12
364 XBAC + HO2 =HO2 + 4. XC k = k(53) 7.63E-12
365 XBAC + NO3 =NO3 + BACL k = k(54) 2.30E-12
366 XBAC + MEO2 = MEO2 + 0.5 BACL + 2. XC k = k(55) 2.00E-13
367 XBAC + RO2C = R0O2C + 0.5 BACL + 2. XC k = k(56) 3.50E-14
368 XBAC + RO2X = RO2X + 0.5 BACL + 2. XC k = k(56) 3.50E-14
369 XBAC + MCO3 = MCO3 + BACL k = k(70) 1.56E-11
370 XBAC + RCO3 = RCO3 + BACL k = k(70) 1.56E-11
371 XBAC + BZC3 = BZC3 + BACL k = k(70) 1.56E-11
372 XBAC + MAC3 = MAC3 + BACL k = k(70) 1.56E-11
373 XBAL + NO = NO + BALD k= k(52) 9.23E-12
374 XBAL + HO2 =HO2 + 7. XC k = k(53) 7.63E-12
375 XBAL + NO3 = NO3 + BALD k = k(54) 2.30E-12
376 XBAL + MEO2 = MEO2 + 0.5 BALD + 3.5 XC k = k(55) 2.00E-13
377 XBAL + RO2C =R0O2C + 0.5 BALD + 3.5 XC k = k(56) 3.50E-14
378 XBAL + RO2X = RO2X + 0.5 BALD + 3.5 XC k = k(56) 3.50E-14
379 XBAL + MCO3 = MCO3 + BALD k = k(70) 1.56E-11
380 XBAL + RCO3 = RCO3 + BALD k = k(70) 1.56E-11
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381 XBAL + BZC3 = BZC3 + BALD k = k(70) 1.56E-11
382 XBAL + MAC3 = MAC3 + BALD k = k(70) 1.56E-11
383 XAF1 + NO = NO + AFG1 k= k(52) 9.23E-12
384 XAF1 +HO2 =HO2 + 5. XC k = k(53) 7.63E-12
385 XAF1 + NO3 = NO3 + AFG1 k = k(54) 2.30E-12
386 XAF1 + MEO2 = MEO2 + 0.5 AFG1 + 2.5 XC k = k(55) 2.00E-13
387 XAF1 + RO2C = R0O2C + 0.5 AFG1 + 2.5 XC k = k(56) 3.50E-14
388 XAF1 + RO2X = RO2X + 0.5 AFG1 + 2.5 XC k = k(56) 3.50E-14
389 XAF1 + MCO3 = MCO3 + AFG1 k = k(70) 1.56E-11
390 XAF1 + RCO3 = RCO3 + AFG1 k = k(70) 1.56E-11
391 XAF1 + BZC3 = BZC3 + AFG1 k = k(70) 1.56E-11
392 XAF1 + MAC3 = MAC3 + AFG1 k = k(70) 1.56E-11
393 XAF2 + NO = NO + AFG2 k= k(52) 9.23E-12
394 XAF2 + HO2 =HO2 + 5. XC k = k(53) 7.63E-12
395 XAF2 + NO3 = NO3 + AFG2 k = k(54) 2.30E-12
396 XAF2 + MEO2 = MEO2 + 0.5 AFG2 + 2.5 XC k = k(55) 2.00E-13
397 XAF2 + RO2C =R0O2C + 0.5 AFG2 + 2.5 XC k = k(56) 3.50E-14
398 XAF2 + RO2X = RO2X + 0.5 AFG2 + 2.5 XC k = k(56) 3.50E-14
399 XAF2 + MCO3 = MCO3 + AFG2 k = k(70) 1.56E-11
400 XAF2 + RCO3 = RCO3 + AFG2 k = k(70) 1.56E-11
401 XAF2 + BZC3 = BZC3 + AFG2 k = k(70) 1.56E-11
402 XAF2 + MAC3 = MAC3 + AFG2 k = k(70) 1.56E-11
403 XAF3 + NO = NO + AFG3 k= k(52) 9.23E-12
404 XAF3 + HO2 =HO2 + 7. XC k = k(53) 7.63E-12
405 XAF3 + NO3 = NO3 + AFG3 k = k(54) 2.30E-12
