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Many regulations issued by the U.S. Environmental Protection Agency (EPA) are based
on the results of computer models. Models help EPA explain environmental phenomena in
settings where direct observations are limited or unavailable, and anticipate the effects of
agency policies on the environment, human health and the economy. Given the critical
role played by models, EPA asked the National Research Council to assess scientific
issues related to the agency's selection and use of models in its decisions. The report
recommends a series of guidelines and principles for improving agency models and
decision-making processes. The centerpiece of the report's recommended vision is a
life-cycle approach to model evaluation which includes peer review, corroboration of
results, and other activities. This will enhance the agency's ability to respond to
requirements from a 2001 law on information quality and improve policy development and
implementation.
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Summary

Many regulations issued by the U.S. Environmental Protection
Agency (EPA) are based on results from computer models. EPA is a
global leader in advancing and using models in the environmental regula-
tory decision process. Yet the agency has not sufficiently leveraged op-
portunities to improve its regulatory decisions by adopting a comprehen-
sive strategy for periodically evaluating and refining its models. This
report recommends a series of guidelines and principles that, if adopted,
will improve environmental regulatory models and decisions made by
the agency. Moreover, adoption of these principles will enhance the
agency’s ability to respond to recent information-quality requirements by
allowing EPA to provide more informed responses to outside challenges
and reduce the likelihood of erroneous data releases that can prompt
challenges.

Models have a long history of helping to explain scientific phenom-
ena and of predicting outcomes and behavior in settings where empirical
observations are limited or not available. The use of models has resulted
in great advances in scientific understanding and in improvements in a
wide array of endeavors. However, by their very nature, all models are
simplifications and approximations of the real world. Complex relation-
ships are often simplified, and relationships viewed as unimportant are
sometimes eliminated from consideration to reduce computational diffi-
culties and increase transparency.

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

2 Models in Environmental Regulatory Decision Making

This report looks specifically at the use of computational models in
environmental regulatory activities, particularly at EPA. The use of com-
putational models is central to the regulatory decision-making process
because the agency must do prospective analyses of its policies, includ-
ing estimating possible future effects on the environment, human health,
and the economy. Obtaining a comprehensive set of measurement data is
not feasible in many cases because of time and resource constraints. The
agency uses models to generate estimates (or predictions) when data are
not available. EPA also uses models to analyze measurement data for
trends and effects. The results of models can become the basis for such
decisions as initiating environmental cleanup or regulation. In sum, mod-
els are critical tools that help to inform and set priorities in environ-
mental policy development, implementation, and evaluation at EPA.

Because of the critical role played by models, EPA has developed a
variety of policies and programs to improve models and their use at the
agency. One laudable step has been the establishment of the Council for
Regulatory Environmental Modeling (CREM) in 2000 to support model-
ing activities across the agency and to provide an important resource for
interested parties outside of EPA.

The National Research Council (NRC) convened the Committee on
Models in the Regulatory Decision Process in response to a request from
CREM to independently assess evolving scientific and technical issues
related to the selection and use of computational and statistical models in
decision-making processes at EPA. The full charge is provided in Box S-
1 at the end of the Summary.

MODEL USE IN THE REGULATORY PROCESS AT EPA

Models will always be constrained by computational limitations,
assumptions, and knowledge gaps. They can best be viewed as tools to
help inform decisions rather than as machines to generate truth or make
decisions. Scientific advances will never make it possible to build a per-
fect model that accounts for every aspect of reality or to prove that a
given model is correct in all respects for a particular regulatory applica-
tion. These characteristics make evaluation of a regulatory model more
complex than solely a comparison of measurement data with model re-
sults. They suggest that model evaluation be viewed as an integral and
ongoing part of the life cycle of a model, from problem formulation and
model conceptualization to the development and application of a compu-
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tational tool. Evaluation of regulatory models also must address a more
complex set of trade-offs than evaluation of research models for the same
class of models. Regulatory model evaluation must consider how accu-
rately a particular model application represents the system of interest
while being reproducible, transparent, and useful for the regulatory deci-
sion at hand. Meeting these needs may require different forms of peer
review, uncertainty analysis, and extrapolation methods. It also implies
that regulatory models should be managed in a way to enhance models in
a timely manner and assist users and others to understand a model’s con-
ceptual basis, assumptions, input data requirements, and life history.

EPA has played a major role in advancing the science of
environmental modeling. However, as with virtually any component of
regulatory decision making, improvements to EPA’s efforts are possible.
Many of the recommendations in this report are derived from a review of
current modeling practices within individual EPA research and program
offices. This report aims to provide an across-agency vision for the use
of models in the future. In keeping with the study charge, the report
provides a set of guidelines for improving the use of models to support
regulation. The committee offers recommendations in three areas of the
modeling process: (1) model evaluation; (2) principles for model
development, selection, and application; and (3) model management.

