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1. INTRODUCTION

Airborne particulate matter (PM) is an important issue because it has been linked to health
problems, causes degradation in visibility and is a source of acid deposition (EPA, 2003). In
recent years, the emphasis in controlling PM pollution has shifted toward problems associated
with fine PM (PM2 5 with particle diameter less than 2.5 um) because it is more strongly
associated with serious health effects than coarse PM and more causes greater visibility
degradation than coarse PM. Knowing what sources contribute to fine PM, s is essential for
developing effective PM control strategies.

Many components of PM, s are secondary pollutants whose formation rate is governed by
atmospheric photochemistry. Thus, photochemical grid models are important tools for PM air
quality planning. The Comprehensive Air quality Model with extensions (CAMx; ENVIRON,
2004) is one of the photochemical grid models being used by the Regional Planning
Organizations (RPOs) to model PM pollution and visibility impairment.

Source apportionment for primary PM is relatively simple to obtain from any air pollution model
because the source-receptor relationships are essentially linear and do not depend on other
sources. Gaussian steady-state models and Lagrangian puff models have been used extensively
in the past to model primary PM pollution from specific sources, which is source-apportionment.
The Gaussian and Lagrangian approaches work for primary PM because the models can assume
that emissions from separate sources do not interact. This assumption breaks down for
secondary PM pollutants (e.g., sulfate, nitrate, ammonium, secondary organic aerosol). Puff
models may dramatically simplify the chemistry of secondary PM formation (Morris, Lau and
Koo, 2005) to eliminate interactions between sources so that they can be applied for secondary
PM.

Eulerian photochemical grid models are better suited to modeling secondary pollutants than
Lagrangian puff models because they account for chemical interactions between sources by
incorporating full gas/aqueous/aerosol chemistry. Grid models do not naturally provide source
apportionment because the impact of all sources has been combined to obtain the total pollutant
concentration. Reactive tracer methods, also called tagged species methods, can overcome this
limitation by adding extra species to the grid model to trace the contributions of specific sources.
The main challenge in developing these reactive tracer methods is assigning the effects of non-
linear chemistry, that are calculated for the total concentration fields, to the reactive tracers for
individual sources.

This report describes the development and testing of a new reactive tracer method for PM source
apportionment called Particulate Matter Source Apportionment Technology (PSAT). PSAT has
been implemented in CAMX to provide source apportionment for primary and secondary PM
species to geographic source regions, emissions source categories, and individual sources. PM
source apportionment information from PSAT can be used for:

e Understanding model performance for PM species and thereby improving model inputs
and or model formulation.

e Culpability assessments to identify what sources contribute significantly to PM and
visibility problems
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e Designing the most efficient and cost-effective PM and visibility control strategies.

As with all photochemical modeling, PSAT source apportionment results need to be interpreted
in the light of base-case model performance. For example, if the base-case model performance
evaluation shows that nitrates are over-predicted, possible causes include excess ammonia or
excess nitric acid (i.e., NOx emissions) due to errors in the emissions inventory. Since emissions
errors are likely to affect some source categories more than others, a nitrate model performance
problem would suggest that some nitrate and/or ammonium source contributions are too high.
Another example; if base-case modeling shows significant under-prediction for organic carbon
and, these modeled source contributions are suspect because there may be missing sources of
organic carbon.

PSAT source apportionment information should be used in combination with other sources of
information, such as sensitivity analyses and application of observation based methods (e.g.,
PMF, UNMIX, and CMB), to guide control strategy development using a “weight-of-evidence”
approach.
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2. APPROACHES TO PM SOURCE ATTRIBUTION IN GRID MODELS

Several potential approaches were considered at the PSAT design stage and these are discussed
below. The approaches considered fall into two general categories, which we have called
sensitivity analysis and reactive tracers. The reactive tracer approaches also could be called
tagged species approaches. This section concludes with a discussion of fundamental differences
between sensitivity analysis and source apportionment in non-linear systems that explains why
these two concepts should not be confused for secondary pollutants.

SENSITIVITY ANALYSIS METHODS

Sensitivity analysis methods measure the model output response to an input change, e.g., the
change in sulfate concentration due to a change in SO, emissions. In general, sensitivity
methods will not provide source apportionment if the relationship between model input and
output is non-linear, as discussed in more detail below. For example, if sulfate formation is non-
linearly related to SO, emissions, the sum of sulfate (SO4) sensitivities over all SO, sources will
not equal the model total sulfate concentration. This concept is discussed in more depth later in
this section.

Brute Force or Direct Method

The brute force method estimates first-order sensitivity coefficients (e.g., ASO4/ASQO;) by
making a small input change (ASO;) and measuring the change in model output (ASO4). This
method is simple and can be applied to any model, but is inefficient because a complete model
run is required for each sensitivity coefficient to be determined. Accuracy also may be an issue
for the brute force method because ideally the input change (ASOXx) should be vanishingly small,
but for small input changes the output change may be contaminated by numerical precision or
model “noise.” For larger input changes, first-order sensitivities estimated by the brute force
method may be distorted by non-linear chemical effects, e.g., a brute force coefficient
(ASO4/ASO,) may be a mixture of first-order (dS04/dSO.) and second-order (d°SO4/d*S0O,)
derivatives. Higher-order sensitivity coefficients also can be estimated by the brute force
method.

Zero-Out Modeling

The zero-out method differs from the brute force method in that a specific emissions input is set
to zero and the change in output measured. Zero-out modeling can be used with any model but
is inefficient because a complete model simulation is required for each source. Accuracy also
may be an issue if the zero-out method is applied to a small emissions source. This method has
been used extensively for source attribution because it seems intuitively obvious that removing a
source should reveal the source’s impact. However, because zero-out modeling is a sensitivity
method it does not provide source apportionment for non-linear systems because the sum of
zero-out impacts over all sources will not equal the total concentration, as discussed in more
depth later in this section.
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Decoupled Direct Method (DDM)

The DDM provides the same type of sensitivity information as the brute force method but using
a computational method that is directly implemented in the host model (Dunker, 1981). The
DDM has potential advantages of greater efficiency and accuracy relative to the brute force
method (Dunker at al., 2002a) and the DDM implementation in CAMXx (Dunker at al., 2002a,b)
is currently being extended to PM species. DDM also has been implemented in the CIT model
for ozone (Yang et al., 1997) and this implementation is being extended to PM in EPA’s
Community Multiscale Air Quality (CMAQ) modeling system (Cohan et al., 2002).
Drawbacks of DDM are that the implementation is technically challenging, that using DDM for
many sensitivities simultaneously requires large computer memory, and because DDM is a
sensitivity method, it does not provide source apportionment for non-linear systems unless
higher-order sensitivities are calculated.

Other Sensitivity Methods

There are other sensitivity methods that provide similar information to DDM such as adjoint
methods (e.g., Menut at al., 2000; Elbern and Schmidt, 1999) and automatic differentiation in
FORTRAN (ADIFOR). They have similar advantages and disadvantages as DDM but may be
less computationally efficient (Dunker et al., 2002a).

REACTIVE TRACER METHODS

Reactive tracers (or tagged species) are extra species added to a grid model to track pollutants
from specific sources. For example, a standard grid model calculates concentrations for a
species X that has many sources and so the concentration of X is the total concentration due to all
sources. A reactive tracer (x;) is assigned to for each source (i) with the intention that the sum of
the reactive tracers will equal total concentration (X = Zx;). The challenge is to develop
numerical algorithms for solving the reactive tracer concentrations that ensure that this equality
is maintained. Depending upon the formulation of the tracer algorithms, it may be possible to
model tracers for a single source of interest and omit tracers for all other sources, or it may be
necessary to include tracers for all sources (as is the case for PSAT). Reactive tracers can
potentially provide true source apportionment (X = x;), however the numerical value of the
source apportionment will depend upon assumptions within the reactive tracer formulation. In
particular, for any process that is non-linear in species concentrations (e.g., chemistry) there is no
unique way to assign the total concentration change to the reactive tracers. This issue is
discussed in more depth later in this section.

Source Oriented External Mixture (SOEM)

Kleeman and Cass (2001) developed an approach called SOEM that tracks primary PM from
different source categories/regions using tagged species that are considered to represent seed
particles. Reactive tracers are added to track secondary PM and related gases from different
source categories/regions, and source apportioned secondary PM condenses onto the seed
particles. Chemical change for secondary PM and related gases is accounted for by expanding
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the chemical mechanism to treat different source regions/categories as separate precursor and
product species. This requires thousands of chemical reactions and hundreds to thousands of
chemical species, depending upon the number of source regions/categories. The main advantage
of the SOEM method is that it is potentially accurate, and the main disadvantage is
computational demand.

PSAT and TSSA

The PM Source Apportionment Technology (PSAT) uses reactive tracers to apportion primary
PM, secondary PM and gaseous precursors to secondary PM among different source categories
and source regions. The PSAT methodology is described below. PSAT was developed from the
related ozone source apportionment method (OSAT) already implemented in CAMXx (Dunker at
al., 2002b). Tonnesen and Wang (2004) are independently developing a method very similar to
PSAT called Tagged Species Source Apportionment (TSSA) in the Community Multiscale Air
Quality (CMAQ) modeling system. Advantages of PSAT and TSSA are expected to be high
efficiency and flexibility to study different source categories/regions. The accuracy of the PSAT
(and TSSA) source apportionment results must be evaluated, as for any other method.

SOURCE APPORTIONMENT AND SOURCE SENSITIVITY

The relationship between source apportionment and source sensitivity is discussed here as
background to issues that arise in the testing and application of PSAT or other PM source
apportionment or source sensitivity methods. Consider a chemical species X that has two
sources A and B (so X = xa + xg) and which undergoes a second order self-reaction with rate
constant k. The rate of chemical change is given by:

dX
2.1 —= —kX?
2.1 dd>t(
(22) E= —k(XA+XB)2
(2.3) ?j_)t(: —kx2 — kx5 — 2kx \Xg

The homogeneous rate terms kxa” and kxg® in equation (2.3) clearly describe chemical change for
pollutants from sources A and B (xa and xg), but the inhomogeneous rate term 2kxaxg is not
uniquely associated with either source A or B. A reactive tracer (or tagged species) source
apportionment method must deal with this inhomogeneous rate term either by developing rules
to apportion the inhomogeneous term to sources A and B or by modifying the chemistry to
eliminate the inhomogeneous term. For a sensitivity method, the homogeneous quadratic rate
terms lead to second-order homogeneous sensitivity coefficients (Saa and sgg) and the
inhomogeneous rate term leads to a second-order inhomogeneous sensitivity coefficient (Sag).
Consequently, the total concentration of X is incompletely described by the first-order sensitivity
coefficients (sa and sg) that resemble source apportionments.

The example presented above is a simple case of a non-linear chemical system that illustrates
why source apportionment and source sensitivity are not the same thing for nonlinear systems.
The implications are:
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1. There is no unique source apportionment for chemical species that depend upon nonlinear
reactions, such as secondary PM species and ozone. Nonetheless, reasonable source
apportionment schemes can be developed and are useful tools for achieving the
objectives listed in the introduction.

