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1 ANSWERS TO QUESTIONS

1 Answers to Questions

1.1 Method Overview
1.1.1 Works Only with AQM Models

Integrated Process Rate AnalysBRA) or just “process analysis” is a relatively

new set of techniques developed at UNC by Jeffries and his students and applied
to air quality models (AQMs) as a way to both explain and to understand how
the models are producing their predictions. The techniques can be applied to
any model that uses “process” descriptions to generate rates of change of state
variables in the model and to any state variable that is changed by a series of
processes. In AQMs, the processes typically included are emissions of reactive
species, horizontal and vertical transport (both advection and diffusion), chemical
transformation by gas-phase, liquid-phase, and on patrticles, deposition to surface,
intake and loss through the boundaries of the model domain, and in some cases,
nonhydrostatic mass adjustments. The basic operation of these models is to use
both “operator-splitting” and a “marching technique” to provide a solution to a
governing equation expressing mass balance. In these solution techniques, many
of the process changes are computed sequentially for one process at a time over
a small time steph, and the results in the form of a set of “changes” to the state
variablée are applied to the initial (i.e., & condition of the state variable to update

it to new conditions at the time+ h. Because some process changes are positive
and some are negativjs impossible to determine how the model produced the
final set of state variables by merely examining the beginning and ending state
variables(e.g., the typical concentrations output by the model).

1.1.2 Method Calculates Additional Values in Models

Our basic technique consists of “instrumenting” the model to determine the change
caused by each process, and in some cases, performing simple integration of the
model’s already computed rates over the intetvab convert a rate of change

into a concentration change over the interval. We either write these integrated
process rate magnitudes out to auxiliary files at frequent intervals, or we use them

1The method describes what the model does, not what the atmosphere does. To the extent that
the model and the atmosphere are in accord, the method can give insights into how the atmosphere
functions.

2Usually some form of scaled mass or concentration.

Integrated Process Rate Analysis 3 ESE/UNC-CH
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1 ANSWERS TO QUESTIONS 1.1 Method Overview

in additional internal model routines we might have added to the basic model code
to do on-the-fly processing.

1.1.3 Method Frequently Involves Post-processing of Model Output

Sometimes additional manipulations of the process rates are needed to reveal ex-
actly how the model functions. For example, we output the integrated reaction rate
(IRR) of each reaction in the chemical transformation mechanism. By performing
additional clustering and cycle analysis on these concentration changesin areaction
merging and tracking technique we ceR/MB, we can produce more universal

and more abstract parameters of chemical mechanism performance. As an exam-
ple, we routinely determine how many times each hydroxyl radical was being used
before being terminated, or what was the average number of nitric oxide oxidations
per reacted volitile organic compoundgC), i.e., the organic reactivity. These can

give deep insight into not only the workings of the chemical mechanism itself, but
they also reveal the very strong dynamic interaction among the physical (i.e., mete-
orological) processes in the model and the chemical transformations. By viewing
the chemisry at an abstract level of initiation, propagation, and termination, we
gain a measure of model performance that is comparible across different chemical
mechanisms, operated in different chemical models, on different domains, even at
different times of the year.

1.1.4 True Secondary Species Source Attribution

In our most sophicated—and the most computationally demanding—analysis, we
produce “process compositions” of various model species, e.g., o@gneaitric

oxide (NO) and nitrogen dioxideNO,), thevocs, and carbon monooxide®). By
process composition, we mean to state the fraction of the mass or concentration in
a model cell or aggregate group of cells in terms of the process that gave rise to this
portion of the mass or concentration. (This is source attribution.) The processes
that we usually distinguish in the composition are:

e initially here—meaning the this mass fraction was present in this cell (or set
of cells) at the start of the analysis;

o initially in other cell—meaning that this mass fraction was initially in aell
at the start of the analysis;

Integrated Process Rate Analysis 4 ESE/UNC-CH
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1 ANSWERSTO QUESTIONS 1.1 Methad Overview

e bounday (east west north, south aloft)—meanirg tha this mas fraction
was addel to the modé analyss doman by inflow at a boundary;

e emittad here—meanimgy tha this mas fraction was emitted into this cel at
timet during the analysis;

e emittad in othe cell—likeinitially in othe cell, but for emissions;

e chemisty here—meanimg tha this mass fraction was chemicé producel in
this cel during the analyss period,;

e chemisty in othe cell—meaniry that this mas fraction was chemicad pro-
ducealin cel i during the analyss period.

Notetha transpotisnot acontributer to the proces composition becaustransport
does naot creak any massit just moves it from cel to cell. Also notice tha “loss
processsdo not appeain thelist eithe asthes are not responsit# for any of the
mas in the cell(s).

The mechanis for accomplishig thiscompositiondanalyss (othe than the
alreaqy describé IPR outpu for eat analyss cell at ead transpottime step are
“history lists’ tha recod the previous proces compositiors in all analyss cell,
the magnituek of the cel to cel transfes causeé by the transpot processgsand
the magnitue of new emissiors over the step.

When aproces compositiom analyss (PCA) is started all the masse (con-
centration¥in the cells of a selectel modd doman (usuall asub-séof thewhole
modd domair) are considerd to be 100% “initiall y heré composition By mon-
itoring the horizontd and verticd transpot processs compute by the modd in
a single advecive time step we can compue how muah of ead cel was moved
into adjacemncells and we can know how mudh of the origind masin the cel was
left. By using thes to combire information from two or more cell’s histoty lists,
we can compue anew proces composition in thetarget cell. Becaus thereisbut
one concentratia of eat specia in ead cell, removal processgapply directly
proportiond to the proces compositiors in the sour@ cell. Thus the material
leaving a cel has the same proces compositim as the cel it is leaving. This
“bookkeeping isrepeatd for all processgand all analyss cellsevery cycle of the
models evaluatian of its processesMass tha entes cells at the edge of our anal-
ysisregion or at the edge of the modd domian islabela as “boundary process
mas regardles of its actud origin.

Integratad Proces Rake Analysis 5 ESE/UNC-CH
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1 ANSWERSTO QUESTIONS 1.2 Key Assumptions

By combinirg the PCA chemicd composition with the IRR/MB analyss of the
chemicédtransformatiosin the cel in which the chemisty occurredwe can trace
the “sourcé€ of aseconday specislike O; bad to its precursorsTha is, we can
answe questiors sud as

“How mud of the0; in acel that exceed the standad at aparticu-
lar time was producel by biogenc isoprere reactirg with NO, emitted
by light-duty truckson amajar arterid highway two cellsto the east?”

Wha | have been describimg is a“backward technique base& on keepirg a
history of proces compositian on acel by cel basis Viewing thishistoly list data
adifferert way, we can do aforward analyss and answe questiors sud as

“How muadh 03 is produced and in which cells from the NO,
emitted by a naturd gas pumpirg statian located at the edge of the
city?”

1.2 Key Assumptions

Theraretwo classsof assumptionsthosthat arissin“instrumenting themodel
andinthesubsequettalculationsand thosetha themodd makesabou theworld,
i.e., assumptioa macke in formulating the model in producirg amodé solution,
and assumptioain producirg the modé inputs.

