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suslecT: Interim Procedures for EVaTuating'Air Quality Models

FROM:  Joseph A. Tikvart, Chief( %TWT
Source Receptor Analysis (Branch (MD-1%)
TO: Chief,cﬂir Programs Branch, Regions I - X

Attached is a report entitled "Interim Procedures for Evaluating
Air Quality Models." The purpose of the report is to provide a general
framework for the quantitative evaluation and comparison of air quality
models. It is intended to help you decide whether a proposed model, not
specifically recommended in the Guideline on Air Quality Models, is
acceptable on a case-by-case basis for specific regulatory application.
The need for such a report is identified in Section 7 of "Regional
Workshops on Air Quality Modeling: A Summary Report."

An earlier draft (Guideline for Evaluation of Air Quality Models)
was provided to you for comment in January 1981. We received comments
from four Regional Offices and have incorporated many of the suggestions.
These comments reflected a diversity of opinion on how rigid the pro-
cedures and criteria should be for demonstrating the acceptability of a
nonguideline model. One Region maintained that EPA should establish
minimum acceptable requirements on data bases, decision rationale, etc.
Others felt that we should be more flexible in our approach. This
report defines the steps that should be followed in evaluating a model
but leaves room for considerable flexibility in details for each step.

The procedures and criteria presented in this new report are con-
sidered interim. They are an extension of recommendations resulting
from the Woods Hole Workshop in Dispersion Model Performance held in
Setpember 1980. That workshop was sponsored under a cooperative agree-
ment between EPA and the American Meteorological Society. Thus, while
some of the performance evaluation procedures may be resource intensive,
they reflect most of the requirements jdentified by an appropriate
scientific peer group. However, since the concepts are relatively new
and untested, prablems may be encountered in their initial application.
Thus, the report provides suggested procedures; it is not a "quideline."

We recommend that you begin using the procedures on actual situations
within the context of the caveats expressed in the Preface and in Section
5.3. MWhere suggestions are inappropriate, the use of alternative techniques
to accomplish the desired goals is encouraged. Feedback on your experience
and problems are important to us. After a period of time during which
experience is gained and problems are identified, the report will be
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updated and guidance will gradually evolve. Questions on the use of the
procedures and feedback on your experiences with their application
should be directed to the Model Clearinghouse (Dean Wilson, 629-5681).
An example of the procedures applied to a real data base is being devel-
oped under contract and should be completed in early 1982.
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Preface

The quantitative evaluation and comparison of models for application
to specific air pollution problems is a relatively new problem area for
the modeling community. It is eXpected that initially there will be a
number of prob]ems in this evaluation and comparison.. Also several projects
are underway that will subsequently provide better insight to the model
evaluation problem and its limitations. Thus, procedures discussed in

this document are considered to be interim.

Where material presented is inappropriate, the use of alternative
techniques to accomplish the desired goals is encouraged. EPA Regional
Offices and State air pollution control agencies are encouraged to use this
information to judge the appropriateness of a proposed model for a specific
application, but still must exercise judgment where spgcific rggqmmendations
are not of practical value. After a period of timeNaUring which experience
is gained, problem areas will be identified and addressed in revisions to

this document.

The procedures described herein are spécifica]]y tailored to oper-
ational evaluation, as opposed to scientific evaluation. The main goal
of operational evaluation is to determine whether a proposed model is
appropriate for use in regulatory decision making. The abi1ity of various
sub-modules (plume riset étc.) to accurately reproduce reality or to add
basic knowledge assessed by scientific evaluation is not specifically

addressed by these procedures.

An examp]e-i11ustrating the procedures described in-this document is

currently being prepared and should be available in early 1982.
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Summary

This document describes interim procedures for use in accepting, for
a specific application, a model that is not specifically identified in the
Guideline on Air Quality Mode]s]. The primary basis for the model evaluation
assumes the existence of a reference model wh{ch has some pre-existing status
and to which the proposed nonguideline model can be compared from a number
of perspectives. However for some app]icétions if may not be possible to
identify an appropriate reference model, in which case specific standards for
model acceptance must be identified. Figure 1 provides an outline of the

procedures described in this document.

Aftef analysis of the intended application or the problem to be modeled,
a decision is made on the reference model to which the proposed model could
be compared. If an appropriate reference model can’be identified, then the
fe]ative acceptability of the two models is determined as follows. The m;de1
is first compared on a technical basis to the reference model to determine
if it would be expected to more accurafe]y estimaté the true concentrations.
.Next.a protocol for model performance compariéon is written. This protocol
describes how an appropriate set of field data will be used to judge the
relative performance of the proposed and the reference model. Performance
measures recommended by the American Meteorological Society2 are used to
describe the comparativ; performance of the two models in an objective scheme.

That scheme considers the relative importance to the problem of various model-

ing objectives and the degree to which the individual performance measures



support those objectives. Once the plan for performancé evaluation is
written and the dat§ to be used are collected/assembled, the performance .
meésure statistics are calculated and the weighting scheme described in
the protocol is executed. Execution of the decision scheme will lead to
a determination that the proposed model performs better, worse or about
-the same as the reference model for the given applications. The results -
of the technical and performance evaluations are considered together

to determine the overall acceptability of the proposed model.

If no appropriate reference model is identified, the proposed model is
evaluated as follows. First the proposed model is evaluated from a technical
standpoint to determine if it is well founded in theory, and is applicable
to the situation. This involves a careful analysis of the model features
and intended usage in cbmparison with the source configuration, terrain and
other aspects of the intended application. Secondly, if the model is con-
sidered applicable to the problem, it is examined to see if the basic
formulations and assumptions are sound and appropriate for the problem. If
the model is clearly not applicable or cannot be technically supported, it
is récommended that no further evaluation of the model be cpnducted.and that
the exercise be terminated. Next, a performance protocol is prepared that
specifies certain criteria that should beimet. Data collection and execution
of the performance-protqcol will lead to a determihation that the model is
acceptable or unacceptabHe. Finally results for the performance evaluation
should be considered together with the results of the technical evaluation

to determine the acceptability.
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Figure 1. Decision Flow Diagram for Evaluating a Proposed Air Quality Model.
(Applicable Sections of the Document are indicated in Parentheses.)







INTERIM PROCEDURES FOR
EVALUATING AIR QUALITY MODELS

1.0 INTRODUCTION

This document describes interim procedure§ that can be used in judging
whether a model, not specifically recommended for use in the Guideline on
Air Quality Mode]s] is acceptable for a given regu]atory action. It iden-
tifies the documentation, model eva]uation’and data analyses desirable

for establishing the appropriateness of a proposed model.

This document is only intended to assist in determining the accehta-
bility of a proposed model for a specific application (on a case-by-case
basis). It is not for use in determining whether a new model could be
accéptab1e for general use and/or should be included in the Guideline on
Air Quality Models. This document also does not add;és;—criférggifor
determining fhe adequacy of alternative data bases to be used in models,
except in the case where a nonguideline model requires the use of a uhique
_daia base. The criteria or procedures generally apﬁlicab]e to the review

of fluid modeling procedures are contained elsewhere. 3,4,5

The remaining sections provide the following. Section 1.1 describes
the history and the need for a consistent set of evaluation prdcedures,
Section 1.2 provides thg basis for performing the eva]uation; and Section
1.3 suggests how the task of model evaluation should be coordinated be-
tween the applicant and the control agency. Section 2 describes the tech-
nical information needed to define the regulatory problem and the choice
of the reference and proposed models. Section 2 also confains a suggest-
ed method of analysis to determine the applicability of the proposed

model to the situation. Section 3 discusses the protocol to be used in
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judging the performance of the proposed model. Sectioﬁ 4 describes the
design of the data base for the performance evaluation. Section 5 describes
the execution of the performance evaluation and provides guidance for com-
bining these results with other criteria to judge the overall acceptability
of the proposed model. Appendix A provides a reviewer's checklist which can
be used by the appropriate control agency in determining the acceptability
of the applicant's evaluation. Appendix B describes the calculation of per-
formance measures and related parameters. Appendix C is a summary of the
Woods Hole erkshop on Dispersion Model Performance, sponsored by the

American Meteorological Society.2

1.1 Need for Model Evaluation Procedures

The Guideline on Air Quality Models makes specific re;ommendations
concerning air qua]ity models and the data bases to be used with these
models. The recommended models should be used in all evaluations relative
to State Implementations Plans (SIPS) and Prevention of Significant Deteri-
oration (PSD) unless it is found that the recommended model is inappropriate
for a particular application and/or a more appropriate model or analytical
procedure is available. However, for some app1icatjons the guide]ine does
not recommend specific models and the appropriate model must be chosen on a
case-by-case basis. Similarly, the recommended data bases should be used -
un]ess‘such data bases are unavailable or inappropriate. In these cases, the

guideline states that other models and/or data bases deemed appropriate by

the EPA Regional Administrator may be used.

Models are used to determine the air quality impact of both new and

existing sources. The majority of cases where nonguideline models have been



oroposed in recent years have involved the review of new sources especially

in connection with prevention of significant deterioration permit applications.
However, most Regional Offices have received proposals to use nonguidé]ine»
models for SIP relaxations and for general afea-wide control strategies. Prior
to 1977, many large scale control strategies involved the use of models not
currently recommended -in the Guideline on Air Quality Models. Such appli-
cations were frequently accepted. MNonguideline technigues have also been
applied to large scale control strategies gince 1977. In the Northeast and
North Central U. S. where there are wide areas of nonattainment or marginal
attainment of standards, nonguideline models are frequently proposed for use
which would allow increased emissions from large point sources. In “"cleaner"
areas of the South and West, nonguideline models are also frequently propo§ed

for new or modified point sources.

Many of the proposals to use nonguideline ﬁédéis have }ﬁvo1ved
modeling -of point sources in complex terrain and/or a shoreline environ-
~ ment. Gther applications have included modeling point sources of phoio-
cheﬁica] pollutants, modeling in extreme environments (artic/tropics/
deserts), modeling of fugitive emissions and modeling of open burning/
field burning where smoke management (a fqrm of intermittent control) is
practiced. For these applications a refined approach is not recommended in
the Guideline on Air Quéﬂity Models. Also a relatively small number of
proposals involved applications where a reéommended model was appropriate,

but another model was judged preferable.



The types of nonguideline models proposed have included: (1)
minor modification-of computer codes to é]1ow a different configuration/number
of sources and receptofs that essentially do not changé the estimates from
those of the basic model; (2) modifications of basic components in recom-
mended models, e.g., different dispersion coefficients (measured or estimated),
wind profiles, averaging times, etc; and (3) comp]ete]y new models that fre-
quently involve non-Gaussian approaches and/or phenomeﬁo]ogica] modeling
(temporal/spatial modeling of the wind flow field or other meteorological

inputs).

The Guideline on Air Quality Models, while allowing for the use
of'alternative models in specific situations, does not provide a technical
basis for deciding on the acceptability of sdch,techniques. To assure a
more equitable approach in dealing with sources of pollution in all sections

- - -

of the country it is important that both the regu1a£oky agencies and the |
entire modeling community strive toward a consistent approach in judging

"the adequacy of techniques used to estimate concentrations in the amsient air,
_Thé Clean Air Act6 recognized this goal and states fh@t the "Administrator
shall specify with reasonable particu]arity.éach air quality model or models

to be used under specified sets of conditions . . . "

'Thé use of a consistent set of procedures to determine the accep-
)
tability of nonguideline models should also serve to better ensure that
the state-of-the-science is reflected. A properly constructed set of

evaluation criteria should not only serve to promote consistency, but



should better serve to ensure that the best technique is applied. It
should be noted that a proposed model cannot be proprietary since it may
be subject to public examination and could be the focus of a public hear-

ing or other legal proceéding.

1.2 Basis for Evaluation of Models
The primary basis for accepting a proposed model for a specific

application, as described in this document, involves a technical comparison
and a comparison of performance between the proposed mode]-and an applicable
reference model. Under this scheme the greatest emphasis is placed on the
performance evaluation. The proposed model would be acceptable for regulatory
application if its performance is clearly better than that of the reference
model. If should not be applied to the problem if its performance were clearly
inferior to that of the reference model. When the performance evaluation is
inconclusive or marginal one could decide in favor 6f- the proposed model

'

if it were found to be technically better. than the reference model.

A secondary basis for accepfing dr rejecting a proposed model could
-involve the use of performance criteria writién spécifica]]y for the in-
tended appTication.. While this procedure is not encouraged because of lack
of experience in writing such criteria and the necessity of considerable
subjectivity, it is recognized that in some situations it may not be possible
to specify an appfopriéte reference model. Such a scheme would insure that
the proposed model is technically sound and a§p1icab1e to the problem, or at
least marginally so, and that it pass certain performance requirements that
are acceptable to all parties involved. Marginal performance together with
a marginal determination on technical acceptability would suggest that the

model should not be used.



At the present time one cannot set down a complete set of objective
evaluation criteria and standards for acceptance of models using these con-
.cepts. Bases for sucH objective criteria are lacking in a number of areas,
including a consistent set of standards for model performance, scientific
consensus on the nature of certain flow phenomena such as interactions
with complex terrain, etc. However, this document provides the framework
for inclusion of future technical criteria as well as specifying currently

available criteria.

]‘3. Coordination with Control Agency
The general philosophy of this document is that the applicant

or the developer of the model should perform the analysis. Depending
on the complexity/sensitivity of the application and the level of un-
certainty in the applicant's analysis, the reviewing agency should review
this analysis and make a judgment on the findings, perform independent checks
on certain aspects of the analysis, and/or perform an independent analysis.
The reviewing agency must have access to all of the basic information that went

into the analysis.

To avoid costly and time-consuming delays in execution of the model
evaluation, the app]icant is strongly urged to maintain close 1iaison with
the reviewing agency(s? throughout the project. It is importantlthat
agreemeﬁt be reached up-front on the choice of a reference model. It is
especially important that meetings be held at the completion of the
technical evaluation and before the initiation of the field data coﬂection~
phase. At that time the reviewing agency can make a determination on the

applfcabi]ity of the proposed model (See Section 2) and the design of (or

10



choice of) the data base network to be used in the performance evaluation.
It is also important at that time to agree on the protocol and criteria for
comparing the proposed and the reference models, including precise measures
of model performance such as bias, precision, statistical significance

levels, etc.
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2.0 TECHNICAL EVALUATION

The technical evaluation consists of a determination of the appro-
priateness of the proposed model for the intended application, exclusive of
the performance evaluation. To adequately address the technical evaluation
requires a thorough understanding of the source-receptor relationships which
must be addressed by the proposed model in the intended application, selection
of an appropriate reference modei and a technical comparﬁson of the proposed
model with the reference model. 1If no app;opriate reference model can be
identified, an in-depth technical investigation of the theory; operating

characteristics and applicability of the proposed model should be undertaken.

The following subsections describe these needs in more detail.

2.1 Intended Application

Information that needs to be assembled on the intended appli-
cation includes a complete description of the source'b?héburées.ié be
modeled, e.g., the configuration of the sources, location and heights of
stacks, stack parameters (fTow rates and gas temperature) and location of
ény.fugitive sources to be included. Appropriate* ehission rates for
each averaging time corresponding to ambient Sfr qua]ify standards for
each pollutant should be used. In the case of complex industrial sources
it is also generally necessary to obtain a p]ént layout including dimensions
of plant buildings and b;her nearby buildings/obstacles. Mobile and area

source emissions should be assembled in the format (i.e., line source segments,

grid squares, etc.) to be used in the model.

* Section 4.1 in the Guideline on Air Quality Models discusses emission rates
appropriate for use in regulatory modeling.
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It it also generally necessary to have_a topographic map or
maps which cover the modeling area. If the‘topographic maps do not
include the location of emission sources, monitors, instrumented towers,
etc., a separate map with this information should be supplied. The areal
coverage is sometimes predetermined by political jurisdiction boundaries,
i.e., an air quality control region. More often, however, modeling is
confined to the region where any significant threat to the standards or
PSD increments is likely to exist. In tﬁese cases it 1s desirable to
make crude determinations of the area to be considered and at the same
time to tentatively determine the location of critical receptors for each
pollutant where standards/increments are most likely to be threatened.
The recommended approach for making these determinations is to make pre-A
liminary estimates of the concentration fie]d'using available models and
available data. A preliminary estimate would utilize the appropriate
emission ratés for the regulatory problem and whatever representative

meteord]ogical data are available before the evaluation*.

It is recommended that two or three separate preliminary estimates
of the concentration field be made. The first set of estimates could be
made with the screening techniques mentioned‘or referenced in the Guide-
line on Air'Quality Models. The second set of estimates would be done with
the proposed model and}the third set with the reference model (Section 2.2).

Estimates for all averaging times should be calculated.

* A final set of model estimates, to be used in decision making, could
utilize additional data collected during the performance evaluation as
input to the appropriate model.

13



The three sets of estimates not only serve to define the modeling
domain and critical receptors but also aid in determining the applicability
of the proposed model (Sections 2.4 and 2.5) and the design of the performance

evaluation data network (Section 4.0).

2.2 Reference Model

The primary approach used in this document to judge the accept-
ability of a proposed model relies on the philosophy that if the model is
technically better and performs better than the recommended model or the
model that has historica]ly‘been applied to the situation, then the pro-
posed model should be considered for use. In Section 2.4 procedures con-
tained in the Workbook for Comparison .of Air Quality Mode]s7 are used to
- the maximum éxtent possible, to make the technical comparison. Sections 3
and 4 describe procedufes for comparing the performance of the "reference"

model with that of the proposed model. SR o

The first choice for a reference model should be the refined models
recommended in the Guideline on Air Quality models and listed in Appéndix
A'to that Guideline. However, not all modeling situations are covered by
recommended models. For example, models for point sources of reactive
pollutants or shoreline fumigation prbb]ems are not included. In these cases
the applicant and the reviewing agency should attempt to agree on an appropriate
and technically defenéﬂble reference model, based on the current technical
literature and on past experience. Major considerations in the selection
of the reference model under these circumstances are that it is applicable

to the type of problem in question, has been described in published reports -
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or the open literature, and is capable of pfoducing concentration estimates
- for all averaging times for which a performance measure statistic must

be calculated (usually one hour and the averaging times associated with

the standards/increments). This lattef requirement precludes the use of
screening techniques which rely on assumed meteorological cdnditions for

a worst case.