406 XAF3 + MEO2 = MEO2 + 0.5 AFG3 + 3.5 XC k = k(55) 2.00E-13
407 XAF3 + RO2C = RO2C + 0.5 AFG3 + 3.5 XC k = k(56) 3.50E-14
408 XAF3 + RO2X = RO2X + 0.5 AFG3 + 3.5 XC k = k(56) 3.50E-14
409 XAF3 + MCO3 = MCO3 + AFG3 k = k(70) 1.56E-11
410 XAF3 + RCO3 = RCO3 + AFG3 k = k(70) 1.56E-11
411 XAF3 + BZC3 = BZC3 + AFG3 k = k(70) 1.56E-11
412 XAF3 + MAC3 = MAC3 + AFG3 k = k(70) 1.56E-11
413 XMAC + NO = NO + MACR k= k(52) 9.23E-12
414 XMAC + HO2 =HO2 + 4. XC k = k(53) 7.63E-12
415 XMAC + NO3 = NO3 + MACR k = k(54) 2.30E-12
416 XMAC + MEO2 = MEO2 + 0.5 MACR + 2. XC k = k(55) 2.00E-13
417 XMAC + RO2C = RO2C + 0.5 MACR + 2. XC k = k(56) 3.50E-14
418 XMAC + RO2X = RO2X + 0.5 MACR + 2. XC k = k(56) 3.50E-14
419 XMAC + MCO3 = MCO3 + MACR k = k(70) 1.56E-11
420 XMAC + RCO3 = RCO3 + MACR k = k(70) 1.56E-11
421 XMAC + BZC3 = BZC3 + MACR k = k(70) 1.56E-11
422 XMAC + MAC3 = MAC3 + MACR k = k(70) 1.56E-11
423 XMVK + NO = NO + MVK k= k(52) 9.23E-12
424 XMVK + HO2 = HO2 + 4. XC k = k(53) 7.63E-12
425 XMVK + NO3 = NO3 + MVK k = k(54) 2.30E-12
426 XMVK + MEO2 = MEO2 + 0.5 MVK + 2. XC k = k(55) 2.00E-13
427 XMVK + RO2C =R02C + 0.5 MVK + 2. XC k = k(56) 3.50E-14
428 XMVK + RO2X = RO2X + 0.5 MVK + 2, XC k = k(56) 3.50E-14
429 XMVK + MCO3 = MCO3 + MVK k = k(70) 1.56E-11
430 XMVK + RCO3 = RCO3 + MVK k = k(70) 1.56E-11
431 XMVK + BZC3 = BZC3 + MVK k = k(70) 1.56E-11
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432 XMVK + MAC3 = MAC3 + MVK k = k(70) 1.56E-11
433 XIPR + NO =NO + IPRD k= k(52) 9.23E-12
434 XIPR + HO2 = HO2 + 5. XC k= k(53) 7.63E-12
435 XIPR + NO3 = NO3 + IPRD k = k(54) 2.30E-12
436 XIPR + MEO2 = MEO2 + 0.5 IPRD + 2.5 XC k = k(55) 2.00E-13
437 XIPR + RO2C = RO2C + 0.5 IPRD + 2.5 XC k = k(56) 3.50E-14
438 XIPR + RO2X = RO2X + 0.5 IPRD + 2.5 XC k = k(56) 3.50E-14
439 XIPR + MCO3 = MCO3 + IPRD k = k(70) 1.56E-11
440 XIPR + RCO3 = RCO3 + IPRD k = k(70) 1.56E-11
441 XIPR + BZC3 = BZC3 + IPRD k = k(70) 1.56E-11
442 XIPR + MAC3 = MAC3 + IPRD k = k(70) 1.56E-11
443 XRN3 + NO = NO + RNO3 k= k(52) 9.23E-12
444 XRN3 + HO2 =HO2 + 6. XC + XN k = k(53) 7.63E-12
445 XRN3 + NO3 = NO3 + RNO3 k = k(54) 2.30E-12
446 XRN3 + MEO2 = MEO2 + 0.5 RNO3 + 0.5 XN + |k = k(55) 2 00E-13