MODEL EVALUATION
Life-Cycle Model Evaluation

Models begin their life cycle with the identification of a need and
the development of a conceptual approach, and proceed through building
of a computational model and subsequent applications. Models also can
evolve through multiple versions that reflect new scientific findings, ac-
quisition of data, and improved algorithms. Model evaluation is the proc-
ess of deciding whether and when a model is suitable for its intended
purpose. This process is not a strict validation or verification procedure
but is one that builds confidence in model applications and increases the
understanding of model strengths and limitations. Model evaluation is a
multifaceted activity involving peer review, corroboration of results with
data and other information, quality assurance and quality control checks,
uncertainty and sensitivity analyses, and other activities. Even when a
model has been thoroughly evaluated, new scientific findings may raise
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4 Models in Environmental Regulatory Decision Making

unanticipated questions, or new applications may not be scientifically
consistent with the model’s intended purpose.

Recommendations

Evaluation of a regulatory model should continue throughout the
life of a model. In particular, model evaluation should not stop with the
evaluation activities that often occur before the public release of a model
but should continue throughout regulatory applications and revisions to
the model. For all models used in the regulatory process, the agency
should begin by developing a life-cycle model evaluation plan commen-
surate with the regulatory application of the model (for example, the sci-
entific complexity, the precedent-setting potential of the modeling ap-
proach or application, the extent to which previous evaluations are still
applicable, and the projected impacts of the associated regulatory deci-
sion). Some plans may be brief, whereas other plans would be extensive.
At a minimum each plan should

e Describe the model and its intended uses.

e Describe the relationship of the model to data, including the data
for both inputs and corroboration.

e Describe how such data and other sources of information will be
used to assess the ability of the model to meet its intended task.

e Describe all the elements of the evaluation plan by using an
outline or diagram showing how the elements relate to the model’s life
cycle.

e Describe the factors or events that might trigger the need for ma-
jor model revisions or the circumstances that might prompt users to seek
an alternative model. These could be fairly broad and qualitative.

e Identify responsibilities, accountabilities, and resources needed
to ensure implementation of the evaluation plan.

It is essential that the agency is committed to the concept that
model evaluation continues throughout a model’s life. Model evaluation
should not be an end unto itself but a means to an end, namely, a model
fitted to its purpose. EPA should develop a mechanism that oversees the
evaluation process to ensure that an evaluation plan is developed, re-
sources are committed to carry it out, and modelers respond to what is
learned. Although the committee does not make organizational recom-
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mendations or recommendations on the level of effort that should be ex-
pended on any particular type of evaluation, it recognizes that the re-
source implications for implementing life-cycle model evaluation are
potentially substantial. However, given the importance of modeling ac-
tivities in the regulatory process, such investments are critical to enable
environmental regulatory modeling to meet challenges now and in the
future.

Peer Review

Peer review is an important tool for improving the quality of scien-
tific products and is basic to all stages of model evaluation. One-time
reviews, of the kind used for research articles published in the literature,
are insufficient for many of the models used in the environmental regula-
tory process. More time, effort, and variety of expertise are required to
conduct and respond to peer review at different stages of the life cycle,
especially for complex models.

Recommendations

Peer review should be considered, but not necessarily performed, at
each stage in a model’s life cycle. Some simple, uncontroversial models
might not require any peer review, whereas others might merit peer re-
view at several stages. Appropriate peer review requires an effort com-
mensurate with the complexity and significance of the model application.
When a model peer review is undertaken, EPA should allow sufficient
time, resources, and structure to assure an adequate review. Reviewers
should receive not only copies of the model and its documentation but
also documentation of its origin and history. Peer review for some regu-
latory models should involve comparing the model results with known
test cases, reviewing the model code and documentation, and running the
model for several types of problems for which the model might be used.
Reviewing model documentation and results is not sufficient peer review
for many regulatory models.

Because many stakeholders and others interested in the regulatory
process do not have the capability or resources for a scientific peer re-
view, they need to be able to have confidence in the evaluation process.
This need requires a transparent peer review process and continued ad-
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6 Models in Environmental Regulatory Decision Making

herence to criteria provided in EPA’s guidance on peer review. Docu-
mentation of all peer reviews, as well as evidence of the agency’s con-
sideration of comments in developing revisions, should be part of the
model origin and history.

Quantifying and Communicating Uncertainty

There are two critical but distinct issues in uncertainty analysis for
regulatory environmental modeling: what kinds of analyses should be
done to quantify uncertainty, and how these uncertainties should be
communicated to policy makers.

Quantifying Uncertainty

A wide range of possibilities is available for performing model un-
certainty analysis. At one extreme, all model uncertainties could be rep-
resented probabilistically, and the probability distribution of any model
outcome of interest could be calculated. However, in assessing environ-
mental regulatory issues, these analyses generally would be quite com-
plicated to carry out convincingly, especially when some of the uncer-
tainties in critical parameters have broad ranges or when the parameter
uncertainties are difficult to quantify. Thus, although probabilistic uncer-
tainty analysis is an important tool, requiring EPA to do complete prob-
abilistic regulatory analyses on a routine basis would probably result in
superficial treatments of many sources of uncertainty. The practical prob-
lems of performing a complete probabilistic analysis stem from models
that have large numbers of parameters whose uncertainties must be esti-
mated in a cursory fashion. Such problems are compounded when mod-
els are linked into a highly complex system, for example, when emis-
sions and meteorological model results are used as inputs into an air
quality model.