Where it is c]éarly not pdssib1e to specify a reference model,
the proposed model must "stand alone" in the evaluation. In such cases
the technical justification and the performance evaluation necessary to
determine acceptability would have to be more substantial. Section 2.5
discusses'a suggested rationale for determining if the model is techni-
cally justified for use in the application. Section 3.3 discusses some
considerationslin designing the performance evaluation protocol when no

reference model comparison is involved.

2.3 Proposed Model
The model proposed for use in thé intended application must be
capable of estimating concentrations correshtnding to the regulatory re-
quirements of the problem as identified in Section 2.1. In order to conduct
the’performance evaluation the model should be capable of sequentially esti-
matjng hourly contentrations, and concentrations for all averaging times within

the area of interest based on meteorological and emission inputs.

A complete technical description of the model is needed for the

analysis in Section 2.4 or Section 2.5. This technical description should
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include a discussion of the features of the proposed model, the types of
modeling problems for which the model would be applicable, the mathematical
relationships involved and their bases, and the assumptioés and limitations
of the model. The model description should take the form of a report or
user manual that completely describes its operation. Published articles
which describe the model are useful. If the model has been applied to
other problems, a review of these applications éhou]d also be undertaken.
For models designed to handle complex terrdin, land/water interfaces and/or
other special situations, the technical description should focus on how

the model treats these special factors. To the maximum extent possible,

evidence for the validity of the methodologies should be included.

2.4 Cbmparison with the Reference Model
When an appropriate reference model can be identified it should

be determined whether the proposed modei is. better to use than the reference
model. The goal is to determine if the model can be expected to more accu-
rately reproduce the actual concentrations caused by thé subjectfsource(s),
with emphasis on dispersion conditions and subareas'bf the modeling domain
ihat are most germane to the regulatory aspects of the problem (Section 2.1).
The procedures described in the Workbook for Comparison of Air Quality Models
are appropriate for this determination. This Workbook contains a procedure
whereby a prbposed-mode1\is qualitatively compared, on technicaT grounds to
the reference model, tak%ng into account the intended use of the two models

and the specific application.
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The Workbook procedure is application-specific; that is, the
results depend upon the specific situation to be modeled. The reference
model serves as a standard of compafisqn against which the user gages the
proposed model being evaluated. = The way in which the proposed model treats
twelve aspects of atmospheric dispersion called "application elements," is
determined. These application elements represent physical and chemical
phenomena that govern atmospheric pollutant concentrations and include such
aspects as horizontal and vertical dispersion, emission rate, and chemical
reactions. The importance of each element to the application is defined
in terms of an "importance rating." Tables giving the importance ratings for
each element are provided in the Workbook, although they may be modified
under some circumstances. The heart of the procedure involves an element-by-
element comparison of the way in which each element is treated by the two
models. These 1ndividu§1 comparisons, together with the importance ratings
for each element in the given application, form the basis upon which the

final comparative evaluation of the two models is made.

It is especially important that the user understand the physical
phenomena involved, because the comparison of two models with respect to
the way that they treat these phenomena is basic to the procedure. Suf-
ficient information is provided in the.workbook to perﬁit these comparisons.
Expert advice may be required in some circumstances. If alternate procedures
are used to complete the! technical comparison of models, they should be

negotiated with the reviewing agency.

The results of the comparison of the proposed model with the
reference model should indicate whether the proposed model is better, com-
parable or worse than the reference model. This information is used in the

overall model evaluation in Section 5.
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2.5 Technical Evaluation When No Reference Model Is Used
If it is not possible to identify an appropriate reference model
(Section 2.2), then the procedures of Section 2.4 cannot be used and the
proposed model must be technically evaluated on its own merits. The tech-
nical analysis of the proposed model should attempt to qualitatively answer

the following questions:

1. Are the formulations and internal constructs of the model well
founded in theory?
2. Does the theory fit the practical aspects and constraints of

the problem?

To determine whether or not the underlying assumpt{ons have'been
covrectly and completely stated requires an examination of the basic theory
. ployed by the model. The technical description of the model discussed in
Section 2.3 should provide the primary basis for this examination. The
examination of the model should be divided into several subparts that
address various aspects of the formulation. For example, for some models |
it might be logical to separately examine the methodologies used to characterize
the emissions, the transport, the diffusion, the plume rise, and the chemistry.
For each of these model elements it should be determined whether the formulations
are based on sound scienﬁific, engineering and meteorological principles and
whether all aspects of éach element are considered. Unsound or incomplete

specification of assumptions should be flagged for consideration of their im-

portance to the actual modeling problem.

For some models, e.g., those that entail a modification to a model

recommended in the Guideline on Air Quality Models or to the reference model,
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the entire model would not need to be examined for scientific credibility.
In such cases only the submodel or modification should be.examined. Where
the phenomenological formulations are familiar and have been used before,

support for their scientific credibility can be cited from the literature.

For models that are relatively new or utilize a novel approach to
some of the phenomenological formulations, an in-depth examination of the
theory should be undertaken. The scientific support for such models should
be established and reviewed by those individua]s.who have broad expertise
in the modeling science and who have some familiarity with the approach and

phenomena to be modeled.

To determine how well tHe mode]l fits the specific application, the
model assumptions should be compared to the reality of the application. The
assumptions involved in the methodologies proposed to handle .each .phenomenon
should be examined to see if they are reésonab]e for the given situation.
Particular attention should be paid to f]aéged assumptiqns which may either
be only marginally valid from a basic standﬁoint or be implicit, and unstated
to determine whether such assumptions are gerﬁane to the situation. For
assumpfions that are not met, it should be established that these deficien-
cies will not cause any significant differences in the estimated concentra-
tions. The most désirab]é approach takes the form of sensitivity testing by .
. the applicant where variétions are made on thevquestionable assumptions with-
in the model to determine whether or not these assumptions are indeed criti-
cal. Such an exercise should be conducted if possible and would involve

obtaining model estimates before and after modification of formulas or data
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to reflect alternate assumptions. However, in many cases this exercise may
be too resource-consumptive and the proof of model validity should still rest

with the performance evalution described in Section 4.

Execution of the procedures in this section should lead to a judgment
on whether the proposed'model is applicable to the problem and can be scien-
tifically supported. If these criteria are met; the model can be designated
as appropriate and should be applied if its field performance (Section 4) is
acceptable. When a model cannot be supported for use based on this technical
evaluation, it should be rejected. When it is found that the model could be
appropriate, but there are questionable assumptions, then the model can be

designated as marginal and carried forward through the performance evaluation.
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3.0 PROTOCOL FOR PERFORMANCE EVALUATION

The results of air quality simulation models are used in the process of
setting emission ]iéits, determining the suitability of p}oposed new source
sites, etc. The goal of model performance evaluation is to determine the
degree of confidence which should be placed in these results. To achieve
this goal, model concentration estimates are compared with observed concen-
trations in a_variety‘of ways. The primary methods of comparison produce
statistical information and constitute statistical performance evaluation.
However, statistical performance evaluation should be supplemented by addi~
tional qua]itafive analysis (case studies) and interpretation to ensure that
the model realistically simulates the physical processes for which it was

designed.

This section describes a process for evaluating the performahce of the
proposed model and determining whether that performance is adequate for the
specific application. It describes specific statistical measures which should
be used fo characterize the performance of the model. The process requires
that a protocol be prepared for comparing the performance of the reference
and proposed model and describes a scheme to weigh the relative performance
of each model according to the significance with which one hode] outperforms
the other and in terms of the importance of each performance category. Some
guidance is pfovidéd on how to evaluate model performance when éomparison with

. ) .
a reference model is not possible.

Model performance should be evaluated for each of the averaging times
specified in the appropriate regulations. In addition, performance for models
whose basic averaging time i§ shorter than the regulatory averaging time must
also be eva1uated for that shorter period. Thus, for example, a model may

calculate one-hour concentrations for SO2 and determine concentrations for
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longer averaging periods from these one-hour.averages. ‘Performance of this
model would then be evaluated separately for one, three, and 24-hour averages

and,‘if appropriate; for the annual mean.

The performance evaluation measures and procedures result in part from
the recommendations of the AMS Workshop on Dispersion Model Performance.

Appendix C presents a’ summary of the Workshop recommendations.

3.1 Performance Measures

Performance measures may be classified as magnitude of difference
measures and éorre]ation or association measures. Magnitude of difference
measures present a quantitative estimate of the discrepancy between measured
concentrations and concentrations estiﬁated by a model at the monitoring sites.
torre]ation measures quantitatively delineate the degree of association between
estimations and observations. The qdantitative measures should be supplemented
by informative graphical techniques and interpretations such as histograms,
isopleth analyses, scatter diagrams and the like. This subsection discusses

the recommended performance measures and analyses.

Magnitude of difference performance measures compare estimated and
observed concentrations through analysis of the model residual, d, defined as
the difference between observed and estimated concentrations. (See Appendix B
for more complete discugsion of the performance measures.) The model residual
measures the amount of mbde] underestimation. The relative residual, i.e., the
percent underestimation by the model, should be calculated as supplementary
information. The relative residual provides information more readily commu-

nicated to those with nontechnical backgrounds.
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The model residuals are dna]yzed to provide values for the following

aspects of model performance; accuracy of the prediction of peak concentrations,

average model bias, model precision and model gross variability.

3.1.1 Accuracy of Peak Prediction

The accuracy of the peak predictions should be evaluated
and reported to conform with the somewhat conflicting requirements of
evaluations responsible to regulatory stangards or increments and those
responsible to the needs of statistical reliability. Therefore, the perform-
ance measures to evaluate the accuracy of the peak predictiéﬁs consist of
the set of residuals Dn’ paired in various combinations of space and time
which measufe the amount of underestimation of the nth highest estimation

and the'mofe complete analysis of the set of residuals for the highest 5%

of the observations or for the highest 25 observations, whichever is greater.

Observed and estimated peak concentrations can be paired.in
space and time in the four ways listed in Table 3.1. Each measure in Table 3.1
should be calculated for each short-term avéraging period specified {n regula-
-tiéns in addition to the one-hour averaging fﬁme. (The appropriate relative
residual set should also be calculated.) Thds, for example, the residuals 02
may be required for a problem involving possible violations of the three-hour

NAAQS for SO2 where the highest, second-highest concentrations are at issue.

The acéuracy of the highest or second-highest estimate is,
however, difficult to evaluate statistically. Statistical evaluations have
greater meaning when applied to a larger number of values than to one or two
extremes. Therefore, the set of residuals Dn’ where n extends over the topﬂ
5% of the observed concentrations, is evaluated for the properties of model
bias, and model precision as discussed in Sections 3.2.1 and 3.1.3. If there

are fewer than 500 observations, then n extends over the top 25 observations.
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Table 3.1 Residuals to Measure Accufacy of Peak Prediction

Paired in Residual Set

Space & Time _ D, (Ln, Tn) = CO (Ln, Tn) f Cp (Ln, Tn)
Space not Time D, (Ln’ T) =C, (Ln, Tn) - Cp (Ln, Tj)
Time not Space Dn (L, Tn) = CO (Ln’ Tn) - Cp (LJ, Tn)
Unpaired Dn (L, T) = C0 (Ln, Tn) - Cp (Lr’ Tm)
Ln = monitor site for nth highest observed concentration.

Tn = time of nth highest observed concentration.

Tj = time of nth highest estimated concentration at s%te Ln.

Lj = site of nth highest estimated concentration during time Tn.

Cp (Lk’ Tm) = nth highest estimated concentration.

Co (Ln, Tn) = nth highest observed concentration.

(L, T:) = site and time of highest estimated concentration
(Generally, L, # L, and T # Tn). ,
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Since statistical analysis cannot supply all desired infor-
mation concerning model performance, supplementary case studies should be
included which examine whether the model is able to repiicate a number of
the peak concentrations. The following analyses are suggested:

(1) Measured and calculated concentrations and patterns
are compared for those periods corresponding to the highest 25 observed
values. The case study should include consideration of the meteorological
conditions associated with the events and should consider averaging times
of one hour as well as for averaging times important to regulatory standards.

(2) For any critical monitoring location, compare the
meteorological conditions such as stability and wind speed class, producing
the highest 25 measured and calculated concentrations. The number and type
of meteorological conditions will be determined by the model input parameters.

The case study approach can identify problems with a model

which might not be so readily apparent from a statistical performance meas-
~ure., For example, ifihigh measured concentrations occur during a period
for which the model estimated zero values everywhere, then the treatment of
mixing height penetration by a plume or the value df‘éé may be wrong.
Similarly, if most of the highest concentration measurements occur with
slightly unstable conditions, while the highest concentration estimates
occur with very unstable conditions then either the method used for assign-
ing stability or the choice of dispersion curves associated with different
stabilities may be in error. The results of these case studies may indicate
the physical reasons for poor performance values of any of the measures
listed in Table 3.1. The degree of interpretation and conclusions to be
derived from these analyses depend on the confidence placed on the accuracy
and representativeness of the model input data. If data from tracer net-

works are available, the case studies should include analysis of those

periods with meteorological conditions of poor dispersion.
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3.1.2 Average Model Bias
Model bias is measured by the value of the model residual "
averaged over an appropriate range of values. Large over and underestimations
may cancel in computing this average. Supplementary information concerning
the distribution of residuals shoh]d therefore be supp]ied. This supple-
mentary information consists of confidence intervals about the mean value,
calculated according to the methods presented in Appéndix B and histograms or

*

frequency distributions of model residuals.

For certain applications, especially cases in which the
candidate model is designed to simulate concentrations occurring during
important meteorological processes, it;can be important to estimate model -
bias under different meteorological conditions. Data disaggregation must
compromise between.the desired goals of defining a large enough number of
meteorological categories to cover a wide range of cbﬁd}fions agalhaving
a sufficient number of obsefvations in each category to calculate statisti-
cally meaningful values. For example, it may be appropriate to strat%fy
data by lumped stability classes, unstable (A-C), neutral (D) and stable

(E-F) rather than by individual classes A, B, C, D, E, and F.

3.1.3 Model Precision
Mbde]}precision refers to the average amount by which
estimated and observed c%ncentrations differ as measured by residuals with
no algebraic sign. While large positive and negative residﬁa]s can cancel
when model bias is calculated, the unsigned residuals comprising the precision
measures do not cancel and thus provide an estimate of the error scatter w

about some reference point. - This reference point can be the mean error or
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the desired value of zero. Two types of precision measure are the noise,
which delineates the error scatter about the mean error, and the gross

variability, which delineates the error scatter about zero error.

The performance measure for noise is either the variance
of the residuals, Sdz, or the standard deviation of the residuals, Sd.
The performance measure for grOSS'vafiability {s the mean square error,
or the root mean square error. An alternate performancé measure for the
gross variability is the mean absolute res%dua], Td]. The mean absolute
residual is statistically more robust than the root-méan-square-error; that

is, it is less affected by removal of a few extreme values.

Supplementary analyses fof model precision should include
tables or histograms of the distribution of performance measures and com-
putation of these measures for the same meteorological categories discussed
in Section 3.1.2.

3.1.4 Correlation Analyses

Correlation analyses involve calculating parameters re-
;u]fing from linear least squares regression and preSenting associated
graphical analyses and their interpretation."'The numérﬁca] results con-
stitute quantitative measures of the association between estimated and
observed concentrations. The graphical ana]yées constitute supplementary
qua]itative measures of>Fhe same information. There are three types of

correlation analysis and temporal analysis.

Coupled space-time correlation analysis involves com-

puting the Pearson's correlation coefficient, r, and parameters, a and b,
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of the linear least squares regreséion equation. A scattergram of the
C0 (L, T), Cp(L, T) data pairs is supplementary information which should

be presented.

Spatial correlation analysis involves calculating the spatial
correlation coefficient and presenting isopleph analyses of the estimated and
observed concentrations for particu]af periqu.of interest. The spatial co-
efficient measures the degree of spatial alignment betwéen the estimatéd
and observed concentrations. The method of calculation involves computing
the‘Pearspn‘s correlation coefficient for each time period éhd determining

an average over all time periods. Specifics are discussed in Appendix B.

Estimates of the spatial correlation coefficient for single
source models are most reliable for calculations based on data intensive

tracer networks. Isopleths of the distributions of estimated and observed

concentrations for periods of interest should be presented and discussed.

Temporal correlation analysis involves ca]cu]atiﬁg the temporal
correlation coefficient and presenting time §eries'of observed and estimated
.concentrations or of the model residual for éach monitoring location. The
temporal correlation coefficient measures the degree of temporal alignment
between observed and estimated concentrations. The method of calculation
is similar tb that for the spatial correlation coefficient. Time series of
C_ and Cp or of model rgsiduaTs should be presented and discussed for each

0
monitoring location.

3.2 Protocol for Model Comparison
The model performance measures described in Section 3.1 are

appropriate for most regulatory applications where the relative performance
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of two competing air quality models is to be evaluated. 'Each performance
measure, when calculated for the proposed model and the reference model,
provides certain st;fistics, or in some cases somewhat mo}e qualitative
measures, which can be used to discriminate between the capabilities of the

two models to reproduce the measured concentration.

The objective scheme for considering the relative importance of
each performance measure and significance of the difference in performance
of the two models is called the model comparison protocol. This section
discusses the factors to be considered in establishing such a protocol for
an individual performahce‘eva]uation. Lack of experience with performance
evaluations prevents writing sets of objective protocols to cover all types
of problems. Rather,.a specific protocol needs to be written for each per-
formance evaluation. Thé objective of the protocol is to establish objective
weights for each perférmance measure and for the degree of intermodel dif-
ference. It is very important that such a protocol be written before the
data base is selected or collected and before any performance measures are

calculated so as not to bias the final outcome.