2. Sensitivity coefficients are not source apportionments for chemical species that depend
upon nonlinear reactions, such as secondary PM species and ozone. Sensitivity
coefficients are most applicable for predicting the model response to an input change
(e.g., control strategy) and are very useful for this purpose (within the range of linear
model response), but sensitivity coefficients should be used with care for source
apportionment or culpability assessment. Likewise, source apportionments should be
used with care for predicting model response to input changes.
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3. PSAT METHODOLOGY

PM Source Apportionment Technology (PSAT) is implemented in CAMx for the following
types of particulate matter (PM):

Sulfate

Nitrate

Ammonium

Mercury

Secondary organic aerosol (SOA)
Six categories of primary PM:

o Elemental carbon (EC)
Primary organic aerosol (POA)
Crustal fine (< 2.5 pm)

Other fine
Crustal coarse (2.5 ym — 10 pm)
Other coarse

O O0OO0OO0O0

PSAT also can provide ozone source apportionments using the OSAT method. PSAT is an
option that may be selected in conjunction with any CAMx simulation for PM species. Selecting
PSAT does not alter the CAMXx calculations and results for total PM species concentrations and
the total species results (i.e., average concentration files, etc.) will be identical with or without
PSAT.

OVERVIEW OF THE PSAT METHOD

PSAT source apportionments are calculated using reactive tracers that operate in parallel to the
main CAMXx calculations for total species concentrations. This methodology is closely related to
the ozone source apportionment methods called OSAT and APCA (ENVIRON, 2004). For each
class of PM listed above, PSAT includes reactive tracers for the PM species (e.g., sulfate) and
any related precursor species (e.g., SO,). PSAT apportions PM species to their corresponding
precursor sources:

Sulfate (PSO4) is apportioned to sources of SO,

Nitrate (PNO3) is apportioned to sources of NOx

Ammonium (PNH4) is apportioned to sources of NH3

SOA (SOAL - SOADb) is apportioned to the corresponding VOC precursors

The PSAT mercury source apportionment includes both particulate (Hg(p)) and gaseous (Hg2,
Hg0) species, although gaseous mercury is not a precursor to particulate mercury with the
current model formulation.

Adding PSAT tracer species to a CAMXx simulation, by selecting the PSAT option, increases the
resource requirements for CPU, memory and disk storage. PSAT is less demanding of CPU and
disk resources than alternate approaches such as zero-out analysis (see section 4). To provide

flexibility in managing the resource requirements the PSAT apportionments for each class of PM
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species may be selected independently for each simulation. For example, you can apportion just
sulfate, or sulfate/nitrate/ammonium, or just primary PM, or all types of PM, etc.

PSAT apportions PM concentrations precursors from user defined geographic regions and/or
emission categories plus initial concentrations (1Cs) and boundary conditions (BCs). Because
source apportionment must, by definition, account for 100% of the species being apportioned it
is necessary to include all potential sources of PM in the source apportionment calculation. The
minimum level of source apportionment with PSAT is three groups: 1Cs, BCs and all emissions.
You can obtain more detailed source apportionment by splitting the emissions by region and
category, or splitting the BCs by boundary (i.e., north, south, east, west, top).

PSAT source regions are defined in terms of CAMXx grid cells and could represent Countries,
States, or any other area that you can define in terms of CAMx grid cells. A source region can
be a single point source selected using a method called “point source override” that designates
specific point sources as belonging to specific source regions.

PSAT source categories are defined by providing separate emissions files (surface and/or point
files) for each selected category. Typically, source categories will be broad categories such as
point sources, mobile sources, biogenic sources, etc. However, a PSAT source category could be
a single source or collection of sources that you can segregate at the emissions processing stage.

The tracers utilized by PSAT are described below, followed by a general presentation of the
PSAT source apportionment equations, and concluding with a description of the approach for
each PM species.

PSAT TRACER SPECIES

The PSAT *“reactive tracers” that are added for each source category/region (i) are listed below.
In general, a single tracer can track primary PM species whereas secondary PM species require
several tracers to track the relationship between gaseous precursors and the resulting PM.
Particulate nitrate and secondary organics are the most complex species to apportion because the
emitted precursor gases (NO, VOCs) are several steps removed from the resulting PM species
(NO3, SOA).

SO2; Primary SO, emissions
PS4i  Particulate sulfate ion from primary emissions plus secondarily formed sulfate

RGN; Reactive gaseous nitrogen including primary NOx (NO + NO,) emissions plus
nitrate radical (NOs), nitrous acid (HONO) and dinitrogen pentoxide (N2Os).

TPN; Gaseous peroxyl acetyl nitrate (PAN) plus peroxy nitric acid (PNA)

NTR; Organic nitrates (RNO3)

HN3; Gaseous nitric acid (HNO3)

PN3; Particulate nitrate ion from primary emissions plus secondarily formed nitrate
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Ammonium
NH3; Gaseous ammonia (NHs)
PN4; Particulate ammonium (NH,)

Secondary Organics
ALK; Alkane/Paraffin secondary organic aerosol precursors
ARO; Aromatic (toluene and xylene) secondary organic aerosol precursors
CRE; Cresol secondary organic aerosol precursors
TRP; Biogenic olefin (terpene) secondary organic aerosol precursors
CG1; Condensable gases from toluene and xylene reactions (low volatility)
CG2; Condensable gases from toluene and xylene reactions (high volatility)
CG3; Condensable gases from alkane reactions
CG4; Condensable gases from terpene reactions
CG5; Condensable gases from cresol reactions
PO1; Particulate organic (SOA) from CG1
PO2; Particulate organic (SOA) from CG2
PO3; Particulate organic (SOA) from CG3
PO4; Particulate organic (SOA) from CG4
PO5; Particulate organic (SOA) from CG5

Mercury
HGO; Elemental Mercury vapor

HG2; Reactive gaseous Mercury vapor
HGP; Particulate Mercury

Primary Particulate
PEC; Primary Elemental Carbon
POA; Primary Organic Aerosol
PFCi Fine Crustal PM
PEN; Other Fine Particulate
PCC; Coarse Crustal PM
PCS; Other Coarse Particulate

PSAT includes a total of 32 tracers for each source group (i) if source apportionment is applied
to all types of PM. 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. For example, source apportionment for
sulfate/nitrate/ammonium requires just 9 tracers per source group.

PSAT EQUATIONS

One fundamental assumption in PSAT is that PM should be apportioned to the primary precursor
for each type of PM. For example, SO4 is apportioned to SOx emissions, NO3 is apportioned to
NOx emissions, NH4 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 a; and b;,
respectively. Reactive tracers must be included for all sources of A and B including emissions,
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initial conditions and boundary conditions so that complete source apportionment is obtained,
i.e., A=ZXa;and B = Xb;.

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.
3.1 at+At) = alt)+ A A
(3.1) (t+At) (t) S
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
A—B) is:

a.
(3.2) b(t+At) = b(t)+ ABZ—'
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:

W&,

(3.3) a(t+At) = ai(t)+AAZWiai

An example is chemical decay of the aromatic VOC tracers (ARO), which must be weighted by
the average OH rate constant of each ARO;. ARO tracers for different source groups have
different average VOC reactivities because the relative amounts of 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:

wW.a.
(3.4) b(t+At) = b (t)+ AB———
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 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:

5) atea) = OO 5]

A+B

b(t+At) = [ai(t)+bi(t)][ B j

A+B
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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).

PRIMARY PARTICULATE

Source apportionment for primary PM is straightforward because there are no complex chemical
transformations to account for. The PSAT equations for the impact of physical (i.e., non-
chemical) processes on primary PM tracers are described below and the same equations apply to
the physical processes for all other PSAT tracers.

Emissions, ICs and BCs of primary PM species are introduced into CAMx using modified forms
of equation (3.2). The equation (3.6) for the impact of PM emissions (Erm) on the tracer
concentrations (pm;) is:

€pm;

(3.6) pm,(t+At) = pm,(t)+ Epm
pm;

Where the tracer emissions (epm;) are the total emissions (Erm) allocated by source category (i)

such that Epm = X epm;. The equations for the impacts of 1ICs and BCs are similar.

Removal of primary PM by dry and wet deposition is based on equation (3.1), which for the
species PM becomes:

pm;
pm;

Where the change in total PM concentration (APM) is allocated proportionately to the
corresponding tracers (pm;).

(3.7) pm,(t+At) = pm(t)+APM

Transport (advection and diffusion) of primary PM tracers is based on equations (3.1) and (3.2).
Transport out of a grid cell is a removal process modeled and therefore is modeled using
equation (3.7). Transport into a grid cell is based on equation (3.2) because the tracer
concentrations must be incremented (pm;) according to the distribution of tracers in the upstream
grid cell (pm“?)):

up
(3.8) pm.(t+At) = pm(t)+ APM %

SULFATE

Particulate sulfate (PSO4) has both primary and secondary sources. Secondary PSO4 results
from the oxidation of SO, in ether gas or aqueous phase chemistry. The impacts of physical
processes on the tracers for SO, to PSO4 are described using equations similar to those for
primary PM (3.6 — 3.8) described above.

Chemical conversion of SO, to PSO4 in each grid cell at each time step is based on equations
(3.1) and (3.2), which for SO, to PSO4 become.
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SO2
3.9 SO2(t+At) = SO2(t)+ ASO L
( ) |( + ) |( )+ 2 ZSOZI
SO2
PS4.(t+ At) = PS4.(t)+ APSO4 '
(3.10) (t+At) (t)+ 5507

Where ASO; and APSO4 are changes in total concentration and must equal each other on a molar
basis. SO2; and PS4; are the PSAT tracers corresponding to SO, and PSO4, respectively. PSAT
attributes secondary sulfate to the sources of SO..

AMMONIUM

Particulate ammonium (PNH4) forms when gaseous ammonia (NHs) interacts with sulfuric
and/or nitric acids. PSAT attributes secondary PNH4 to the sources of NHs. The impacts of
physical processes on the tracers for NH; and PNH4 are described using equations similar to
those for primary PM (3.6 — 3.8) described above.

CAMXx assumes that PNH4 and NHj3 reach chemical equilibrium at each aerosol chemistry time
step. Therefore, PSAT assumes that PN4 and NH3 tracers reach equilibrium concentrations that
are given by:

3.11 ~ CNH,
(3.11) NH3 (t+At) = [NHsi(t)+PN4i(t)][NH3+PNH4J
(3.12) PN4,(t+At) = [NHsi(t)+PN4i(t)](%]

Here, the chemical equilibrium for the tracers NH3 and PN4 for each source category (i) is set
equal to the equilibrium ratio for the total species concentrations (NHs and PNH4).

NITRATE

Particulate nitrate (PNO3) forms when gaseous nitric acid (HNO3) interacts with NH3. HNOg3 is
a secondary product of gas and aqueous reactions of nitrogen oxides (NOx). PSAT attributes
secondary PNO3 to the sources of NOx. The PSAT scheme for apportioning PNO3 is more
complex than for any other PM species because the chemical conversion of NOx to HNO3; must
be followed through several NOy species. PSAT tracks the impact of physical process on the
source apportionment of primary NOx, NOy gasses and PNO3 using the approach described
above for primary particulates. The chemical equilibrium between HNO3; and PNO3 is
accounted for by assuming that equilibrium is reached at each time step, as described above for
ammonium.