1.2.1 Assumptionsin measuring what the modd isdoing

Attache to the erd of this presentatio is asection from apape in preparation
tha describs the “instrumenting of the SAQM model This shows how we split
proces descriptiors included in the modé to permt us to find the gain and loss
rates of eat proces or sub-procesfor ead species we are tracking In addition
wedescrile how the history listsare updatel in exactly the sane orde asthe model
computel the changsit applied to the concentratios at the end of the time step.

In sone cases,w perform a simple first-orde integration of a proces rate
over the interval h, where we know the models computel rate at t ard at t + h.
We typically use the average of the rate in asimple trapezoidarule calculation to
integrate the concentratio chang cause by this proces over the interval. This
resuls in smal errors compard to the models usualy integrata. The effect of
the errorisistha there is nat quite amas balane of all processgsover the time
step Thee mas balane errorsrarely excead afew 0.1's of ppbs.

Integratad Proces Rake Analysis 6 ESE/UNC-CH
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1 ANSWERSTO QUESTIONS 1.3 Limitations

1.2.2 Assumptionsin modd formulation, solution, and inputs

Our methal merely repors on what the mode is predicting To appl its results
in the red world requires that one have faith tha the modd was an accurate
representatio of the world's events We are in no worse a position than the
regulata who want to use the modé to predid the contrd requiremerg needed
to med astandargdand in some sensewe are in abette position Thisisbecause
we can at leag explain how the modd mack its predictiors and we examire that
ead of the proces changesby itself, appeas reasonable.

1.3 Limitations

Out analyss is limited to those situatiors in which ther is an acceptald AQM
simulatian on amachirewith suficient RAM and disk storagtha can accomidate
the increass in runtime storage and fil e outpu neede by the IPRA method.

A maja limitation is tha the AQM’s compute code mug be change to
compueand outpu thelPR data Thishasprevented us for example frominserting
our codesintotheUAM-V AQM, ardthusprevented usfrom performirg any OTAG
proces analysis.

A secondbut transientlimitation is the qualty, robustnessard use friend-
lyness of the currert pog processocodes which are all student-qualit codes.

The various types of analyss are at presenrequire afair level of routinefile
manipulation to produe the interpertabé output.

Increasingy, compute storageboth at runtime and for the filesis becoming
less ard less of a limitation yea by yea.

1.4 Required Data Bases

Whatever the modé requires We alo neal an accurag listing of the AQM’s
chemicéreaction mechanis in the exad orde used by the AQM.

When problens are found in the models performancewe neel accesto the
filesusel to prepaethe modelsinputsand we neal to understad the assumptions
tha wert into these Sometime this neal extends to vetry fine detal in the model
preperatio inputs sud as particula voC speciatio profiles (see the example
describé below).

Integratad Proces Rake Analysis 7 ESE/UNC-CH
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1 ANSWERS TO QUESTIONS 1.5 Computational Requirements

1.5 Computational Requirements

The additional computational load for stand&d data output can hardly be de-
tected, except for the additional I/O time. Several species and reaction vectors must
be added to the AQM which increase their runtime storage needs. For desirable
size analysis domains, the total output file sizes can double the size of those for a
non4PR-data producing run.

ThepPcCA storage and computational load are currently comparable to the AQM
itself. Thisisin partthe result of poor algorithms and internal storage organization,
and these can be dramatically reduced by a re-write of the program.

The ContineousPCA implemented in thesAQM code, adds 2500 storage
locations per cell being tracked. This method permits the top 100 contributers for
each of five processes (initial, boundary, emissions, chemistry, and nonhydrostatic
mass adjustment) to be tracked for five principle speagsNO, NO,, CO, and
VOC) within a cubic area of the modeling domain. The tracking domain is limited
by the available RAM on the executing machine. We have a 2-gigabyte RAM
UNIX workstation available to us for this program which will permit at least a 25
by 25 by 10 level analysis domain.

1.6 Expertise Required

Significant expertise is required to insert the “instrumenting” code into the AQMs.
Once this is done, however, anyone who can run the AQM, can readily produce
IPR-data files.

The more simpler types afR-analysis, such as the process time series plots,
are quite simple to produce and anyone who knows how to do routine file manip-
ulations and can execute model programs can produaerhene series graphs.
Recent changes in theR/MB program and the creation of two Microsoft Excel
spreadsheets, have also automated the production of the set of nine chemistry ta-
bles and the two main chemistry cycle diagrams, as well as producing pie charts
of radical sources and; produced by eactioc.

Once the tables and figures are produced, interpretation of results requires a
good understanding of urban atmospheric chemistry and requires some training
using various examples ¢fRA.

Integrated Process Rate Analysis 8 ESE/UNC-CH
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1 ANSWERS TO QUESTIONS 1.7 Method Documentation

1.7 Method Documentation

Within the last four years, a book chapter [1], five journal articles [2—4, 7, 8], two
additional manuscripts [5, 6], two national AWMA meeting presentation papers
[9,10], two Ph.D. thesis, a M.S., a 142-page research report to the Gas Research
Institute giving detail applications examples [12], and a memo report on the results
of a SIP application analysis [11] have been published. Electronic preprints (i.e.,
PDF-files) of many of these can be obtained over the Internet at
ftp://airsite.unc.edu/pdfs/ese_unc/jeffries/ipradocs/

There is a User’s Guide on therA inputs and controls for both the UAM-IV
and the UAM-V.

A modified version of the UAM-IV withiIPRA output is available via the
internet, along with théRR/MB codes and the spreadsheets. These have all been
provided to a number of contractors, researchers, and state agencies.

Currently we are installingPRA code into the version g§AQM that is publi-
cally distributed by the California Air Resources Board under a contract to CARB.

1.8 Output Produced

Outputs are in the form of time series plots of process magnitudes and species
concentrations, chemical cycle diagrams, pie charts of distributions of important
chemical parameters, and tables giving supporting details should questions arise
from examining the plots and diagrams.

For PCA, outputs are time series area plots of species’ concentration and
process composition.

1.9 Complementary Analysis

Our results are best compared with ambient observations that can be used to derive
a “process rate.” We are working with Robin Dennis at EPA/NOAA to generate a
“process evaluation” approach for model testing.

1.10 Uncertainty Associated with Estimates

Our answers are as uncertain as the model is.

Integrated Process Rate Analysis 9 ESE/UNC-CH
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1 ANSWERS TO QUESTIONS 1.11 Performance Evaluation

1.11 Performance Evaluation

In one sensepRA, is an evaluation of the model’s performance in that we constantly
check for mass balance over all the model’s processes and solution methods. (See
example below where we find an NOx mass imbalance in UAM-IV).

1.12 External Review

The fundamental principles ¢#RA have been published in peer-reviewed journal
articles and theca applications have been presented in public forums and analyses
have been presented to private and state AQ officals.

1.13 Portability

Model code changes are in the base language of the model. We have made code
changes on CRAYs and various UNIX workstations.

Some of the post processing programs are in FORTRAN and some are in
C++. C++ is available on essentially all workstations and on the CRAY.