The model comparison protocol basically addresses two questions:
(1) What relative importance should eéch performance‘measure hold in the final
decision scheme? For example, would model bias be a more importanf factor than
gross variability or gédd spatial correlation? Or, for example, is accurate
prediction of the magnitude of the peak concentration more important than
accurate prediction of the Jocation of that peak? Answers to these questions
may vary according to the application. (2) What consideration should be
given to the degree of difference in performance between the two models?

It seems apparent that the more confidence one has that one model is performing
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better than the other, the more weight that result would carry in the
final decision on the appropriateness of using that model. Clearly this

is important when a;»least one of the models is performing moderately well.
For example if only one model appears to be unbiased, the degree to which
the other is more biased can be a factor in weighing the relative ad-

vantage of the apparently unbiased model.

Section 3.2.1 discusses criteria to be considered in determining the
relative importance of performance measures. Section 3.2.2 covers techniques
for.estéb]ishing relative confidence in the ability to discriminate between
the‘performance of the two models. Section 3.2.3 provides a rationale for

combining these two schemes and a suggested format for the protocol.

3.2.1 Relative Importance of Performance Measures

This subsection discusses factors to pg considﬁred when
determining what relative weights the various performance measures should
carry in the overall eva]uatioh of model performance. The assumption is that
the performance results may suggest that the‘proposed mode]l performs better
fo; some aspects and the reference mode1'for others. Those measures of
performance which best characterize the ability of either model to more
accurately estimate the concentrations.that are‘critiéa] to decision making
should carry the most weight. For example, the reference model may exhibit
better performance in éstimating the overall concentration field but
perform poorer in estimating the concentrations in the vicinity of the
maximum concentration. If the estimated maximum concentration controls the
emission 1imit on the source(s) then more weight should to given to per-
formance measures that assess the.modeIS' capabf]ity to accurately estimate

the maximum. In this example, however, some weight should still be given
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to the relative model performance over the entire domain since this is a
measure of the models' capabilities to correctly account for atmospheric
processes that influence ambient concentrations and thus adds to (subtracts
from in this example) the credibility of the conclusion that the proposed

model more accurately predicts the maximum.

A suggested scheme for determining the relative importance
of the performance measures is to: (1) define-a set of "modeling objectives"
or desirable attributes of model performantes appropriate to the regulatory
problem (the intended application); (2) rank these objectives in order
of importance and; (3) assign a maximum possible numerical score that each
objective should carry in the overall performance evaluation. Each perform-
ance measure and analysis which supports the objecti?e is listed under that
objective and perhaps, each numerically weighted according to how well it

supports the relative capability of the models to meet that objective.

The scheme is best illustrated by an example. Assume that
for a given application accurate prediction of the maximum conceﬁtration
is-the most important modeling objective and that if should carry a weight
.of 50 out of a total of 100 possible points.i”(The other modeling objectives
would encompass the remaining 50 points.) If a proposed model is clearly
better than the reference model, i.e., is unequivocally supported by the
performance measure statistics and analyses that characterize that dbjective,
then a score of 50 wou]& be assigned to the comparison between the two models.
Conversely, if the reference model is clearly supported then the score of -50
would be assigned to the comparison. A score of zero would indicate that the

performance of the two models is the same.

The performance measures that support the determination as to

which model better meets the objective of accurate prediction of the maximum
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concentration are: '(1) Dn(Ln,Tn) and Dn(L,T) where n might be the second-
highest concentration; (2) the bias, noise and gross variability of D,

where n extends over the upper end of the frequency distrfbution of the
observed data; and (3) fhe case studies described in Section 3.1.1. Of

the total possible 50 points for this objective performance measure

(1) might carry a weight of 20; (2) 15 points; and (3) 15 points. The
rationale for assigning these weights (recall tﬁat this is done before any
data are available) is that the proposed model might do poorly on the
second-highest concentration but that if it performs better over the upper
end of the frequency distribution and accounts for the meteorological
variables correctly (the éase studies), the comparison score could still bé
positive. This rationale also assumes that the peak concentration statistics

are usually non-robust, i.e., only minimal confidence can be placed in

single values of Dn unless they are supported by other statistical data.

. - . P

To generalize the scheme on how to consider the relative
importance of mode]ing objectives and their supporting performance measures,
it is suggested that modeling objectives be rapked in order of importance

as first, second and third order objectives.;:,

First order objectives might be: Those concentrations essential
to the decision in question are accurately esfimated. The essential con-
centrations are defined'gy appropriate regulations and are usually given
in terms of some peak concentration such as the second-high concentration.
As noted in Section 3.1.1 the performance measures, Dn’ for the peak esti-
mations are not statistically very meaningful since their values could
ghange significantly Qhen using equivalent data from another time period.
Therefore, additional statistical and qualitative analyses must be pre-

sented to lend confidence to the residuals for the estimation of the peak.
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The performance measures and ana]ysis which delineate the
extent to which a model meets the first-order objectives are, therefore:
- Thé appropriate residuals from Table 3.1l
- Accuracy and precision measures for the top 5% (or top

25) of the observed concentrations.
- Results of case studies described in Section 3.1.1.

These are summarized for the major model type-task categories in Table 3.2.

[

Second-order objectives might be: Pollutant concentrations
are modeled accurately and precisely over an extended range of concentrations.
This range of concentrations should be determined on a case-by-case basis.
The performance measures which quantify. the degree to which a model meets

the second-order objectives are summarized in Table 3.3.

Third-order objectives might be: Concentration patterns are
modeled realistically over the range of meteorological or other conditions
of interest. Demonstration that a model meets these goals involves cor-

relation analyses summarized in Table 3.4.
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TABLE 3.2 Summary of Performance Measures for First Order Objectives (Example).

TYPE OF MODEL/SCURCE

Single or multiple
source; stable
pollutant; short
term

Single source or
multiple source;
stable pollutant;
long term

Multiple source;
short term

-TASK

Compliance

with NAAQS;

site of
lesser
importance

STte critical,

eg. PSD
Class 1

Compliance
with NAAQS
site of
lesser
importance
Site
critical

Compliance
with NAAQS

PERFORMANCE MEASURES

ny —

N —
.

—

—

(L_,T ) (L,T)

. B?as, n01se Qnd

gross variability
of D (L T ) and
D (L T)

. Cgse studies as 1in

Sect1on 3.1. T
(L T ) T)

. B?as, no1se Qnd

gross variability
of D (L T ) and
D (L T)

. SBatan correlation

of tracer network
data

. Case studies

described in
Section 3.1.1

. Bias of Dn(L,T)
. Bias by meteoro-

logical category
as discussed in
Section 3.1.2 .

. Bias of D_(L, T)
. Bias at cp1t1ca1

receptor by
meteorological
category as
discussed in
Section 3.1.2

. Dn(L,T)
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REMARKS

1.
2.

n Specified by the
regulations

n extends over the
upper 5% of the
observations or the
top 25 observations,
whichever is greater

. n Specified by the

regulation

. n extends over the

top 5% or top 25
observations, which-
ever is greater

. Supplement with

isopleths of Co and
Cp for high Co periods

. n Extends over all

observations above
small cutoff value

. Ln=Cr1ticaT site(s);

n extends over all
observations above
small eutoff

. Simulations for a few

days with an urban
airshed model



TABLE 3.3 Summary of Performance Measures for Second Order Objectives (Example).

YPE OF MODEL/SOURCE

Single or multiple
source;

Stable pollutant;
short term

Single or multiple
source;

Stable pollutant;
long term

Multiple source;
photochemical;
short term

TASK

Compliance

with NAAQS;

site of
lesser
importance

Site

critical eg

PSD Class 1

Compliance
with NAAQS

Site
critical

Compliance
with NAAQS

PERFORMANCE MEASURES .

. Bias, noise and

gross variability
of D (L T )ovér
all 21tes

. Bias, noise and

gross variability
by meteorological
category as in
Section 3.1.2

. Comparison of
cumulative frequency -

distributions of
Co and Cp

. Bias, noise and

gross var1ab111ty
of D_(L_,T.)
critical s?tes

. Bias, noise and

gross variability
at critical sites
by meteoro]og1ca1

category as in ~ ~~

Section 3.1.2

. Comparison of cum-

mulative frequency
distribution at
critical sites

. Moise and gross

variability of
D (L.,T.)

. N8152 aHd gross

var1ab111ty of
D ( ) as in
Sect?on 3.1.2

. Noise and gross

variability at
critical sites

. Noise and gross

variability at
critical sites
by meteorological
category

. Bias, noise and

gross variability
of Dn(Ln,Tn)

REMARKS

1.

n extends over

all observations
above a small
cutoff. Also
supply distribu-
tions of parameters

. Tests for goodness

of fit

. See Remark 1

above

. Tests for goodness

of fit

. See Remark 1

above

. See Remark 1

above

. See Remark 1

above



TABLE 3.4 Summary of Performance Measures for Third Order Objectives (Example).

TYPE OF MODEL/SOURCE -  TASK PERFORMANCE MEASURES" REMARKS
SingTe source and Compliance 1. Space-time correlation, 1. Supply scatter-
multiple source; with NAAQS; -~ all data grams
Stable pollutant; Site of 2. Spatial correlation 2. Isopleths of Co
short term lesser ' and Cp for impor-
importance . tant categories
3. Temporal correlation 3. Time series of
: Co and Cp at
each site
Site 1. Space-time correlation 1. Remark 1 above
Critical 2. Spatial correlation 2. Remark 2 above
3. Temporal correlation - 3. Time series of Co
and Cp at critical
sites
Single Source and All 1. Space-time correlation 1. Remark 1 above
multiple source; :
stable pollutant;
long term
Multiple source; Compliance 1. Space-time correlation 1. Remark 1 above
photochemical; with NAAQS 2. Spatial correlation 2. Remark 2 above
short term 3. Temporal correlation 3. Time series of Co

and Cp at each.
monitor site
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3.2.2 Comparison of the Performance Measure Statistics for the
Proposed and Reference Models
Once the relative importance of the modeling objectives and
the performance measures that support each objective have been established, it
is necessary to define the rationale to be used in determining the degree
to which each pair of performance measure statistics (or analysis) supports
the advantage of one model over the other. Stéted differently, it is

necessary to have a measure of the degree to which better performance of

one model over the other can be established for each performance measure.

While confidence levels are useful for displaying and com-
paring model performance, they provide no direct statistical measure of the .
significance'associated with comparative performance of the two models. By
selecting a predetermined statistical level of significance, a reasonably
objective scheme can be established for displaying and‘Qe}éhtihg £Eé relative
performance of each model. For example, it may be desirable to select the
rejection probability at 5% for comparisons of the model bias or for com-
pariéon of model noise. This figure (5%) can be interpreted as the probabil-
ity that the statistical test will suggest better performance by one model
when, in fact, neither model is performing better. Procedures for establiish-
ing confidence limits on each model's performance and for testing the advantage

of one model are described in Appendix B.

The concept is easily applied to the performance measures
of precision, which measure the scatter of residuals. The most appropriate
statistic, e.g., the ratio of model noise is selected using Appendix B and

used to determine the statistical significance of the comparison. Higher
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significance levels, say 5%, would be associated with a high level of
confidence that the model with the 1ower average precision is better. In the
protocol an attempt Qou]d be made to incorporate the range of pdssib]e levels
into an objective scheme. For example, if the maximum possible score

associated with precision is 10 (positive indicates that the proposed model

is better), a score of 10 would be assigned to the proposed model if comparative
statistics were of the 5% significance level or less. A zero score would |
be associated with the 50% level and supportable intermediate scores are given
to significance levels between 5% and 50% in some supportable fashion. Simi-
1ér1y, if the:statistics suggested that the reference model had better pre-

cision, then analogous significance levels could be determined and used to

assigh negative scores to the comparison.

The concepf can be easily extended to determine the felatfve
performance of each model with respect to accuracy. - The question is
whether one model has less (more) bias than the other. In this case, it's
unimportant whether one model tends to overestimate or underestimate,4on1y

whether one model tends to be more biased than the other.

The significance level of the difference in bias between the
two mode1s is the indicator used in aséigning the relative performance
score for accuracy. For example, if the reference model has a.bias (either
too high or too low) which is significantly less than the proposed model
at the 10% significance level, then a score of -10 out of a possible -15

might be assigned to the comparison.

For single valued residuals, Dn(Ln’Tn)’ objective tests for
determining the significance associated with observed differences between

residuals are not well developed. For this reason, a simple scheme seems

38



to be a reasonable alternative to significance testing such as one which

assigns the maximal_permissible score to the smallest absolute residual.

For a specific case study it may not be possible to form a
totally objective basis for comparing the two models. However, it is still
important to clearly define in the protocol the methodology to be used so as
not to compromise the decision on fhese pefformance measures once the results

are known. .

For the performance measures that involve correlation coefficients,
the rationale is analogous to that for the unsigned residuals. The model
with the higher correlation coefficient is better. The degree of advantage
is based, in an objective and supportable manner, on the significance level
associated with the appropriate statistic (see Appendix B) that compares the

relative magnitude of the two correlation coefficients.-- . .

Caution should be applied in interpreting the statistical
significance associated with comparisons of model performance for eacﬁ of
;hé various performance measures. This is especially crucial since each of
the various statistical tests are based to auQérying dégree on the assump-
tion that model residuals are independent of one another; an assumption that
is clearly not true. For example, model résidua1s form adjacent time periods
(e.g., hour to hour) afeaknown to be positively correlated. Also the pro-
posed and reference model residuals for a given time period are related
since each residual is calculated by subtracting the same observed concen-
tration from the estimates of the two models. For these reasons, classical .
tests described in Appendix B should be viewed as practical interim guides
until more rigorous statistical tests for comparing model performance can be

evaluated.
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3.2.3 Format for the Model Comparison Protocol

The specification of an objective technique for considering
the relative impor;ance of the various attributes of.goéd model performance
(Section 3.2.1) and the rationale for deciding how well each attribute is
supported'by one model or the other (Section 3.2.2) constitutes the overall
scheme for judging model superiority in the pérformance evaluation. A

suggested format for the model comparison protocol, based on the scoring

scheme discussed above, is provided as Table 3.5.

In the first column of the table the modeffng objectives
relevant to the regulatory problem are listed. The second column lists the
performance measures that support that objective. The third column Tists
the maximum scores (f)'that could be attained for each objective and for

each of its supporting performance measures. A maximum positive score could
be obtained if the proposéd model is uﬁequivoca]]y supported; & maximum
hegative score if the reference model is‘unequivoéally better. 1In the
fourth column the reasons supporting the distribution of maximuﬁ weights
among the various objectives and perfofmanceameasures should be listed. The
Tast column should describe in objective terms the rationale to be used for -
scoring each performance measure. (In Settion 3.2.2 a rationale tied to the

confidence levels was suggested, for most measures.)

In the middle of.the table space is left for any proposed adjustments
to the total score that are not adequately répresented by the performance
statistics. It might be agreed initially that for a particular attribute
either the proposed model or reference model is not adequately characterized
by the performance measure statistics and should be accounted for in the ob-

jective sense as described under "basis."
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TABLE 3.5 Suggested Format for the Model Comparison Protocol

Hodeling Objective Supporting Performance Measure’ Maximum Score Basis for Maximum Score Rationale for Scoring (Significance Criteria)
1. 1. 1.
a. a. a. a.
b. b. b. b.
c. C. C. c.
2. 2. 2. ]
a. a. a. a.
b. b. b. b.
3.
Total = 100
Adjustments to Score Basis Ratiionale
1. 1.
2. 2.
Decision Rationale Basis
Better: Score >
Same:
Worse: Score < )
Absolute Criteria
1. 1.
2.




Below this, the total scores to be used .in judging the overall
model performance are defined. The positive score, above which the proposed
model would be judgéd to perform siQnificant]y better than the reference model
ié listed on the bottom line. Marginal scores would form an interval (presumably
symmetric) about zero and would be associated with the conclusion that one can-

not really discriminate between the performance of the two models.

A number of factors should be considered in the rationale that
supports the width of the marginal interva{. Some of these factors are related
to the representativeness and the amount of data. For example, if off-site
data were used, it might be decided to reflect the uncertainty in the
representativeness of the data by having a rather broad band of marginal

model performance.

Finally at the bottom of the Table, space is left for any
"absolute" requirements on model performance. These"éfiteria w&did allow the
setting of any a prionl standards of performance. For example, the initial
" decision may be that if the proposed model is found to belgross1y ina&curate
or grossly biased (gross must be defined), it would not be acceptable for the
apb]ication even though it performs better, overall, than the reference

model.

3.3 Protocol When No Reference Model Is Available
When a refereﬁte mode]l is not available, it is necessary to write a
different type of protocol based on case-specific criteria for the model perform-
ance. However, at the present time, there is a lack of scientific understand-

ing and consensus of experts necessary to provide a supportable basis for
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establishing such criteria for models. Thus the guidance provided in this
subsection is quite general in nature. It is based primarily on the pre-
sumption that the aﬁp]icant and the regulatory agency can.agree to certain
pérformance attributes which, if met, would indicate within an acceptable level

of uncertainty that the model predictions could be used in decision-making.

A-set of procedures should be established based on-
objective criteria that, when executed, will result in a decision on the
acceptability of the model from a performa;ce standpoint. As was the case
for the model comparison protocol, it is suggested that the relative im-
portance of the various performance measures be established. Tables 3.2,
3.3, and 3.4 serve as a guide. However, the performance score for each
measure should be based on statistics of d, or the deviation of the model
estimates form the true concentration, as indicated by the measured con-
centrations. For each performance measure criteria should be written terms
of a statistical test. For example, it might be stated that the average

model bias should not be greater than I X at the.Y% significance level. Some

considerations in writing such criteria are:

1. Conservatism--This involves the introduction of a pur-

poseful bias that is protective of the ambient standards or increments, i.e.,
overprediction may be more desirable than underprediction.

2.'3Risk--1t might be useful to establish maximum or average
deviation from the measured concentrations that could be allowed.

3. Case Studies--As mentioned in Section 2.5 there may be
certain model assumptions or model features that are critical to the intended
application. Minimum acceptab]e performance of the model in certain case

studies designed to focus on these critical situations could be established.
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4. Experience in the Performance of Mode]s--Severa]

references in the 1i§erature8’9’]0’]1

~ describe the performance of various
models. These references can serve as a guide in determining the per-
formance that can be expected from the proposed model, given that an anal-

ogy with the proposed model and application can be drawn.