Chemical Conversion of NOx to HNO;

PSAT tracks the chemical conversion of NOx to HNOj3 using four types of tracers for gas phase
NOy species:
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e RGN - Reactive gaseous nitrogen is NOx (NO + NO,) plus related species that typically
are small relative to NOx.

e TPN - Total PANs (peroxyacyl nitrates and peroxy nitric acid) are formed by reactions of
NO; and may be significant reservoirs for NO, under cold conditions.

e NTR - Organic nitrates (RNO3) are formed from NO, and are a long-term reservoir for
NOs.

e HN3 - Nitric acid is formed from NO, and is the precursor to PM nitrate formation.

The chemical relationships between these tracers in PSAT are shown in Figure 3-1.

RGN—, HONO +NO +NO, + NO; + N,Ox

Figure 3-1. Tracking the source apportionment of reactive nitrogen in PSAT.
RGN is converted to HNO3 by several types of reactions:

NO,; + OH - HNO3
N2Os + H,O - 2 HNO;
NO3z; + VOC - HNO; + products

The reaction between N,Os and H,O has both gas and aqueous phase pathways. Aldehydes are
examples of VOCs that react with nitrate radical (NO3) to form HNOs.

HNOj is slowly converted back to RGN by photolysis and OH radical reaction:

HNO;3; + OH - H,0 + NO3
HNOs; + hv - H + NO3

The destruction of HNO3; (aHNO3) is calculated from the integrated reaction rates for the
destruction reactions (i.e., similar to chemical process analysis). The production of HNOg is then
equal to AHNO3 + aHNO3, where AHNO3 is the net change in HNOj3 due to gas and aqueous
reactions. AHNOj3; does not include change due to the equilibrium with PNO3 because this is
accounted for separately (described below). The change in the HN3 tracers is given by:

RGN,

(3.13) HN3 (t+At) = HN3i(t)+(AHN3+aHN3)-ZR—GNi
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RGN is converted to organic nitrates (called NTR in CB4 and RNO3 in SAPRC99) by reactions
between peroxy radicals and NO:

RO, + NO — RNO; (NTR)
Organic nitrates are slowly converted back to RGN by photolysis and OH radical reaction:

RNO; + OH - NO; + products
RNO3 + hv — NO; + products

The production and destruction of NTR is accounted for using a similar methodology to HNO3,
described above. The change in the NTR tracers is given by:

RGN,
Y RGN,

Peroxynitrate compounds (PAN and PNA) are formed by equilibrium reactions involving
peroxyacyl (RCO3) and hydroperoxy (HO,) radicals:

(3.14) NTR (t+At) = NTR,(t)+ (ANTR+oNTR)-

RCO; + NO, ~ RC(0)OONO; (PAN)
HO, + NO; - HOONO; (PNA)

The rates of these forward and backward reactions depend strongly on temperature. NO, and
PAN can reach equilibrium in a few minutes under warm conditions. PSAT requires a different
approach for potentially rapid PAN reactions than the approach described above for HN3 and
NTR.

The amount of TPN exchanged with RGN at each time step (cyctpn) is estimated from the
lifetime of each PAN compound against decomposition. Exchanging cyctpn between RGN and
TPN results in zero net change in TPN. There also may be a net change in TPN (ATPN). The
chemical production of either TPN or RGN (BTPN or BRGN) is calculated from ATPN using:

(|ATPN|+ ATPN )/2
(|ATPN|- ATPN )/2

(3.15) BTPN
(3.16) /RGN

This approach ensures that the production terms are always positive or zero, which is necessary
for the source apportionment equations presented below.

The change in the TPN tracers is given by:

RGN,
>RGN,
TPN,
> TPN,

(3.17) TPN,(t+At) = TPN,(t)+ (0.5 xcyctpn + STPN)-

— (0.5 x cyctpn + ARGN )-

The change in the RGN tracers due to chemical conversion from HN3, NTR and TPN is given
by:
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(3.18) RGN, (t+At) = RGN,(t)+ (0.5cyctpn + SRGN ) PN,
> TPN,

RGN,

—(0.5¢cyctpn + STPN '

(0.5cyctpn + AT )ZRGNi

+ oNTR NTR + aHN3 HN3

Y NTR, Y HN3,

~ NTRNi _ N RN,

> RGN, Y RGN,

Equilibrium Between HNO3; and PNO3

CAMXx assumes that HNO3 and PNO3 reach chemical equilibrium at each aerosol chemistry time
step. Therefore, PSAT assumes that HN3 and PN3 tracers reach equilibrium concentrations that
are given by:

HNO
3.19 | _ | | 3
(3.19) HN3 (t+At) = [HN3(t)+PN3, (t)](HNOS - PNO4J
(3.20) PN3 (t+at) = [HN3(t)+PN3 (1)) ( HNOPN+OP4NO4J

Here, the chemical equilibrium for the tracers HN3 and PN3 for each source category (i) is set
equal to the equilibrium ratio for the total species concentrations (HNO3z and PNO3).

SECONDARY ORGANICS

The general mechanism for SOA formation in CAMX is the oxidation of a VOC by an oxidant
(OH, O3, O(P) or NOs) to form a condensable gas (CG) that partitions into the aerosol phase to
form secondary organic aerosol (SOA):

VOC+OH  — products + a; CGx

VOC+03; - products + a; CGx

VOC + O(P) - products + a; CG

VOC + NO; - products + a; CGy
CGk « SOA(

The CG yield (0;) and the identity of the CG product (k) depend upon the VOC species as shown
in Table SOA. Potentially, j and k also could depend upon the oxidant reacting with each VOC,

but currently they are constant for each VOC. Some reactions form two CGs. Table 3-1 shows

the relationship between CGs and precursors for CB4 (mechanism 4) in CAMX.

H:\ladco_pmcamx\PSAT _report\final_mar28\sec3_Method.doc8/4/2005 3'9



March 2005

ENVIRON

Table 3-1. Condensable gasses (CG1 — CG5) that are precursors to secondary organic
aerosols (SOAL1 — SOAD).

Condensable | Secondary Description Gas-Phase

Gas Organic Precursor
Aerosol (CB4)

CG1 SOA1l Low yield, low volatility product from aromatics TOL, XYL

CG2 SOA2 High yield, high volatility product from aromatics TOL, XYL

CG3 SOA3 Low volatility product from alkanes/paraffins PAR

CG4 SOA4 Low volatility product from biogenic olefins OLE2

(terpenes)
CG5 SOA5 Low volatility product from cresols CRES

PSAT track the VOCs that are precursors to CG/SOA formation using the following tracers:

ALK; Alkane/Paraffin secondary organic aerosol precursors

ARO; Aromatic (toluene and xylene) secondary organic aerosol precursors
CRE; Cresol secondary organic aerosol precursors

TRP; Biogenic olefin (terpene) secondary organic aerosol precursors

PSAT tracks the impact of physical process on the source apportionment of VOC precursors,
condensable gasses (CGs) and secondary organic aerosols (SOAS) using the approach described
above for primary particulates.

The ALK, CRE and TRP tracers have a unique correspondence with a mechanism species (PAR,
CRES and OLE2 in the CB4 mechanism) and are decayed based on equation (3.1). The PSAT
formulation for SOA production from alkanes, terpenes and cresols is shown below for alkanes:

ALK,
> ALK,

The production of CG3 in gas-phase chemistry (ACG3) from PAR is apportioned to CG3 tracers
using:

(3.22) CG3(t+At) = CG3(t)+ACG3

(3.21) ALK (t+At) = ALK(t)+ APAR

ALK,
> ALK,

CAMXx assumes that CGs and SOAs reach chemical equilibrium at each aerosol chemistry time
step. Therefore, PSAT also assumes that CG and PS tracers reach equilibrium, as shown here for
CG3 and PS3:

(3.23) CG3(t+At) = [CG3(t)+ PS3i(t)][ﬁ)
(3.24) PS3(t+At) = [CG3(t)+ Pssi(t)](ﬁ)

The ARO tracer corresponds with two mechanism species (TOL and XYL in the CB4
mechanism) and is decayed using equation (3.3) with a weighting factor of the average OH rate
constant (ko) for each ARO tracer.
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kow, - ARO,
> kow, - ARO,

The average koy for each ARO source group is the weighted average koy for the XYL and TOL
emissions (or ICs or BCs) in the source group:

kow,, xTOL, + kon,, x XYL,
TOL; + XYL,

(3.25) ARO,(t+At) = ARO,(t)+ A(TOL + XYL)

(3.26) kow; =

The yields of CG1 and CG2 from aromatics are different for TOL and XYL and so CG
production is based on equation 3.4 with a weighting factor of the average CG yield for each
ARO tracer, as shown here for CG1 production in gas-phase chemistry (ACG1):

| _YIdCGL - ARO,
> yldCGL - ARO,

(3.27) CGL(t+At) = CGL(t)+ ACG

The average yield of CG1 for each ARO source group (yldCG1,) is the weighted average CG1
yield for the XYL and TOL emissions (or ICs or BCs) in the source group, calculated using an
equation similar to (3.26). The partitioning of CG1 to aerosol PS1 is calculated using equations
similar to (3.23) and (3.24).

MERCURY

The chemical scheme for mercury in CAMX includes three species: elemental mercury (Hg0),
oxidized mercury (Hg2) and particulate mercury (Hg(p)). Hg(p) is chemically independent from
the other forms of mercury and therefore is similar to the other primary PM tracers, discussed
above. HgO and Hg2 are inter-converted by gas and aqueous phase reactions. The aqueous
phase reactions are influenced by the amount of PM present in droplets.

The impacts of physical processes on the tracers for HgO, Hg2 and Hg(p) are described using
equations similar to those for primary PM (3.6 — 3.8) described above.

The amount of production of either Hg2 or Hg0 (BHG2 or BHGO) is calculated from the change
in HG2 (AHGZ2) using:

(3.28) BHG?2
(3.29) AHGO

(JaHG2| + AHG2 )/2
(|AHG2 - AHG2 )/2

These equations ensure that the production terms are always positive or zero. The chemical
change in the HGO and HG2 tracers is then calculated using:

HGO,
3.30 . - _ '
(3.30) HG2,(t + At) Hez,(t)+ﬂHGZZHGOi
(3.31) HGO,(t+ At) = HGO,(t)+ fHGO HG2,

> HG2,
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4. PSAT DEVELOPMENT TESTING

The initial PSAT testing was conducted for primary PM species (e.g., fine crustal material)
because these species are unaffected by chemistry and are the most straightforward to implement
and test. Similar tests were conducted for gas-phase species with chemistry turned off. The tests
compared the total concentration for a species A to the sum of all PSAT tracers for that species
(Zaj). Any problems with the formulation or implementation of the PSAT algorithms result in
deviations between A and Za;. The results of the tests without chemistry are not shown here (the
sulfate comparisons discussed next contain the same information) but the tests were successful in
that the sum of PSAT tracers over all source groups remained identical to the total model
concentration (A = Za;) for all grid cells and hours. The PSAT testing for primary PM
confirmed the implementation of PSAT for all CAMx algorithms except chemistry, i.e.,
emissions, advection, diffusion, grid nesting, dry deposition and wet deposition.