1.14 Future Work

Dr. Tonnesenis working at EPA/NOAA installing variaeg analysis toolsinto the
HRADM used by Robin Dennis to perform model-based research. This includes
usingIPRA to explain the results of “source modulation” model experiments.

Dr. Tonnesen and Mr. Gerald Gipson (Jeffries’s PhD student) are installing
IPRA into the MODELS3 framework.

Under CARB funding, Jeffries and his students will continue to ingalh
codes into thesaQMm and will perform demonstration analyses for the SARMAP
simulations.

Work needed includes a complete re-write of tRR/MB program to make
it more efficient, and easier to operate as a graphical interface, “clickable” post
processor to produce visualizations of various processes from a simulation.

ThePca algorithms used by Lo need to be significantly restructored to reduce
both memory and computational time.

A unified file format fonPRA data that is more platform independent and that
meets the needs of all the post-processing programs in a more efficient manner is
needed.

Integrated Process Rate Analysis 10 ESE/UNC-CH



1 ANSWERS TO QUESTIONS 1.14 Future Work

A most pressing need is to conduct many mm®e/MB and PCA analyses
of various scenarios to prepare a much better training set and to use these to
prepare guidance documents on how to ajma for model evaluation and source
attribution.
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2 WHAT IS “SOURCE ATTRIBUTION"?

2 What is “Source Attribution”?

In the bottom two kilometers of the atmosphere, ozang fixing ratios above a
range of 40—70 ppb are almost always produced in by photochemical reactions in
the lower atmosphere.

In the simplest explanation that can be given, such ground-@yebmes
from reactions of oxides of nitrogen®,), so that in the absence wb, there can
be noo; production (except for electrical discharge). Unfortuately, availability of
NOy is a necessary but not sufficient condition @arcreation or “sourcing”. The
other necessary ingredients are a source of inorganic and organic peroxy radicals,
HO, andRO,, which are formed mostly from radical attack wncCs. It is the
reaction of thes®o, radicals withNO that “splits” the moleculao, bond, and
produces an “odd-oxygen” atom, which is initially attached to the nitrogeioim
Photolysis ofNO, frees this “odd-oxygen” to react with, to makeo;.

So the task of explaining the source@mfbecomes the task of explaining the
source of thevo, that was used by the peroxy radicals to makeand explaining
the origins of theHO, and RO, radicals that picked up the oxygen that would
eventually makes.

The peroxy radicals are made mostly by hydroxyl radicad) attack onvocs,
so explaining the peroxy radical’s origins means explainingdheadical’s origin.

It turns out that in most AQMs, more than half of all tkei that reacts in the
model, came fronD; photolysis! That is because, dueuwoc oxidation being a
chain process, eachH that initially attacks can be recreated to attack again, and
again.. up to 5-6 times. With sufficierMo, each OH radical can make 4-6;
molecules, some of which photolyze to maké!.

Many of us who have been studying this problem now actually study the source
of all “odd-oxygen”, which is the necessary stepifis going to be produced. The
“odd-oxygen” can reside on a number of carriers, one of which happensdg be
Thus, the source ab; is really an odd-oxygen production problem, followed by
an odd-oxygen species partitioning problem.

It turns out that it is fairly easy in a model to measure the spatial and temporal
distribution of odd-oxygeproduction It is also fairly easy to track the transport
of odd-oxygen. But predicting its partitioning among the variety of odd-oxygen
carrying species is much more difficult.
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

Well-mixed model cell

AM H is horizontal transport
AMy v North V is vertical transport
N E is emissions
D is surface deposition
C is chemical transformations
N South i is initial
] f is final
AMc M is species mixing ratios
AM | AM
AMp | M P e
/
Fame
East
West AMy
AMy = AMy + AMy + AMy + AMy net horizontal change
AMy = AMVll +AMy 4 net vertical change

Mf = Mi + AMH + AMV + AME + AMD + AMC total mass balance
Figure 1: Processes operating on a cell in an air quality models.

2.1 Whatis Process Analysis?
2.1.1 The Model Processes

Most air quality models create output files of just species concentrations over
space and time. In “process analysis” we focus on the change caused by each
major physical and chemical process in the model (see Figure 1), and thus our
method requires additional model outputs. The processes that we need separately
guantifiedat each time stepre:

Chemistry: To perform a complete system analysis of the chemical transforma-
tions, the integrated reaction ratesJrRrs, of each chemical reaction in the model

are needed. The reaction rate aRrH for a second order reaction is defined as
whereM; and M; are the mixing ratios of reactants in reactignandkg is the
reaction rate constant. In addition for other types of process analysis, we need the

Integrated Process Rate Analysis 13 ESE/UNC-CH
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

net change in each species’ mixing ratio caused just by the chenaidity, This
value and other similar values are obtained by integrating the rate of change of each
process separately rather than summing all rates of change and then integrating

once, that is, :
2dM
AMp:/ GT)M
1 p

and p indicates the process.

Horizontal transport:  The change in each species’ mixing ratio caused by ad-
vection,A My, from cell to cell by winds must be quantified and

AMy = AMy, + AMy. + AMy. + AMy,

where the subsubscripts indicate the direction of transport from the north, east,
south, or west into the cell.

Vertical transport:  The change in each species caused by advection and diffu-
sion of material AMy,, from above and below each cell must be quantified.

Emissions: The change in each species caused by emissibNg;, into each
cell must be quantified. It is also useful to distinguish low level emissions from
elevated emissions.

Deposition: The change in each species caused by deposition of material on
surfacesAMp, must be quantified.

Initial:  The concentration of each species at the beginning of the timeMtep,
is also needed, i.e., the initial species concentrations for the time step.

Itis clear that
Mi =M, + AM¢c + AMy + AMy + AMg + AMp

where M; is the final concentration for each time step. Obviously, some of the
terms on the right-hand-side will be negative and some will be positive, so at any
given time different processes are driving the species’ mixing ratios up and some
are driving it down. In an analysis of mixing ratio predictions, it is not possible to
explain the mixing ratio time series by just examining the mixing ratios. Therefore,

Integrated Process Rate Analysis 14 ESE/UNC-CH
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

UAM
Code

IPR \
Code
Addn

IPR
UAM
Code

||

Figure 2: Air Quality Models must be modified to include new code to output the process rates.

in the IPRA method, all of the additional output described above is subjected to
further processing by several auxiliary or post-simulation programs. The code
changes needed and the auxiliary programs will be briefly described next.

2.1.2 The Code Changes

To perform process analysis, minor additions (less than 500 lines) must be made
to the solver codes in each air quality model to be analyzed and a new executable
version of the model must be produced (see Figure 2). These changes have already
been made to the regulatory version and to our CRAY vectorized version of UAM-
IV, to the High Resolution RADM, and are currently being made to the UAM-V.

In making these changes, a small amount of additional code is added at the end
of each of the process routines in the model [13]. The purpose of this new code
is to perform asimpleintegration of the rate of each process that effects species
concentrations over each model solution time step and, depending upon a user
command, to either accumulate these integrated rates for an hour before writing
them out, or to write them out each time step. Thus the model’s output will consist
of both the usual species concentration data and therrwata (see Figure 3).
These additional model calculations usephecess rates of changleat the model
already computes and thus place only a very small additional computational burden
on the system. An abbreviated example of the extract of one time step output from
anIPRr file is shown in Tables 1 and 2.