As was the case for the model comparison protocol, a
decision format or table analogous to Table 3.5 should be established.
Execution of the procedures in the table should lead to a conclusion that

the performance is acceptable, unacceptable or marginal.
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4.0 DATA BASES FOR THE PERFORMANCE EVALUATION

This section describes interim procedures for choosing, collecting
and analyzing field data to be used in the performance evaluation. In general
there must be sufficient accurate field test data available to adequately
judge the performance of the model in estimatiqg all the concentrations

of interest for the given application.

Three types of data can be used to evaluate the performance of a pro-
posed model. The preferred approach is to utilize meteorological and air
quality data from a specially designed network of monitors and instruments
in the vicinity of the sources(s) to be modeled (on-site data). In some
cases especia]iy for new sources, it is advantageous to use on-site tracer
data from a specifically designed experiment to augment or be used in lieu
of long-term continuous data. In infrequent cases wherg an appropriate
analogy to the modeling problem can be identified, if.may be possible to

utilize off-site data to evaluate the performance of the model.

As a general reference for this section the criteria and requirements
Eontained in the Ambient Monitoring Guidelines for Prevention of Signif-

12 chould be used. Much of the information con-

icant Deterioration (PSD),
tained in the PSD monitoring guideline deals with acquiring information
or ambient conditions in the vicinity of a proposed source but such data

H .
may not entirely fulfill the input needs for model evaluation.

A1l data used as input to the air quality model and its evaluation
should meet standard requirements or commonly accepted criteria for

quality assurance. New site-specific data should be subjected to a quality
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assurance program. Quality assurance requirements for criteria pollutant
measurements are given in Section 4 of the PSD monitoring guideline. Sec-
tion 7 of the PSD monitoring guideline describes quality assurance require-

ments for meteorological data.

The procedures'to be used in the performance evaluation described
below in Section 4 involve a comparison of the performance of the proposed
model with that of the reference model. Thys it is necessary to provide
model estimates for both models for each receptor where measured data are
available. Usually concentration estimates and meésurements>ére for a one-hour
period but may be for a shorter or longer period depending on the charac-
teristics of the model or the sampling method used. A1l valid data and the
correspondihg‘concentration estimates from both models are needed in the per--
formance evaluation. Circumstaﬁces bearing on the representativeness of any
of the data or concentration estimates ghou]d be fully explainedfor consid-

eration in weighting the results of the performance statistics.

It is also necessary to sum/average estimates and data such that the
ne]étive performance of the models can be comﬁéred for averaging times
corresponding to increments/standards or otheé.decision criteria germane to
the problem. For example, SO2 increments and standards are written in terms
of 3-hour, 24-hour -and annual averages. Concentration data and model esti-
mates for these averagihg times would be used in the performance evaluation

discussed in Section 3.

Finally, it should be noted that, when the model is used to make
estimates for comparison with standards/increments it is necessary to
include a longer period of record of model input data than that collected

for the performance evaluation. This is to ensure that the long-term
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temporal variations of critical meteorological conditions will be adequately
accounted for. The Guideline on Air Quality Models provides some guidance

on the length of record needed for fegu]atory modeling.

4.1 On-Site.Data

The preferable approach to performance evaluation is to
collect an on-site data base consisting of concurrent measurements of
emissions, meteorological data and air quality data. Given an adequate
sample of these data, an on-site data base designed to evaluate the proposed
model relevant to its intended application, should lead to a definitive
conclusion on its applicability. The most important goal of the data col-
lection network is to ensure adequate spatial and tempofa] coverage of model

_input and air quality data.

In general the spatial and temporal coverage of emissions,
meteorological and air quality data used in the perfdrhance eva%dation should
be adequate to show with some confidence how well each model is performing at
all points and times for meteorological conditions of interest. Enough data
should be collected to allow the calculation of each applicable performance
measure discussed in Section 3.1. The data collection should emphasize the
area around receptors where high concentrations are expected under critical
meteorological conditions. Concurrent emissions data and meteorological
data should be represén}ative of the critical conditions for the site. The
definition of receptors and meteorological conditions is best obtained from

the screening analysis and model estimates described in Section 2.1.

The number of monitors needed to adequately conduct a per-
formance evaluation is often the subject of considerable controversy. It can

be argued that one monitor located at the point of maximum concentration for
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each averaging time corresponding to the standards or increments should be
sufficient. However, the points of maximum concentration are not known

but are estimated u;ing the model or models that are theﬁse]ves the subject
of the performance evaluation, which of course unacceptably compromises

the evaluation. It is possible that the use of data from one or two
monitors in a performance evaluation may actually be worse than no eval-
Qation at all since no meaningful statistics can be generated and attempts
to rationa]fze this'problem may lead to erroneous conclusions on the suit-

ability of the models.

At the other extreme is a large number of monitors, perhaps 40 or
more, that cover the entire modeling domain or area where significant concen-
‘trations, above a small cutoff can be reasonably expected, and with enough
density such that the entire concentration field (isop]eths)‘can be eétab]ished.
Such a concentration field will allow the calculation of the needed performance
statistics and, given adequate temporal coverage as discussed below, would
Tikely result in narrow confidence bands on the model residuals, as dfs-
cussed in Section 3.1. With these narrow confidence bands it is easier to
distinguish between the relative capabilities of the proposed model vs.
the reference model to more accurately estimate observed concentrations.

When the data field is more sparse, the confidence bands on the residuals
for the two models will be broader. As a consequence, the probability of
l

statistically distinguishing the difference between the performance of the

two models will be lower.

Thus, the number of monitors needed to conduct a significantly
meaningful performance evaluation should be judged in advance. Some other

factors that should be considered are:-
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1. The more accurate the emissions data are, the less noise

in the model residuals.
| 2. Simi]a;ly,,the more accurately one can pinpaint the location

of the plume(s) the less noise that will occur in the model residuals. This
can be done by increasing the spatial density and degree of sophistication in
meteorological input data, for models that are capable of accepting such
data. | |

3. Models or submodels that are designed to handle special phenomena
would logically only be evaluated over the spatial domain where that phenomena
would result in significant concentrations. Thus, the monitoring network
should be concentrated in that area, perhaps with a few outlying monitors for

a safety factor.

In the temporal sense some of the above rationale is also appropriate.
A short-term study will lead to low or nb confidence on the ability of the
models (proposed and reference) to reproduce reality. A multi-year effort'
will yield several samples and model estimates of the second-highést short-
term concentrations thus providing some basis for stétistica11y significant
éomparison of models for this frequently critical estimate. Realistically,
multi-year efforts are usually prohibitive and one has to rely on somewhat
circumstantial evidence, the upper end of the frequency distribution, to
estab]ish.confidence in-?he models' capabilities to reproduce the second-
highest concentration. |

In general, the data collected shou]d cover a period of record
that is truly representative of the site in question, taking into account

variations in meteorological conditions, variations in emissions and expected
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frequency of phenomeha leading to high concentrations. One year of data

is normally the minimum, although short-term studies are sometimes acceptable
if the results are representative and the appropriate critical concentrations
can be determined from fhe data base. Thus short-term studies are adequate
if it can be shown that "worst case conditions" are limited to a specific
period of the year and that the study covers that period. Examples might

be ozone problems (summer months), shoreline fumigation (summer months) and.

certain episode phenomena.

Other considerations on the length of record for the per-
formance evaluation are analagous to the considerations for spatial coverage:

1. Accurate emissions data over the period of record dimin-
ishes the noise in the temporal statistics. Although data contained in a
standard emissions inventory can sometimes be used, it is generally necessary
to obtain and explicitly model real time (concurrent with the air quality
data used in performance evaluation) emissions data frdm significant sources,
“In-stack" monitoring is highly recommended to insure the use of emission
rates comparable in time to the measured and.estimated ground-level concentrations.

2. Continuous (minimum of miéging data) collection of repre-
sentatfve meteorological input data is importént.

3. Models designed to handle special phenomgna need on]y have
enough temporal coverage to provide an adequate (produce significant stat-
istical results) sample of those phenomena. For example, a downwash algo-
rithm might be evaluated on the basis of 50 or.so observations in the critical

wind speed range.

It is important that the data used in model development be
independent of those data used in the performance evaluation. In most

cases, this is not a problem because the model is either based on general

50



scientific prihcip]es or is based on air quality data from an analogous
situation. However, in some semi-empirical approaches where site-specific
Tevels of pollutants are an integral part of the model, an independent

set of data must be used for performance evaluation. The most common ex-
amples of these models are statistical approaches where concentrations for
various averaging timgs utilize probability curves derived from site-

specific data and for approaches requiring calibration.

v

When actual air quality data are used in the performance
evaluation, it is necessary to distinguish between the contribution to the
measured concentration from sources that are included in the model and the
contribution attributable to background (or baseline levels). Section 5.4
of the Guideline on Air Quality Models discusses some methods for estimat-
ing background. Considérab]é care should be taken in estimating background
so as not to bias the performance evaluation. Incorporation of background
data consistently in the proposed model and the reference model is necessary
to ensure that no artificial differences fn the performance statistic§ are
gemerated. For example, a "calibrated" model may implicitly include back-
~ground and if it were compared to a model where background is accounted
for differently some biases may be introduced.

4.2 Tracer Studies

| The use of on-site tracer material to simu]éte transport
and dispersion in the viginity of a point or line source has received increas-
ing attention in recent years as a methodology for evaluating the performance
of air quality simulation models. This technique is attractive from a number

of standpoints.
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‘1. It allows the impacts from an individual source to
be isolated from those of other nearby sources which may be emitting the same
pollutants. ) |

2. It allows a precise definition of the emission rate.

3. It is generally possible to have a reasonably dense
.network of réceptors in areas not easily accessible for placement of a per-
manent monitor.

4. It allows for the emissions from a proposed source

to be simulated.

There are some serious difficulties in using tracers

to demonstrate the validity of a proposed model application. The execution
of the field study is quite resource intensive, especially in terms of manboﬂer.
Samplers need to-be manually placed and retrieved after each test and the
samples need to be analyzed in a laboratory. In many cases an aircraft is
required to dispense the tracer material. Careful attention must be placed
on qua]iiy control of data and documentation of meteorological conditions. As
a result most tracer studies are conducted as a short term (a few days to
a few weeks) intensive campaign where large amounts of data are collected.

| If conducted carefully, such studies provide a considerable amount of useful
data for evaluating the performance of the model. However, the performance
evaluation is limited to those meteorological conditions that occur during
the campaign. Thus, wh%]e a tracer study allows for excgl]ent spatial
coverage of pollutant concentrations, 1t}provides a limited sample, biased
in the tempora] sense, and leaves an unanswered question as to the validity
of the model for all points on the annual frequency distribution of po]]utanfé

at each receptor.
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Another problem with tracer studies is that the plume rise
phenomena may not be properly simulated unless the tracer material can be
injected into the Qﬁs stream from an existing stack. Thus, for new sources
Where the material is released from some kind of platform, the effects of

any plume rise submodel cannot be evaluated.

Given these problems, the fol]o@ing criteria should be
considered in determining the acceptability of tracer tests:

1. The tracer samples should be easily related to the
averaging time of the standards in question;

2. The tracer data should be representative of "worst
case meteorological conditions";

3. The number énd location of the samplers should be
sufficient to ensure measurement-of maximum concentrations;

4. Tracer releases should represent plume rise under
varying meteorological conditions: |

5. Quality assurance procédures should be in accordance
wi?h those specified or referenced in the PSD monitoring guideline as well
‘as other commonly accepted procedures for trééer daté;_

| 6. The on-site meteorological data base should be adequate;
7. A1l sampling and meteorological instruménts should be

adequately maintained;

8. Provisions should be made for analyzing tracer samples at
remote locations and for maintaining continuoﬁs operations during adverse

weather conditions where necessary.

Of these criteria, items 1 and 2 are the most difficult to

-satisfy because the cost of the study precludes collection of data over
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an annual period. Because of this problem it is generally necessary to
augment the tracef study by collecting data from strategically placed |
monitors that are operated over a full year. The data afe used to establish
the validity of the model in estimating the second-highest.short term and
the annual mean concentration. Although it is preferable to collect these
data "on site," this is usualiy not possible where a new plant is proposed.
It may be possible to use data collected at a éimi]ar site, in a model

evaluation as discussed in the next subsection.

As is the case for a performance evaluation tﬁat uses routine
air quality data, sufficient and relevant meteorological data must be col-
lected in conjunction with the tracer study to characterize transport and
dispersion'and to characterize the model input requirements. Since tracer
study data are difficult to interpret, it is suggested that the data and
methodologies used to collect the data be reviewed by individuals who have

1

experience with such studies.

4.3 O0ff-Site Data

Data collected in another 1oq§ﬁion may be sufficiently rep-
resentative of a new site so that additional meteorological and air quality
data need not be collected. The acceptabiiity of such data rests on a
demonstration of the similarity of the two sites. The existing monitoring
network should meet minimum requirements for a network required at the
new site. The source parameters at the two sftes should be similar. The
source variables that should be considered are stack height, stack gas charac-

teristics and the correlation between Joad and climatological conditions.

A comparison should be made of the terrain surrounding

each source. The following factors should be considered:
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1. The two sites fall into the same géneric category of

terrain:

flat terrain

shoreline conditions

complex terrain:

(1) three-dimensional terrain elements, e.g.,
isolated hill

(2) simple valley '

(3) two dimensional terrain elements, e.g., ridge

(4) complex valley

2. In complex terrain the following factors assist in

determining the similarity of the two sites

a.

aspect ratio of terrain, i.e., ratio of:
(1) height of valley walls to width of valley

(2) height of ridge to length of ridge

(3)  height of isolated hill to width of hill base
slope of terrain

ratio of terrain height to stack/plume height

distance of source from terrain, i.e., how close to
valley wall, ridge, isolated hill

correlation of terrain feature with prevailing winds

It is very difficult to secure data sets with the above

emission configuration/terrain similarities. Nevertheless, such similarities

are of considerable importance in establishing confidence in the represent-

ativeness of the performance statistics. The degree to which the sites and

|

emission configuration are dissimilar is a measure of the degree to which

the performance evaluation. is compromised.

More confidence can be placed in a performance evaluation

which uses data collected off-site if such data are augmented by an on-site

tracer study (See Section 4.2). In this case the considerations for terrain
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similarities still hold, but more weight is given to the.comparability of the
two sets of the observed concentrations. On-site tracer data can be used

to test the ability of the model to spatially define the concentration |
pattern if a variety of meteorological conditions were observed during the
tracer tests. Off-site data must be adequate to test the va]idity of the

model in estimating maximum concentrations.
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5.0 MODEL ACCEPTANCE
This section describes interim criteria which can be used to judge the

acceptability of the-proposed mode] for the specific regu1$tory application.
This involves execution of the performance protocol which will lead to a
determination that the model performs better, about the same as, or worse
than the reference model or performs acceptab]y; marginally, or unacceptably
in relation to established site-specific criteria. Depending on‘the results
of the performance evaluation, the overall decision on the acceptability of
the model might also consider the results of the technical evaluation of
Section 2. Finally, because the procedureé proposed in this document are

relatively new and untested, it is advisable to reexamine the conclusion

reached to see if it makes good common sense.

5.1 Execution of the Model Performance Protocol
| Execution of the model performance protoco]linvo]ves:.~(1) col-
lecting the performance data to be used (Section 4.0); (2) calculation and/
or analysis of the model performance measurés (Section 3.1); and (3) combin-
ing the results in the objective manner described in the protocol (Section 3.2
or Section 3.3) to arrive at a decision on thé;re1ative performance of the

two models.

Table 5.1 shows a format which can be used to accommodate the
results of the model compgrison protocol described in Section 3.2.3. If a
different protocol format is prepared, it should have the same goal, i.e., to
arrive at a decision on whether the proposed model is performing better, about

the same, or worse than the reference model.
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TABLE 5.1 Suqgested Format for Scoring the Model Comparison

Modeling Objective Supporting Performance Measures Score Statistics, Analyses and Calculations that
Support the Score
i. 1. 1.
a. a. a.
b. b. b.
C. C. c.
2. 2. 2.
a. a. a.
b. b. b.
C. C. c.
3. 3. 3.
Preliminary Score ’
Adjustments to Score 1. 1.
2. 2.
3.

Final Score

Decision on Performance Evaluation (Better, Same, Horse)

Absolute Requirements Satisfied?




The first two columns in the upper half of Table 5.1 are analogous
to those in Table 3.5. The third column contains the actual score for each
modeling objective ;é well as the sﬁb-scores for each supborting performance
measure. The scores in this column cannot exceed the maximum scores allowed
in the protocol. The last column is for the statistics, graphs, analyses
and ca]cu]ations‘that determine the score for each performance measure, al-

though most of this information would probably be in the form of attachments.

The bottom part of the table is %or the preliminary score (obtained
from totaling the scores from each objective), adjustments to the score with
supporting data, analysis, etc. and the final score. The final score would
determine whether the proposed model is performing better, marginaliy or worse

in comparison to the reference model. This result is used in Section 5.2 to

determine overall accepfabi1ity of the model.

At the bottom of the table, space is available to include the results
(yes or no) of any absolute requirements that may be specified in the protocol.

Failure to meet these requirements presumably means the model is unacceptable.

If the decisfon scheme is based on performance criteria alone, a
scoring table based on the procedures contained in Section 3.3 should be
employed. The resulting conclusions of acceptable, marginal or unacceptable

is used in Section 5 to determine the overall acceptability of the model.

\

5.2 Overall Acceptability of a Proposed Model
Until more objective techniques are recommended, it is suggested

that the final decision on the acceptability of the proposed model be based

primarily on the results of the performance eva]udtion. The rationale is that
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the overall state of the mode]ing‘science has many uncertainties in the
basic theory regardless of what model is used, and that the most weight
should be given to AEtua] proven performance. Thus when é proposed model

is found to perform better than the reference model, it should be accepted
for use in the regulatory application. If the model performance is clearly
worse than that of the reference model, it should not be used. Similarly,
if the performance evaluation is not based on comparison with a reference
model, acceptable performance should imply that the model be accepted, while

unacceptable performance would indicate that it is inappropriate.