The next stage of PSAT testing included the chemistry algorithms. For sulfate, we compared
PSAT and zero-out analyses in full 3-D CAMXx simulations. As discussed in Section 2, zero-out
and PSAT results are not expected to be identical because zero-out is a sensitivity method rather
than a source apportionment method, and sulfate chemistry is non-linear. The impacts of oxidant
limiting sulfate formation were apparent in PSAT/zero-out comparisons and are discussed below.
However, sulfate formation chemistry is expected to be closer to linear than the chemistry for
other secondary PM species (nitrate and SOA) making sulfate the best candidate for zero-out
testing. The advantage of zero-out runs is that they require no special adaptation of the base
model.

The most complex PSAT chemistry algorithm is for nitrate. Zero-out comparisons were not
conducted for nitrate because the non-linear relationship between NO emissions and secondary
NOy species means that zero-out results have potentially large deficiencies as source
apportionments for nitrate, i.e., the sum of nitrate contributions from zeroing-out all NO sources
may differ substantially from the total nitrate concentration. Since the inert and sulfate tests had
already confirmed the implementation of PSAT for all CAMx algorithms except chemistry, the
testing approach for nitrate focused on the performance of the chemistry algorithms. 1-D (box
model) tests were conducted with CAMXx to evaluate PSAT results for nitrate by comparing
against the method used by Kleeman and Cass (2001) to track nitrate apportionment in the
Source-Oriented External Mixture (SOEM) method, discussed above.

Zero-out runs were not performed for SOA for the same reason that they were not performed for
nitrate, namely that the non-linear relationship between VOC precursor emissions and SOA
formation means that zero-out results have potentially large deficiencies as source
apportionments for SOA. The PSAT SOA implementation was tested against an SOEM method.

SULFATE

The PSAT performance for sulfate was tested using a CAMx database developed by the Midwest
RPO (MPRO) for PM and visibility modeling of the Eastern US. The modeling was from June
18 to July 21, 2001 and used a 36-km modeling grid with meteorology developed using the
mesoscale model version 5 (MM5). The modeling domain was sub-divided to geographic areas
according to regional planning organizations (RPOs) responsible for developing regional

H:\ladco_pmcamx\PSAT _report\final_mar28\sec4_Devel_Testing.doc8/4/2005 4-3



March 2005 ENVIRON

visibility and PM control strategies in the U.S. The sub division of the modeling domain to
RPOs is shown in Figure 4-1 and the RPOs are labeled by their respective acronyms (MRPO,
MANE-VU, VISTAS, CERAP and WRAP). The state of Illinois (IL) was split out from the
Midwest RPO (MPRO) to test the ability of PSAT to apportion the contribution from a single
state.

Four hypothetical point sources were added near the middle of the MRPO, MANE-VU, VISTAS
and CENRAP areas (shown by the + symbols in Figure 4-1) to test the ability of PSAT to track
contributions from singe sources. The hypothetical point sources were chosen to be generally
representative of a large coal-fired utility source but do not represent actual sources at these
locations. In total, sulfate was apportioned to 11 source groups including a remainder area
including Canada, Mexico and seas.

1524

1308

1092 |
876
660

444

-420

-636

-852 T

-1068

-1284

-1500

-900 -684 -468 -252 -36 180 396 612 B28 1044 1260 1476 1692 1908 2124 2340 2556

Figure 4-1. CAMx modeling domain for PSAT testing showing geographic source areas
and locations of four hypothetical point sources (+ symbols).

The sulfate contributions from the hypothetical MRPO point source are compared in Figure 4-2
at a single hour (hour 15) on 28 June 2001. The spatial distribution of sulfate contributions is
very similar in the PSAT and zero-out results as shown by the edge of contributions plume (0.1
ug/m?® level). There are differences in the areas of larger contributions (e.g. the 1 and 2 pg/m®
levels) and these are due to the effects of non-linear chemistry in the zero-out test. As discussed
above, sensitivity methods such as zero-out do not provide accurate source apportionments for
non-linear processes. Sulfate formation can be limited by the availability of oxidants, especially
hydrogen peroxide, which will tend to depress the maximum contribution levels in zero-out runs
as well as shift contributions further downwind (to where oxidant availability is no longer
limiting). The oxidant limiting effect on zero-out sulfate contributions is most easily seen from
the 2 ug/m® level extending further downwind over Lake Michigan in the zero-out result than the
PSAT result.
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Figure 4-2. Comparison of sulfate contributions (ug/m3) from the hypothetical MRPO point
source on 28 June 2001 at hour 15: (a) PSAT result; (b) Zero-out result.

The episode average sulfate contributions from the hypothetical MRPO point source are
compared in Figure 4-3 for the entire 28 June to July 21, 2001 modeling period. The spatial
distribution of sulfate contributions is very similar in the PSAT and zero-out results. The
maximum contribution occurs very close to the source and is higher in the PSAT result (2.2
ug/m®) than the zero-out result (1.8 ug/m®) due to the effect of oxidant limitation on sulfate
contributions determined by the zero-out method.
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Figure 4-3. Comparison of episode average (June 18 to July 21, 2001) sulfate
contributions (ug/m3) from the hypothetical MRPO point source: (a) PSAT result; (b) Zero-
out result.

Sulfate contributions from SO, emissions in the state of Illinois (region 3) are compared in
Figure 4-4 for two different times. As see above for an individual source, the spatial
distributions of sulfate contributions are very similar in PSAT and zero-out analysis but the peak
contributions are lower in the zero-out analysis due to oxidant limitation of sulfate formation.
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(a) PSAT (b) Zero-out

Region 3 Tracer Region 3 Zero Out
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Figure 4-4. Comparison of hourly sulfate contributions (ug/m3) from the IL source region
at hour 14 on July 2 and hour 2 on July 4, 2002 (a) PSAT result; (b) Zero-out result.

OXIDANT LIMITED SULFATE FORMATION

The sulfate comparisons between PSAT and zero-out analysis, described above, consistently
found that PSAT gave higher maximum contributions than zero-out analysis. This difference
was attributed to the effects of oxidant limiting sulfate formation chemistry in the zero-out
analysis. A simple conceptual example shows how this occurs. One of the main sulfate (SO4)
formation mechanisms is the aqueous-phase reaction between dissolved SO2 and hydrogen
peroxide (H202) that may be written simply as:

SO2 + H202 - S04
The reaction occurs very rapidly and is effectively a titration where the amount of SO4 formed is

equal to the lesser of the initial SO2 or initial H202. If H202 is the limiting reactant, then SO4
formation is said to be oxidant limited.
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Consider a situation where two sources, A and B, each contribute 5 umoles/dm3 of dissolved
SO2 and there are 2 umoles/dm3 of dissolved H202. The amount of SO4 formed will be limited
to 2 umole/dma3 by the available oxidant. SO2 from sources A and B is present in equal amounts
and will participate equally in the formation of SO4. Therefore, the correct apportionment of
S04 is 1 umole/dm3 to each source A and B. PSAT apportions sulfate formation proportionate
to SO2 contributions and will correctly apportion 1 umole/dm3 of SO4 to each source A and B.

Now consider what happens if the initial SO2 from source A is reduced to zero. The initial SO2
is 5 umoles/dm3 from source B and the initial H202 is 2 umole/dm3. The amount of SO4
formed will be limited to 2 umole/dm3 by the available oxidant. This amount of SO4 formed is
the same regardless of whether SO2 from source A is zeroed out because sulfate formation is
oxidant limited.

The zero-out assessment of SO4 from source A is the difference between the cases with and
without initial SO2 from source A. In the example described above, there is no change in the
total amount of SO4 when source A is zeroed out: i.e., the zero-out assessment of SO4 from
source A is zero. Zero-out analysis also would find no contribution from source B in this
example, so although 2 umole/dm3 of SO4 was formed, zero-out analysis would not attribute the
S04 to either of the SO2 sources that participated in SO4 production. This happens because
zero-out analysis is a sensitivity method rather than a source apportionment method. Differences
between sensitivity and source apportionment are discussed in Section 2.

Considering how oxidant-limited sulfate formation can impact the calculation of source
contributions by PSAT and zero-out (discussed above) leads to several conclusions:

e Zero-out analysis will tend to under-state sulfate contributions in regions that are oxidant-
limited.

e Because zero-out analysis underestimates sulfate contributions in oxidant-limited regions,
zero-out will have a compensating tendency to over-state sulfate contributions downwind
of oxidant-limited regions.

e PSAT sulfate contributions are not biased by oxidant limited chemistry.

e The differences between zero-out and PSAT sulfate contribution resulting from oxidant
limited sulfate formation are a specific example of the general difference between source
sensitivity and source apportionment for non-linear systems, discussed in Section 2.

e Zero-out is a source sensitivity method, not a source apportionment method.

NITRATE

The PSAT nitrate algorithms were tested using CAMx as a 1-D (box model) to examine the
ability of the PSAT chemical algorithms to track nitrate apportionment. The box model was set
up for summer conditions and PSAT was used to apportion nitrate between 20 ppb of initial NOx
and 100 ppb of NOx emissions that were injected continuously through the 24-hour simulation.
Figure 4-5 shows the total NO, NO,, PAN and O3 for the box model simulation. There was no
ammonia in the box model so that nitric acid remained in the gas phase rather than forming PM
nitrate.
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Time Series for NO, NO2, PAN and 03/10
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Figure 4-5. Time series for NO, NO2, PAN and O3 (divided by 10) for the 24-hour box
model simulation used to test PSAT for NOy species.

The SOEM NOy Mechanism

The PSAT apportionments for NOy species were compared to the SOEM algorithm of Kleeman
and Cass (2001). In SOEM, the reactive nitrogen (NQy) reactions in the chemical mechanism
are duplicated to provide two different types of NOy (think of them as “red” NOy and “blue”
NOy). This builds source apportionment for NOy into the chemical mechanism at the expense of
performing full gas-phase chemistry for extra species and reactions.

The SOEM method was implemented in CAMXx for NOy gasses by adding reactions to the gas
phase chemical mechanism. The CB4 mechanism used in the PSAT development is listed in
Appendix A and has 100 gas phase reactions. All 41 reactions involving daughter products of
NO (NO,, HONO, NOs, N,Os, PNA, PAN, NTR and HNO3) were duplicated with the nitrogen
species names changed by replacing the letter “N”” with “M.” The LSODE chemistry solver was
implemented in CAMX to solve the special SOEM NOy mechanism with 141 reactions. The
SOEM NOy mechanism was used only for comparison and is not part of the PSAT
implementation. The SOEM NOy mechanism had two separate chemical families of NOy that
were used to apportion NOy between the ICs and emissions in the box model simulation shown
in Figure 4-5.

Table 4-1. Reactions added to the Carbon Bond 4 mechanisms to add a second set of NOy
species for the SOEM method. The new NOy species names are differentiated by replacing the
letter “N” with “M.”