For an environmental chamber analysis or for a Lagrangian air quality model
analysis, the total output file consists of a set of values like those in Tables 1 and
2, usually one set for each hour. Note that some of the items irthide are not
needed for these simple types of analysis, e.g, the horizontal transport terms, and
in these cases these items are written out as a field of zeros. In other cases, some

Integrated Process Rate Analysis 15 ESE/UNC-CH



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

2 WHAT IS “SOURCE ATTRIBUTION"?

2.1 Whatis Process Analysis?

I

I

I

I

I

: — : ASCI cell by cell

| = 2 | or agg

| - | | IPR Data

I I

| | T Y
: Extract Cells : IPRTS Plots IPR Pr Comp IRRPr Chem
v | /N |

J

ASCII nxnxt ASCII *.prn ASCII
bys

pecies

|

nxnxt
by proc

|

J

tpm  ASCI IRR Tables
files

l

Macintosh Macintosh
Animation Spreadsheet Animation Spreadsheet Spreadsheet
graphics graphics graphics
QTime  [oZ=0] Mixing 2D QTime [oZ=Jo|Process 2D Flow
ine |BEELE] Ratio -~ [DEEEA0| compostion
Movies [8Z=58] o0 3D LQQ: Movies B@B Movigs 3D 5 5 é Charts E
0Ze=n Plots == Plots s

Figure 3: Schematic of a ‘complete’ process analysis for a model scenario run

species are computed by a steady-state approximation and are not transported from
cell to cell. These species therefore appear with small initial values and have zero
rates for many physical processes. For an Eulerian model, such a setasin the tables
would be written for each cell of the model, resulting in a large amount of additional
output—nearly a doubling the output of the model if all cells are written out. For this
reason, the changes made to the UAM allow rectangular “regions” to be selected
for process analysis output. Furthermore, some types of process analysis (e.g, the
process compositional analyses) require output data at every advective time step
(6 minutes for the UAM), while the rest use values accumulated for one hour.

For efficiency in storage and for speed during the simulation)rRedata
are written as binary data in a model-specific format. At the present time, a post-
simulation progranEXTRACTis used to select cells and times from the binary
file and to producASCII files that are portable to other computing platforms
such as PCs. While the hourly output for 0500-1900 LDT for a single cell in
the ASCII format is only 152 kilobytes, the “every-time-step” output needed for

Integrated Process Rate Analysis 16 ESE/UNC-CH
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

Table 1:. The first part of the Integrated Process Rate output: the integrated reaction rates of each chemical reaction in the
model for one time step.

"IRIMB FOR UAM-IV"

Time = 11. Dark = F
I"Rxn no Int rate”
{n 1.28502E-01
{ 2 3.08729E-01
{ 3} 1.06341E-01
{ 4 3.61750E-06
{ 5} 6.07917E-07
{ 6} 1.33169E-07
{7 9.16786E-04
{ 8 1.71110E-01
{ 9 1.02786E-02
{ 10} 8.84278E-03
{ 24 1.60628E-05
{ 25} 1.61543E-12
{ 81} 4.34745E-04
{ 82} 0.00000E+00
{ 83} 0.00000E+00
{ 84} 2.74100E-06
{ 85} 9.53471E-05

{ 86} 0.00000E+00

Table 2:. The second part of the Integrated Process Rate output: the integrated process rates of each physical and chemical
process in the model for one time step.

! Species Init conc Gas Chem West Trans East Trans South Trans North Trans
"0 "

0.100000E-19 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
"01D " 0.100000E-19 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00
. . . . . .
"PAR " 0.604878E-01 -0.561872E-02 0.445677E-01 -0.473587E-01 0.487423E-03 0.636204E-02
"TOL " 0.127839E-02  -0.387130E-03 0.839104E-03  -0.936106E-03 0.102265E-04 0.103055E-03
. . . . . .
"ISOP " 0.176950E-04 -0.242456E-03 0.340836E-04 -0.370586E-04 0.930089E-07 0.382198E-05
"CLBR " 0.993197E+00 0.000000E+00 0.823980E+00 -0.829784E+00 0.868804E-02 0.115545E+00
! Species Titrate Ver Trans Low lev emis Elev PT emis Deposition Final conc
"0 " 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.100000E-19
"01D " 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.100000E-19
. . . . . .
"PAR " 0.000000E+00 -0.150652E-01 0.699708E-02 0.101726E-04 0.290276E-14 0.508696E-01
"TOL " 0.000000E+00 -0.409817E-03 0.324779E-03 0.000000E+00 0.551037E-16 0.822499E-03
"ISOP " 0.000000E+00 -0.543736E-04 0.304680E-03 0.000000E+00 0.147928E-17 0.264846E-04

"CLBR " 0.000000E+00 -0.113493E+00 0.000000E+00 0.000000E+00 0.515579E-13 0.998133E+00

the process compositional analysis is 1.8 megabytes per cell for the same time
period, and typically a 25 by 25 cell region is analyzed resulting in having to
transfer and store 65 megabytes of data. We are therefore considering changing
the EXTRACTprogram to outpuHiDF data sets as an alternative to #h8CII

format. HDF, or hierarchal data format, was invented at the National Center for
Supercomputing Applications for exchanging data among different applications. It
can also exchange binary data among different computer platforms, e.g., CRAY’s
and PC’s.HDF will be described in more detail later.

2.1.3 The Process Analyses

As shown in Figure 3, presently there are four basic types of process analyses:
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

1. Movies of lumped process magnitude fielas, show by color in each model
cell, for each hour, the total new radical production, and in another movie the
odd-oxygen production, and in a third movie the total termination product
formation (i.e., the beginning, middle, and end of the chemical cycles) and
movies of species concentration fieldsy., movies 0b;, O, NO, NO,, CO,
and voC mixing ratios in each cell each hour. These movies are useful
combined in a spatial and temporal analysis. These will not be described
any further.

2. IPRA time serieplots that show a time series of the mixing ratio of selected
species (e.gNO, NO,, O3, CO, and totalvocC) along with the time series of
the change produced each hour by chemistry, net horizontal transport, net
vertical transport, elevated and low level emissions, and deposition. These
plots have been typically produced by common PC spreadsheet programs
usingASCII text files that are imported into the spreadsheet program.

3. IPRA process compositigoiots and movies. Inthis analysis, the composition
of a selected species in a given cell at a particular time is expressed in terms
of the following sources:

(a) initial-here-the fraction or mixing ratio that was initially present in the
target cell (and still remains);

(b) initial-other—the fraction or mixing ratio that was initially present in
some other cell and was subsequently transported to the target cell;

(c) emitted-here-the fraction or mixing ratio that was emitted into the
target cell (and still remains);

(d) emitted-othefr—the fraction or mixing ratio that was emitted into some
other cell and was subsequently transported to the target cell;

(e) chemistry-here-the fraction or mixing ratio that was chemically formed
in the target cell (and still remains);

(f) chemistry-otherthe fraction or mixing ratio that was chemically
formed in some other cell and was subsequently transported to the
target cell;

(g) boundary-horizontat-the fraction or mixing ratio that was transport
through a N, S, E, or W domain boundary face and was subsequently
transported to the target cell;
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.1 What is Process Analysis?