When the results of the performance evaluation are marginal or
inconclusive, then the results of the technical evaluation discussed in
Section 2 should be used as an aid to deciding on the overall acceptability.
In this case, a favorable (better than the reference model) technical review
would suggest that the model be used, while a marginal or worse determination
would indicate that the model offers no improvement over existing techniques.
If Section 2.5 were used to determine technical acceptability, a marginal or
inconclusive determination on scientific supportability combined with a
marginal performance evaluation would suggest that the model not be applied

to the regulatory problem.

5.3 Common Sense Perspective
One objective of this document is to provide a framework for orga-
nizing the procedures and criteria for model evaluation such that the eval-
uation can be conducted in as consistent and objective a manner as possible.
However, this framework must of necessity be flexible to allow for incorporating

additional knowledge about model evaluation, performance measures and criteria.
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For example, truly objective criteria for evaluating the technical aspects of
models and scientifically acceptab]e model performance standards are not yet

available.

\

The user should realize that there are many unresolved items at this
time. Especially lacking is a totally scientific methodology for combining:
(1) various performance statistics, (2) confidence in the scientific basis
for the model, (3) data accuracies, and (4{ other positive and negative

attributes of the model into a single overall determination of the applica-

bility and validity of the model. Given these concerns, two caveats are:

1. The procedures proposed are relatively untested. Although
they are based on inputs and comments from a number of scientists in the
field, it remains to be seen what problems may turn up in a real situation.
Thus, when an evaluation is completed, it seems on]y_prngnt_to‘lopk back
over the analyses and the results to see if they rea11y make sense. ,

2. The assumption has been made that a given regulatory problem
requires a model estimate and that the best‘way to determine the appropriate
technique is to evaluate the relative app?icaéj]ity'of,avai]ab]e models. No
determination is made on whether the models a}e "accurate enough" to be
accepted. This is the realm of performance standards, which are not addressed.
However, the analysis will produce performance statistics which could be com-
pared to standards, if fhey existed. If the statistics suggest gross in-
accuracies or biases, even in the better of thé models, it might be prudent
to advise the decision maker that other modeling or monitoring information

should be used to resolve the regulatory problem.

61



62



6.0 REFERENCES

1. Environmental Protection Agency. "Guideline on Air Quality Models,"
EPA-450/2-78-027, Office of Air Quality Planning and Standards, Research
Triangle Park, N. C., April 1980.

2. American Meteorological Society. "Judging Air Quality Model Performance,"
Draft Report from Workshop on Dispersion Model Performance held at Woods
Hole, Mass., September 1980.

3. Environmental Protection Agency. "Guideline for Use of Fluid Modeling
to Determine Good Engineering Practice Stack Height," Draft for public
comment, EPA 450/4-81-003, Office of Air Quality Planning and Standards,
Research Triangle Park, N. C., June 1981.

4. Environmental Protection Agency. "Guideline for Fluid Modeling of
Atmospheric Diffusion," EPA 600/8-81-008, Environmental Sciences Research
Laboratory, Research Triangle Park, M. C., April 1981.

5. Environmental Protection Agency. "Guideline for Determination of

Good Engineering Practice Stack Height (Technical Support Document for :
Stack Height Regulations)," EPA 450/4-80-023, Office of Air Quality P]ann1ng
and Standards, Research Triangle Park, N. C., July 1981.

6. U. S. Congress. "Clean Air Act Amendments of 1977," Public Law 95-95,
Government Printing Office, Washington, D. C., August 1977.

7. Environmental Protection Agency. '"Workbook for Comparison of Air
Quatity Models," EPA 450/2-78-028a, EPA 450/2-78-028b, Office of Air
Quality Planning and Standards, Research Triangle Park, N. C., May 1978.

8. .Bowne, N. E. Preliminary Results from the EPRI Plume Model Validation
Project--Plains Site. EPRI EA-1788-SY, Project 1616 Summary Report, TRC
Environmental Consultants Inc., Wethersfield, Connecticut, April 1981.

9. Lee, R. F., et. al. Validation of a Single Source Dispersion Model,
Proceeding of the Sixth International Technical Meeting on Air Po]]ut1on
Modeling and Its Application NATO/CCMS, September 1975.

10. Mills, M. T., et. al. Evaluation of Point Source Dispersion Models,
Draft Report Submitted by Teknekton Research, Inc. to U. S. EPA, January
1981.

11. Londergan, R. J., et. al. Study Performed for the American Petroleum
Institute--An Evaluation of Short-Term Air Quality Models Using Tracer
Study Data, Submitted by TRC Environmental Consultants, Inc. to API.,
October 1980.

12. Environmental Protection Agency. “Ambient Monitoring Guideline for
Prevention of Significant Deterioration (PSD)," EPA 450/4-80-012, Office
of Air Quality Planning and Standards, Research Triangle Park, N. C.,
November 1980.

63



64



APPENDIX A
REVIEWER'S CHECKLIST

Each proposal to apply a nonguideline model to a specific situation needs
to be reviewed by the appropriate control agenéy which has jurisdiction in the
matter. The reviewing agency must make a judgmént on whether the proposed
model is appropriate to use and should jusfify this judgment with a critique
of the applicant's analysis or with an independent analysis. - This critique
or analysis would normally become part of the record in the case. It should
be made available to the public hearing process, used to justify SIP
revisions or used in support of other proceedings.

The following checklist serves as a guide for writing this critique or
analysis. It essentially follows the rationale in tbjsﬂ@ocumenglgnd is
designed to ensure that all of the required elements in the analysis are ,
addressed. Although it is not necessary that the review follow the format
of the checklist, it is important that each item be addressed and that the

‘basis or rationale for the determination on ééch item is indicated.
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CHECKLIST FOR REVIEW OF MODEL EVALUATIONS

I. Technical Eva]ua}ion
A. Is all of the information necessary to understand the intended
application available?

1. Complete listing of sources to be modeled including source
parameters and locations? |

| 2. Maps showing the physiography of the surrounding area?

3. Preliminary meteorological and climatological data?

4. Preliminary estimates of air quality sufficient to (a) determine
the areas of probable maximum concentrations, (b) identify the probable issues
regafding the proposed model's estimates of ambient concentrations and, (c)
form a partial basis for design of the performance evaluation.data base?

8. Is the reference model appropriate? .

. C. Is enough information available on the propOsed model to understand its

structure and assumptions? ' |

D. Are the results of the technica1.comparispn of the proposed ana ref-
erence models supportable? V

1. Were procedures contained in the Workbook for Comparison of Air

Qua]ity Models followed? Are deviations from these procedures supportable
or desirable?

2. Are the combarisons for each application element complete énd
supportable?

3. Do the results of the comparison for each application element support
the overall determination of better, same or worse? -
E. For cases where a reference model is not used, is the proposed model

shown to be applicable and scientifically supportable?

A-2



I1. Model Performance Protocol

A. Are all the performance measures recommended in phe document to be
used? For those performance measures that are not to be used, are valid
reasons provided?

B. Is the relative importance of performance measures stated?

1. Have modeling objectives that besticharacterize the regulatory
problem been properly chosen and objectively ranked?

2. Are the performance measures that characterize each objective
appropriate? Is the relative weighting among the performance measures
supportable?

C. How are the Performance Measure Statistics for the Proposed and
the Reference Model to be Compared?

1. Are significance criteria used to discriminate between the
performance of the two models established for each performance measure?

2. Is the rationale to be used in scoring thé significance criteria
supportable? ' '

3. Is the proposed "scoreband"-assbciated with marginal model
performance supported? !

| 4, Are there appropriate performance limits or absolute criteria
which must be met before the model could be accepfed?
D. How is Performance to be Judged When Mo Reference Model is Used?

1. Has an objeétive performance protocol been written?

2. Does this protocol establish appropriate site-specific performance
criteria and objective techniques for determining model performance relative
to these criteria?

3. Are the performance criteria in keeping with experience, with the
expectations of the model and with the acceptable levels of uncertainty for

application of the model?
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ITI. Data Bases

| A. Are monitors located in aréas of expected maximum concentration
and other critical receptor sites?

- B. Is there a Tong enough period of record in the field data to judge
the performance of the model under transport/dispersion conditions associated
with the maximum or critical concentrations?

C. Are the field data completely independent of the model development
data? “

D. Where off—éite data are used, is the situation sufficiently analogous
to the application to justify the use of the data in the model performance
evaluation?

E. Will enough data be available to allow calculation of the various
performance measures defined in the protocol? Will sufficient data be avail-
able to reasonab]y.expect that the performance of the model re1ative to the
reference model or to site-specific criteria can be established?

Iv. Is the Model Acceptable
. A. Was execution of the performance protocol carried out as planned?
B. Is the model acceptable considering the results of the performance

evaluation and the technical evaluation?

C. Does the result of the model evaluation make good common sense?



APPENDIX B
CALCULATION OF PERFORMANCE MEASURES AND RELATED PARAMETERS

This appendix presents methods of calculation of performance
measures and re]ated parameters and procedures for applying and inter-
preting statisticq] tesfs of model performénce. The parameters and
tests recommended follow the results of the AMS Workshop on Dispersion
Model Performance (Fox 1980). A summary of this Workshop appears as

Appendix C.

Two concerns of Workshop participants were that air quality data
are often not normally distributed and that sequential values of meteoro-

logical and air quality parameters are not independent of one another.

This latter concern results from persistence of meteorological events.

These two concerns are not directly addresséa in this appendix
sinceé both have been identified as areas needing résearth. In the
majority of calculations and procedures discussed in this appendix,
.methods are given both for situations in which data follow a normal
distribution and for situations for which the normal distribution does

not apply.

In evaluation studies using large data sets, some randomized data
selection to form a subset of independent data can answer the second

concern.

B.1 Definition of Residuals

This subsection discusses the calculation of residuals described in the

report. The first type of residual discussed in the report was the difference
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between observed and estimated concentrations paired in time and space
and covering a range of observed concentrations from some small cutoff
value to the highest observed. The second type discussed included
differences betwgen obsérved and estimated concentrations paired in
various ways in time and space. The data set for this‘second type of
residual includes at most the upper five percent or upper 25 observed

concentrations, whichever is greater.

B.1.1 Residuals Covering a Wide Rangé of Observed Values
Air quality model performance evaluation is primarily based
on aha]ysis of the differences between observed and estimated concen-
trations. The primary parameter for this analysis is the model residual,

d, defired as

d (1,t) = Co (1,t) - Cp (1,t) (B.1)
where: d (1,t) is the model residual at location,], and time, t.
Co = observed concentration

Cp = predicted concentration.

To avoid possible misinterpretation one should note that the

residual, d, measures the amount of under-estimation by the model.

Although subsequent statistical ana]ysis.of residuals is
most valid when performed on d (1,t) as defined in Equation (B.1), there
are situations when source strengths may vary significantly over the
period of record for which the model will be evaluated. In these cases
it may be more meaningful to define a model residual prorated to the
source strength. In this case the prorated residual, dq (1,t), is

defined as



dq (1,t) = d (1,t) * Qo/0(t) (8.2)

where Qo = the nominal constant source strength used as the base
for 6ror§ting the residuals
Q(t) = the actual source strength during the period t.

It is difficult to specify how much variation in source strength may be
significant, but a variation of + 25% about the mean is suggested. The
information derived from model performance evaluation must often be
communicated to persons with nontechnical backgrounds. Such persons may
not know if a 10 ppm average underestimation of carbon monoiide is
better or worse than a 0.10 ppm average error in 502. Therefore, for

ease of communication, we suggest that analysis results include the

analysis of the relative residual, dr (1,t), defined as

ar (1,8) = Gty

*100. : (B.3)
The behavior of the relative residual causes some statistical problems
and, therefore, should not be used as a basis for making decisions, but

for communication of results.

B.1.2 Residuals for Peak Concentration ~
Important peak concentrations are specified in regulations. The
residuals which measure the accuracy of prediétion of these peak concentra-
tion are determined by chparing observed and predicted concentrations paired
in various ways in space and time. Table B.1 shows the residuals which

measure the accuracy of estimation of the peak. The symbols are interpreted
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Table B.1 Residuals to Measure Accuracy of Peak Prediction

Paired in Residual Set

Space & Time D, (Ln’ Tn) = C, (Ln, Tn) - Cp (Ln’ Tn)

Space not Time Dn (Ln, T) =.C, (Ln’ Tn) - Cp (Ln, Tj)

Time not Space D, (L, Tn) = C, (Ln, Tn) - Cp (Lj, Tn)

Unpaired Dn (L, T) = Co (Ln, Tn) - Cp (Lr’ Tm)

Lﬁ = monitor site for nth highest observed concentration.

Tn = time of nth highest observed concentration.

Tj = time of nth highest estimated concentration at site Ln.

Lj = site of nth highest estimated concentration during time Tn'

Cp (Lr’ Tm) = nth highest estimated concentration.

Co (ﬂn,'Tn) = nth highest observed concentration.

(Lr’ Tm) = site and time of highest estimated concentration .
(Generally, L. #L, and T # Tn).
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as follows: The subscript, n, on Dn indicates the rank order of the
observation, i.e., ﬁz is the residué] for the second highest prediction
ahd D]9 that for the 19th highest. The parameters in parentheses indicate
the degree of pairing in time and space. L indicates a station location;
the subscript n indicates the station of the nth highest observation.

T indicates an observation period; the subscript n indicates the time

period of the nth highest observation. .

Table B.2 presents example values of observed and estimated
concentrations for three stations and four measuremeﬁt periods. We want
to determine the accuracy of prediction of the second-highest concen-
tration (n = 2). The second-highest observed concentration (Co = 1.25)

occurs at Station 1 (L2'= Station 1) time period three (T2 = Perijod 3).

Table B.2. Example Observed and Estimated Concentratiohé of SOéA(ppm)

| Station 1 Station 2 Station 3 .
Co Cp Co Cp Co Cp
1 . 1.02 1.07 1.01 0.82 0.96 0.87
2 1.14 0.85 1.03 0.96 1.02 0.94
3 1.5 1.05 .07 1.03 113 1.0

4 1.36 1.1 1.23 1.10 1.22 1.09

Then D, (LZ,'TZ) = 1.25-1.05 = 0.20 ppm is the residual for

prediction of the second-high concentration paired in space and time.
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The unpaired concentrations produce the residual
D, (L, T) = 1,25-1.10 = 0.15 ppm.

B.2 Analysis of Bias and Gross Error

Détermining the bias and gross error of model predictions involves
analyzing the distribution of the residual, d, and/or simple functions

of d such as the absolute value or the square.

*

B.2.1 Bias of Model Predictions
The bias of model predictions is measured by the mean value,
-2 (8.4)
and is the statistical first moment of the distribution of the residual.
The number of observations, N, extends over the range of concentrations
or over the meteorological conditions of interest. For first order

modeling objectives, N can extend over the upper 5% or dpper'ZS 6bser-

vations.

The 95% confidence 1imits about the mean are calculated
using Student's "t" distribution. The value of t(0.025; N-1) 15 found
from any standard table of Student's "t" (e.g., Selby, 1972, p. 617).
The value 0.025 is the probability that a value will be greater than
the upper 1imit of the 95% confidence bound. The value N-1 is the number
of degrees of freedom fgr the variable "t." The true value of the

mean, uy» is then given by

~ 1(0.025, N-1) Pd S g S 9 * tg 25, N-1) Sa?
YN YN

d S

where Sd is the sample standard deviation discussed in the next section.

If N is sufficiently large (> 100 or so) the value for t is 1.96.
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This method of calculating the confidence 1imits assumes
that the distribution of the values d is normal. This assumption is

more nearly satisfied with a large number of observations, N.

B.2.1.1 Confidence 1imits for nonnormally distributed variables.
Javitz and Ruff (1979) discus% a procedure for calcu- -
lating the confidence limits about the mean value of a ndnnorma]]y
distributed variable. The method uses the ;esults of the central limit
theorem which states that the sample means of any variable are normally

distributed if the size of the sample is large enough. The method is:

Step 1: Subdivide the data set into five data subsets
so that each subset contains data from every fifth time period. The
first subset would contain data from time periods 1, 6, 11, etc. The
second subset would contain data from time periods 2,“7,mi2, étcr~ If
thé full data sef has a periodicity of five time periods (e.g., average
daily values for week days only), then the data should be divided into a

djfferent number of subsets.

Step 2: Compute the average value of the desired
parameter, e.g., d, for each subset. These are labeled d], d2 or dk’
where k is the number of subsets. The value d] is then the average

value of d for subset 1.

Step 3: Compute the sample standard deviation of the

subset means:

S = zk‘ (d; - d),
1

k -1

where d is the mean value for the Whole data set (equation B-4).
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Step 4: The_95% confidence material for the true
value of the mean value, d, is given by:
S

0.975,k-1) }f?
where T0 975 k-1 is the upper 97.5 percent critical value of the student's

A
d - t(

"t" distribution with k-1 (e.g., four) degrees of freedom.

B.2.2 Model Precision

Model precision, also known as gross error, refers to the
average amount by which estimated and observed concentrations differ as
measured by residuals with no algebraic sign. While large positive and
negative residuals can cancel when meésuring model bias, the unsigned
residuals ﬁomprising the precision measures do not cancel and thus
provide estimation of the error scatter about some reference point.
This reference point can be the mean error or the desired value of zero.
Two types of precision measure are the noise, which delineates the error
scatter about the mean error, and the gross variability, which delineates

thé error scatter about zero error.

The performance measure for noise is either the variance of
the residuals or the standard deviation of the residuals. The standard

deviation is the square root of the variance, where

) 2
2 _ _(d-d)
Sd = ZN—_T (8.5)

is the variance of the sample of the residuals and N the number of

observations.
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The performance measure for gross variability is the mean
square error, or the root-mean-square-error. The mean square error is
defined by

d2
MSE4 = I—q (B.6)

The bias, noise and gross variability are related by

mseg = (5 s+ (@° (8.7)

(3

An alternate performance measure for the gross variability is the mean

absolute residual defined by
. pld] | | (8.8)
Td[ = iy

The mean abso1ute.residua1 is statistically more robust than the root-
mean-square-error; that is, it is less affected by remqvg] of a“few
extreme values. The confidence limits on the variance are calculated
using the chi-squared distribution in the following manner.