3.XC

447 iEN3 +R0O2C=R0O2C+ 0.5 RNO3 + 0.5 XN + 3. |k = k(56) 3.50E-14
448 iEN3 +R0O2X =RO2X + 0.5 RNO3 + 0.5 XN + 3. |k = k(56) 3.50E-14
449 XRN3 + MCO3 = MCO3 + RNO3 k = k(70) 1.56E-11
450 XRN3 + RCO3 = RCO3 + RNO3 k = k(70) 1.56E-11
451 XRN3 + BZC3 = BZC3 + RNO3 k = k(70) 1.56E-11
452 XRN3 + MAC3 = MAC3 + RNO3 k = k(70) 1.56E-11
453 YRPX + NO =NO k= k(52) 9.23E-12
454 YRPX + HO2 = HO2 + ROOH - 3. XC k = k(53) 7.63E-12
455 YRPX + NO3 =NO3 k = k(54) 2.30E-12
456 YRPX + MEO2 = MEO2 + 0.5 MEK - 2. XC k = k(55) 2.00E-13
457 YRPX + RO2C =R0O2C + 0.5 MEK - 2. XC k = k(56) 3.50E-14
458 YRPX + RO2X = R0O2X + 0.5 MEK - 2. XC k = k(56) 3.50E-14
459 YRPX + MCO3 = MCO3 k = k(70) 1.56E-11
460 YRPX + RCO3 =RCO3 k = k(70) 1.56E-11
461 YRPX + BZC3 = BZC3 k = k(70) 1.56E-11
462 YRPX + MAC3 = MAC3 k = k(70) 1.56E-11
463 Y6PX + NO =NO k= k(52) 9.23E-12
464 Y6PX + HO2 = HO2 + R6PX - 6. XC k = k(53) 7.63E-12
465 Y6PX + NO3 = NO3 k = k(54) 2.30E-12
466 Y6PX + MEO2 = MEO2 + 0.5 PRD2 - 3. XC k = k(55) 2.00E-13
467 Y6PX + RO2C = R0O2C + 0.5 PRD2 - 3. XC k = k(56) 3.50E-14
468 Y6PX + RO2X = RO2X + 0.5 PRD2 - 3. XC k = k(56) 3.50E-14
469 Y6PX + MCO3 = MCO3 k = k(70) 1.56E-11
470 Y6PX + RCO3 = RCO3 k = k(70) 1.56E-11
471 Y6PX + BZC3 = BZC3 k = k(70) 1.56E-11
472 Y6PX + MAC3 = MAC3 k = k(70) 1.56E-11
473 YAPX + NO = NO k= k(52) 9.23E-12
474 YAPX + HO2 = HO2 + RAPX - 8. XC k = k(53) 7.63E-12
475 YAPX + NO3 = NO3 k = k(54) 2.30E-12
476 YAPX + MEO2 = MEO2 + 0.5 PRD2 - 3. XC k = k(55) 2.00E-13
477 YAPX + RO2C = RO2C + 0.5 PRD2 - 3. XC k = k(56) 3.50E-14
478 YAPX + RO2X = RO2X + 0.5 PRD2 - 3. XC k = k(56) 3.50E-14
479 YAPX + MCO3 = MCO3 k = k(70) 1.56E-11
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480 YAPX + RCO3 = RCO3 k = k(70) 1.56E-11
481 YAPX + BZC3 = BZC3 k = k(70) 1.56E-11
482 YAPX + MAC3 = MAC3 k = k(70) 1.56E-11
483 ZRN3 + NO =NO + RNO3 - 1. XN k= k(52) 9.23E-12
484 ZRN3 + HO2 =HO2 + 6. XC k = k(53) 7.63E-12
485 ZRN3 + NO3 = NO3 + PRD2 + HO2 k = k(54) 2.30E-12
486 ZRN3 + MEO2 = MEO2 + 0.5 PRD2 + 0.5 HO2 + |k = k(55) 5 00E-13
3.XC
487 ZRN3 + RO2C =R0O2C+0.5 PRD2 + 0.5 HO2 + |k = k(56) 3.50E-14
3.XC
488 iR)I:Ig +R0O2X =RO2X + 0.5 PRD2 + 0.5 HO2 + |k = k(56) 3.50E-14
489 ZRN3 + MCO3 = MCO3 + PRD2 + HO2 k = k(70) 1.56E-11
490 ZRN3 + RCO3 = RCO3 + PRD2 + HO2 k = k(70) 1.56E-11
491 ZRN3 + BZC3 = BZC3 + PRD2 + HO2 k = k(70) 1.56E-11
492 ZRN3 + MAC3 = MAC3 + PRD2 + HO2 k = k(70) 1.56E-11
493 XGLD + NO =NO + GLYD k= k(52) 9.23E-12
494 XGLD + HO2 = HO2 + 2. XC k = k(53) 7.63E-12
495 XGLD + NO3 =NO3 + GLYD k = k(54) 2.30E-12
496 XGLD + MEO2 = MEO2 + 0.5 GLYD + XC k = k(55) 2.00E-13
497 XGLD + RO2C = RO2C + 0.5 GLYD + XC k = k(56) 3.50E-14
498 XGLD + RO2X = RO2X + 0.5 GLYD + XC k = k(56) 3.50E-14
499 XGLD + MCO3 = MCO3 + GLYD k = k(70) 1.56E-11
500 XGLD + RCO3 =RCO3 + GLYD k = k(70) 1.56E-11
501 XGLD + BZC3 = BZC3 + GLYD k = k(70) 1.56E-11
502 XGLD + MAC3 = MAC3 + GLYD k = k(70) 1.56E-11
503 XACR + NO = NO + ACRO k= k(52) 9.23E-12
504 XACR + HO2 =HO2 + 3. XC k = k(53) 7.63E-12
505 XACR + NO3 =NO3 + ACRO k = k(54) 2.30E-12
506 XACR + MEO2 = MEO2 + 0.5 ACRO + 1.5 XC k = k(55) 2.00E-13
507 XACR + RO2C =R0O2C + 0.5 ACRO + 1.5 XC k = k(56) 3.50E-14
508 XACR + RO2X =R0O2X + 0.5 ACRO + 1.5 XC k = k(56) 3.50E-14
509 XACR + MCO3 = MCO3 + ACRO k = k(70) 1.56E-11
510 XACR + RCO3 = RCO3 + ACRO k = k(70) 1.56E-11
511 XACR + BZC3 = BZC3 + ACRO k = k(70) 1.56E-11
512 XACR + MAC3 = MAC3 + ACRO k = k(70) 1.56E-11
513 CH4 + OH = MEO2 k = 1.85E-12 exp(-1690/T) 6.62E-15
514 ETHE + OH = XHO2 + RO2C + 1.61 XHCH + Falloff: F=0.6; n=1
0.195 XGLD + YRPX k(0) = 1.00E-28 (T/300)*-4.5 8.15E-12
k(inf) = 8.80E-12 (T/300)*-0.85
515 ETHE+03=0.16 HO2+0.16 OH+0.51 CO + |k =9.14E-15 exp(-2580/T) 1.68E-18
0.12 CO2 + HCHO + 0.37 FACD )
516 ETHE + NO3 = XHO2 + RO2C + XRCH + YRPX + |k =3.30E-12 (T/300)"2 exp(-2880/T)
2.24E-16
XN - 1. XC
517 ETHE + O3P = 0.8 HO2 + 0.29 XHO2 + 0.51 k = 1.07E-11 exp(-800/T)
MEO2 + 0.29 RO2C + 0.51 CO + 0.278 XCO + 2 43E-13
0.278 XHCH + 0.1 CCHO + 0.012 XGLY + 0.29
YRPX + 0.2 XC
518 PRPE + OH =0.984 XHO2 + 0.984 RO2C + k = 4.85E-12 exp(504/T)
0.016 RO2X + 0.016 ZRN3 + 0.984 XHCH + 2.60E-11
0.984 XCCH + YRPX - 0.048 XC
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519