At the other extreme, scenario assessment and/or sensitivity analy-
sis could be used. Neither one in its simplest form makes explicit use of
probability. For example, a scenario assessment might consider model
results for a relatively small number of plausible cases (for example,
“pessimistic,” “neutral,” and “optimistic” scenarios). Such a determinis-
tic approach is easy to implement and understand. However, scenario
assessment does not typically include information corresponding to con-
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ditions not included in the assessment and whatever is known about each
scenario’s likelihood.

It is not necessary to choose between purely probabilistic ap-
proaches and deterministic approaches. Hybrid analyses combining as-
pects of probabilistic and deterministic approaches might provide the
best solution for quantifying uncertainties, given the finite resources
available for any analysis. For example, a sensitivity analysis might be
used to determine which model parameters are most likely to have the
largest impacts on the conclusions, and then a probabilistic analysis
could be used to quantify bounds on the conclusions due to uncertainties
in those parameters. In another example, probabilistic methods might be
chosen to quantify uncertainties in environmental characteristics and ex-
pected human health impacts, and several plausible scenarios might be
used to describe the monetization of the health benefits.

Questions about which of several plausible models to use can some-
times be the dominant source of uncertainty and, in principle, can be
handled probabilistically. However, a scenario assessment approach is
particularly appropriate for showing how different models yield differing
results.

Communicating Uncertainties

Effective decision making will require providing policy makers
with more than a single probability distribution for a model result (and
certainly more than just a single number, such as the expected net
benefit, with no indication of uncertainty). Such summaries obscure the
sensitivities of the outcome to individual sources of uncertainty, thus
undermining the ability of policy makers to make informed decisions and
constraining the efforts of stakeholders to understand the basis for the
decisions.

Recommendations
Quantifying Uncertainty
In some cases, presenting results from a small number of model

scenarios will provide an adequate uncertainty analysis (for example,
cases in which the stakes are low, modeling resources are limited, or in-
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8 Models in Environmental Regulatory Decision Making

sufficient information is available). In many instances, however, prob-
abilistic methods will be necessary to characterize properly at least some
uncertainties and to communicate clearly the overall uncertainties. Al-
though a full Bayesian analysis that incorporates all sources of informa-
tion is desirable in principle, in practice, it will be necessary to make
strategic choices about which sources of uncertainty justify such treat-
ment and which sources are better handled through less formal means,
such as consideration of how model outputs change as an input varies
through a range of plausible values. In some applications, the main
sources of uncertainty will be among models rather than within models,
and it will often be critical to address these sources of uncertainty.

Communicating Uncertainty

Probabilistic uncertainty analysis should not be viewed as a means
to turn uncertain model outputs into policy recommendations that can be
made with certitude. Whether or not a complete probabilistic uncertainty
analysis has been done, the committee recommends that various
approaches be used to communicate the results of the analysis. These
include hybrid approaches in which some unknown quantities are treated
probabilistically and others are explored in scenario-assessment mode by
decision makers through a range of plausible values. Effective
uncertainty communication requires a high level of interaction with the
relevant decision makers to ensure that they have the necessary
information about the nature and sources of uncertainty and their
consequences. Thus, performing uncertainty analysis for environmental
regulatory activities requires extensive discussion between analysts and
decision makers.

The Interdependence of Models and Measurements

The interdependence of models and measurements is complex and
iterative for several reasons. Measurements help to provide the concep-
tual basis of a model and inform model development, including parame-
ter estimation. Measurements are also a critical tool for corroborating
model results. Once developed, models can drive priorities for measure-
ments that ultimately get used in modifying existing models or in devel-
oping new ones.
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Measurement and model activities are often conducted in isolation.
For example, modelers often add details to models without sufficient
measurements to justify or confirm the importance of these changes.
Likewise, field and laboratory scientists might expand their compilation
of samples without understanding the utility of such information for
modeling. Although environmental data systems serve a range of pur-
poses, including compliance assessment, monitoring of trends in indica-
tors, and basic research performance, the importance of models in the
regulatory process requires measurements and models to be better inte-
grated. Adaptive strategies that rely on iterations of measurements and
modeling, such as those discussed in the 2003 NRC report titled Adaptive
Monitoring and Assessment for the Comprehensive Everglades Restora-
tion Plan, provide examples of how improved coordination might be
achieved.

Recommendations

Using adaptive strategies to coordinate data collection and model-
ing should be a priority of decision makers and those responsible for
regulatory model development and application. The interdependence of
measurements and modeling needs to be fully considered as early as the
conceptual model development phase. Developing adaptive strategies
will benefit from the contributions of modelers, measurement experts,
decision makers, and resource managers.

Retrospective Analysis of Models

EPA has been involved in the development and application of com-
putational models for environmental regulatory purposes for as long as
the agency has been in existence. Its reliance on models has only in-
creased over time. However, attempts to learn from prior experiences
with models and to apply these lessons have been insufficient.