1. Choose values of X2(0.025,N-1) and X2(0.975,N-1) from
standard x2 tables (e.g., ERC Standard Mathematics Tables, 20th Edition,

pg. 619), where N-1 is the number of degrees of freedom.

2. The confidence 1imits are given by

' 2 2
(N - I)Sd s s (N - ])Sd
x2 x>
(0.975,N-1) (0.025,N-1)

where o2 is the true variance.
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The confidence limits on the average absolute residual are

calculated as outlined in Section B.2.1.

B.3 Correlation Analysis

Correlation analysis consists of coupled space-time analysis,

spatial analysis and temporal analysis.

B.3.1 Space-time Analysis
Coupled space-time correlation Sna]ysis involves computing
the Pearson's correlation coefficient and parameters of the lTinear least
squares regression equation. For space-time'analysis, observed and
estimated concentrations from all stations and time periods are used in
the calculations. The overall Pearson's correlation coefficient, r, is

defined by:

= 2,172
(Cp Cp) }

The linear least squares regression line is '

=2
{x (€, -C,)° .
_Co = a + bCp,
where Co is the estimated "true" concentration},b is the slope of the

regression line 4

_ Nz Cl, - (2C)(EC) 4 | (8.10)
2

¢ )

b

NEC - (ze,

and a is the intercept defined by

—

a = Co - b(‘.,P (B.11)

A scattergram of the Co and Cp data pairs is supplementary .information

which should be presented.



B.3.2 Spatial Correlation AnaTysis

Spatial correlation analysis involves calculating the spatial
correlation coefficient and presenting isopleth analyses of the estimated
and observed concentrations for particular periods of interest. The
spatial coefficient measures the degree of spatial alignment between the
estimated and observed concentrations. The method of calculation
essentially involves calculating the Pearson's‘corre]atfon coefficient
for each time period and determining an avérage over.all time periods.

The specifics of the method are:

Calculate the Pearson's correlation coefficient, r., for

t’
each averaging period, t, from Equation B.9. Change the variable to b4

for each time period from

21 1 +r '

T - rt - e

1

Calculate the mean value, 6%, by averaging over the number of time periods.
Estimate the average spatial correlation coefficient
exp (24, )-1

F,oe——t . o | (8.13)
exp(2¢,)+]

The 95% confidence 1imits about the estimate of the spatial

correlation coefficient are calculated from
1.96

- Limits = tanh (¢, # M TR3) ) (B.14)

where Nt the number of time periods and

the number of Co, Cp data pairs in each time period (the

number of monitoring locations).



Estimates of the spatial correlation coefficient for single source
models are most reliable for calculations based on data intensive tracer
networks. Isopleths of the distributions of estimated and observed

concentrations for periods of interest should be presented and discussed.

B.3.3 Temporal Analysis
Temporal correlation analysis involves calculating the

temporal correlation coefficient and presenhting time series of observed
and estimated concentrations or of the model residual for each monitor-
ing ]ocation.- The temporal correlation coefficient measures the degree
of temporal alignment between observed and estimated concentrations.

The method of calculation is similar td that for the spatial correlation
'coefficient. Calculate the Pearson's correlation coefficiént,Ar], for
each monitoring location, 1, from Equation B.9 Change_the variéble to

41 for each monitor location using

1+r (B.15)

1
1 - r]

Average over the number of monitor locations to produce the value Zﬁq

Estimate the average temporal correlation coefficient F} from

exp’ (2§;)-1 | |
= = - (B.16)
exp (29 )+

B-12



The 95% confidence limits about the mean temporal correlation coefficient

are calculated from

1.9€
limits = tanh ($]j ) (B.17)
/N](M-35
where N] = the number of monitoring locations and
M = the number of Co, Cp data pairs.for each monitoring location

(the number of time periods).

Time series of Co and Cp or of model residuals should be presented and

discussed for each monitoring location.

B.4 Statistical Tests

This section discusses the use of the statistical test of hypotheses
mentioned in the body of the report. A general discﬁésion of the concept
of statistical hypothesis testing can be found in any statistical text

(e.g., Panofsky and Brier, 1965, Chapter III).

B.4.1 Comparison of Cumulative Distribution Functions
Comparison of the cumulative distribution funqtﬁons involves
constructing quantile-quantile (0-Q) plots and testing for statistically
significant differences between the distributions. Karl (1978) presents
examples of the techniqde applied to 0zone measurements in St. Louis.

The techniqués discussed here can be used to analyze differences between



distributions of Co and Cp at a given station or distributions of the
residual, d, for reference and candidate models. Ogives of the cumu-
Tative distributions of the two parameters to Be compared are first
p16tted as in the example in Figure B.1. The Q-Q plot for data such as
those shown in the example simply consists of plotting values of one
parameter at a given cumulative frequency perééntages against the values
of the second parameter for the same cumulative frequency percentages as
shoWn in the example in Figure B.2. If the two distribution; are
identical, then points will fall along the Straight line with slope

equal to one.

Q-Q plots are useful in detecting differences in distri-,
butions in data sets. The plots do not require any assumptions regard-
ing the form of the distributions of the two data sets_and thé,gtatisti-
cal significance of any differences can be determined"by non-parametric
methods. The Wilcoxen-matched pair, signéd-rank test is used to test
the null hypothesis that there is-no significant difference between the
"two distributions. (See ﬁanofsky'and Brier;i]965, pp. 64-66 or Siegel,

1956 for more complete discussion of the test.)

Step 1. Form the differences

a(a) = X(a) = Y(q)

where A(q) = the difference between values at cumulative frequency

quantile, q
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value of parameter Y at g

Step 2. The absolute values of IA(q)l are ranked from
highesf to lowest, the highest value is given Rank = 1, the second
highest Rank = 2, etc. The same average value is given to a number of

identical differences. Zero differences are excluded before the ranking

Step 3. The algebraic sigh of each a(q) is assigned to its

corresponding rank value.

Step 4. The test statistic, R, is calculated by adding the

rank values for the fewest cases of the same sign.

Step 5.  Determine the critical value of the test statistic

by entering Table B.3 with the number of non-zero differences.

Step 6. If the absolute value of R is less than the critical
value of the test statistic, reject the null hypothesis and conciude

‘that the two distributions are significantly different.

If the absolute value of R is greater than the critical
value of the test statistic, do not reject the null hypothesis and
conclude that there is no significant difference between the distri-
butions. i
B.4.2 Comparison of Means

Tests for comparison of two mean values test the null

hypothesis that the means are equal. The alternate hypothesis is that



Table B.3. Critical values for 5% significancé 1
_ Wilcoxen matched-pair, signed-rank test.

Number of Critical Value

Non-Zero of Test Statistic
Differences - 5% Level
6 0
7 - 2
8 4
9 6
10 8
11 1
12 14
13 17
14 21
15 25
16 | 30
17 35
18 40
19 46
20 52
25 ' 89
> 25 | Mgm%1);1.96 [M(M+13(ZM+1)J%

1
Kreysig (1970, P. 461)



one mean is greater than the other. The two tests discussed in this
subsection are the student's "t" test, a parametric test used when data
approximate a normal distribution, and the Wilcoxen-Mann-Whitney test, a

nonparametric test which does not assume any form for the distribution.

B.4.2.1 The Student's "t" Test |
The Student's "tﬁ test should be used to test the equality
of two sample means when the distribufions approximate a normal distri-
bution. When the distributions are-nonnorma1,'the test'might still be
used, but will be less powerful (Til1, 1974, p. 61). If the distri-
putions are known to be much different from normal, a nonparametric test

should be used (see Section B.4.2.2).

The pro;edure'tests the null hypothesis that the two means
are equal. The alternate hypothesis is that oné\hé;ﬁ i; gré%ter than
;he other. The alternate hypothesis results from inspection of the.
sample values of the two means. For example, if we are testing for
.differences between the mean residual offﬁhe candidate model, a&an’ and

the mean residual of the reference mode1; a}ef’ and inspection of the

values shows E}Gf > E;an, then the alternate hypothesis would be:

dref ? dcan ‘

There are two possible caseé for this test. Case A where
the variances are equal but unknown and Case B where the variances are

unequal and unknown.



Case A: Variances unknown but equal. The F-test for
equality of variances is discussed in Section B.5. As stated above the

null hypothesis is:

where My and My are determined by inspection of the two sample means.

Step 1: The critical value of "t" is determined from any
standard Student's "t" tables (e.g., Selby, 1972, P. 617) at the 95%
COnfidence level and g tn, - 2 degrees of freedom. The va'lues.nx and

n, are the number of observations for parameters X and Y respectively.

Step 2: Calculate the test statistic -~

™ i 1/2
nni(n +n - 2)
- - Xy x 'y ' (B.18)
T= (X -Y) .

(n. + n)(n s>+ ns?
x Yy xx ¥y
where X, Y = means of parameters X and Y

sz, Sy2 = variances of parameters X and Y.

Step 3: If the value of the test statistic T (step 2) is
less than the critita] value of "t" (step 1), do not reject the null
hypothesis. If the value of T is greater}than the critical value of

"t", reject the null hypothesis.

For further discussion see any standard statistics text

(e.g., Panofsky and Brier, 1965, pp. 58-64; Till, 1974, Section 4.3).



Case B: Variances unknown and unequal. If the variances
can not be assumed equal, an approximate Student's "t" test is given by
Hoel (1971, p. 265). The null hypothesis and alternate hypothesis are

the same as in Case A.

Step 1: Calculate the sample variances sz and Sy2 (Equa-

tion B.5S).

Step 2: Calculate the number of degrees of freedom for "t".
(s2/n0°  +  (s/ny)?

d.f. = b4 -2 | . (B.19)
(s/ny? | (s3/ny)?
ngy + 1 ny+l.

If the number of degrees of ca]cu]ated in (B.19) is not an integer,

round to the nearest integer.

Step 3: Determine the critical value of "t" as in Case A,

Step 1.

Step 4: Calculate the value of the test statistic

X - (B.20)

Y
T= 2 . 1/2
! (S)zc/nx + Sy_/ny)

Step 5: Reject or do not reject the null hypothesis as in

Case A, Step 3.
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B.4.2.2 The Wilcoxen-Mann-Whitney Test.
I1f the distribution of variables is known to be far from
normal, the Wilcoxen-Mann-Whitney test should be used. This test is

discussed in Section B.4.1.

B.5 Tests for the Equality of Variances

Tests for the comparison of two variances test the null hypothesis
that °2x = Uzy' The alternate hypotheSis is that °2x > °2y‘ The two
tests discussed in this subsection are the F-test, a parametric test
used when data closely follow a normal distribution, and a varidtion of

Student's "t" test used when data deviate from normality.

B.5.1 The F- test for Normally Distributed Variables

The F-test should be used to test the equality of two samp]e
variances when the distributions closely approximate normai distributions.
xThe procedure tests the null hypothesis that the two sample variances
are equal. The alternate hypothesis is that one variance is gredter
"than the other. The alternate hypothesis results from inspection of the
sample values of the two variances. For example, if we are testing for
differences between the variance of the residual of the candidate model,
52

2
d,can’ and of the reference model, S d, ref’ then the alternate

hypothesis would be |

s2 > §2

d, can d, ref

For a general discussion of the test see Kreyszig (1970, Sec. 13.6) or

Hoel (1970, pp. 271-273).
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Step 1: From the sample results determine the value of the

larger sample variance, sz and the smaller sample variance, Syz.

Step 2: Determine the critical value of the parameter, F,
from any standard table of the F distribution (e.g., Selby, 1972, p.
620). The parameters for the table are: 95% confidence level, n, = 1=
dégrees of freedom for the numerator of F'(greatervmean square) and n, -

1 = degrees of freedom for the denominator (lesser mean square).
Step 3: Calculate the value of the test statistic
= ¢ 2 2
F Sx / Sy

Step 4. If the calculated value of the test statistic, F,
(Step 3) is greater than the critical value (Step 2), reject the null
hypothesis. If the calculated value of F is Tess than the c¢ritical

. value, do not reject the null hypothesis.

B.5.2 Tests for Nonnormally Distributed Errors
The F-test can be shown to be-sensitive to deviations from

normality. Kreyszig (1970, pp. 217—218)x§hggests the following:

Step 1: Compute the means of. the following new random

variables

><
1]

|Xi - X] and

<
]

[Yi - 7]
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It can be shown that TY] and TY] are proportional to o, and

cy respectively.

Step 2: Test for the differences between the means TXT
and JY] using the Student's "t" test as in Section B.4.2.1.
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APPENDIX C

JUDGING AIR QUALITY MODEL PERFORMANCE

-REVIEW OF THE WOODS HOLEZ WORKSHOP-'

Douglas G. Fox*

1. INTRODUCTION

Atmospheric dispersion models are
used to support laws and regulations aimed at
srotecting the nation's air resources. TFor this
reason, models have become something more than
approximations of nature designed to provide a
scientifically reasonable connection between a
source and receptor of air pollutants. Courts
have interpreted them to be legally binding
mechanisms for negotiating levels of emission
control from sources. In view of this expanded
rtole, it has become particularly critical that
dodels be correct and be correctly applied. As
2 result of this need, the U.S. Eavironmental
Proteczion Agency (EPA) has entered into a
ceccperative agreement with the american Meteorol-
ogical Sociery to aid in the scientific and pro-
fessional development and application of atmos-
pheric dispersion models. The AMS is not in-
voived with the regulatory process, rather our
accions are motivated by a desire to advance the
use of scientifically valid models.

*This DRAFT SUMMARY is prepared from a workshep
reporw currently under review. It 1is presented
in order to provide wide distribution of model
evaluaction ideas in the hope of focusing dis-
cussion and encouraging work. Participants in
the workshop included: D. G. Fox?t, USDA Forest
Service; Robert Bornstein, San Jose Stare U.;
Norman Bowne, TRC Zav. Consultants; R. L. Deanis,
NCAR; Bruce Igant, EIRT; Steven Hannat, NOAA;
Glenn Eilst, ZPRI; Stuart Hunter, Princeton U.;
Michael Mills, Teknekron Research Inc.; Larry
Neimever, IPA; Hans Panofsky, Pennsylvania

Staze U.; Darryl Randersont, NOAA; Philip Roth,
Systems Applicacions, Imc.; Remald Ruff, SRI
Internationazl; lLloyd Schulman, ERT; Jack
Shreffler, EPA; Herschel H. Slater, Consultang;
Jesepn Tikvart, EIPA; A. Venkatrram, Onctario Minm.
cf the Enviroa., Canada; Jeffrev C. Weil,

Marcin Marietza Corp.; and fred D. Whizet, Chair-
mzn AMS Steering Commiztee. Dr. Fox, represenc-
ing cthe AMS/EPA Steering Group was Chairman of
the Woods Hole Dispersion Model Workshop and is
hief Meteorologist, USDA Forest Service, Rocky
Mountain Fcrest and Range Experizment Stacion,
240 West Prospect Screet, Fort Collias, Colorado
8C526.

iNQTE: AMS Steering Committee members

——

The problem of evaluating the per-
formance of models is among the most important
facing the modeling community. To this end,
the American Meteorological Society (AMS) con-
vened a small expert working group in September
1980 to discuss current practices in model eva-
luyation, recommend model performance evaluation
measures and methods and if possible set stand-
ards for model performance. An additgiomal task
wvas to discuss the need for further work in this
area.

2. PERFORMANCE MEASURES

Cormon ideas vwhich evolved frea the
workshop are listed below. ’

2.1 Using Models for Rezulatorv Decisions

Models are the zHiost raticnal and
equitable means available to support the nation's
air quality goals. It is however, the modeler's
responsibility zo provide "decision makers” with
an estimacte of the significance of model output.

Where possible some statement of confidence in

model results is recommended., For'this to be
done in a scientific and professicnally accept-
able manner it is necessary for the air quality
mocdeling community to implement statistizal
performance evaluation.

2,2 Statistical Aspvects of Air Qualitv
Goals

Current law and regulations require
that models simulate the second highest 1-, 2~
or 24-hour concentrarion likely to occur in a2
vear to evaluacte short term (l-hour, 3-heur, or
24-hour) standards. ince there are $760 hours
in a vear for a l-hour standard this is eguiva-
lent to predicting the 0.02 percencile (.3 per-
centile for 24-hour average). Iz is difficult
to predict such a rare event with any degree of
confidence. Participants recommended thal models
should be compared against a more robust statis=
tie, such as the upper 2 to 3 percentile of
values (someching like 10-50 values). The werk-
shop recognized that political and technical

tobiems will need to be resolved before this
recormendacion can be realized.

2.3 Scientific Evaluaticn

Statistical performance evaluation
cannot be used exclusively f{or determining the
acceptadbilicy or unacceptatilizy of a mogel.
There are many scientific considerazions which
can provide crirical input to mecdel evaluation.



Not :=he least of these {s the recognizion that
the at=osphere i35 a stochastic system and as
such there are lizits 2o its prediczadilis

Atr quality models opera:‘ng within chis system
are lizfzed to the degree cf prediczabilicy chey
czn atzaia. This in effecr, provides a scienti-
fic¢ 1imit to model accuracy. More effort should
be expended in decermination and comzuaication
of such scientifis li=icacions for particular
problems.

2.4

Data for Model Etvaluation

Available data bases are not equal
to the task of codel evaluation. Efforcs such
as zhe PRI-?MV, and the TPA Complex Tervain

study recelve a sirong comzendation from the
participants. FHowvever, since good data are act
usually available for evaluaring a model, pro-
cedures to utilize existing data are needed.
The value of statiszical mechodologies depeands
upen such characterisctics of the data as inde-
pendence and ner=alicy. Recegnizing that
zececrological daca ia general are not indepen-
cess, time series analysis is an appropriate
tool which should be utilized. Transformacion
of datra to approach normality should also be
consideread.