PRPE + 03 = 0.165 HO2 + 0.35 OH + 0.355
MEO2 +0.525 CO +0.215 CO2 + 0.5 HCHO +
0.5 CCHO +0.185 FACD + 0.075 AACD + 0.07
XC

k = 5.51E-15 exp(-1878/T)

1.05E-17

520

PRPE + NO3 =0.949 XHO2 + 0.949 RO2C +
0.051 RO2X + 0.051 ZRN3 + YRPX + XN + 2.694
XC

k = 4.59E-13 exp(-1156/T)

9.73E-15

521

PRPE + O3P = 0.45 RCHO + 0.55 MEK - 0.55 XC

k = 1.02E-11 exp(-280/T)

4.01E-12

522

BD13 + OH =0.951 XHO2 + 1.189 RO2C +
0.049 RO2X + 0.049 ZRN3 + 0.708 XHCH + 0.48
XACR +0.471 XIPR + YRPX - 0.797 XC

k = 1.48E-11 exp(448/T)

6.59E-11

523

BD13 + 03 =0.08 HO2 + 0.08 OH + 0.255 CO +
0.185 CO2 + 0.5 HCHO + 0.185 FACD + 0.5
ACRO +0.375 MVK + 0.125 PRD2 - 0.875 XC

k = 1.34E-14 exp(-2283/T)

6.64E-18

524

BD13 + NO3 =0.815 XHO2 + 0.12 XNO2 +
1.055 RO2C + 0.065 RO2X + 0.065 ZRN3 +
0.115 XHCH + 0.46 XMVK + 0.12 XIPR + 0.355
XRN3 + YRPX + 0.525 XN - 1.075 XC

k = 1.00E-13

1.00E-13

525

BD13 + O3P =0.25HO2 + 0.117 XHO2 + 0.118
XMA3 +0.235 RO2C + 0.015 RO2X + 0.015
ZRN3 +0.115 XCO + 0.115 XACR + 0.001 XAF1
+0.001 XAF2 +0.75 PRD2 + 0.25 YRPX - 1.532
XC

k = 2.26E-11 exp(-40/T)

1.98E-11

526

ISOP + OH = 0.907 XHO2 + 0.986 RO2C + 0.093
RO2X +0.093 ZRN3 + 0.624 XHCH + 0.23
XMAC +0.32 XMVK + 0.357 XIPR + Y6PX -
0.167 XC

k = 2.54E-11 exp(410/T)

9.96E-11

527

ISOP + 03 =0.066 HO2 + 0.266 OH + 0.192
XMA3 +0.192 RO2C + 0.008 RO2X + 0.008
ZRN3 +0.275 CO +0.122 CO2 + 0.4 HCHO +
0.192 XHCH + 0.204 FACD + 0.39 MACR +0.16
MVK + 0.15 IPRD + 0.1 PRD2 + 0.2 Y6PX -
0.559 XC

k = 7.86E-15 exp(-1912/T)

1.34E-17

528

ISOP + NO3 =0.749 XHO2 + 0.187 XNO2 +
0.936 RO2C + 0.064 RO2X + 0.064 ZRN3 +
0.936 XIPR + Y6PX + 0.813 XN - 0.064 XC

k = 3.03E-12 exp(-448/T)

6.81E-13

529

ISOP + O3P =0.25 MEO2 + 0.24 XMA3 + 0.24
RO2C + 0.01 RO2X + 0.01 ZRN3 + 0.24 XHCH +
0.75 PRD2 + 0.25 Y6PX - 1.01 XC

k =3.50E-11

3.50E-11

530

APIN + OH = 0.799 XHO2 + 0.004 XRC3 + 1.042
RO2C +0.197 RO2X + 0.197 ZRN3 + 0.002 XCO
+0.022 XHCH + 0.776 XRCH + 0.034 XACE +
0.02 XMGL + 0.023 XBAC + Y6PX + 6.2 XC

k =1.21E-11 exp(436/T)

5.18E-11

531

APIN + 03 =0.009 HO2 + 0.102 XHO2 + 0.728
OH +0.001 XMC3 +0.297 XRC3 + 1.511 RO2C
+0.337 RO2X + 0.337 ZRN3 + 0.029 CO +
0.051 XCO +0.017 CO2 + 0.344 XHCH + 0.24
XRCH + 0.345 XACE + 0.008 MEK + 0.002 XGLY
+0.081 XBAC + 0.255 PRD2 + 0.737 Y6PX +
2.999 XC

k = 5.00E-16 exp(-530/T)