No. Reactants Products

101 MO2 =1 MO 10

102 03 MO =1 MO2

103 © MO2 =1 MO

104 © MO2 =1 MO3

105 O MO =1 MO2

106 MO2 03 =1 MO3

107 MO3 =0.89 MO2 0.89 0 0.11 MO
108 MO3 MO =2 MO2

H:\ladco_pmcamx\PSAT _report\final_mar28\sec4_Devel_Testing.doc8/4/2005 4-8



March 2005 ENVIRON

No. Reactants Products

109 MO3 MO2 =1 MO 1 MO2

110 MO3 MO2 =1 M205

111 M205 H20 =2 HMO3

112 M205 =1 MO3 1 MO2

113 MO MO =2 MO2

114 MO MO2 H20 =2 HOMO

115 MO OH =1 HOMO

116 HOMO =1 MO 1 OH

117 OH HOMO =1 MO2

118 HOMO HOMO =1 MO 1 MO2

119 MO2 OH =1 HMO3

120 OH HMO3 =1 MO3

121 HO2 MO =1 OH 1 MO2

122 HO2 MO2 =1 PMA

123 PMA =1 HO2 1 MO2

124 OH PMA =1 MO2

125 FORM MO3 =1 HMO3 1 HO2 1 CO

126 ALD2 MO3 =1 C203 1 HMO3

127 C203 MO =1 FORM 1 MO2 1 HO2

128 C203 MO2 =1 PAM

129 PAM =1 C203 1 MO2

130 ROR MO2 =1 MTR

131 MO3 OLE =0.91 X02 1 FORM 0.09 XO2N
1 ALD2 1 MO2 -1 PAR

132 TO02 MO =0.9 MO2 0.9 HO2 0.9 OPEN
0.1 MTR

133 CRES MO3 =1 CRO 1 HMO3 0.036 CG5

134 CRO MO2 =1 MTR

135 OH 1SOP =0.912 ISPD 0.629 FORM 0.991 X02
0.912 HO2 0.088 XO2N

136 MO3 1SOP =0.2 ISPD 0.8 MTR 1 X02
0.8 HO2 0.2 MO2 0.8 ALD2
2.4 PAR

137 X02 MO =1 MO2

138 XO2N MO =1 MTR

139 MO03 1SPD =0.357 ALD2 0.282 FORM 1.282 PAR
0.925 HO2 0.643 CO 0.85 MTR
0.075 C203 0.075 X02 0.15 HMO3

140 MO2 1SOP =0.2 ISPD 0.8 MTR 1 X02
0.8 HO2 0.2 MO 0.8 ALD2
2.4 PAR

141 MO3 OLE2 =0.91 X02 1 FORM 0.09 XO2N
1 ALD2 1 MO2 -1 PAR
0.136 CG4
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Note that the SOEM NOy mechanism (Table 4-1) does not include cross-products of reactions
involving two N-atoms. For example, the association reaction of NO, and NO3 to form N,Os
could lead to four reactions with two NOy families:

NO2 + NO3 . N205 (or, NO2NO3)
MO2 + MO3 « M205

NO2 + MO3 « NO2MO3

MO2 + NO3 ~ MO2NO3

Table 4-1 includes the two reactions that form homogeneous products N205 and M205. The
mixed products, NO2MO3 and MO2NO3, are not members of a single NOy family and so are
difficult to classify in a source apportionment scheme. The mixed products are a consequence of
general issues with source apportionment and sensitivity methods in non-linear systems,
discussed in Section 2. Omitting these types of cross-reactions between NOy families effectively
changes the overall chemical mechanism so that it is not strictly equivalent to the basic
mechanism, without SOEM apportionment. The effects of this change were small for the box
model scenario and it was not a major limitation to the usefulness of the SOEM method in this
study.

Comparing PSAT and SOEM for NOy

The PSAT apportionment of NOy to ICs and emissions for the 24-hour box model simulation is
shown in Figure 4-6. The total NOy apportioned to ICs remains constant at 20 ppb throughout
the simulation but the distribution between species changes over time. The NOy from ICs starts
out as NOx (RGN-IC) but shifts to PAN (TPN-IC), organic nitrates (NTR-IC) and nitric acid
(HN3-IC) as chemistry becomes active. The ability of PSAT to correctly conserve the initial 20
ppb of NOx within the IC tracer family is an important consistency check that is built into this
experiment.

PSAT apportionment of NOy to Emissions and ICs
140

12 BHN3-E NOy Composition
BNTRE Initial DoV
ifferently for ICs
0 TPN-E bley e
100 1 Remains —| and Emissions
BRGN-E Constant
80 | MHN3-IC
@ ONTR-IC
o
60 +— OTPN-IC

ERGN-IC

40 +

20

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour

Figure 4-6. PSAT apportionment of reactive nitrogen (NOy) to initial conditions and
emissions during a 24-hour box model simulation.
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The NOy apportioned to emissions by PSAT increased linearly throughout the simulation
(Figure 4-6) consistent with the constant emission rate for NOx. The distribution of NOy from
emissions between species also evolved as the NOx (RGN-E) reacted chemically to PAN (TPN-
E), organic nitrates (NTR-E) and nitric acid (HN3-E).

The apportionment of the NOy tracers to ICs and emissions also changes through the simulation
as emissions increasingly dominate the ICs. At the start of the simulation (hours 1-2), the RGN
is dominated by ICs whereas late in the day (hour 18) RGN is dominated by emissions. The
source apportionments shown in Figure 4-6 appear chemically reasonable for the conditions of
the simulation and show necessary attributes such as conserving the total 20 ppb of ICs. As
discussed next, the SOEM method provided an independent comparison for the PSAT results.

The SOEM apportionment of NOy to ICs and emissions during the 24-hour box model
simulation is shown in Figure 4-7. The time evolution of the source apportionments for both I1Cs
and emissions is very similar for SOEM (Figure 4-7) and PSAT (Figure 4-6). It is not clear that
either method is more “correct,” or indeed that a unique apportionment result exists for NOy, but
the consistency between the PSAT and SOEM results confirms that the PSAT implementation is
reasonable.

SOEM apportionment of NOy to Emissions and ICs
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Figure 4-7. Source-Oriented External Mixture (SOEM) apportionment of reactive
nitrogen (NOy) to initial conditions and emissions during a 24-hour box model
simulation.

Gas/Aerosol Partitioning for Nitrate and Ammonium

The PSAT equations that describe source apportionment of HNO3/NO3 (and NH3/NH,) in the
gas and aerosol phases assume that mass transfer between the phases reaches equilibrium.
CAMx makes the same assumption in calculating the total concentrations of nitrate and
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ammonium. Consequently, the PSAT implementation for nitric acid and aerosol nitrate was easy
to test by confirming that three conditions were satisfied:

1. The sum of HN3 tracers equaled the gas species HNO3.
2. The sum of PN3 tracers equaled the aerosol species PNO3.
3. The apportionment of HN3 and PN3 tracers by source was the same.

A similar test confirmed that the PSAT equations for ammonia and ammonium were
implemented correctly.

SECONDARY ORGANIC AEROSOL

The approach to testing the PSAT implementation for SOA chemistry was similar to that
developed for nitrate because SOA formation is a non-linear chemical process. The SOA
algorithms were tested using CAMx as a 1-D (box model) for the scenario shown in Figure 4-5.
This test produced high levels of SOA due to abundant precursors (the CB4 species PAR, TOL,
XYL and OLEZ2) and active photochemistry.

Zero-out comparisons were not performed for SOA because the relationships between VOC
precursors and SOA formed have several non-linearties that would confound the zero-out results.
SOA is produced by VOC degradation, but the oxidant levels that initiate VOC degradation are
themselves dependent on VOC concentrations. The SOA response to zeroing out a source of
VVOC will be the combined effect of the change in oxidant levels and the change in SOA
precursor availability. Biogenic terpene emissions provide a relevant example. Terpenes are the
most important SOA precursor in the MRPO modeling because they are emitted in large amounts
and have high SOA precursor yields. High terpene emissions also impact oxidant (OH, O3, etc.)
levels, either positively or negatively, and thereby impact the rate of SOA precursor production
from terpenes and other VOCs (e.g., aromatics). Another potential source of non-linearity is the
yield of SOA from precursors, i.e., the fraction of SOA precursors formed that condense to
aerosols. SOA yields may be non-linear functions of precursor levels because the physical
model for SOA formation in CAMx (and other models) involves SOA precursors dissolving into
the existing organic aerosol phase. This non-linearity is strongest for VOCs that have “two-
product” SOA mechanisms (e.g, aromatics) where a low volatility product initiates aerosol
growth and a high volatility product essentially dissolves into the aerosol phase that has been
formed. The organics solution model can introduce non-linear aerosol yields for individual
VOCs and interactions between SOA vyields from different VOCs.

The PSAT results for SOA were compared to the SOEM algorithm of Kleeman and Cass (2001).
The reactions of VOCs in the gas-phase chemical mechanism (Appendix A) that form
condensable gases (CGs) were duplicated to provide two independent families of VOCs, CGs,
and SOAs (think of them as “red” and “blue” SOA). The duplicate reactions are shown in Table
4-2. These reactions involve only 4 CGs rather than the normal 5 CGs for reasons that are
discussed below. The extra VOC precursors are differentiated from their normal counterparts by
appending a letter “R” to the name (i.e., TOLR, XYLR, OLER and PARR). The CGs produced
by the extra reactions are differentiated by giving them different numbers (CG5 to CG8). The
SOAP module in CAMXx that partitions CG species to aerosol phase SOA species was modified
to include extra SOA species (SOAS5 to SOA8). The physical properties of the 4 extra CG/SOA
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pairs were set equal to their normal counterparts, e.g., the volatility of CG5 was set equal to
CG1, etc.

Table 4-2. Reactions added to the Carbon Bond 4 mechanisms to add a second set of SOA
species for the SOEM method.

No. Reactants Products

101TOLR OH =0.44 HO2 0.08 X02 0.36 CRES
0.56 TO2 0.07 CG6 0.137 CG7

1020H XYLR =0.7 HO2 0.5 X02 0.2 CRES
0.8 MGLY 1.1 PAR 0.3 TO2
0.044 CG6 0.192 CG7

1030 OLER =0.63 ALD2 0.38 HO2 0.28 X02
0.3 CO 0.2 FORM 0.02 XO2N
0.22 PAR 0.2 OH 0.136 CG9

1040H OLER =1 FORM 1 ALD2 -1 PAR
1 X02 1 HO2 0.136 CG9

10503 OLER =0.5 ALD2 0.74 FORM 0.22 X02
0.1 OH 0.33 CO 0.44 HO2
-1 PAR 0.136 CG9

106NO3 OLER =0.91 X02 1 FORM 0.09 XO2N
1 ALD2 1 NO2 -1 PAR
0.136 CG9

107PARR OH =0.87 X02 0.13 XO2N 0.11 HO2
0.11 ALD2 -0.11 PAR 0.76 ROR
0.0024 CG8

The current configuration for the SOAP module in CAMX easily accommodates up to 9 pairs of
CGJ/SOA species. The base CB4 mechanism (Appendix A) has 5 CG/SOA pairs, which would
lead to 10 pairs if all were duplicated for the SOEM implementation. To avoid exceeding the
current SOAP configuration the chemical mechanisms for the PSAT/SOEM comparison were
modified to eliminate the 5™ CG/SOA pair. Hence, PSAT was run with 4 CG/SOA pairs, which
were apportioned between ICs and emissions by the PSAT algorithms. SOEM was run with 8
CG/SOA pairs, where pairs 1 to 4 represented ICs and pairs 5 to 8 represented emissions.