(h) boundary-vertical-the fraction or mixing ratio that was transported
through a top or bottom boundary face and was subsequently trans-
ported to the target cell.

The simplest form of this output is an area chart for the composition in the

target cell over time. Movies, one for each process (i.e., initial, emission,

chemistry, vertical boundary, and horizontal boundary), that show the spatial
and temporal distribution of the process contribution to a selected target cell
are the most complex form of output for this analysis. Note that it is possible

to reverse this analysis and report the contribution of a particular source to all
affected cells. The data processing for this analysis has typically occurred
on large memory PCs with visualization via PC spreadsheet tools.

4. Integrated Reaction Rate oRR/MB process analysiss applied to just the
chemical transformation change. It is usually presented in the form of time
series, piecharts, flowcharts, and systems diagrams. These outputs include:

(a) time series of new radical strength and pie charts of source composition;

(b) time series and average hydroxyl radical chain length, or number of
times each hydroxyl radical is used before being lost; time series and
averageNoO chain length, or number of times earb is oxidized to
NO, before being lost as a nitrogen product;

(c) the amount of/oc consumed by hydoxyl radicals, I, or by pho-
tolysis reactions, and the average numbeKNofto-NO, conversions
pervoc reacted;

(d) the amount 0b; produced by eactioc reacted;

(e) the total odd-oxygen production, the averagegield perNO, photol-
ysis, and the total amount ok produced;

(f) thevoc andNno, propagation factors and the distribution of termination
products;

(g) the amount 0b, ando; formed by eaclvoc in the system;

(h) detailedvoc and nitrogen mass balances.
The data processing for this analysis has typically occurred on PCs or VAXes
and results in collection of 12SCII tables being produced. Selected data

from these tables are manually entered into spreadsheets or onto plots pro-
duced via PC/Mac Drawing programs.

Examples output from some of these analyses will be briefly described below.
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

CATAWBA

UNIO

Figure 4:. One frame from day two of a UAM movie of ozone mixing ratios for a 1988 Charlotte, NC episode. The
darkness is not proportional @ in this figure and both deep blue (for @) and bright red (folO3 equal to
or exceeding 120 ppb) both show as dark colors.

2.2 Example Analyses Results

The purpose of this section is to demonstrate what some of these process anal-
yses look like. This work, conducted as part of our work on a EPA cooperative
agreement, work with the NC Department of Environment, Health, and Natural
Resources on the state’s request for re-designation for Charlotte NC, work for a
DOE project, and work on a GRI contract has for the most part occurred recently
and thus has not yet reached the literature.

2.2.1 Movies of Concentrations

The movies have one frame for each hour of a 24-hour simulation and play in 24
seconds. Often of more value is the ability to stop the movie play and “rock back
and forth” over a series of frames to gain insight into what changed over the time
interval. Figure 4 is a grayscale rendition of one frame fromahenixing ratio

Integrated Process Rate Analysis 20 ESE/UNC-CH
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

movie for day two of a 1988 Charlotte, NC episode basecase simulation. While the
color transformations to grayscale are not linear, this frame still shows the essential
features of the UAM movies:

[ the total view is 25 by 25 cells centered on downtown Charlotte;

O the cell size is 5 by 5 kilometers and is clearly visible in the figure;

[0 county lines are marked in black and the NC-SC state line is marked in bold
black;

[J the dotted lines are the approximate locations of two Interstate highways;
the one that runs diagonal is I85 and the one that runs N-S is 177,

[0 the legend for map symbols is:

O the threell-marks are the sites of the monitoring stations in Charlotte
(S to N, Arrowwood, Plaza, and County line);

O the fourld-marks are the sites of Duke Power’s fossil fuel power plants;

O the O-mark in Lincoln county is the future site of Duke Power’s gas
turbine station for meeting peak power demand (this was not present
in the 1988 base case, but was in the future 1999 and 2005 cases);

O thel-mark in Iredell county is a natural gas pumping station;

[0 thel-marks are smaller low levelo, sources.

By comparing the movie frames of species mixing ratios, 4 with movie
frames of lumped processes such as total odd oxygen production per hour per cell,
one can see spatial and temporal relationships that would be difficult to achieve
any other way. For example, by showing total odd oxygen production locations a
few hours before the peals time, we can determine the most important sources
that should be controlled to reduce themaximum. Comparisons of frames from
process composition movies to be described below with the usual species mixing
ratio movies also helps gain insight into complex spatial relationships.

2.2.2 IPRA Time Series

Figure 5 shows process analysis time series plotsifigmo,, voc, ando; for a
Charlotte UAM scenario in 1987. These are probably the outputs that are the most
useful to non-modelers, as the concept seems so obvious to most. In this example,
the IPR data values were aggregated for & @ cell region that included both

the Arrowwood and Plaza monitors for this analysis. The 1987 episode was very
stagnant and the UAM was having problems predicting accaratgixing ratios

in areas south of the center city, e.g., see the lEtgdancrease iro; in Figure 5.

The measured peak maximum for this day was 131 ppb (see Fig. 7)
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Figure 5: Process time series for Charlotte 1987 episode.
Nitric Oxide: In theNO processes plot, we see that emissions in thke@area

increased theiO mixing ratio by 57 ppb over the time period 500-1900 LDT
and only 4.6 ppb came from elevated sources. Chemistry process were the major
consumer oiNO, removing 45 ppNO over the day. Vertical transport was an
important process foNO in the morning hours, but decreased to small values
during the afternoon when tid mixing ratio was being driven to low values by

the chemistry processes.

Nitrogen Dioxide: In the NO, processes plot, we see thad, emissions were
a much smaller contributor oy, only 6.3 ppb. Chemistry contributed the large
majority of theNO,, 29.6 ppb, but note that the increasenin, was less than the

-
<
L
=
-
O
o
(@
L
>
—
- -
O
o 4
<
<
o
Ll
2
=

Integrated Process Rate Analysis 22 ESE/UNC-CH




-
<
L
=
-
O
o
(@
L
>
—
- -
O
o 4
<
<
o
Ll
2
=

2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Emissions VOC Composition
o HEHEHEEEER] A
1 I [===| HCHO
i gy [
0.8 — = A 0.8
.5 0.7 % 7 0.7
go.e = 0.6
L
§o.5 0.5
50.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0

Figure 6:. Model Predicted and Observed VOC composition ir 6 5-km cells near downtown Charlotte NC in 1987
UAM scenario. The bars labeled with hours are the model’'s composition, the last bar on right is the average
from EPA ambient VOC canister sampling program. Note the difference in toluene and xylene.

NO decrease due to chemistry. Vertical transpomiof removed 34 ppb ofoO,
from layer one. In keeping with the view that this was a relatively stagnant episode,
horizontal transport ofl0, was very low, only -1.6 ppb.