Recommendations

The committee recommends that EPA conduct and document the
results of retrospective reviews of regulatory models not only on single
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10 Models in Environmental Regulatory Decision Making

models but also at the scale of model classes, such as models of ground-
water flow and models of health risks. The goal of such retrospective
evaluations should be the identification of priorities for improving regu-
latory models. One objective of this analysis would be to investigate sys-
tematic strengths and weaknesses that are characteristic of various types
of models. A second important objective would be to study the processes
(for example, approaches to model development and evaluation) that led
to successful models and model applications.

In carrying out a retrospective analysis, it might be helpful to use
models or categories of models that are old by current modeling stan-
dards, because the older models could present the best opportunities to
assess actual model performance quantitatively by using subsequent ad-
vances in modeling and in new observations.

PRINCIPLES FOR MODEL DEVELOPMENT,
SELECTION, AND APPLICATION

Model Parsimony

Models are always incomplete, and efforts to make them more
complete can be problematic. As features and capabilities are added to a
model, the cumulative effect on model performance needs to be
evaluated carefully. Increasing the complexity of models without
adequate consideration can introduce more model parameters with
uncertain values, and decrease the potential for a model to be transparent
and accessible to users and reviewers. It is often preferable to omit
capabilities that do not improve model performance substantially. Even
more problematic are models that accrue substantial uncertainties
because they contain more parameters than can be estimated or calibrated
with available observations.

Recommendations

Models used in the regulatory process should be no more compli-
cated than is necessary to inform regulatory decisions. In the process of
evaluating whether a model is suitable for its given application, there
should be a critical evaluation of whether the model has been made un-
reasonably complicated. This evaluation should include how model de-
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velopers and those that select a model for a particular application have
addressed the trade-offs between the need for a given model application
to be an accurate representation of the system of interest and the need for
it to be reproducible, transparent, and useful for the regulatory decision
at hand.

Extrapolation

Model use in the environmental regulatory process may involve us-
ing the model to extrapolate beyond conditions for which the model was
constructed or calibrated or conditions for which the model outputs can-
not be verified. For example, it might be necessary to extrapolate labora-
tory animal data to assessments of possible human effects or to extrapo-
late the recent history of global environmental conditions to future condi-
tions. In these circumstances, uncertainties about the form of a model
and the parameters in the model might yield large uncertainties in model
outputs. This problem can be compounded by making a model more
complex if the additional processes in the more complex model are un-
important; any extra parameters that need to be estimated could degrade
the confidence in the estimates of all parameters.

Recommendations

Extrapolating far beyond the available data for the model draws
particular attention in the evaluation process to the theoretical basis of
the model, the processes represented in the model, and the parameter
values. When critical model parameters are estimated largely on the basis
of matching model output to historical data, care must be taken to pro-
vide uncertainty estimates for the extrapolations, especially for models
with many uncertain parameters.

Proprietary Models

A model is proprietary if any component that is a fundamental part
of the model’s structure or functionality is not available for free to the
general public. The use of proprietary models in the regulatory process
can produce distrust among regulated parties and other interested indi-
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viduals and groups because their use might prevent those affected by a
regulatory decision from having access to a model that may have af-
fected the decision. There are many ways in which a model can be pro-
prietary, and some are more prone to engender distrust than others. For
example, a model that uses proprietary algorithms may cause more con-
cern than a model that uses publicly available algorithms but has a pro-
prietary user interface.

Recommendations

The committee recommends that EPA adopt a preference for non-
proprietary software for environmental modeling. When developing a
model, EPA should establish and pursue a goal of not using proprietary
elements. It should only adopt proprietary models when a clear and well-
documented case has been made that the advantages of using such mod-
els outweigh the costs in lower credibility and transparency that accom-
panies reliance on proprietary models. Furthermore, proprietary models
should be subject to rigorous quality requirements and to peer review
that is equivalent to peer review for public models. If necessary, nondis-
closure agreements could be used for experts to perform a thorough re-
view of the proprietary portions of the model. The review process and
results could then be made public without compromising proprietary fea-
tures. General-purpose proprietary software (for example, Excel, SAS,
and MATLAB) usually will not require such scrutiny, although EPA
should be cognizant of the costs that obtaining and using such software
may impose on interested parties.

MODEL MANAGEMENT
Models and Rule-makings

The sometimes contentious setting in which regulatory models are
used may impede EPA’s ability to implement some of the recommenda-
tions in this report, including the life-cycle evaluation process. Even
high-quality models are filled with components that are incomplete and
must be updated as new knowledge arises. Yet, those attributes may pro-
vide stakeholders with opportunities to mount formal challenges against
models that produce outputs that they find undesirable. Requirements
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such as those in the Information Quality Act may increase the suscepti-
bility of models to challenges because outside parties may file a correc-
tion request for information disseminated by agencies.

When a model that informs a regulatory decision has undergone the
multilayered review and comment processes, the model tends to remain
in place for some time. This inertia is not always ideal: the cumbersome
regulatory procedures and the finality of the rules that survive them may
be at odds with the dynamic nature of modeling and the goal of improv-
ing models in response to experience and scientific advances.

In such an adversarial environment, EPA might perceive that a rig-
orous life-cycle model evaluation is ill-advised from a legal standpoint.
Engaging in this type of rigorous review may expose the model to a
greater risk of challenges, at least insofar as the agency’s review is made
public, because the agency is documenting features of its models that
need to be improved. Moreover, revising a model can trigger lengthy
administrative notice and comment processes. However, an improved
model is less likely to generate erroneous results that could lead to addi-
tional challenges, and it better serves the public interest.