8.55E-17
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532

APIN + NO3 =0.056 XHO2 + 0.643 XNO2 +
0.007 XRC3 +1.05 RO2C + 0.293 RO2X + 0.293
ZRN3 + 0.005 XCO +0.007 XHCH + 0.684 XRCH
+0.069 XACE + 0.002 XMGL + 0.056 XRN3 +
Y6PX +0.301 XN + 5.608 XC

k =1.19E-12 exp(490/T)

6.09E-12

533

APIN + O3P = PRD2 + 4. XC

k =3.20E-11

3.20E-11

534

ACYE+OH=0.3H02+0.70H+0.3CO0+0.3
FACD + 0.7 GLY

Falloff: F=0.6; n=1
k(0) = 5.50E-30 (T/300)"-2
k(inf) = 8.30E-13

7.56E-13

535

ACYE+03=15H02+0.50H+1.5C0O0+0.5
Co2

k = 1.00E-14 exp(-4100/T)

1.16E-20

536

BENZ + OH =0.57 HO2 + 0.29 XHO2 + 0.116
OH +0.29 RO2C + 0.024 RO2X + 0.024 ZRN3 +
0.29 XGLY + 0.57 CRES + 0.029 XAF1 + 0.261
XAF2 +0.116 AFG3 + 0.314 YAPX - 0.976 XC

k = 2.33E-12 exp(-193/T)

1.22E-12

537

TOLU + OH =0.181 HO2 + 0.454 XHO2 + 0.312
OH +0.454 RO2C + 0.054 RO2X + 0.054 ZRN3
+0.238 XGLY + 0.151 XMGL + 0.181 CRES +
0.065 XBAL +0.195 XAF1 + 0.195 XAF2 + 0.312
AFG3 +0.073 Y6PX + 0.435 YAPX - 0.109 XC

k = 1.81E-12 exp(338/T)

5.58E-12

538

MXYL + OH = 0.159 HO2 + 0.52 XHO2 + 0.239
OH +0.52 RO2C + 0.082 RO2X + 0.082 ZRN3 +
0.1 XGLY +0.38 XMGL + 0.159 CRES + 0.041
XBAL + 0.336 XAF1 + 0.144 XAF2 + 0.239 AFG3
+0.047 Y6PX + 0.555 YAPX + 0.695 XC

k=2.31E-11

2.31E-11

539

OXYL+ OH =0.161 HO2 + 0.554 XHO2 + 0.198
OH +0.554 RO2C + 0.087 RO2X + 0.087 ZRN3
+0.084 XGLY + 0.238 XMGL + 0.185 XBAC +
0.161 CRES + 0.047 XBAL + 0.253 XAF1 + 0.253
XAF2 +0.198 AFG3 + 0.055 Y6PX + 0.586 YAPX
+0.484 XC

k=1.36E-11

1.36E-11

540

PXYL+ OH =0.159 HO2 + 0.487 XHO2 + 0.278
OH +0.487 RO2C + 0.076 RO2X + 0.076 ZRN3
+0.286 XGLY +0.112 XMGL + 0.159 CRES +
0.088 XBAL + 0.045 XAF1 + 0.067 XAF2 + 0.278
AFG3 +0.286 XAF3 + 0.102 Y6PX + 0.461 YAPX
+0.399 XC

k=1.43E-11

1.43E-11

541

B124 + OH =0.022 HO2 + 0.627 XHO2 + 0.23
OH +0.627 RO2C + 0.121 RO2X + 0.121 ZRN3
+0.074 XGLY + 0.405 XMGL + 0.112 XBAC +
0.022 CRES + 0.036 XBAL + 0.088 XAF1 + 0.352
XAF2 +0.23 AFG3 + 0.151 XAF3 + 0.043 Y6PX
+0.705 YAPX + 1.19 XC

k=3.25E-11

3.25E-11

542

ETOH + OH = 0.95 HO2 + 0.05 XHO2 + 0.05
RO2C + 0.081 XHCH + 0.95 CCHO + 0.01 XGLD
+0.05 YRPX - 0.001 XC

k = 5.49E-13 (T/300)"2 exp(530/T)

3.21E-12

543

ALK1 + OH = XHO2 + RO2C + XCCH + YRPX

k = 1.34E-12 (T/300)*2 exp(-499/T)

2.54E-13

544

ALK2 + OH = 0.965 XHO2 + 0.965 RO2C +
0.035 RO2X + 0.035 ZRN3 + 0.261 XRCH +
0.704 XACE + YRPX - 0.105 XC

k = 1.49E-12 (T/300)*2 exp(-87/T)

1.11E-12
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k300

545

ALK3 + OH = 0.695 XHO2 + 0.236 XTBU +
1.253 RO2C +0.07 RO2X + 0.07 ZRN3 + 0.026
XHCH + 0.445 XCCH +0.122 XRCH + 0.024
XACE + 0.332 XMEK + 0.983 YRPX + 0.017
Y6PX - 0.046 XC

k=1.51E-12 exp(126/T)