VOCs: In thevoc process plot in Figure 5, we see that total emissions were
344.6 ppbC which combined with the, emissions gives a morning peak emis-
sSionsVOC-to-NOy ratio of 5.4:1. The modeVOC-to-NOy ratio based on mixing
ratios, however, was 7.7:1, the difference being due to carrysaverfrom the

day and night before. Note that the isoprene emissions into thé @rid was

37.8 ppbC, yet its contribution to thedC mixing ratio was almost undetectable.
Another time series process analysis not shown here revealed that chemical loss
accounted for 70% and that vertical transport accounted for 29% of the isoprene
emissions. Note that in the middle of the day, isoprene emissions were about 1/4
of the totalvoc emissions. If isoprene is removed from the totat emissions,

then the anthropogenioC-to-NO, ratio would be 4.7:1, which is a factor of 1.6
lower than that based on the mixing ratios. This shows some of the difficulty in
attempting to compare model predictions with ambient observations and blaming
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

the differences on the emissions inventory.

Before we leave the issue wbC emissions, let us illustrate another problem
that “process analysis” found in the the UAM inputs. Figure 6 shows a bar chart of
voc composition for each hour in the 1987 Charlotte UAM scenario. At the right
end of the chart, we show the average composition that was determined from a
6—9 AM canister sampling program (ambient observations) that was conducted in
Charlotte in 1984 as part of a larger EPA program. While there is remarkably good
agreement for the classes paraffins, olefins, and aromatics, within the aromatics
class there is a large difference: theL to XYL ratio in the model is backwards
compared to the observations, i.e., the modeds was about twice the model’s
XYL. This disagreement prompted us to conduct a detail examinati@web-XYL
ratios in the emissions input files which lead to the discoverytti@speciation
for all the area surface coatings and solvents were computed with a single species
profile by EPS 2.0the EPA-approved UAM emissions processor. Subsequent
investigation of this profile revealed that it was based on @mly paint samples
from L.A. that were taken in the late 1970’s and these samples were very high
in xylene and very low in toluene. EPASs Emissions Inventory Group has been
informed of this error and they are now creating new speciation profiles based on
newer data.

Ozone: Intheo; process plot in Figure 5, we see that the early morning source
of O3 was vertical transport from aloft. Chemistry was a negative contributor to
03 during this time period as the freshly emitted titrated the downward mixed

03;. After 0900 LDT, chemistry became a producemgf and remained positive
until sunset, producing a total of 113.9 ppb @f. After chemistry started to
produceos, vertical transport out of the layer one cell became a loss process.
Deposition ofo; was a significant loss process, consuming about 38 pl.of
Until 1600 LDT, horizontal transport ab; was negligible, but at 1600 LDT in

this scenario, horizontal transport brought 29 pploginto this 6 x 6 cell area

that already had the highest mixing ratio in the model. This additiona,
increased the & 6 cell's O; mixing ratio from 105 ppb to 135 ppb. This was

in dramatic contrast to the observed values reported by the two monitors located
within the 6x 6 cells, which showed decreasesogfduring this time period (see

Fig. 7). While horizontal transport was increasing the cell's mixing ratio, vertical
transport was removing less than half the increase and chemical production was
still increasing the mixing ratio by about 20 ppb. Individual cells within the ®
region showed even more dramatic effects: as much as an 80 ppb increase in
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Figure 7: UAM predicted and observed; mixing ratio and the change caused by each process in the UAM.

from 1600 to 1700 LDT producing a peak mixing ratio of 170 ppb (see Fig. 8).

Because “process analysis” plots made it clear that horizontal transport was
responsible for this large increase, the incorrect behavior of the model was traced
to problems in the Diagnostic Windfield Model (DWM) producing artificial con-
vergence due to inappropriate interpolation of the hourly monitored wind data.
Numerous experiments with the DWM were unable to resolve this problem and it
was eventually necessary to use manual “objective analysis” of the wind data to
obtain any reasonable predictions.

Other Wind Problems Figure 7 shows a process time series plotdeifor a
single surface cell (the one containing the Plazanonitor—the middle cross in
Figure 4) and it reveals another problem we have repeatedly observed in UAM
simulations: a switch in the direction of vertical transport when there is a major
change in wind direction in the UAM. In this plot observe that vertical transport
was first positive into the lower layer during the morning hours as the mixing
height was rising and; from aloft was being brought down. Once the cell began
to produceo; chemically, i.e., after 1000 LDT, vertical transport became strongly
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

negative, carrying the higher concentratmyin the lowest cell upward. That is,

until the hour 1500-1600 LDT in whictuddenly vertical transport was a source of

03 inthe lowest cell At 1600 LDT, the vertical transport once again returned to its
former nature. This one hour of positive verticaltransport caused a significant
“glitch” in the Oz mixing ratio time series, resulting in the over-prediction and a
predicted excedance of the NAAQS for this cell. What happened during the hour
starting at 15007 The wind, which in the UAM is held constant for each hour and
is only changed on the hour, made a major change in direction at 1500 LDT. Every
UAM scenario we have run in which the wind made a large shift in direction in
the afternoon has exhibited this vertical transport transient behavior. Because the
winds in each layer of UAM are independent of each other, and the model attempts
to conserve mass by means of a calibration gas tracer species, the rapid shift in
winds from one time step of the model to the next results in an artifact in vertical
transport to compensate for the dynamic imbalance in the model.

2.2.3 IPRA Process Composition

Figure 8 shows a “process composition time series” plotdfpin a single cell

(the one containing the Arrowwoads monitor) in the 287FC UAM simulation

for Charlotte, NC. By “process composition” we mean that we have effectively

“colored” theOs by the type of process that gave rise tothehat is still in the cell

ata particular time. Atthe beginning of the analysis time althin the cell would

be from the “initial process”. As time proceeds and the meteorological processes

cause vertical cell growth and horizontal mass flow, this “inttigldecreases and

O3 with other process origins are brought into the cell. For example, in the top

plot of Fig. 8 we see that vertical transport from layer two into the layer one cell

began to increase the celts at 0600 LST (at the same time, this decreased the

mixing ratio of the “initial0s” because of dilution). Also at the same tinog,that

originated somewhere to the west of the Arrowwood cell was being transported

into the Arrowwood cell. At 0700 LST, transport also began to contribgtieom

the north of the Arrowwood cell. We also see from the plot that after 1500 LST,

there was a very large amount©f transported from the north and that this was

responsible for the large and rapid risednfrom about 100 ppb to over 170 ppb.
These process composition plots are possible because each cell in an Eulerian

model is well-mixed, and therefore they can be treated as a continuous stirred

tank reactor ¢STR), which is a chemical engineering term for a common type of

flow-through reactor. In &STR, just as in an Eulerian model cell, mass flows

into the reactor volume, mass flows out of the reactor volume, and reactions occur
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Figure 8:. Process composition times series @y in Episode 287FC Charlotte, NC UAM simulation. TOP: Sources of
O3 by process in Arrowwood Cell; BOTTOM: Sources ©f by process in Arrowwood Cell with transport
sources replaced by original sources.

in the volume. By performing a mass balance on the cell and using the mass
changes by process from tieRr file for the cell as a function of time, we can

-
4
Ll
>3
-
O
O
Q
L
=
-
L
O
ol
J
<
Q.
Ll
2
-

Integrated Process Rate Analysis 27 ESE/UNC-CH




-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

develop the fraction of mass in a cell that was accumulated from each source
(details of how to carry out these calculations are available in [14]). By keeping
such a “process composition” on every cell and by replacing the transported-in
mass with the process composition of the up-flow cell, i.e., we resolve the mass
of material transported in a cell into its process composition by applying to it the
composition of the material in the cell from which the transport is occurring. When
such calculations are carried out at each timestep, we can obtain a new “process
composition” time series plot that looks like the bottom plot in Fig. 8.