Recommendations

It is important that EPA institute best practice standards for the
evaluation of regulatory models. Best evaluation practices may be much
easier for EPA to implement if its resulting rigorous life-cycle evaluation
process is perceived as satisfying regulatory requirements, such as those
of the Information Quality Act. However, for an evaluation process to
meet the spirit and intent of the Information Quality Act, EPA’s evalua-
tion process must include a mechanism for any person to submit infor-
mation or corrections to a model. Rather than requiring a response within
60 days, as the Information Quality Act does, the evaluation process
would involve consideration of that information and response at the ap-
propriate time in the model evaluation process.

To further encourage life-cycle evaluation of models that support
federal rule-makings, alternative means of soliciting public comment on
model revisions need to be devised. For example, EPA could promulgate
a separate rule-making that establishes an agency-wide process for the
evaluation and adjustment of models used in its rules. Such a program-
matic process would allow the agency to provide adequate opportunities
for meaningful public comment at important stages of the evaluation and
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revision of an individual model, without triggering the need for a sepa-
rate rule-making for each revision. A more rigorous and formalized
evaluation processes for models may result in greater deference to
agency models by interested parties and by reviewing courts. Such a re-
sponse could decrease the extent of model challenges through adversarial
processes.

Model Origin and History

Models are developed and applied over many years by participants
who enter and exit the process over time. The model origin and history
can be lost when individual experiences with a model are not
documented and archived. Without an adequate record, a model might be
incorrectly applied, or developers might be unable to adapt the model for
a new application. Poor historical documentation could also frustrate
stakeholders who are interested in understanding a model. Finally,
without adequate documentation, EPA might be limited in its ability to
justify decisions that were critical to model design, development, or
model selection.

Recommendations

As part of the evaluation plan, a documented history of important
events regarding the model should be maintained, especially after public
release. Each documentation should have the model’s origin with such
key elements as the identity of the model developer and institution, the
decisions on critical model design and development, and the records of
software version releases. The model documentation also should have
elements in “plain English” to communicate with nontechnical evalua-
tors. An understandable description of the model itself, justifications,
limitations, and key peer reviews are especially important for building
trust.

The committee recognizes that information relevant to model ori-
gins and histories is already being collected by CREM and stored in its
model database, which is available on the CREM web site. CREM’s da-
tabase includes over 100 models, although updating of this site has de-
clined in recent years. It provides information on obtaining and running
the models and on the models’ conceptual bases, scientific details, and
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results of evaluation studies. One possible way to implement the recom-
mendation for developing and maintaining the model history may be to
expand CREM’s efforts in this direction. The EPA Science Advisory
Board review of CREM contains additional recommendations with re-
gard to specific improvements in CREM’s database.

Improving Model Accessibility

Stakeholders and others necessarily play a vital role in EPA’s use
and evaluation of regulatory models. Differing interpretations of data on
risk, environmental trends, and a range of social values mean that a broad
array of participants will have a stake in the modeling exercise. As a re-
sult, various constituencies and individuals must be able to participate in
the modeling process through a variety of activities, such as producing
their own model results and commenting on and possibly challenging the
legitimacy or accuracy of a model.

EPA faces a number of challenges in making its regulatory models,
particularly its complex models, accessible to these diverse interests.
Nevertheless, EPA has taken some steps to address accessibility to mod-
els, including the CREM database of models. This information enhances
the transparency and understandability of models to a wide array of in-
terested participants. Despite these efforts, however, stakeholders and
others with limited resources or insufficient technical expertise still face
substantial barriers to being able to evaluate EPA’s models, comment on
important model assumptions, or use the models in their own work.

Recommendations

EPA should place a high priority on ensuring that stakeholders and
others have access to models for regulatory decision making. To ensure
that its models database contains all actively used models, EPA should
continue its support for the intra-agency efforts of CREM. A more for-
mal process may be needed to ensure that CREM’s models database is
complete and updated with information that is at least equivalent to in-
formation provided for models currently contained in the database.

Yet, even with a high-quality models database, EPA should
continue to develop initiatives to ensure that its regulatory models are as
accessible as possible to the broader public and stakeholder community.
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The level of effort should be commensurate with the impact of the model
use. It is most important to highlight the critical model assumptions,
particularly the conceptual basis for a model and the sources of
significant uncertainty. Meaningful stakeholder involvement should be
solicited at the model development and model application stages of
regulatory activity, when appropriate. EPA could improve model
accessibility through a wvariety of activities, such as requiring an
additional interface for each model to help to identify the assumptions
and sources of parameters and other uncertainties and providing
additional user and stakeholder training.

However, even if full information on a model is available, technical
expertise will still be required to judge independently its quality and suit-
ability for regulatory application. Each of these recommendations re-
quires staff time and resources, which may be considerable. Thus, EPA’s
efforts to enhance opportunities for public participation in any particular
case must be balanced against other agency priorities.