The source apportionment of SOA to ICs and emissions are compared for PSAT and SOEM in
Figures 4-8 and 4-9. The comparison for ICs (Figure 4-8) shows the amount of each type of
SOA in the base mechanism (SOAL to SOAA4) at each hour in the 24-hour simulation. The initial
amount of SOA was low (fractions of a pg/m®) and increased during the simulation (approaching
10 pug/m®) for SOA4 from biogenic olefins. A log scale is needed to show the range of SOA
concentrations. The SOA apportioned to ICs by PSAT and SOEM show excellent agreement in
Figure 4-8. A similar plot for the SOA apportioned to emissions (Figure 4-9) also shows
excellent agreement between PSAT and SOEM. The good agreement between independent
methods confirms that the PSAT methodology for SOA works and is correctly implemented..
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Independent Check of PSAT Apportionment of SOAs to
Initial Conditions (ICs)
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Figure 4-8. Comparison of SOA apportioned to initial conditions by PSAT and SOEM
during a 24-hour box model simulation.

Independent Check of PSAT Apportionment of SOAs
to Emissions
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Figure 4-9. Comparison of SOA apportioned to emissions by PSAT and SOEM during a
24-hour box model simulation.
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5. PSAT APPLICATION TESTING

The PSAT implementation in CAMx was evaluated in full-scale “application tests” in addition to
the development tests described in Section 4. The goals of the development testing were to
develop the PSAT algorithms, check that they are implemented correctly and compare PSAT
results to alternate methods. The goals of the “application testing” were:

e Test the PSAT code under full-scale applications in the hands of a model user outside of
the development team.

e Refine the PSAT implementation as needed to improve functionality for real-world
applications.

e Demonstrate what information PSAT can provide to plan out analyses such as evaluating
the EPA’s proposed BART rule for numerous individual sources.

LADCo performed the full-scale application test runs and results are presented here.

ENVIRON performed an additional evaluation using the MRPO modeling databases to compare
how model noise impacts PSAT and zero-out analyses for large and small sources. This is an
important consideration if PSAT and photochemical grid models are to be used for evaluating the
contribution of individual sources, which is required under the proposed BART rule.
Theoretically, it seemed possible that a reactive tracer method, such as PSAT, may be able to
provide better “signal to noise ratio” from a single model run than zero-out analysis which
depends upon the difference between two model runs. This analysis was called “how low can
you go” because it looked at how small a source could be evaluated with both methods.

FULL SCALE TESTS FOR MRPO

Full scale testing of PSAT was performed by LADCo for the MRPO modeling domains and
results shown here were provided by LADCo (Baker, 2004). PSAT was tested for both the
MRPO summer and winter modeling episodes. The summer episode for June/July 2002 was
used for testing sulfate and SOA and the winter episode for January 2002 was used for testing
nitrate and ammonium. These episodes used MM5 meteorology (MRPO, 2004) and version base
E of the MRPO emissions inventory.

PSAT was configured with 13 source regions shown in Figure 5-1. The source regions were
selected to resolve the MRPO member states (IL, IN, MI, OH and WI) individually plus MN, the
other RPOS (CENRAP, MANE-VU, VISTAS, and WRAP) and remaining areas (Canada, over
water). CENRAP was divided into northern and southern portions. MN is part of CENRAP.
The MRPO modeling domain includes only part of the WRAP area. The contributions of initial
and boundary conditions also were apportioned by PSAT.

Six emission inventory categories were considered in the PSAT analysis:
1. Biogenics.
2. Other Area.
3. Point.
4. Off-road mobile (also called nonroad).
5. On-road mobile.
6. Agricultural.
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1 Atlantic Ocean, Gulf of 8 Wisconsin
Mexico, Mexico, Great Lakes 9 Ohio

2 WRAP 10 lllinois

3 CENRAP South 11 Michigan
4 Canada 12 Indiana

5 VISTAS 13 Minnesota
6 CENRAP North

7 MANE-VU

Figure 5-1. MRPO 36 km modeling domain showing source areas for PSAT application tests.

SULFATE

PSAT source apportionments for sulfate are shown in Figures 5-2 to 5-5 and a more complete set
of results is shown in Appendix B. Figure 5-2 compares the episode maximum and episode
average sulfate contributions for one source region/category (VISTAS on-road mobile sources)
and shows that maximum and average contributions can be very different in magnitude. In
general, PSAT results are shown as episode averages in this report.

The episode average sulfate contributions for several source categories in the VISTAS source
area are compared in Figure 5-3. The largest contribution is from point sources, as expected,
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followed by area sources and then mobile sources, which are shown separately for on-road and
off-road sources. The average sulfate contributions of sources in the VISTAS area are highest
within the VISTAS states but also extend to surrounding areas due to transport under the
prevailing winds for the episode period. Locations of individual point sources are not clearly
visible from the point source sulfate contributions probably due to the effects of episode
averaging and 36-km grid resolution. Some major urban areas are discernable in the sulfate
contributions from mobile sources. The sulfate contributions from off-road mobile sources show
the contributions of ship/barge traffic along the Mississippi river because of the relatively high
sulfur content of the fuel. .

Average (Scale Max = 10 pg/m®) Maximum (Scale Max = 50 pg/m®)
S04 - onroad - vi S04 - onroad - vi
psat_sod psat_sod
36km grid LADCO 36km grid LADCO
10.0 90 50.0 90
8.0 40.0
6.0 30.0
4.0 20.0
20 10.0
1.0 30
0.5 1.0
0.1 0.1
0.0 1 0.0 1
ug/m3 1 97 ug/m3 1 97
June 19,2002 0:00:00 June 15,2002 0:00:00
Min= 0.0 at{1.1), Max= 0.2 at(68,14) Min= 0.0 at{1.1), Max= 9.7 at(68,14)

Figure 5-2. Episode average and episode maximum sulfate (ug/m?) from on-road mobile sources
in the VISTAS (vi) source region for June/July 2002.

The episode average sulfate contributions from point sources in four of the MRPO states (IL, IN,
MI and OH) are shown in Figure 5-4. The contributions are highest over and immediately
downwind of each source state. The combined contribution of point sources in the MRPO could
be calculated by summing the contributions of all the MRPO member states.

The highest sulfate contributions from MRPO point sources occur near the Ohio River valley and
are seen in the plots for IN and OH. The Ohio River is the boundary between the MRPO and
VISTAS states and it is difficult to precisely delineate this boundary in terms of 36-km (or even
4-km) grid cells because the opposite banks of the river are separated by much less distance than
1 grid cell. The default PSAT method for assigning region numbers to point sources is to use the
region number of the cell that contains the source. The most accurate way to assign region
numbers to specific point sources is to use the “point source override” feature of PSAT (and
OSAT), which overrides the default region number assignment based on grid cell.

The episode average sulfate contributions from point sources in the VISTAS, CENRAP and
MANE-VU RPOs are shown in Figure 5-5. CENRAP was divided into southern and northern
portions to show geographic contributions more clearly, and the CENRAP-N region excludes
MN, which was treated separately. The sulfate contributions are highest over and immediately
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downwind of each source region. The transport patterns apparent from the sulfate contributions
in Figures 5-4 and 5-5 are consistent with typical summer weather patterns for the eastern US
caused by the Bermuda high. There is a generally clockwise movement of air through the
CENRAP, MRPO and MANE-VU regions and within the VISTAS region.

S04 - point - vi S04 - area - vi
psat_sod psat_sod
36km grid LADCO 36km grid LADCO
10.0 90 10.0 90
8.0 8.0
6.0 6.0
4.0 4.0
2.0 2.0
1.0 1.0
0.5 0.5
0.1 0.1
0.0 1 0.0 1
ug/m3 ug/m3
June 19,2002 0:00:00 June 19,2002 0:00:00
Min= 0.0 at(1,1), Max= 8.1 at{58,29) Min= 0.0 at(1,1), Max= 0.8 at(51.35)
S04 - nonroad - vi S04 - onroad - vi
psat_sod psat_sod
36km grid LADCO 36km grid LADCO
10.0 10.0
8.0 8.0
8.0 6.0
4.0 4.0
2.0 2.0
1.0 1.0
0.5 0.5
01 0.1
0.0 0.0
ugim3 ug/m3
June 19,2002 0:00:00 June 19,2002 0:00:00
Min= 0.0 at(1,1). Max= 0.2 at (40,19) Min= 0.0 at(1,1). Max= 0.2 at(68,14)

Figure 5-3. Episode average sulfate (ug/m®) from point, area, off-road mobile and on-road mobile
sources in the VISTAS (vi) source region for June/July 2002.
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Figure 5-4. Episode average sulfate (ug/m®) from point sources in the lllinois (il), Michigan (mi),
Indiana (in) and Ohio (oh) source regions for June/July 2002.
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Figure 5-5. Episode average sulfate (ug/m®) from point sources in the CENRAP-N (cn), MANE-VU
(mv), CENRAP-S (cs) and VISTAS (vi) source regions for June/July 2002.

SECONDARY ORGANICS

PSAT source apportionments for secondary organic aerosol (SOA) are shown in Figures 5-6 and
5-7 and a more complete set of results is shown in Appendix C. Figure 5-6 compares the episode
average SOA apportioned to biogenic, area, on-road mobile and off-road mobile emissions from
the MANE-VU source region. The largest contribution is from biogenic sources reflecting the
relatively high yield of SOA from terpenes and high emissions of terpenes over a widespread
area. The contributions area and mobile sources to SOA are smaller and more localized in
populated areas such as the Northeast corridor. The contribution from point sources was even
smaller and is shown in Appendix C.
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Figure 5-6. Episode average SOA (ug/m?) from biogenic, area, on-road and off-road mobile
emissions in the MANE-VU (mv) source region for June/July 2002.

The episode average SOA apportioned to biogenic sources in the Canadian, CENRAP (north and
south) and VISTAS regions is shown in Figure 5-7. The contributions are highest over the
source region and decrease rapidly downwind. Transported contributions appear to extend less
far downwind for SOA than for sulfate (above) and this is likely because SOA formation is
modeled as a reversible (equilibrium) process in CAMXx whereas sulfate formation is irreversible.
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Figure 5-7. Episode average SOA (ug/m?®) from biogenic sources in the CENRAP-N (cn), Canadian
(ca), CENRAP-S (cs) and VISTAS (vi) source regions for June/July 2002.
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NITRATE

PSAT source apportionments for PM, s nitrate (NO3) are shown in Figures 5-8 and 5-9 and a
more complete set of results is shown in Appendix D. NO3 contributions were evaluated for the
winter episode (January, 2002) because cooler conditions favor nitrate formation. Care is needed
in comparing spatial contributions for winter NO3 to summer sulfate and SOA (above) because
of differences in meteorology.

Figure 5-8 compares the episode average NO3 apportioned to on-road mobile, off-road mobile,
area and point source NOx emissions from the CENRAP-South source region. The largest
contributions occur in and immediately downwind of the CENRAP-S region. The largest
contributions are for on-road mobile and point sources, and the largest contributions of these
emissions are close to NOx emission sources. For example, the NO3 contributions of on-road
vehicles in Texas follow interstate highway 35 up the middle of eastern Texas from San
Antonio/Austin to Dallas/Fort-Worth. The NO3 contributions from off-road mobile emissions in
the CENRAP-S region barely extend outside the region. This is because NO3 formation is
modeled as a reversible (equilibrium) process in CAMx and the relatively small amount of
nitrate from CENRAP-S off-road mobile sources is over-whelmed by larger NO3 sources in as
air moves out of the CENRAP-S region into neighboring CENRAP-N and VISTAS regions.
This results in the NO3 from CENRAP-S off-road source being converted back to nitric acid at
which point it is subject to rapid deposition losses.