2.5 Soecific Performance Measures
Ferfor=ance can be measured iz two
gezerzl ways, tazely by comparing the magzitude
¢f dilferezces bSetween observatloss and pre-
diczizas and comparing the corTelaticn or asso-
o

ciazior detween observatiors and predictioms.

Magnitude differences can be ex-
:resse‘ ia ferms of differences or discrepancies,
defizned as

dz Colx2) -G (}.,‘&)

vhere Cois an observed concentration and Cp

a sredid:ed concentration. Three measures of
zagmizude difference are c¢f izportance:

(1) Sscizaced 3ias (average) of the differences,

Boctoaced 3
—J d

d

where N is ;he aumber of observarions;
(2) tstiz=sc -olse (variance) cf the differences

=7 -3V

(3) gzoss vari bili:v of the differezces,
as the average absolute gzross erTvor,

14l > 14l

4|

eizher

L
N

oT as the R¥S error,

variance and
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Workshop participants
measures be applied to
(A) total Fields of Differences,

Ca (%, ) - Cp LxF)

for all X ,%

recoxmendad that these

(3) Selectively paired maximum values of the
differences, for example, where L{a), T(n) are
the coordipates for highest (a=l), second high-
est (n=2), ete. conceatrations, theam

d.(,\ (LL'“ )Tl")\ C° LLM Tlh)) CP \): “)\

paired’'in both space and :ime-

dy LTz ¢ (L T =G Li,m

paired in time but Lj 1is the location of maximum
predicted concentration at T(n);

dh\ ( LLn))T} = CA'(L.L,) ,T(n).'\) -C? (L“);T:S)

paired in space but Tj is che time of maximum
predicced concentrate at location L(a), and

cip\(>L,;Ts) s (:é,(liy),T:\)) -G (l.g ,T}‘>.

unpaired since Co and Cp are sinoply the saxi=um
observed and predicced values without regazd to
time or space.

(C) Totaily unmpaired comparisons of £requeacy
distributicns of observations with frequeacy
distributions of predictions can be conducted
by usicg statistical zethods of comparison
the bias (t, z, &‘lcoxon/!ann—ﬂhi':ev statistics),
for the variance (T or‘}, Statistics) and for
thé gross variabilicy ﬁ{ or Xelzogorov=3zmirnov
statiszics)

for

Correlation can be measured by ¢coe-
sidering the data paired fcr che eacire field
as discussed in (A) above and selectively paired
for maxizum values as discussed {n (3) above.
Correlation is measured by the correlation co-
ef:i;ie:t Y:T, defined as

= S (ce-CN (g - Cp)
r&? - - = : - Y‘
[Z e -8V 2 (ep-E0* ] 1"
where the overbar is as defined above. Three

specific ways of considering correlation wvere
suggested:

(1) Temporal r(&T) the cross corre-
laties coefficient, where the C's are paired
at a parziculiar locatiom ia space as in (A
above and separatelv as in (B) asbove. all time
lags &7 berzween observation and predictions in-
cludingaT: e can be considered.

(2) Svacizl lg :the spactal
lacion ccefficient, using C's palred at
cular times for the encire Zield as (A)

cerre~-
rarci-
adove, .

(3) Couclied, Y° the cerrelazion co-
efficienc using C's for the entire field.



Various other statistics are sug-
gested to compare, for peak values, the dis-
placedent in time and space of observations from
predictions.

2.6 Qualifications on Performance
Measures '

The measures suggested will likely
prove most meaningful when applied to large data
sets more typical of urban problems and tracer
studies conducted for limited time periods.
Difficulties in nmeasuring the performance of
poict source models exist because the concentra-
tion pattern resulting from such a source has
very sharp gradients. Generally, the peak con-
centration which is routinely calculated (center
line value) is not measured. Special considera-
tions recommended for the point source problem,
therefore, include data preprocessing for wind
direction and possibly stability, Further it
should be realized that as a community we have
onlv very limited experience with many of the
ceasures of performance. It will, therefore,
require sowe time to realize the significance of
them.

3. PERFORMANCE STANDARDS

Participants agreed that it was
uanrealistic to sttezpt to establish standards
at this time. There is an overridiag concern
that criteria for serting standards are not
availeble. Just how accurate must a dodel be
for the various regulatcry applications?
Secondly, there is a2 conspicuous lack of ex-
perience with existing models tested against
performance measures such as we recommend.
Finally, data bases of high enough quality zo be
capable of discriminating between performance
of various models are not abundant., More good
data must be collected.

. In spite of these conceras the
participants did develop two recommendations
related to judging air qualicy models.

3.1 ' tatistical Inference Testing

Statistical tests guch as the
Student's t for means and the &~ for variances
can be utilized to establish confidence incervals
about the calculated values of performance
seasures., This allows a quantitative indicarion
of a model's validity. It was, however, recog-
nized that often such statistical cesting is of
very linited value because it is based upon
close adherence of zhe data to theoretical dis-
tribuctions. The point is that such tests mav
suggest that model results are less believable
than in fact they should be.

3.2 Develop Performance Profiles
Referenced Agzinst EPA Guideline
Models

The performance of models recom-
mended Iin the Guideliine could provide a refer-
ence value for comparison of other =models. The
reference concept, however, to some participants,
izplied that the Guideline Models are ''good
enough" while in fact they may not be. For this
reason it was suggested that the reference bde
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representing nothing physically significant,

but one against which octher temperatures can be
quantified. At any race it seems appropriate to
develop profiles of performance for models by
comparing performance against what are currently
accepted regulatory procedures.

4. RESEARCE NEEDS

The workshop participants recom—
mended five specific areas in which research is
needed. They are (1) development and refinement
of performance measures; (2) application of per-
formance measures to (especially) point source
models; (3) analysis of the characteriscics of
weteorological data; (4) analysis of the char-
acteristics of alr quality data; and (5) the
evaluation of diffusion models. 1In addition to
«these specific tasks it was rteitterated chat
wuch better data are needed. Data collection
with special field programs, for example, can be
quite expensive. The cost, however, 1is small
compared to the amount of wmoney expeaded on
pollution emission controls and, therefcre, on
implications resulting from the applications of
models. It is possidle that this data will show
how poorly we are able to predict concen:ratioms,
They may result in a major new round of re- :
search into the fundamental physics and cheziscry
of the atmosphere.

5. CONCLUSIONS

How shall we judge the performance
of air qualiry simulation models? The AMS/EPA
Woods Hole Workshop was convened in part to fo-
cus the attention of the professional air quality
modeling community on this izportant task. Al-

‘though the workshop may rtaise more questions than
'

it answers, a few ideas have ezerged which are
described in chis short summary.

A set of statisties which can pro-
vidé a rational framework for quantitatively
evaluating the mazure of differences betrween ob-
servations and predictions bv models are pro-
pesed. Statistics are suggested as a tool o
provide confidence in model predictions as well
as rto compare new models against those models re-
cozmended by EPA in their "Guidelines". The
task is not complete. We have only extremely
licited experience with these measures of perfor-
cance., A recommendation is, therefore, to test
models using the framework suggested in this
paper and detailed in our forthcoming report.
Only. through such experiences will it be possible
to learn the most appropriate procedures for eva-
luating models.

It was a stroang feeling of the parti-
cipants that sczatistical measures zlone may not
be sufficlent to judge tetween models. Scientif-
ic evaluations based upon accepted laws of
physics will always provide a good basis for
critiquing models.

Finally, it was unanizcusly agreed
that data on which to evaluate models is lacking.
The collection of geood data must remain a high
prioricy aczivicy for air pollution modelers.
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7/30/81 Research Triangle Park, North Carolina 27711

Role of Models in Regulatory Decision-Making

Joseph A. Tikvart, Ch1e§>. léé;%,;Z%
B

Source Receptor Analysi ranch (MD-14)
Chief, Air Programs Branch, Regions I - X

As you are aware, OAQPS sponsored a workshop on the role of atmos-
pheric models in regu]atory decision-making. The workshop was held in
May 1981 at Airlie House. A summary report has been prepared and dis-
tributed which will serve as the focal point for the modeling conference.
We have previously communicated with you concerning both the report and
the conference. .

Section 4 of the summary report (see attachment) provides recom-
mendations on actions that EPA can take to better reflect the uncer-
tainties of air quality model estimates in its regulatory decisions.
Many of these recommendations require further study, technical develop-
ment, coordination, and review of current policies. Some of the recom-
mendations, if implemented, could have a direct effect on Regional
Office and State procedures for SIP revisions and the review of new
sources, as well as resources required for these programs.

We anticipate that the summary report will be well received and
widely endorsed at the modeling conference. It suggests a f]exibi]ity
that many in the industrial and regulatory communities believe is neces-
sary to relieve the current regulatory climate which is perceived to be
overly stringent. We want to ser1ous1y explore these recommendations'’
and their ramifications.

The purpose of this memo is to solicit your views on the summary
report recommendations, in particular those that could directly affect
Regional Office and State programs. To this end, several subsections of
the attachment are marked for your attention. These subsections deal
with (1) planning meetings and criteria for model selection; (2) devel-
opment of protocol documents; (3) use of "arbitration panels," and (4)
more explicit consideration of model uncertainty in decisions. To what
extent are these issues factored into current Regional Office and State
programs? How would you implement the recommendations? What modifi-
cations to current programs would be required? What problems and
benefits would be created? What would be the effect on resources and
the timeliness of reviews?

Other portions of Section 4 provide observations-and recommen-
dations concerning (1) screening, long-range transport and complex
terrain models; (2) performance evaluation of models; (3) desion con-
centrations; (4) modifications to modeling guidelines; (5) a modeling
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"center" and (6) a quality assurance program. We also solicit any
comments you might have on these issues.

It would be appreciated if I could have your views on the workshop
recommendations, either verbally or in writing, by the end of August.
Please contact me if you have any questions.

Attachment
cc: R. Campbell
T. Helms

C. Hopper
R. Rhoads
R. Smith

B

. Steigerwald
Modeling Contacts, Regions I - X
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4 SUMMARY OF WORKSHOP FINDINGS AND RECOMMENDATIONS

4.1 OVERVIEW

- In the course of independently addressing the four overall
guesticns, each worKgroup was required to develop an approach
to its specific problem and the criteria by which issues ang
needs could be identified and recommendations made. Their eZf-
forts were separately documented through on-site reports writ-
ten and edited by the workgroup participants. These three
documents, which represent three separate reports, are provided
as appendixes - to the f£inal zxeport. Workgroup I addressed the
four cuestions using the PSD permitting problem as a wvehicle
for examining alternative answers; Workgroup II's problem fo-
cused cn SIP revisions; and Workgroup III explored the werkshop
cuestions in light of concerns over the transport of pollutants
aczoss political boundaries.

The principal findings and recommendations o the individ-
ual woxk ogroup reports are integrated and presented in this
closing section of the workshop summary report. Attention is
civen *o the needs identified by the workgroups ané to the pro-
cedural »>r process changes recommended by groups for the cen-
sideration or implementation of the EPA's Office of Air Cuality



Planning &and Standards. Particular emphasis is given to needs
and recommendations for

by interested parties

(1) Assuring the wide acceptance
ir gquality management.

and by the public o= modeling in ai

(2) Identifying the factors affecting the needed balance
between standardization, consistency, 'and flexibility in model
selec ion and application and in the 1nte*pzetatlon and presen-—

o -

tation of model results 1n LeM decisions.

»*

In keeping with the basic workshop structure and +the
structure of the reports, the summary findings and recommenda-
tions are orcanized according to the four oceneral workshop
guestions. At the end of this section, some additional propos-
als are advanced and some concepts that were recommended by the
workgroups are extended. Klthough some of these proposals were
not explicitly mentioned by any workgroup, they appear to be
consistent with the needs and recommendations provided in <the
worXgroup reports.

In licht of the broad cross section of sKills and intezxr-

es<s £ +the participants, it. is worth noting the harmony
within, and among, the groups concerning the  “meeds “identified
and the zrecommendations presented. This harmony is reflected
in both the specifics and the spirit of workgroup findings and
recommendations. Although at the outset of the workshop, rpaz-
Ticipants were informed that =2 consensﬁs view was not sought,
it appears ' that by at least one measure--the 1level of
hazrmony—--consensus was achieved. '

g

4.2  CRITERIA PERTINENT TO THE APPROPRIATE SELECTION OF AN RIR
QUALITY MODEL

whethei the model is intended foxr use in a PSD permitting

efZoxt, a2 revision of a SIP, c¢r in policy setting, all wecrk-
crxoups endorsed the concept of arly, open, and cooperative
razxticipation in model selection by all affected and interested
parties A model selected in this manner, using the additional
criteria presented next, is likely to0 be suppoxrted and accepted
by not only the zregulatory agencies and industry being
reculated, but also by interested labor, civic, and environmen-
t2l groups. ‘

Other selection c*lterla recommended by the workgroups in-
cluded
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(1Y A suitable match between (a) the technical attributes
and capabilities of the selected model, (b) the operational re-
guirements of the selected model, and (¢c) the air ogcuality
issuel(s) of concern.

(2) R suitable means for estimating, evaluating, or exam-
ining the uncextainty associated with model predictions.

(3) A2 means for addrescsing and satisfying consistency re-
cuirements and concerns of equity with respect to prior use of
the same ox similar models and similar air quality issues.

-

Throughout the model selection process, zxesource con-

straints were also acknowledged by the woxrkgroups as uwarranting
consideration. However, the groups recommended that such con-
sidexations be glven after one or more modeling alternatives
has met the ther (technical) criteria. That is, apparently
the rTesource constralnt criteria should principally sexve to
distinoguish between technically acceptable alternatives.

Within each of these criteria, the worKgroups identified
many datailed <criteria for ccnsideration in model selection,
inclucing (1) the spatial and temporal scales of the problen,
(2) deZfensibl reatmnents of recognized important physical and
chemical a;nosphexlc processes, (3} the spatial and temporal
reprxesentativeness of the meteorological data and record, (4)
ermissions from individual and interacting sources, including
variability, (5) the match between the data needs of the model
and the availability of input data, (6) the compatibility o=
the model's output(s) with the reguirements c¢f the ambient
standard, increment, or air quality goal, (7) documentation of
the rnodel's algoxrithms, computing zrequirements, computer
scftware, tests/example cases, and prior evaluation activities
and regulatory applications, and (8) simplicity, adaptability,
and flexibility in its transferability to different geograph-
ical settings, emission source configurations, and (possibly)
rolitical boundaries. Aprendixes to the final zreport oprovide
sdcéitional . selection <c¢riteria and <correspondinc discussions
about each

L

\

)
L special mention is in order regarding the selection of

screening models and long-range transport models in PSD neuw
souxce revieus. It was noted by Workgroup I that though
screening models may originally appear to ease and simplify the
rernitting process, they subseguently could cause ccmplications
involving eguity issues, including the following:

(1) Premature determination of increment <consumption,
w*hich in tuzrn can elicit Zrom potential industrial developers a




variety of responses that may complicate subsequent permitting
actions. :

e

(2) Predato£§ actions by industrial developers, including
tempts to bank the increment and tactics to discourage acgui-
tion of adjacent develorment sites, and so on.

s
avT
s

{(3) Distortions in the time phasing of industrial develop
ment to ensurxe. being one of the £irst 'developexrs of a region.

(Y Ineguities in Best Avaiiable Control Technology
(BRACT) determinations.

These concerns will be of particular importance . .in =areas of
concentrated development, such as the o0il shale area. In one
respect, the use of screening models in areas of potential con-
centrated development can confuse air quality management deci-

sions and planning, since such models do not and cannot
(because they are not intended to) provide a reliable measure
¢ the consumption o the air resource. Answers to cuestions

about the ultimate potential development cannot be addressed by
either industrial developers or covernment policy-makers using

these mnmodels. furthezmore, the use of a nultiplicity oZf
models--screening, guideline, and nonguideline--can cause even
greater <complications. The requirement- for consistency and

standardization in such situations appears paramount. ,

The regquirement for consistency was noted to be, important
in anothexr instance. This circumstance inveclves the use of
leng-range transport models--also in PSD new source review but
also, possibly, in SIP revision actions, assuming the transport
~of pollutants across state boundaries is of concezrn. In se-
lecting such models, the principal consideration must be given
to 'the soundness of the scientific principles upon which they
are based and the implementation of those principles in the
nodel, since empirically based model evaluations are probably
several years away. :

The balance between flexibility, standaxdizaticn, and con-
tency is particu}a:ly vexing in regions of complex <Terrain.
liKkely wide variations in meteorological, topographical,
'source configurations, when combined with the =absence of
erally accepted modeling approaches, suggests a stxong need
flexibility in selecting a modeling approach--especially in
and SIP revision acticns. However, in regions oI concen-
development, standardization and consistency in model
tieon are also reguired to reduce the potential =foxr ine-
es between sources and %to reduce administrative burdens.
I suggested that Zcr a particular geographical

n, a reqgquirement for pericrmance evaluation cf a proposed
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nonguideline model, using an available data base having suit-
able similarities to the impact assessment of interest., would
likely impose the né&cessary (regional) consistency and also al-

low the desired flexidility. Questions involving +he charac-
terization and specifiication of such similarity criteria uwere
not addressed by MWorKkshop' I (e.g., what these criteria

could/should be and who should identify and specify them).

4.3 CRITERIA PERTINEKT TO THE APPROPRIATE USE OF AN RAIR
QURLITY MNODEL ’

The previous subsection addressed the criteria that
decision-makers and modelers should adopt in selecting from a
set of available models the single model oxr subset of models to
be used in a particular situation. This subsection focuses on
the vuworkgroup-recommended principles that should structure the
process By which the model is agreed upon and set up, the input
data prepaxed, the runs made, the output =Zformulated, and the
entire process documented.