The committee anticipates that its recommendations will be met
with some resistance because of the potentially substantial resources
needed for implementing life-cycle model evaluation. However, given
the critical importance of having high-quality models for decision mak-
ing, such investments are essential if environmental regulatory modeling
is to meet challenges now and in the future.

BOX S-1 Task Statement

A National Research Council committee will assess evolving scientific and
technical issues related to the selection and use of computational and statistical
models in decision-making processes at the Environmental Protection Agency
(EPA). The committee will provide advice concerning the development of guide-
lines and a vision for the selection and use of models at the agency. Through
public workshops and other means, the committee will consider cross-discipline
issues related to model use, performance evaluation, peer review, uncertainty,
and quality assurance/quality control. The committee will assess scientific and
technical criteria that should be considered in deciding whether a model and its
results could serve as a reasonable basis for environmental regulatory activi-
ties. It will also examine case studies of model development, evaluation, and
application to further elucidate guiding principles. The objective of the commit-
tee will be to provide a report that will serve as a fundamental guide for the se-
lection and use of models in the regulatory process at EPA—the goal is to pro-
duce a report on models similar to the NRC’s 1983 “Red Book” on risk assess-
ment (Risk Assessment in the Federal Government: Managing the Process). As
part of its scientific assessment, the committee will need to carefully consider
the realities of EPA's regulatory mission so as to provide practical advice on
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model development and use. The report will avoid an overly prescriptive and

stringent set of guidelines and will recognize the need for regulatory and policy

decisions in the face of incomplete information and uncertainty. In particular, the

committee will not attempt to define a numerical standard for accuracy that all

models must attain before they can be used in the decision-making process.
The committee will address the following specific issues:

e What scientific and technical factors should be considered in develop-
ing model-acceptability and application criteria that address the needs of EPA,
as well as those of interested and affected parties?

e How can the agency provide guidance on procedures for appropriate
use, peer review, and evaluation of models that is applicable across the range
of interdisciplinary regulatory activities undertaken by the EPA?

e How can issues related to input data quality, model sensitivity, uncer-
tainty, and the use of model outputs be addressed in a unified manner across
the multiple disciplines that encompass modeling at EPA?

e Models developed outside of the agency must meet the same accept-
ability and application criteria as models developed within EPA. How can users
of proprietary models meet acceptability and application criteria for the use of
models in environmental regulatory applications while maintaining the possible
proprietary nature of the code?

o Are there unique evaluation issues associated with different categories
of models, such as statistical dose-response models based on epidemiological
data?

e How can models be improved in an adaptive management process to
allow simpler tools and models to be used now while having the flexibility to
incorporate new data, scientific advances, and advances in modeling in the
future?

e How can uncertainties and limitations of models be effectively commu-
nicated to policy-makers and others who are not experts in the details of the
models? How should secondary uses of models be treated, including communi-
cation of model uncertainties and limitations?

e What are the emerging scientific and technologic advances that may
affect the selection and use of models? Specifically, what are the emerging
sources of data (such as remote sensing and other spatially resolved environ-
mental data, and genomic/proteomic data) and developments in information
technology for which EPA will need to prepare?
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PREFACE

The use of computational models is an essential element of the environmental
regulatory process. The complex relationship between environmental emissions, the qual-
ity of the environment, and human and ecological impacts are linked by modeling in the
regulatory process. The U.S. Environmental Protection Agency (EPA) may make a sci-
entific determination of basic environmental goals, such as how clean our air and water
need to be to protect human health and the environment. But determining how those
goals can be met while simultaneously allowing for basic economic services, such as
transportation, energy, and agriculture, requires that we examine the links, for example,
between the auto emission standards and the attainment of ambient air quality standards
or between the point sources of water pollution and the quality of water. The spatial and
temporal scales on which environmental controls and environmental quality are linked
generally do not allow for an observational approach to understand the links between
economic activity and environmental quality. These linkages are made by modeling.

The task undertaken by this committee for the National Academies was to assess
evolving scientific and technical issues related to the development, selection, and use of
computational and statistical models in the regulatory process at EPA. In this report, the
committee provides advice concerning management, evaluation, and use of models at the
agency. Through public workshops and other means, the committee has considered
cross-discipline issues related to model development and use, performance evaluation,
peer review, uncertainty, and quality assurance—quality control. The committee assessed
scientific and technical criteria that should be considered in deciding whether a model
and its results could serve as a reasonable basis for environmental regulatory activities. It
also examined case studies of model development, evaluation, and application as a basis
for arriving at guiding principles.

This report has been reviewed in draft form by persons chosen for their diverse
perspectives and technical expertise in accordance with procedures approved by National
Research Council (NRC) Report Review Committee. The purpose of this independent
review is to provide candid and critical comments that will assist the institution in making
its published report as sound as possible and to ensure that the report meets institutional
standards of objectivity, evidence, and responsiveness to the study charge. The review
comments and draft manuscript remain confidential to protect the integrity of the delib-
erative process. We wish to thank the following for their review of this report: George
V. Alexeeff, California EPA; Eula Bingham, University of Cincinnati; John Bredehoeft,
the Hydrodynamics Group; E. Donald Elliott, Willkie, Farr & Gallagher, LLP; Paul Gil-
man, Oak Ridge Center for Advanced Studies; James Hammitt, Harvard Center for Risk
Analysis; Michael Koerber, Lake Michigan Air Directors Consortium; Charles Lucas,
American International Group, Inc. (retired); Virginia McConnell, Resources for the
Future, Inc.; Jana Milford, University of Colorado and Environmental Defense; Lee
Mulkey, University of Georgia; Kenneth Reckhow, Duke University; and Scott Zeger,
Johns Hopkins University.