2.30E-12

546

ALK4 + OH = 0.83 XHO2 + 0.01 XMEO + 0.011
XMC3 +1.763 RO2C + 0.149 RO2X + 0.149
ZRN3 + 0.002 XCO +0.029 XHCH + 0.438 XCCH
+0.236 XRCH + 0.426 XACE + 0.106 XMEK +
0.146 XPD2 + Y6PX - 0.119 XC

k = 3.75E-12 exp(44/T)

4.34E-12

547

ALKS5 + OH = 0.647 XHO2 + 1.605 RO2C +
0.353 RO2X + 0.353 ZRN3 + 0.04 XHCH + 0.106
XCCH + 0.209 XRCH + 0.071 XACE + 0.086
XMEK +0.407 XPD2 + Y6PX + 2.004 XC

k = 2.70E-12 exp(374/T)

9.39E-12

548

OLE1 + OH =0.871 XHO2 + 0.001 XMEO +
1.202 RO2C + 0.128 RO2X + 0.128 ZRN3 +
0.582 XHCH + 0.01 XCCH + 0.007 XGLD + 0.666
XRCH + 0.007 XACE + 0.036 XACR + 0.001
XMAC +0.012 XMVK + 0.009 XIPR + 0.168
XPD2 + 0.169 YRPX + 0.831 Y6PX + 0.383 XC

k = 6.72E-12 exp(501/T)

3.57E-11

549

OLE1 + 03 =0.095 HO2 + 0.057 XHO2 + 0.128
OH +0.09 RO2C + 0.005 RO2X + 0.005 ZRN3 +
0.303 CO +0.088 CO2 + 0.5 HCHO +0.011
XCCH + 0.5 RCHO + 0.044 XRCH + 0.003 XACE
+0.009 MEK + 0.185 FACD + 0.159 PACD +
0.268 PRD2 + 0.011 YRPX + 0.052 Y6PX + 0.11
XC

k = 3.19E-15 exp(-1701/T)

1.10E-17

550

OLE1 +NO3 =0.772 XHO2 + 1.463 RO2C +
0.228 RO2X +0.228 ZRN3 + 0.013 XCCH +
0.003 XRCH +0.034 XACE + 0.774 XRN3 +
0.169 YRPX + 0.831 Y6PX + 0.226 XN - 1.149
XC

k =5.37E-13 exp(-1047/T)

1.64E-14

551

OLE1 + O3P =0.45 RCHO + 0.39 MEK + 0.16
PRD2 +1.13 XC

k=1.61E-11 exp(-326/T)

5.43E-12

552

OLE2 + OH =0.912 XHO2 + 0.953 RO2C +
0.088 RO2X + 0.088 ZRN3 + 0.179 XHCH +
0.835 XCCH + 0.51 XRCH + 0.144 XACE + 0.08
XMEK +0.002 XMVK + 0.012 XIPR + 0.023
XPD2 + 0.319 YRPX + 0.681 Y6PX + 0.135 XC

k=1.26E-11 exp(488/T)

6.41E-11

553

OLE2 + 03 = 0.094 HO2 + 0.041 XHO2 + 0.443
OH +0.307 MEO2 + 0.156 XMC3 + 0.008 XRC3
+0.212 RO2C + 0.003 RO2X + 0.003 ZRN3 +
0.299CO +0.161 CO2 +0.131 HCHO +0.114
XHCH + 0.453 CCHO + 0.071 XCCH + 0.333
RCHO +0.019 XRCH + 0.051 ACET + 0.033
MEK + 0.001 XMEK + 0.024 FACD + 0.065
AACD + 0.235 PACD +0.037 PRD2 + 0.073
YRPX +0.136 Y6PX + 0.16 XC

k = 8.59E-15 exp(-1255/T)

1.31E-16
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554

OLE2 + NO3 =0.4 XHO2 + 0.426 XNO2 + 0.035
XMEO + 1.193 RO2C + 0.14 RO2X + 0.14 ZRN3
+0.072 XHCH + 0.579 XCCH + 0.163 XRCH +
0.116 XACE + 0.002 XMEK + 0.32 XRN3 +
0.319 YRPX + 0.681 Y6PX + 0.254 XN + 0.13 XC

k = 2.31E-13 exp(382/T)

8.25E-13

555

OLE2 + O3P =0.079 RCHO +0.751 MEK + 0.17
PRD2 +0.739 XC

k = 1.43E-11 exp(111/T)

2.07E-11

556

ARO1 + OH =0.123 HO2 + 0.566 XHO2 + 0.202
OH +0.566 RO2C + 0.11 RO2X + 0.11 ZRN3 +
0.158 XGLY + 0.1 XMGL + 0.123 CRES + 0.072
XAF1 + 0.185 XAF2 + 0.202 AFG3 + 0.309 XPD2
+0.369 Y6PX + 0.31 XC

k=7.84E-12

7.84E-12

557

ARO2 + OH =0.077 HO2 + 0.617 XHO2 + 0.178
OH +0.617 RO2C + 0.128 RO2X + 0.128 ZRN3
+0.088 XGLY +0.312 XMGL + 0.134 XBAC +
0.077 CRES +0.026 XBAL + 0.221 XAF1 + 0.247
XAF2 +0.178 AFG3 + 0.068 XAF3 + 0.057 XPD2
+0.101 Y6PX + 1.459 XC

k =3.09E-11

3.09E-11

558

TERP + OH = 0.734 XHO2 + 0.064 XRC3 +1.211
RO2C +0.201 RO2X + 0.201 ZRN3 + 0.001 XCO
+0.411 XHCH + 0.385 XRCH + 0.037 XACE +
0.007 XMEK + 0.003 XMGL + 0.009 XBAC +
0.003 XMVK + 0.002 XIPR + 0.409 XPD2 + Y6PX
+4.375 XC

k=2.27E-11 exp(435/T)