Figure 5-9 compares the episode average NO3 apportioned to on-road mobile sources for the
Canadian, MANE-VU, CENRAP-North and VISTAS source regions. (The total contribution of
surface sources is shown for Canada because the Canadian emission inventory did not separate
out on-road mobile emissions). The largest contributions occur in and immediately downwind of
each source region. There is gap in the NO3 contributions of Canadian emissions over the
MRPO region, which is due to NO3 formation being reversible (as discussed above) and
relatively small NOx emissions from Canadian surface sources compared to total MRPO
sources.

The NO3 contributions from on-road emissions are closely related to urbanized areas in the
MANE-VU region, but not in the VISTAS region (Figure 5-9). This difference is related to the
chemical requirement that ammonia must be available for NO3 to form. The spatial distribution
of NO3 in the VISTAS region follows closely the spatial distribution of ammonium in the
VISTAS region (shown below) suggesting that NO3 formation from VISTAS on-road sources
was limited by the availability of ammonium. This further suggests that winter NO3 levels in the
VISTAS region may be more sensitive to ammonia emissions than NOx emissions. This
provides an example of a case where source sensitivity information would be valuable to guide
the interpretation of source apportionment results. A true sensitivity method (such as DDM)
could provide this information directly. An alternative to using DDM is a straightforward
sensitivity test of NO3 concentrations to ammonia emission reductions.
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Figure 5-8. Episode average NO3 (ug/m3) from on-road mobile, off-road mobile, area and point
source emissions in the CENRAP-South (cs) source region for January 2002.
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Figure 5-9. Episode average NO3 (ug/m3) from on-road mobile sources' in the Canadian (ca),
MANE-VU (mv), CENRAP-N (cn), and VISTAS (vi) source regions for January 2002. .

AMMONIUM

PSAT source apportionments for PM,sammonium (NH4) are shown in Figure 5-10 and a more
complete set of results is shown in Appendix D. NH4 contributions were evaluated for the

! The total contribution of surface sources is shown in Figure S-8 for Canada because the Canadian emission

inventory did not separate out on-road mobile emissions.
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winter episode (January, 2002) as for NO3, discussed above formation. Agricultural sources
dominated the NH4 apportionments with small contributions from on-road mobile sources near
major urban areas (Appendix D). For the VISTAS area, the spatial distribution of agricultural
ammonium contributions is very similar to the distribution of on-road mobile NO3 contributions
for the reasons discussed above.
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Figure 5-10. Episode average ammonium (ug/m?®) from agricultural sources in the CENRAP-N (cn),
MANE-VU (mv), CENRAP-N (cs), and VISTAS (vi) source regions for January 2002. .

THE “HOW LOW CAN YOU GO” ANALYSIS

The “how low can you go” analysis investigated how small of a source can be evaluated with
PSAT and zero-out methods. This is an important consideration if PSAT and photochemical
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grid models are to be used for evaluating the contribution of individual sources. Theoretically, it
seemed possible that a reactive tracer method, such as PSAT, may be able to provide better
“signal to noise ratio” from a single model run than zero-out analysis which depends upon the
difference between two model runs.

The “how low can you go” analysis looked at sulfate contributions in the MRPO June/July 2001
episode. This is the same application that was used for development testing as described in
Section 4. The modeling was from June 18 to July 21, 2001 and used a 36-km modeling grid
with meteorology developed using the mesoscale model version 5 (MM5). The modeling
domain was sub-divided to geographic areas as shown in Figure 4-1.

Hypothetical Point Sources

Four hypothetical point sources were added near the middle of the MRPO, MANE-VU, VISTAS
and CENRAP areas at the locations shown by “+” symbols in Figure 4-1. The hypothetical point
sources were chosen to be generally representative of a large coal-fired utility source but do not
represent actual sources at these locations. The stack parameters for the hypothetical are shown
below. Two sets of emission rates were used for a “large source” and a “small source.” These
emission rates differ by a factor of 1000 such that the small source emitted about 1 ton per day
(TPD) of SOx:

Stack Height = 500 feet (152.2 m)
Stack Diameter = 17 feet (5.2 m)

Exit Velocity = 100 feet/sec (30.5 m/s)
Exit Temperature = 265 °F (402 K)

Large Source
e NOx =164 TPD (~60,000 TPY)

e SOx =848 TPD (~310,000 TPY)

Small Source
e NOx=0.164 TPD (~60 TPY)
e SOx=0.848 TPD (~310 TPY)

Figures 5-11 and 5-12 show, respectively, the episode average and maximum sulfate
contributions for the MRPO hypothetical point source. The PSAT result is shown on the left
with the zero-out result on the right and the color scale bar in between. The results shown at top
and bottom are for the large and small source, respectively.

The episode average sulfate contributions shown in Figure 5-11 have very similar spatial
distributions for all four cases. Note that the color scale changes by a factor of 1000 between the
large and small source, which is the same difference as in the emission rates. The maximum
contributions in Figure 5-11 are larger for PSAT than zero-out because of oxidant limited sulfate
formation affecting the zero-out case, as discussed in Section 4. Similarly, the maximum
contributions are relatively greater for the small source than the large source (i.e., they differ by
less than the factor 1000 difference in emission rates) because oxidant limitation has less impact
for the small source. Overall, PSAT and zero-out predict consistent episode average
contributions for both the large and small source.
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Figure 5-11. Comparison of episode average sulfate contributions (ug/m®) with PSAT (left)
and zero-out (right) analysis of the MRPO large (top) and small (bottom) hypothetical point
source. The factor of 1000 scale difference between the large and small source contributions
corresponds to the difference in source emissions.

The episode maximum sulfate contributions shown in Figure 5-12 have similar spatial
distributions for all four cases, but more differences are apparent than for the episode average
contributions just discussed. Note that the color scale changes by a factor of 1000 between the
large and small source. The maximum contributions for the large source in Figure 5-12 are
greater for PSAT (42.4 ug/m®) than zero-out (34.5 pg/m®) because of oxidant limited sulfate
formation affecting the zero-out case, as discussed in Section 4. However, this pattern does not
hold for the small source run where the maximum contribution is greater for zero-out (0.1198
ng/m®) than PSAT (0.1011 pug/m®) and occurs at a different location (cell (41,69) compared to
cell (52,47) for the other 3 cases). The small source zero-out result has other anomalies in the
form of blotchy spatial patterns (i.e., localized sulfate contributions that are higher than
neighboring cells) that appear obviously wrong. Examples of blotchy contributions in the small
source zero-out run are blue specks along the western edge and red specks over lake Superior,
the plains states and near the Gulf Coast. The red specks are a problem because they are
anomalous contributions that are comparable in magnitude to realistic near-source contributions.
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Figure 5-12. Comparison of episode maximum sulfate contributions (ug/m®) with PSAT (left)
and zero-out (right) analysis of the MRPO large (top) and small (bottom) hypothetical point
source. The factor of 1000 scale difference between the large and small source contributions
corresponds to the difference in source emissions.

Anomalous contributions in zero-out results also were apparent for other small source scenarios.
Figure 5-13 compares the PSAT and zero-out maximum sulfate contributions for the MANE-VU
small source. The highest contributions occur near the source and to the east, with some
contributions extending to the south and west as far as Texas. However, the zero-out result
shows contributions to the northwest of the source (over lake Superior, Manitoba and Alberta) in
locations that clearly lie outside the transport path from the source.
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Figure 5-13. Comparison of episode maximum sulfate contributions (ug/m®) with PSAT (left)
and zero-out (right) analysis for the MANE-VU hypothetical small point source.

The anomalous contributions in the MANE-VU small source zero-out run (and other small
source runs) are artifacts of numerical noise somewhere in the modeling system. In contrast, the
PSAT results show no signs of anomalous results confirming that the reactive tracer methods are
inherently less noisy than zero-out. This is because the tracer method directly tracks the
contribution of the small source rather than calculating the contribution from the difference
between two model runs, i.e., calculating a small number from the difference between two larger
numbers.

We believe that the noise in the zero-out runs is attributable to the ISORROPIA module. There
are several reasons for this:

1. CAMXx gas-phase chemistry only runs have never shown this type of artifact when
looking at the effects of small control strategies.

2. The anomalous contributions do not appear to advect downwind, meaning that they
can form and disappear in a single grid cell. This is characteristic of an equilibrium
calculation (such as ISORROPIA) rather than time integration (such as aqueous
chemistry).

3. The ISORROPIA solution method decomposes the solution space into many sub-
domains (e.g., ammonia rich/lean) and solutions could be discontinuous across
boundaries between ISORROPIA solution sub-domains. This is a possible, but not
confirmed, reason why ISORROPIA could provide a noisy response to very small
differences between two model runs.

Our conclusion that ISORROPIA is the likely source of model noise is not a criticism of the
method. ISORROPIA has proven to be a reliable and efficient method for solving a complex
problem. The approach taken in ISORROPIA of decomposing the solution space into sub-
domains is the standard approach to solving the equilibrium state for ammonium/nitrate/sulfate
systems.
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CODE IMPROVEMENTS
Two code improvements came out of the PSAT application testing:

e Open MP (OMP) parallel processing. OMP was implemented for the CF PM treatment
and PSAT. The main barrier to implementing OMP was the ISORROPIA inorganic
aerosol thermodynamics module because it has a large number of FORTRAN common
blocks. OMP was implemented in ISORROPIA and tests confirmed that using multiple
processors does not alter computational results. OMP is applicable to shared-memory
workstations (e.g., dual processor Linux box) rather than distributed memory systems
(e.g. Linux cluster). Using multiple processors speeds up PSAT calculations.

e Summary output for PSAT species. PSAT requires several tracer families to calculate
apportionments for each type of secondary PM, e.g., nitrate apportionment requires five
tracer families: RGN, TPN, NTR, HN3 and PN3. For development testing it is important
to output concentrations for all tracer families, but for pure applications the only
important information is the tracer for the PM species, i.e., PN3 for nitrate. PSAT has an
option to requesting “summary output” which means that only the final PM tracers
concentrations are output, not the concentrations for intermediate tracers. Using
summary output minimizes output disk storage requirements and potential delays in
accessing large output files across networks.

COMPUTATIONAL EFFICIENCY

The application tests completed by LADCo can be used to estimate the computational efficiency
of PSAT compared to a brute-force method such as zero-out analysis. The base model run time
without PSAT was about 1.15 hours per day. The PSAT analyses included 80 source groups (13
regions by six emission categories, plus ICs and BCs). For sulfate, the PSAT run took 3 hours
per day. The corresponding brute-force analysis would take about 93 hours per day (1.15
hours/day x 80). Therefore, PSAT was about 31 times more efficient than zero-out analysis for
the LADCo test. This efficiency analysis for sulfate is shown in Table 5-1 along with the
corresponding analyses for SOA and ammonium nitrate from the LADCo testing. A combined
efficiency number is shown for ammonium and nitrate together because this is how the runs were
made: PSAT can apportion nitrate and ammonium independently.