Although the reviewers listed above have provided many constructive comments
and suggestions, they were not asked to endorse the conclusions or recommendations, nor
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Preface

did they see the final draft of the report before its release. The review of this report was
overseen by John Bailar, University of Chicago (retired), and David Allen, University of
Texas. Appointed by the NRC, they were responsible for making certain that an inde-
pendent examination of this report was carried out in accordance with institutional proce-
dures and that all review comments were carefully considered. Responsibility for the
final content of this report rests entirely with the committee and the institution.

The committee received oral and written presentations from the following

individuals:

Gary Foley, U.S. Environmental Protection Agency

Tom Voltaggio, U.S. Environmental Protection Agency

Albert McGartland, U.S. Environmental Protection Agency

S.T. Rao, U.S. Environmental Protection Agency

Joseph Merenda, U.S. Environmental Protection Agency

Jim Weaver, U.S. Environmental Protection Agency

David Burden, U.S. Environmental Protection Agency

Tim Wool, U.S. Environmental Protection Agency

Leslie Shoemaker, Tetra Tech, Inc.

Jim George, Maryland Department of the Environment

Cecilia Ho, Federal Highway Administration

Harry Kitch, U.S. Environmental Protection Agency

Timothy Miller, U.S. Geological Survey

Jennifer Sass, Natural Resources Defense Council

Scott Slaughter, Center for Regulatory Effectiveness

Adam Finkel, University of Medicine and Dentistry of New Jersey and Princeton
University

Gene Tierney, U.S. Environmental Protection Agency

H. Christopher Frey, North Carolina State University

Margo Schwab, Office of Management and Budget

John Graham, Rand Graduate School

Rob Howard, Bechtel-SAIC, LLC

Sheila Jasanoff, Harvard University

Daniel Krewski, McLaughlin Centre for Population Health Risk Assessment

Jan M. Zielinski, McLaughlin Centre for Population Health Risk Assessment

Tim Ramsay, McLaughlin Centre for Population Health Risk Assessment

Richard T. Burnett, McLaughlin Centre for Population Health Risk Assessment

George Leavesley, U.S. Geological Survey

Sam Napolitano, U.S. Environmental Protection Agency

Elliot Lieberman, U.S. Environmental Protection Agency

M. Granger Morgan, Carnegie Mellon University

Pasky Pascual, U.S. Environmental Protection Agency

Barbara Petersen, Exponent, Inc. and Durango Software, LLC

James D. Schaub, U.S. Department of Agriculture

Woodrow Setzer, U.S. Environmental Protection Agency

Harvey Clewell, Centers for Health Research

Rory Conolly, U.S. Environmental Protection Agency

Richard Morgenstern, Resources for the Future

Robert Perciasepe, Audubon Society

Kenneth Reckhow, Duke University

Paul Gilman, Oak Ridge Center for Advanced Studies
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The committee and I are also grateful for the assistance of the NRC staff in the
preparation of this report. K. John Holmes played a key role in preparing this report as
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mental sciences and engineering in the Board on Environmental Studies and Toxicology
(BEST), and the other staff members contributing to this report: James Reisa, director of
BEST; Steven Gibb, program officer for strategic communications; Ruth Crossgrove,
senior editor; Matthew Russell, associate staff officer; Mirsada Karalic-Loncarevic, man-
ager of the Technical Information Center; and Radiah Rose, senior editorial assistant.

As chair, I thank all the members of the committee for their expertise and dedi-
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Decision Process

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making

http://books.nap.edu/catalog/11972.html

CONTENTS

SUMMARY ..o 1

1 STUDY BACKGROUND........ccoitiiimiiinieietctetestene sttt 18

Early Environmental Models, 19

Trends in Environmental Regulatory Model Use, 20
Model Limitations and Assumptions, 26

Origin of Study and Charge to Committee, 27
Committee Approach to the Charge, 31

Report Contents, 39

MODEL USE IN THE ENVIRONMENTAL REGULATORY
DECISION PROCESS ........ccoiiiiiiiiiiiiciccceee e 40

Regulating Without Computational Models, 41

Regulatory Model Classifications, 43

Congressional and Executive Branch Influences, 62

Oversight Processes Governing Regulatory Models at EPA, 69
The Challenges of Modeling in a Regulatory Environment, 79

MODEL DEVELOPMENT .......cccooiiiiiiiniiiiinteeeeee e &3

Introduction, 83

Alternative Model Development Pathways, 84

Overview of Model Development, 85

Interdependence of Models and Data from Measurements, 90
Model Development Phases, 90