9.68E-11

559

TERP + 03 = 0.078 HO2 + 0.046 XHO2 + 0.499
OH +0.202 XMC3 + 0.059 XRC3 + 0.49 RO2C +
0.121 RO2X +0.121 ZRN3 + 0.249 CO + 0.063
CO2 +0.127 HCHO + 0.033 XHCH + 0.208
XRCH + 0.057 XACE + 0.002 MEK + 0.172 FACD
+0.068 PACD + 0.003 XMGL + 0.039 XBAC +
0.002 XMAC + 0.001 XIPR + 0.502 PRD2 +
0.428 Y6PX + 3.852 XC

k = 8.28E-16 exp(-785/T)

6.05E-17

560

TERP + NO3 =0.227 XHO2 + 0.287 XNO2 +
0.026 XRC3 +1.786 RO2C + 0.46 RO2X + 0.46
ZRN3 + 0.012 XCO + 0.023 XHCH + 0.002 XGLD
+0.403 XRCH + 0.239 XACE + 0.005 XMAC +
0.001 XMVK + 0.004 XIPR + 0.228 XRN3 +
Y6PX +0.485 XN + 3.785 XC

k = 1.33E-12 exp(490/T)

6.81E-12

561

TERP + O3P =0.237 RCHO + 0.763 PRD2 +
4.711 XC

k=4.02E-11

4.02E-11

562

SESQ + OH =0.734 XHO2 + 0.064 XRC3 +
1.211 RO2C + 0.201 RO2X + 0.201 ZRN3 +
0.001 XCO +0.411 XHCH + 0.385 XRCH +
0.037 XACE + 0.007 XMEK + 0.003 XMGL +
0.009 XBAC + 0.003 XMVK + 0.002 XIPR +
0.409 XPD2 + Y6PX +9.375 XC

k= k(558)

9.68E-11
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563

SESQ + 03 =0.078 HO2 + 0.046 XHO2 + 0.499
OH + 0.202 XMC3 + 0.059 XRC3 + 0.49 RO2C +
0.121 RO2X +0.121 ZRN3 + 0.249 CO + 0.063
C0O2 +0.127 HCHO + 0.033 XHCH + 0.208
XRCH + 0.057 XACE + 0.002 MEK + 0.172 FACD
+0.068 PACD + 0.003 XMGL + 0.039 XBAC +
0.002 XMAC + 0.001 XIPR + 0.502 PRD2 +
0.428 Y6PX + 8.852 XC

k = k(559)

6.05E-17

564

SESQ + NO3 =0.227 XHO2 + 0.287 XNO2 +
0.026 XRC3 + 1.786 RO2C + 0.46 RO2X + 0.46
ZRN3 + 0.012 XCO +0.023 XHCH + 0.002 XCCH
+0.403 XRCH + 0.239 XACE + 0.005 XMAC +
0.001 XMVK + 0.004 XIPR + 0.228 XRN3 +
Y6PX +0.485 XN + 8.785 XC

k= k(560)

6.81E-12

565

SESQ + O3P =0.237 RCHO + 0.763 PRD2 +
9.711 XC

k= kise1) 4.02E-11

566

GLY = CGLY

k = 1.00E-6 1.00E-6

567

MGLY = CGLY

k = 1.00E-6 1.00E-6
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Table E-2. Explicit species in the SAPRCO7TC mechanism.

Species Name Description

BD13 1,3-butadiene

AACD Acetic acid

ACET Acetone

ACRO Acrolein

ACYE Acetylene

AFG1 Lumped photoreactive monounsaturated dicarbonyl
aromatic fragmentation products that photolyze to form
radicals

AFG2 Lumped photoreactive monounsaturated dicarbonyl
aromatic fragmentation products that photolyze to form
non-radical products

AFG3 Lumped diunsaturatred dicarbonyl aromatic fragmentation
product.

ALK1 Alkanes and other non-aromatic compounds that react only
with OH, and have kon between 2 and 5E2 ppm™ min.
(Primarily ethane)

ALK2 Alkanes and other non-aromatic compounds that react only
with OH, and have kon between 5E2 and 2.5E3 ppm™ min™.
(Primarily propane and acetylene)

ALK3 Alkanes and other non-aromatic compounds that react only
with OH, and have kon between 2.5E3 and 5E3 ppm™ min™.