In the bottom plot, there is no mass labeled with transport directions. Instead
the original process origins of the transported masses have been identified and
these have been collected into groups of origin. For examig,Other” in the
plot represent®; that was initialo; in one of the other 25 by 25 cells at the start
of the analysis. Bdry_Top” representso; that came through the layer one top
boundary in any of the 25 by 25 cells anBdry_Horizontal” represent; that
came from outside the 25 by 25 cells.

This latter plot shows that until after 1200 a large amoundpin this cell
came fromo; that was initially present in the 25 by 25 cell area at the start of the
day or fromo; that was aloft—that is, “old;.”

In Figures 9 and 10 we take a different view of this sapeThese “bar” plots
show the spatial distribution of the origins of tbe that was in the Arrowwood
cell at the indicated times. For these plots, only the chemistry process that created
the Oz in the other cells has been visualized. These plots provide the spatial
contributions for the two times, 1300 and 1700 LDT. Refer to Fig. 8, and think of
two vertical lines at 1300 and at 1700. At these times, chemistry processes had
been responsible for 55.6% and 68.6% of then Arrowwood’s cell. Fig. 9 and
10 show the spatial distribution of these chemical contributions.

This type of analysis can be extremely useful, for example, in determining
the extent to which a particular source region, such as a road, would contribute to
peakos in selected areas.

2.2.4 IRR Chemical Process Analysis

This type of analysis is applied to the chemical transformations within model
cells or aggregated model cells using th& data from the chemical reaction
mechanism included in the air quality model. Details on how this analysis works
are in the literature [1-4]. Basically we have adopted an abstract or systems
approach, recognizing two inter-acting cycles (tbe radical cycle and thelo
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Total = 55.6% Total = 55.6%

) Chemistry Contribution
1o is 55.6% of total ozone at
Arrowood (32,21,1)

,
Hour 13
S
g s
5
B oaw
H .
g o 8
£
0% = n o I =

(32.21,1) Caused by Chemistry in Column

Frac
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Figure 9:. Process composition spatial contribution to a single c@{'sn Episode 287FC Charlotte, NC UAM simulation.
The 3-D plot shows the contribution of just chemistry processes in each cell of a 25 by 25 cell area to Arrowwood
cell'sO3 at 1300 LDT. The 2-D plots show this contribution summed along the rows and columns. At this time,
55.6% of theD3 in the Arrowwood cell was from chemistry processes that occurred in one of the 25 by 25 cells.

oxidation cycle (see Fig. 11), within a positive feedback loop (the photoly®s of
provides about one-half of the new radicals in the system). Radicals are accounted
for via initiation, propagation, and termination processes. Oxides of nitrogen are
accounted for via emissions, oxidation, and terminal product production. The two
cycles are coupled via odd-production by reactions such as

HO, + NO —> NO, + OH
RO, + NO —> NO; 4+ RO

which is necessary for both the radical and nitrogen cycles to continue.

This systems process view introduces several important new parameters that
can be used to classify and compare the chemistries of different scenarios for
the same model, the same scenario for different models, or different locations,
scenarios, and models. Some of these new parameters are:

O “new radical source strength’—new radicals are formed by photolysis of
organic (mostly aldheydes) and inorganic (mostly species that are both
present initially and are formed via the oxidation cycles. We have found
that for urban simulations, about half of the radicals come from organic and
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Total = 68.5%

Chemistry Contribution
" is 68.5% of total ozone at
Arrowood (32,21,1)
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Total = 68.5%
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Figure 10:. Process composition spatial contribution to a single c®§'tn Episode 287FC Charlotte, NC UAM simulation.
The 3-D plot shows the contribution of just chemistry processes in each cell of a 25 by 25 cell area to Arrowwood
cell's O3 at 1700 LDT. The 2-D plots show this contribution summed along the rows and columns. At this
time, 68.5% of thé3 in the Arrowwood cell was from chemistry processes that occurred in one of the 25 by
25 cells.

about half come form inoganic sources. Thatdg,is very important in
producing more; (see details in [3]). In Fig. 11 there was 27.9 ppb of new
‘OH produced. In a cell centered over NY City in a RADM simulation, there
was 34.1 ppb newpH produced.

[0 “OH propagation factor” and chain length—each new radical created above
Is used, re-created, and used again in a chain oxidation process. We measure
the fraction of OH radicals that make it all the way through the chain each
cycle and this is called theH-propagation factor. We have found that this
is usually about 0.75 regardless of chemical mechanism, e.g., inthe NY City
RADM simulationP, was 0.747 giving 3.96 cycles peH. The throughput
for thecB4 mechanism in Charlotte translates into 4.11 cycles for ezgh
before being lost in termination. The reacteat in Charlotte for a 36km
area was 128.1 ppbV, where as for NY City for RADM for & Xin area
this was 112.9 ppb.

0 “NO propagation factor” and chain length—similar @m-propagation fac-
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Charlotte 6x6 5-km surface cells, Day 2 287fc 6--19 Hours

13.8 ppb

from Og + hv 4.11 OH Cycles
propagation and termination
27.9 ppb new OH Pon=0.757
AVOC=128.1 ppbV
114.9 ppb OH 87.0 ppb OH
13.9 ppb from reacted 5 No,)/voC]= 1.26 re-created

aldehydes + hv

RO, + NO-NO, + RO; [rdt = 160.5 ppb

O, +NO— NO, + O,; [ rdt = 18.4 ppb |

18.4 ppb old O; (aloft) total of
178.9 ppb +H,0
NO - NO, 6.9 ppb Og+hv
181.9 ppb NO 132.94 ppb
56.1 ppb new NO  reacted NO,=19.7 ppbV Te-
pp Pyo=0.731 NO re-created [05],=124.5 ppb
propagation and termination [O3]y/[NO;Jh,= 0.937
3.24 NO Cycles __, 17.1ppb
6.6 ppb new NO
fron?l;r)lew NO;— 4g3 .ppb_> [Oslreact
4.6 ppb NO 12.8 ppb NO [Oslinit | 6.6ppb
balance —> transported 28.9 ppb [Oalvirans
57.0 ppb NO emissions. [Oslhtrans 38.1 ppb
[OS]depo

[O] =131.0 ppb

Figure 11:. The'OH andNOy Cycles from Integrated Reaction Rates for 6 by 6 Cell Area in UAM Scenario 287FC for
Charlotte, NC.

tor, eachNO is oxidized toNO,, and re-created via photolysis to be re-
oxidized again. Some reactions remav@ andNO, leading to less than
100% throughput. We have found that in most models this factor is about
0.73-0.78, or eackoO is used about 3.2 to 4.4 times before being lost. New
NO (or NO emissions in the 36km area in Charlotte were 56 ppb for the
day, where as in NY City for a Z2&km area they were 47.9 ppb.