Recommendations, 102

MODEL EVALUATION. ..ot 104

Introduction, 104

Essential Objectives for Model Evaluation, 108

Elements of Model Evaluation, 112

Model Evaluation at the Problem Identification Stage, 113
Evaluation at the Conceptual Model Stage, 115
Evaluation at the Computational Model Stage, 117
Evaluation at the Model Application Stage, 134
Management of the Evaluation Process, 144
Recommendations, 160

Xiii

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

xiv Contents

5 MODEL SELECTION AND USE . ......coccooiiiiiiieieeeeeeeiee e, 170
Issues in Model Selection and Application, 171
Proprietary Models, 184
Recommendations, 188

6 FUTURE MODELING ISSUES ........ccoootiiiiiineeeeeeeie e 190
Expansion of Measurement Systems, 191
Improvements in Model Methods and Technologies, 192
Changes in Perspectives on Model Use in Regulatory Decision
Making, 194
In Closing, 196

EPILOGUE ........ccooiiiiiiiiiiiec ettt 199
REFERENCES.......cooiiitiiii sttt 201
GLOSSARY ..ottt 226
APPENDIXES
A Biographical Information on the Committee on Models in the Regulatory
DECISION PTOCESS....c.vcvveiinieiiriiieiiriiieirteetsee et 239
B  Public Workshop Presentations to the Committee on Models in the
Regulatory Decision Process ...........cceoeeeeienieneneieseseeeeeeee e 244
C  Categories of Environmental Regulatory Models ..........c.cecereiennnnnne. 249
FIGURES

1-1 Appendix J curve, 22

1-2 Typical EKMA diagram, 22

1-3  An orrery or physical model of the solar system, 33

1-4 The use of a mouse model for estimating human health risks, 34

1-5 Examples of dose-response models for estimating lifetime risk for male
bladder cancers due to arsenic in drinking water for various exposed
populations, 35

1-6 Components and functional arrangements of the IEUBK model that
predict blood lead levels in children, 36

2-1 Basic modeling elements relating human activities and natural systems to
environmental impacts, 46

2-2 Basic elements of risk assessment from the National Research Council’s
Red Book, 52

2-3 Elements of advanced mechanistic approaches to health risk
assessment, 55

2-4 Sources of information for setting various NAAQS, 67

2-5 Flow chart of general regulatory requirements for models used at the
regulatory design and promulgation stage, 70

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

Contents xv

3-1 Iterative steps in model development proposed by Jakeman et al.
(20006), 88

3-2  Conceptual model for assessing eutrophication in the European seas
linking nutrient enrichments and its direct and indirect effects in the
ecosystem, 97

4-1 Stages of a model’s life cycle, 107

4-2 Range of probabilities that people assign to different words absent any
specific context, 133

4-3 (a) Hypothetical distribution representing uncertainty in number of lives
saved by a policy; (b) distribution representing uncertainty in value of a
statistical life, 139

4-4 Unconditional posterior distribution for net benefit of policy, 139

4-5 Conditional distributions of net benefit assuming different amounts for
the value of a statistical life, 140

5-1 (a) Individual dose-response models, and (b) overall dose-response model
fitted using the Bayesian model averaging approach, 175

TABLES

2-1 Examples of EPA’s Web Sites Containing Model Descriptions for
Individual Programs, 45

2-2  Examples of Major EPA Documents That Incorporate a Substantial
Amount of Computational Modeling Activities, 47

2-3 Examples of Substantive Legislative Directions for EPA Models, 63

3-1 MOBILE Model Revisions, 86

4-1 QA/QC Checks for Model Code, 120

BOXES
S-1 Task Statement, 16
1-1 Ozone Modeling and the Irregular Swings Between Policy and Science, 21
2-1 Incorporating Human Behavior into Environmental Models, 50
2-2 Risk Assessment for Arsenic in Drinking Water, 53
2-3 The Development of the Requirement for Regulatory Impact Analysis for
Major Federal Rules, 67
2-4 Elements of External Peer Review for Environmental Regulatory
Models, 72
5 The Different Types of Science Advisory Panels at EPA, 74
-1 Basic Steps in Modeling Development Process, 89
2 Interdependence of Models and Data from Measurements, 91
1 Attributes That Foster Accuracy, Precision, Parsimony, and Transparency
in Models, 110
4-2 Individual Elements of Model Evaluation, 114
4-3 To Calibrate or Not To Calibrate, 124
4-5 Life-Cycle Evaluation of Models for Assessing Persistence and Long-
Range Transport Potential, 151
4-6 Retrospective Analysis of Model Predictions, 158

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

xvi Contents

5-1 Example of a Generic Model for Application to Specific Settings, 171

5-2 Appendix W: EPA’s Guidelines on Air Quality Models, 173

5-3 Arsenic in Drinking Water: Model Selection, 174

5-4 Use of Multiple Models of Varying Complexity for Estimating Mercury
in Fish, 176

5-5 Model Training and Support, 177

5-6 Confidence Building in Models Through Transparency, 178

5-7 Proprietary Components of Environmental Models, 186

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

Models in Environmental
Regulatory Decision Making

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



Models in Environmental Regulatory Decision Making
http://books.nap.edu/catalog/11972.html

Copyright © National Academy of Sciences. All rights reserved.
This executive summary plus thousands more available at http://www.nap.edu