Table 5-1. Computational efficiency of PSAT compared to zero-out analysis for 80 source
groups.

Type of Analysis PSAT Run-Time Zero-out Run-Time PSAT Efficiency
(hours/day) (hours/day) Gain

Base run 1.15 N/A N/A

Sulfate contributions 3 93 31

SOA contributions 10 93 9

Nitrate and Ammonium 55 93 17

contributions

The application tests confirmed that PSAT is computationally more efficient than zero-out
analysis. The run-time speed-up ranged from factors of about 9 for SOA to 30 for sulfate. SOA
is less efficient than sulfate because more tracer families are required (14 vs. 2 tracer families).
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PSAT efficiency may vary with applications for the following reasons:

e Differences in speed of disk access vs. CPU speed. PSAT output files are larger than
standard CAMx concentration output files and writing PSAT output files to slowly
accessible output devices (e.g., across a network, slow RAID5 systems) may degrade
PSAT efficiency.

e Amount of system memory available. Very large PSAT runs that exceed the available
system memory will run slowly. You may be able to mitigate this problem by calculating
apportionments for different PM species (sulfate, nitrate, etc.) in separate runs.

e The number of PSAT apportionments being calculated. In general, PSAT efficiency is
expected to increase as more apportionments are calculated simultaneously.

The efficiencies shown in Table 5-1 were calculated without using the “summary output” option
that, as discussed above, may further increase PSAT efficiency by reducing the amount of output
data written to disk.
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6. SUMMARY AND CONCLUSIONS

A new method has been developed to source apportion particulate matter (PM) concentrations
within a 3-D grid model. The method is called PSAT, which stands for PM Source
Apportionment Technology. PSAT has been implemented in version 4.20 of the Comprehensive
Air quality Model with extensions (CAMXx). PSAT uses reactive tracers, also called tagged
species, to follow source-receptor relationships for PM species with the grid model.

PSAT traces PM species to their respective sources. Sources can be defined as individual
sources, geographic areas (e.g., States) and/or emission categories (e.g., mobile sources). For
primary PM species, such as elemental carbon (EC), primary organics (POA), crustal material,
particulate mercury [Hg(p)], etc., PSAT apportions PM concentrations to their respective sources
within the grid model. For secondary PM species, PSAT apportions PM concentrations to the
sources of corresponding precursors:

Sulfate (SO,) is apportioned to sources of SO,

Ammonium (NH4) is apportioned to sources of NH3

Nitrate (NO3) is apportioned to sources of NOx

Secondary organics (SOA) are apportioned to sources of VOC taking into account
differences in SOA yields.

PSAT can account for all of the modeled PM2.5 and/or PM10 concentrations in a CAMXx
simulation performed using the CF (coarse/fine) particle size scheme. PSAT also can source
apportion elemental mercury [Hg(0)] and reactive gaseous mercury [Hg(2)] to complement the
apportionment for Hg(p).

WHAT CAN PSAT BE USED FOR?
The intended applications of PSAT are:

e Understanding model performance for PM species and thereby improving model inputs
and or model formulation.

e Culpability assessments to identify what sources contribute significantly to PM and
visibility problems

e Designing the most efficient and cost-effective PM and visibility control strategies.

PSAT source apportionment information should be used in combination with other sources of
information with other sources of information, such as sensitivity analyses and application of
observation based methods (e.g., PMF, UNMIX, and CMB), to guide control strategy
development. For primary PM species, concentrations are directly proportional to emissions and
knowing the source apportionment leads directly to PM control strategies. For secondary PM
species that depend upon non-linear chemistry, sensitivity information should be used with
source apportionment to guide control strategy design. Ammonium nitrate provides an example.
PSAT can determine what sources contributed to both the ammonium and the nitrate, but control
strategy design also should consider whether ammonium nitrate formation is limited by the
availability of ammonia or nitric acid (ammonia lean or rich). A sensitivity analysis (e.g.,
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reducing the ammonia emissions) will show whether control strategies should focus on the
sources of ammonia or nitric acid (i.e., NOx). Source apportionment and source sensitivity
analysis are complementary methods, as discussed in more detail below.

TESTING PSAT

PSAT was tested in CAMx by comparing PSAT contributions to independent calculations
performed using two different methods. The PSAT implementation for primary PM was tested
by comparison with brute force (zero-out) tests and the results were identical. PSAT also was
compared to zero-out analysis for sulfate and example comparisons are shown in Figure 6-1.

The spatial distributions of sulfate contributions are very similar in the PSAT and zero-out
results as shown, for example, by the edge of contributions plume. There are some differences in
the magnitudes of PSAT and zero-out contributions, and these are due to the effects of non-linear
(oxidant-limited) sulfate chemistry on the zero-out result, as discussed below. Conclusions from
these tests are:

e PSAT and zero-out give very similar sulfate contributions except for regions where
oxidant-limited sulfate formation affects the zero-out result.

e The PSAT result provides a more reasonable source apportionment than zero-out for
sulfate in oxidant-limited areas.

e The level of agreement between zero-out and PSAT contributions confirms that PSAT is
implemented correctly.
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(a) PSAT (b) Zero-out
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Figure 6-1. Comparison of hourly sulfate contributions (ug/m3) from the state of lllinois at
two different times (a) PSAT result; (b) Zero-out result.

Zero-out analysis was not considered a useful approach to testing the PSAT implementations for
secondary PM species that are more highly non-linear than sulfate, i.e., SOA and nitrate. The
PSAT testing for SOA and nitrate focused on the chemistry implementation and used the Source-
Oriented External Mixture (SOEM) method (Kleeman and Cass, 2001) to compare with PSAT.
These tests showed that the PSAT chemical scheme for SOA is accurate. Nitrate is the most
complex secondary PM species to apportion and it was unclear whether the SOEM method that
we implemented was able to provide a perfect reference to compare with PSAT. The PSAT and
SOEM apportionments for nitrate species were consistent and the PSAT scheme for nitrate
apportionment is reasonable.

OXIDANT LIMITED SULFATE FORMATION

The sulfate comparisons between PSAT and zero-out analysis (e.g., Figure 6-1) consistently
found that PSAT gave higher maximum sulfate contributions than zero-out analysis. This
difference was attributed to the effects of oxidant-limited sulfate formation chemistry in the zero-
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out analysis. When sulfate formation is limited by the amount of oxidant rather than SO2, total
sulfate may not respond to SO, reductions, such as zeroing-out a source, and zero-out analysis
will under-state SO, source contributions to sulfate. PSAT does not suffer this problem because
PSAT directly follows the relationships between SO, and sulfate. These issues are explained
more fully in Section 4.

Considering how oxidant-limited sulfate formation can impact the calculation of source
contributions by PSAT and zero-out leads to several conclusions:

e Zero-out analysis will tend to under-state sulfate contributions in regions that are oxidant-
limited.

e Because zero-out analysis underestimates sulfate contributions in oxidant-limited regions,
zero-out will have a compensating tendency to over-state sulfate contributions downwind
of oxidant-limited regions.

e PSAT sulfate contributions are not biased by oxidant limited chemistry.

e The differences between zero-out and PSAT sulfate contribution resulting from oxidant
limited sulfate formation are a specific example of the general difference between source
sensitivity and source apportionment for non-linear systems, summarized below.

e Zero-out is a source sensitivity method, not a source apportionment method.

Sulfate chemistry is closer to linear than the chemistry for other secondary pollutants such as
nitrate and secondary organics (SOA). Zero-out analysis would be even more difficult to
interpret as source apportionment for nitrate and SOA than for sulfate and, for this reason, zero-
out analysis was not performed for nitrate and sulfate in this study.

SOURCE APPORTIONMENT AND SOURCE SENSITIVITY

PSAT is a source apportionment method, not a source sensitivity method. The difference
between these methods may be summarized as:

e Source apportionment accounts for 100% of the PM mass and allocates contributions to
sources of PM precursors.

e Source sensitivity describes how the PM mass will respond to changes in the sources of
precursors and/or other related pollutants.

Sensitivity and apportionment are identical for primary PM species but differ for secondary PM
species that depend upon non-linear chemical processes. An example of this difference was
shown for the case of oxidant-limited sulfate formation, discussed above. Consequences are that
if sensitivity methods (e.g., DDM, zero-out) are interpreted as source apportionment methods
they may not account for 100% of the PM mass and may bias the relative contributions of
sources, whereas if source apportionments (e.g., PSAT) are used to predict responses to emission
reductions they may over- or under-predict the response to an actual strategy. It is important to
understand and communicate these differences when source apportionment and/or sensitivity
results are being used to evaluate “culpability” (i.e., responsibility for existing pollution) and
develop control strategies.
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APPLICATION TO INDIVIDUAL SOURCES - “HOW LOW CAN YOU GO?”

The “how low can you go” analysis investigated how small of a source can be evaluated with
PSAT and zero-out methods. This is an important consideration if PSAT and photochemical
grid models are to be used for evaluating the contribution of individual sources. The “how low
can you go” analysis looked at sulfate contributions from several “hypothetical” point sources
that were chosen to be generally representative of a large coal-fired utility source but do not
represent actual sources. Two sets of emission rates were used for a “large source” and a “small
source.” These emission rates differed by a factor of 1000 such that the large source emitted
about 850 tons per day (TPD) of SOx and the small source emitted about 0.85 TPD of SOx.

There was good agreement between the PSAT and zero-out contributions for the large sources,
except for the effects of oxidant-limited chemistry on zero-out results noted above, similar to the
comparison shown in Figure 6-1. However, anomalous contributions were apparent in zero-out
results for the small source scenarios. Figure 6-2 compares the PSAT and zero-out maximum
sulfate contributions for a hypothetical small source located in Pennsylvania. The highest
contributions occur near the source and to the east, with some contributions extending to the
south and west. However, the zero-out result shows contributions to the northwest of the source
(over lake Superior, Manitoba and Alberta) in locations that clearly lie outside the transport path
from the source.

PSAT Zero-Out
PSAT_EpMax_Sulfate ZeroOut_EpMax_Sulfate
MAMNE_YU_Small_Source MAME_VYU_Small_Source
June18-July21,2001 Junel18-July21,2001

0.0030 90

0.0037

0.0025

0.0012

0.0000
UGM~3

1

a7

July 21,2001 23:00:00 Phve July 21,2001 23:00:00
Min=0.0000 at (1,1), Max=0.0319 at (72.53) Wonie Min=0.0000 at (1.1), Max=0.1198 at (41,69)

Figure 6-2. Comparison of episode average sulfate contributions (ug/m?) with PSAT (left) and
zero-out (right) analysis of small (0.85 TPD SOx) hypothetical point source located in
Pennsylvania.

The anomalous zero-out sulfate contributions shown in Figure 6-2 (and also seen for other small
source runs) are artifacts of numerical noise somewhere in the modeling system. In contrast, the
PSAT results show no signs of anomalous results confirming that PSAT is inherently less noisy
than zero-out. This is because the tracer method directly tracks the contribution of the small
source rather than calculating the contribution from the difference between two model runs, i.e.,
calculating a small number from the difference between two larger numbers. We believe that the
noise in the zero-out runs is attributable to the ISORROPIA module for several reasons discussed
in Section 5.

The conclusions from the “how low can you go” analysis are:
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