0 “NO oxidations penvoc consumed’—this is the total number wb’s oxi-
dized divided by the total amount of primavypcC reacted and is a measure
of the “reactivity” of thevocs in the model. This value was 1.84 for the
RADM mechanism in NY City for frestvOoC emissions, but as shown in
Fig. 11 was only 1.26 focB4 mechanism in Charlotte. This was traced to
fact that on this second day of simulation in a stagnant episode, about 1/4 of
the reacted/oC was older aged¢oc, which has a much shorter oxidation
chain length and therefore fewsO-to-NO, conversions per chain.

0 “0s; produced peNO, photolysis"—not all of the atomic oxygen that is
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Charlotte 6x6 5-km surface cells, Day 2, 287fc, 6--19 Hours
[Noz]bal 4.6 ppb

re-created [NO [NOJ new [NOJ [NOJJem.tbed

132.9 ppb 181.9 ppb  49.5 ppb
No]lrans

[HO,] [RO,]70.5 ppb 12.8 ppb
93.0 ppb

3.0 ppb
[03]0
18.4 ppb RONOZ

67.5 ppb

[OH] [ALD] + [HO,]
4 \ 4

178.9 ppb
produced [NO_Jini 12 ppb

[N02]<_ new [N02]<— [NOZ]emmed
150.4 ppb 7.5 ppb
reacted

36.0ppb [133.8ppb  [11.6ppb | 0.5ppb [15ppb |3.1ppb
hv H]

3.24 cycles per new [NO]
-

[RCO]  [RO]

\ Doy vy
[NOZ]trans |[HN03]| | [PAN]| | [RNO3] | |[N02]depo|

NO]J + [O rxn with organics
132.9 pp[b 1+19] ¥ +0, 8.4ppb
new [O;]

124.5 ppb

Figure 12:. TheNO Cycle and Mass Balance from Integrated Reaction Rates for 6 by 6 Cell Area in UAM Scenario 287FC
for Charlotte, NC.

Total VOC Reacted = 128.1 ppbV Chemical Ozone produced= 124 ppb
3%
1% MGLY
"N by Others 1% LomeLy AL Others 106

18%
129% RCHO
28% ?

HCHO
16%
CH4

6%

4% ISOP

1% XYL
29% TOL
29 OLE

4% ETH

CH4
4%

39 XYL 25%

296TOL
PAR 289
28% 4%O0LE  ETH 6%

Figure 13:. The amount o/OC reacted an@®3 formed by reaction of eactiOC for 6 by 6 Cell Area in UAM Scenario
287FC for Charlotte, NC.

produced wheno, photolyzes is converted int@;. Inthe NY City RADM
simulation this fraction was 0.909 compared to 0.937 in the UAM Charlotte
simulation.

From this brief comparison aRR process parameters we can see that the
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2 WHAT IS “SOURCE ATTRIBUTION"? 2.2 Example Analyses Results

Table 3:. NOy Mass Balance from Integrated Reaction Rates for 6 by 6 Cell Area in UAM Scenario 287FC for Charlotte,
NC. Units are parts per billion (ppbN). These results show a 4.8 ppb g&i®ijnmass over the course of the
simulation. The error does not arise in the chemistry solver, but must be due to errors in the transport solver.

NO NO2 NOy - NOx NOy
Process i . . . Sum
Sources Sinks Sources Sinks Sources Sinks | Sources Sinks

Initial Conc. 0.93 8.97 7.18 17.08 0.00 17.08
Emissions 57.01 6.28 0.00 63.29 0.00 63.29
Net Horizontal Trans -0.63 -1.66 1.44 1.44 -2.28 -0.84
Net Vertical Trans -12.17 -34.36 2.86 2.86 -46.53 -43.68
Chemistry 132.94 -182.48 185.08 -147.32 19.21 -7.44| 337.23 -337.23 0.00
Deposition -0.06 -3.12 -13.59 0.00 -16.77 -16.77
Final Conc -0.11 -5.27 -9.31 0.00 -14.69 -14.69
Totals 190.87 -195.44 200.34  -191.73 30.68 -30.34| 421.90 -417.51 4.39
Source-Sink -4.57 8.61 0.35 4.39 4.39

downtown area of Charlotte, NC has chemistry just as intense as the center of NY
City. A major difference, however, is that Charlotte only has only one area with
this intensity, whereas the next area downwind in NY City was similar to the one
described here and the one after that too. Thus, in Charlotte chemical processes
decrease rapidly with distance from the center city, whereas in NY City these same
processes are sustained at high levels over a much larger distance.

Fig. 13 shows another type of output that can be produceridyiB analysis.
We have developed a set of history lists that are maintained on each reaction.
Using these, we can “replace” intermediates that are formed as products in the
reaction of the primaryocs with the products of the reactions of the intermediates,
thus eliminating the intermediate species. In this way we can obtain an accurate
assessment of the contribution of each primapg to the totalo; production as
is shown in the figure. In every case where we have performed this anagsis,
methane, and the paraffinghe least reactive specieshave accounted for more
than half theo; produced. This is due to large mass in the urban area, whereas
the so-called most reactive species have small emitted masses and are rapidly
consumed before producing muck. The radicals produced by these so-called
reactive species are what really do the work using the large mass, ehethane,
and paraffins.

Finally, Table 3 shows a disturbing result of a full mass balancei@rfor
this case. The totalo, sources plus initiallo, exceedhe totalNO, sinks plus final
NOy by 4.8 ppb. We had expected the chemistry solver in UAM, which uses steady-
state approximations, to be at fault, but to our surprise the chemistry process was
balanced within 0.005 ppbN and instead the problem lies somewhere within the
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3 IPRA SUMMARY

transport processes. A similar problem showed up in a St. Louis UAM simulation.
EPA has given SAI, the UAM authors, a task order to investigate this problem.

3 IPRA Summary

Ourwork in the last few years has resulted in the development of a powerful collec-

tion of model analysis tools, which have significantly advanced our understanding

of the dynamic interaction among emissions, transport, and chemical transforma-
tions. These tools have been enthusiastically received by the modeling and policy
making community.

Our problem now is to improve the operation of the tools and to make them
more generally available. In addition, the number of cases for which the tools have
been applied is limited and yet we have learned a large amount about the operation
of the Eulerian models and the interactions of chemistry and meteorology We have
also found errors and model formulation problems. We therefore need to conduct
analyses with these tools on a wide variety of scenarios covering a large range of
conditions.

Base URL in the references is
airsite.unc.edu/pdfs/ese_unc/jeffries/
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