) 211 worXgroups reccmmended that all models wused 3in air
cuality regulation undergo standarized verformance evaluation
according to the Woods Kole *econnendaglon In those in-
stances where a bonafide dispute exists concerning the suit-
ability of a particular application of .an- EPi-recommended
mocel, an application—-specific perfcrmance evaluation was re-
commended by Workgroup II as the preferred means of resolution.
Workgzoup II recommended that efforxrts be made to develop nini-

n acceptable levels of model perZormance (i.e., standards).
furthermore, Work cgroup II recommended that mcdels be required
t0o. meet some minimum level oi performance prior to acceptance
for regulatory use; however, the workgroup also recognized that
an explicit level of performance cannot currently be specified.

fZ
2

. L
11 the workgroups recommended and endorsed the concep%t of
instituting .a protocol concept in' the use of models. Such a

protocol would be developed through open, cooperative meeitings
petween the regulator and othexr interested parties priocr to the
use and application of a particular model or set oI nmodels.
The workgroups also noted that effoxrts should be macde to iden-

+ify 3in advance, to the greatest extent possible, the specifics
regcarding modeling procedure, including as needed (a) model
rerfcrmance evaluation methods (e.g., measures, standards, and
so on),  (b) data sources, uses, and adjusiments, (c) nodel
computation and parameter selection .options, (4) recepior
selection, (e) model output formats, (I) intexrpretation and,
if necessary, adjusiment of model results, (g) didentification
0f model limitations and biases, and (h) the examinaticn of the
l1ikely effects of model limitations and . uncertainties on <the
estimated impacts (e.g., through sensitivity analysis ox Monte




arlo simulation). Much of the recommended information would
be available from user manuals and guidelines for tha model so
: a protocol document need not be an extensive volume;
r, it should be a substantive one. .

The worKgroups also recdmmended that duxring these meetings
every reasonable effort be made by all parties %o identify po-
tential uncertainties and conflicts and to identify the means
to resolve them. 2Among the approaches 'suggested fcr rxesolving
conflicis were the establishment of technical review committees
composed of interested parties, or the desicnaticn of project
arbitrators. Their judgment of both would be final. These and

ther possible approaches to reconciling disputes or ~conflicts
recommended foxr inclusion in the protocol document. The

rmation that can be used during the resolution of a

as well as limits governing its use, should also be
nd specified in the protocol.
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ared to the workgroups that a natural balance c¢an
tueen flexibility and consistency with the institu-
ctice o a protocol <concept. It tas noted by
I +that when a high degree of flexibility is being
11 procedures should be agreed upon a ©priori by all
o rarties and that a suitable forum (ut sup.) should
ified and established to resolve anticipated or unanti-
issues.¥ Furthermcre, this practice .- would -  ‘fa
:eccmmendations cf Workgroup III <that any p
a model and seeks to base a re
on the output o that model is obligated to
y dccument the input data and actual model "~used, =
the methods/technigues emnployed in preparin

and model exercise. ' :
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Y ~ INCORPORATING AIR QUALITY MODELING UNCERTAINTIES INTO THE
SION-MEIKING PROCESS ’
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R1l worKgroups endorsed the need, and recommended that ap-
orxcaches he soucht, to didentifv, =~ quantify, reduce (ig
possilkle), and incoxrporate the uncertainties associated with
aiz cualixy modeling\into the zregulatexy and decicsion-making
Drocess. Turthezrmore, all <the worKkgroups recommended that
oriority be given to (a) the identification and guantification

rioxi means here that procedures should be specified prior
ining, or being able to infer, the final xresult of the
T assessment.

!
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"control strategies, Workgroup IXII noted that it should be the

in each air quality analysis. In addition, it should be the

nodeler's responsibility to express modeling zresults in a

manner that clearly communicates the uncertainty in an unders-

tandarle and utilizable form +to., <the decision-maker ané the

decisicn-making ©prccess. Wor¥group III also noted that it}
shouléd be the decicion-maker's responsibility to become Xknowl-

edceable concernirng, and conversant with, results that express

and centain uncertainty. Determining how best fTo wutilize <he

resulis presented with their attendant uncertainty was noted by

Wexkgzoup

Hh
=
o
9]

ainties and (b) the incorpcraticn of such uncertain-
o the 1zregulatory process. The workgroups recognized
rate of reduction of modeling wuncertainties,  through
el and data input improvements, generally occurs more slouwly
n the rate at which such information is needed in the regu-
ory setting. In addition, such a prioritization presumes
t +technically sound modeling is being practiced (i.e., a
<
d
e

o 2 ) e i o Jie M £

< O unm

available mcdeling approach is selected and propexly
). The worKkgroups also rzecommended that model research and
lopment be continued.

o wn

L.
In recommending that modeling uncertainties be reflected

in zrecgulatory decisions and in the exploration of alternative

rnoceler's responsibility to the decision-maker to identify, de-
scribe (when possible), and cuantify the sources of uncertainty

IIT to be the responsibility of the ‘decision-maker.
. -
Furthermore, for A9M and the regulaitory process 1o ignore
modeling wuncertainty and to continue to base decisions on best
estinmate single-value measures, such as the high, second-high
cencentrations, places an unduly heavy burden on modelers, who
essentially are being reguired to make, or are implicitly
maMing, policy decisions when they select models zand choose
nodel inputs. '

he workgroups recognized that modeling uncertainty can be’
or

T
incorporated into the decision-making process by

%) Developing procedures Zor cuantifying uncertainty.

. 3 .

(23 Giving attention to the strengths and weaknesses of
modeling in fashioning the measures of achievement for air pol-
luvution control progranms.

(3) Explicitly describing the uncexrtainties (and +their
y implications, if Xnown) that cannot be eliminated.

[
|
hre
1y
[

With respect to item (2), Workgroup I not
tainty could be zreduced substantially and «x
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E woxrst receptor.

c
nized that significant changes in both the currxent values en-
b

'uncertainties.

nmeasures other than the high, second-hich were employed, or iZ
the  high, second-hich measure were aucmented with additional
information available from a model. Inother measure Workgroup
I identified was the 95th percentile value of the distribution
oz crxound-level concentrations. This workgroup noted, houwever,
that the selection of such a concentration value, if chosen to
be consistent with current practice, could raise eguity issues
vis—a-vis individual or groups of souxces, with the Zformer
possibly leading to more favorasble dutcomes than the latter.
Woxrkgroup II noted that an zlternative approach <o using <he
hicgh, second-high concentration value would be to calculate the
85th percentile concentration and +then extrapolate the re-
sulting value to the percentile corresponding to the high,
second-high value. ' :

Workgroup I also identified additional information that
currently available nodels could readily provide to decision-
makers, including the ‘

D] Number o times concentration values exceed 80 or °0
rexcent of the standard/increment.

(2 Average of the 10 highest concentration values at <the

(3) Episodic character of the highest concentration. val-
s (i.e., the extent to which such values are uniformly dis-
*xibuted throughout the year or are grouped toggthez)ﬂ

2 e

(4) Location and extent of +the geographic area where
standards/increments are

most likely ?hreatened.

>

TPV

{5) Exposure or dosage estimates. WorKkgroup I, in sug-
esting the use of such information by decision-makers, recog-

ccéied in the clean air legislatiocn and the regulatory process
re necessary. ‘

TV PR Y

11l workgroups ‘re
f models be ex
sulting wunderx
process that

commended that the strengths and linita-
mined in light of the need to incorpcrate
-
»

a
standing into the design of a decision-

(1) Reduces the sensitivity of decisions to model

(2 Seeks to manage the risk of incorrect decisions.
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OCne or more of the workgrours vprovided the following zre-
commendations xregarding the explicit incorporation of uncerxr-
tainties into decision making:

(1) Make uncertainties explicit, through the best avail-
able means, in all modeling-related decisions. As appropriate,
use data from site-specific performance evaluation studies, use
the understanding of departures from underlying model
assumptions, and use the resulits of sensitivity analyses. Torx
the inmmediate future, sensitivity analyses and Monte Carlo si-
mulations probably represent the only available approaches =forx
providing uncertainty estimates for medium- and long-range

ansport models. In effect, the workgroups recommend provid-
ing decision-maKers with estimates o©if erroxr bars on model
estimates. It was noted that sensitivity analyses are likely
to provide lower estimates of uncertainty.

(2) Use confidence bounds (i.e., erxrxor limits), ¢r prefer
ably, probability distributions to express uncertain ties.

(3) Continue the process already started with =<
Multi-Peint Rollback (MPR) methods oZf incorporatin x
istic conceptis into the modeling framewcrX and into ccn:
and understandable Zfcrmat Zor use by decision-makers
mples noted included using expected exceedance, *violation
rrobability, and Type I and Type II error approaches.
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(4) Develop structures and models for the decision pro-
cess itself to provide a basis forx accommodating and analyzing
model uncertainty in the overall process, with its attendant
uncexrtainties. In effect, develop a mathematical framework forx
decision analysis in air guality management.

Workgroup I also noted that additional flexibility is
obably needed in the decision process, especially with re-

‘spe to PSD permitting issues, to zreflect the various
pL:pcses/cogls ocf the PSD provisions regarding air-cuality-
 related values. : J'
b

.5 INCORPORATING IMPROVEMENTS IN AIR QUALITY METHODS INTO
Z REGULRTORY PROCESS

The previous subsections have Zocused on the selection and
models and the interpretation of model resulis and their
ant 4uncertainties in a someuwhat static regulatory
nment—--one in which no explicit zreccgnition is given to
the eveoluticnary (e.g., through the intrcducticn ¢ new
exsion coefficients) or <revolutionary (e.g., throuch the



ntroduction of visidbility irpairment models) nature of deve-
e

Tr
prents in modeling methods.

[ VN
o

The fourth guestion explored by the workshop recognized
that air guazlity modeling is a rapidly expanding, evolving, and
advancing <field whose <raison d'etre is to identify, address,
reet, and serve the needs of air guality managers, policy-
nakers, and decision-makers. The growth of this field andéd its
potential contributions can be estimated by considering the in-
creased numbexr of <Technical conferences, publications, organ-
izations that sponsor and perform reseaxch, .end crganizations
(including state and local agencies) that provide services in
2air guality modeling and related activities. The approaches to
encouraging, ~controlling, and facilitating the enmbcdiment of
the most suitable methods and data bases in the regulatory pro-
cess are still to be developed. The publication of air quality
nodeling guidelines by the EPR represents an initial effort to-
verd attaining this goal. In this subsection, the zrecommenda-
tiecns of the workshop vis-z-vis the introduction oi modeling
improvements into the regulatory process are provided.

K1l workgrouns noited - that the issue related to
consistency, .standardization, and flewxwibility lay at the corze
cf this overall rroblem. 211 work¥groups either explicitly orx
implicitly zrecommended that consistency should be achieved by
selecting and using & new ox mocl*led approach-rather - than by
insisting that the same guideline or nonguideline model be used
fer all circumstances.

. . 1
BRlthouch each worKkogroup emphasized somewhat different ele-
nents c¢f the process for achieving this goal, all the <gzoups
recenmended that ) :

(1) Improvements be made in the methods wused to convey
es in models, methodology, and processes 1o interested
icipants.

(2) Consideration be given to the establishment of a cen-
cept to provide for the centralization of certain modeling ac-
tivities and to provide some insulation of the technical model-
sXs Zrom the ﬁolitical decision-making process.

In addition, Workgroups I and III noted that such a center
would =zxeguire extensive peer review and technical oversight, a
rececmnendation also implicitly recommended Dby Workcroup II.
The 1remaindex of +this subsection elaborates on the nature o=
these recommendations.

Wexkecroup II recommended that the regular updating of mod-



eling cguidelines constitutes the most reasonable means of con-
veying changes. Peconmendations were not advanced regarding
the freguency of updates, thouch the criteria xecommended £fox
their selection were the significance and acceptability of the
change to the technical community. Workgroup II also zrecom-
mended that procedures be instituted to establish criteria for
change and to communicate methodologies, practices, and so on,
to the community of practitioners and other interested parties.

In addition, Workgroup II recommended the possibility of
adopting a regular schedule for =zevisions, even if the an-
nouncement at the scheduled time were only that no significant
revisions were expected during the subksequent intexval.

In maKking its reconmmendations <f£or guideline rxevisions,
Workgroup II acknowledged +the importance of proposed model
chances on past regulatory actions, along with the implications
¢ proposed model changes for future regulatory actions. Thus,
this workgroup recommended the establishment of a Zfunction
within the EPA for dealing with the implications oFf new methods
or practices. This function "would address, in advance, the
rolicy, legal, and regulatory issues <raised by :any proposed
éhanges and would recommend methods for resolving such issues.
Workgroups II and IIT recommended that strong consideration be
given to grandfathering affected facilities, provided that past
nodeling efforts had been carried out in good .faith. ...

Pecommendations varied regarding the scope and function of
the modeling center concept. The 1zresponsibilities identified
by one or more workgroups of such a function included

(1) Maintenance and updating of model costs.
(2> tiaintenance of test data bases.

(3) Undertaking model performance evaluation studies and
archiving their results.

(4) Maintenance of a repository for all actions invelving
nonguideline modelsa
]
(5) Maintenance of information concerning model applica-
tiocn results,

(6) Provision of certain defined services =for selected
modeling studies, including third-parxty model exercise in scne
cases and the exexrcise of models whose <costs oxr. technical
reguirements, either in the form of expertise oxr hardware
demands, axe extensive.



ks noted, the modeling center would of necessity zregquire
extensive peer review and technical oversight and, thus, the
workgrzoup reccommended an advisory or review committee as the
preferred means of reaching consensus and according legitimacy
fo proposed changes in modeling practices. Such a body would
e composed of Dboth government and nongovernment representa-
tives having backgrounds in policy and technical areas. This
committee would pericdically review proposed revisions to the
guidelines originating from, say, the. modeling center. The
cormittee would also review and comment on the suitability of
new modeling techniques and advances in modeling practice.

4.6 SOME LOGICAL EXTENSIONS OF WORKGROUP REPORTS, AND FURTHER
PECOMMENDATIONS ' :

3
The previous sections have attempted to =repcxrt with ac-
ceptable fidelity the recommendations of the workgroups. The
similarities and the lack of dissimilarities betwezen the recom-~-
mendations and their possible implications for additional re-
commencdations c¢an be clearly noted. This subsection provides
cemments and recommendations zresulting from the effoxrts +to
integrate the conclusions of all the worKgroups.

First, dissimilarities among worKkgroup's recommendations,
either in specifics or in spirit, despite the disparity among
workshop participants, were not noticeable._This does not mean
that areas of disagreement do not exist or that disagreemen'ts
éid not occur. It does appear to mean however, that in azreas
involving the practice of air cguality modeling there is nuch
room for agreement. Further, it mav also mean that the majority
of paxticipants see the practice o air quality modeling and
the ASM ' approach as the preferred way to accomplish clean aix
‘goals.

Second, the nexus foxr efficiently achieving clean ai ob-
jectives through the A@M approach and impact assessment lies in
establishing and presexrving a balance anmong £lexibility,
standarxdization, and consistency. More effort needs <o be de-
voted +o defining the dimensions of this issue and the parame-
texrs that will secure and assure the continuance o that bal-
ance in the <zregulatory setting. It appears that many of the
essential elements for dealing with thHis issue were identified
by the worKshop participants: '

(1) Utilization of <cooperative processes, wvhenever
sible, that provide for eaxly and substantive involvemasnt of
erested parties and that encourage the anticipation,
inition, and rescluticn of potential areas of conflict.

n prccesses can be expected to accord broad acceptance and
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legitimacy to the results.

(2 Utilization o= ’ir guality (or increment
consumption) assessment plans or protocols to identify and de-
x4 e A ~ebe . y ke +eonts 1
fine methods, tasks, analysis steps, data bases, potential dis-
putes {(and the means for zresolving them), and the schedule
(including the times for periodic meetings) for accomplishing
the impact assessment.

{3) Utilization of advisory groups to provide ovexrsight,
guidance, and peer revieuw.

-

It is recommended that, whenever appropriate, the EPA pro-
vide guidance to the regions and states regarding the purpose
and role of the foregoing elements and that in the case of itenm
(2), the agency provide guidance, by way of examples, regarding
the use of such plans or protocols.

An element not identified by the uworkgroups, but which ap-
rears to ke implicit in, and consistent with, their reccemmenda-
tions involves the estalblishment o quality assuxrance (€i) in

the L@M prccess. Cifered here as an additicnal reccmmendation,
this funciion would attempt to reduce doubts and risks con-
cerning the modeling methods employed in, and conclusions
derived Zzxom, air cuality dimpact assessments. At~ least tuo
basic activities are =zecommended for a -QR activity: (1)
certification, and (2) evaluation.

Certification would be primarily directed at verifying,
among other possibilities, the correctness of the impact analy-
sis acgainst established accepted practice, model design, and
user manual specifications. Certificaticn ¢f an orxganization's
capability to ofifer impact assessment services could also be
provided. The certification would follow a rigorxous test plan
established in advance. The result of this activity would be
eitherx acceptance {cexrtification) or rejecticn {(no
certification); the basis for the rejecticn and the deficien-
cies would be noted. Further attention is needed to designate
the entity responsible Zor setting standaxzds, defining the test
vlan, and other rela?ed activities. A quality assurance board
comrosed of < professional crganication, government, and nengo-
vernment menmnbership that encompasses & broad range o skills
and interests could be a part of this function.

The. evaluation activity would be mainly directed at exam-
itens of concern that have been identified at some point
the imract assessment. This activity follows an inves-
‘approach; problems or issues +that are raised are exam-
r +heixr impoxtance o, and effect on, a paxti

The coxrxectness of the method or methods in cuestion
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would be evaluated, and the effect of using the method(s) on a

rticular outcome would be assessed. The result ¢f the eva-
ation would, at least, be brought to the attention of the
cision-maker or othexr interested participants in the impact
sessment.

It is recommended that further consideration be

given to
the scope and use of a @A activity,

especially in relation to

(1) Function(s).

(2) Elements of impact assessments to be included.

(3) Establishment of standards, and their relationship to
acceptance tests and independent verification and validation.

{4) Need for oversight.

~
[#2]
~
’

oles and itypes of audits.
(62 Documentation recuirements.
(7) Fecuirement for reducing administrative and resouzxrce

burdens on all parties and for preserving cost-effectiveness.