ALK4 Alkanes and other non-aromatic compounds that react only
with OH, and have kon between 5E3 and 1E4 ppm™ min™.,

ALK5 Alkanes and other non-aromatic compounds that react only
with OH, and have kon greater than 1E4 ppm™ min'L,

APIN a-pinene

ARO1 Aromatics with kon < 2E4 ppm™ minL,

ARO2 Aromatics with kon > 2E4 ppm™ minL,

B124 1,2,4-trimethyl benzene

BACL Biacetyl

BALD Aromatic aldehydes (e.g., benzaldehyde)

BENZ Benzene

BzZC3 Peroxyacyl radical formed from Aromatic Aldehydes

BzZO Phenoxy Radicals

CCHO Acetaldehyde

CGLY Condensible SOA product from GLY/MGLY oxidation

CO3H Peroxyacetic acid

CH4 Methane

Cco Carbon Monoxide

Cc0o2 Carbon Dioxide

COOH Methyl Hydroperoxide

CRES Phenols and Cresols

ETHE Ethene

ETOH Ethanol

FACD Formic Acid

GLY Glyoxal

H2 Hydrogen

H20 Water

HCHO Formaldehyde

HNO3 Nitric Acid
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Species Name Description

PNA Peroxynitric Acid

HO2 Hydroperoxide Radicals

H202 Hydrogen Peroxide

GLYD Glycolaldehyde

HONO Nitrous Acid

IPRD Lumped isoprene product species

ISOP Isoprene

M Atmospheric pressure

MAC3 Peroxyacyl radicals formed from methacrolein and other
acroleins.

MACR Methacrolein

MPAN PAN analogue formed from Methacrolein

MCO3 Acetyl Peroxy Radicals

MEK Ketones and other non-aldehyde oxygenated products
which react with OH radicals faster than 5E-13 but slower
than 5E-12 cm3 molec? sec. (Based on mechanism for
methyl ethyl ketone).

MEO2 Methyl Peroxy Radicals

MEOH Methanol

MGLY Methyl Glyoxal

MVK Methyl Vinyl Ketone

MXYL m-xylene

N205 Nitrogen Pentoxide

NO Nitric Oxide

NO2 Nitrogen Dioxide

NO3 Nitrate Radical

NPHE Nitrophenols

01D Excited Oxygen Atoms

02 Oxygen

03 Ozone

o3p Ground State Oxygen Atoms

OH Hydroxyl Radicals

OLE1 Alkenes (other than ethene) with kon < 7E4 ppm™ min.

OLE2 Alkenes with kow > 7E4 ppm™* mint,

OXYL o-xylene

PACD Propanoic acid

PAN Peroxy Acetyl Nitrate

PAN2 PPN and other higher alkyl PAN analogues

PBZN PAN analogues formed from Aromatic Aldehydes

PRD2 Ketones and other non-aldehyde oxygenated products
which react with OH radicals faster than 5E-12 cm® molec™?
sec!

PRPE Propene

PXYL p-xylene

R6PX Lumped organic hydroperoxides with 5 or more carbons
(other than those formed following OH addition to aromatic
rings, which is reprsented separately). Mechanism based on
that estimated for 3-hexyl hydroperoxide.

RAPX Organic hydroperoxides formed following OH addition to
aromatic rings, which is reprsented separately because of
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Species Name Description
their probable role in SOA formation. Mechanism based on
two isomers expected to be formed in the m-xylene system.

RCHO Lumped C3+ Aldehydes (mechanism based on
propionaldehyde)

RCO3 Peroxy Propionyl and higher peroxy acyl Radicals

RO3H Higher organic peroxy acids (mechanism based on
peroxypropionic acid).

RNO3 Lumped Organic Nitrates

RO2C Peroxy Radical Operator representing NO to NO2 and NO3
to NO2 conversions, and the effects of peroxy radical
reactions on acyl peroxy and other peroxy radicals.

RO2X Peroxy Radical Operator representing NO consumption
(used in conjunction with organic nitrate formation), and
the effects of peroxy radical reactions on NO3, acyl peroxy
radicals, and other peroxy radicals.

ROOH Lumped organic hydroperoxides with 2-4 carbons.
Mechanism based on that estimated for n-propyl
hydroperoxide.

SESQ Sesquiterpenes

S02 Sulfur Dioxide

SULF Sulfates (SO3 or H2504)

TBUO t-Butoxy Radicals

TERP Terpenes

TOLU Toluene

XACE As for xHO2

XACR As for xHO2

XAF1 As for xHO2

XAF2 As for xHO2

XAF3 As for xHO2

XBAC As for xHO2

XBAL As for xHO2

XC Lost Carbon or carbon in unreactive products

XCCH As for xHO2

XCO As for xHO2

XGLY As for xHO2

XHCH As for xHO2

XHO2 Formation of HO2 from alkoxy radicals formed in peroxy
radical reactions with NO and NO3 (100% yields) and RO2
(50% yields)

XGLD As for xHO2

XIPR As for xHO2

XMA3 As for xHO2

XMAC As for xHO2

XMC3 As for xHO2

XMEK As for xHO2

XMEO As for xHO2

XMGL As for xHO2

XMVK As for xHO2

XN Lost Nitrogen or nitrogen in unreactive products

XNO2 As for xHO2

XOH As for xHO2
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Species Name Description
XPD2 As for xHO2
XRCH As for xHO2
XRC3 As for xHO2
XRN3 As for xHO2
XTBU As for xHO2
Y6PX As for ROOH, but for R6PX
YAPX As for ROOH, but for RAPX
YRPX Formation of ROOH following RO2 + HO2 reactions
ZRN3 Formation of RNO3 in the RO2 + NO, reaction.
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