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PREFACE

EPA’s Council for Regulatory Modeling (CREM) aims to aid in the advancement of modeling science and application to ensure model
guality and transparency. In follow-up to CREM’s Guidance Document on the Development, Evaluation, and Application of
Environmental Models (PDF) (99 pp, 1.7 MB, About PDF) released in March 2009, CREM developed a suite of interactive web-
based training modules. These modules are designed to provide overviews of technical aspects of environmental modeling and best
modeling practices. At this time, the training modules are not part of any certification program and rather serve to highlight the best
practices outlined in the Guidance Document with practical examples from across the Agency.

CREM'’s Training Module Homepage contains all eight of the training modules:

Environmental Modeling 101

The Model Life-cycle

Best Modeling Practices: Development
Best Modeling Practices: Evaluation

Best Modeling Practices: Application
Integrated Modeling 101

Legal Aspects of Environmental Modeling
Sensitivity and Uncertainty Analyses

QA of Modeling Activities (pending)
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DESIGN

>

>

This training module has been designed with Tabs and Sub-tabs. The “active” Tabs and Sub-tabs are underlined.

Throughout the module, definitions for bold terms @ (with the icon) appear in the Glossary.

The vertical slider feature from the web is annotated with the same image; superscripts have been added for further
clarification. The information in the right hand frames (web view) typically appears on next page in the PDF version.

Vertical Slider Feature

= 1What is a model?

Corresponding Figure/Text

1Vertical Slider #1

Image caption.

Similar to the web version of the modules, these dialogue boxes will provide you with three important types of information:

This box directs the user to additional insight of a topic by linking to other websites or modules

@

v This box directs the user to additional resources (reports, white papers, peer-reviewed articles, etc.) for a specific topic

This box alerts the user to a caveat of environmental modeling or provides clarification on an important concept.
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Introduction Simplification Reality — Modeler — Model

THE MODEL LIFE-CYCLE

This module has three main objectives that will provide further
insight into environmental modeling:

Define the ‘model life-cycle’

Explore the stages of a model life-cycle

Introductions to strategies for the development,
evaluation, and application of models

The life-cycle of a model @ includes identification of a problem
the subsequent development, evaluation, and application of the
model. (Figure on next page)
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Problem Specification
=Project Objectives

=Data Criteria

=[Model Domain
=Programmatic Constraints

l—

Model Identification / Selection
»Graded Approach
=Evaluation of Application Niche N
=Use existing model or develop new

model?
Model Development or Modification ) )
=Conceptual Model = The I_{nmgry Stage_s of the Model L|fe—cycle_:
=Model Framework & Design — Identification/Selection, Development, Evaluation, and

sImplementation Application. Modified from EPA (2009a).

=sModel Calibration

Model Review Process

Model Evaluation

=Peer Review

=Data Quality Assessment
=Model Corroboration
=Sensitivity/Uncertainty Analysis

| |

Model Application
=Evaluation & Documentation
=Modeling Assumptions
=Post-Auditing
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Introduction Simplification Reality — Modeler — Model

THE PROCESS OF SIMPLIFICATION

Model development teams @ take scientific understanding —
made from observations of a defined system @ — and simplify
them to a level at which they can be acceptably represented by
mathematical and statistical relationships, parameterizations, or
physical replications.

Formal definitions of a model reflect this process of
simplification:

e A representation of our understanding of the world or
system of interest (EPA, 2009a) (Figure on next page)

o A simplification of reality that is constructed to gain
insights into select attributes of a particular physical,
biological, economic, or social system (NRC, 2007)

Models are not ‘truth-generating’ machines. However, they seek
to combine two approaches to truth — logical or mathematical
truth and scientific truth. Although scientific truth may not
necessarily exist, it represents our best understandings of the
processes of interest.
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The Real World

v

Beliefs

»

Conceptual
Model

Mathematical
Model

Computer
Model

The Process of Simplification: translating our understandings or observations of a process into a conceptual or mathematical
model. This model, can in turn, help to inform our understandings of the world around us.
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Introduction Simplification Reality — Modeler — Model

RELATIONSHIP BETWEEN REALITY AND MODELS

Due the complex nature of our surroundings (i.e. the ‘real world’ or
the environment), it can be very difficult to fully describe the
observed processes with mathematical interpretations. Models
provide a simplification of those processes (and underlying
mechanisms) that can then be used to provide information that is
useful to a decision making process.

217he relationship between the environment and model
developers is shown in Figure 1; from Jacoby and Kowalik
(1980). Model developers rely upon environmental data,
observations, and perceived structure of a process or
environmental system to construct a model. There are, and should
be, distinctions made between the ‘real world’ and a model. Note
that model behavior and observed behavior of the environment
are both interpreted by the modeler.

(Figures on next two pages)

An additional % 2diagram relating assessment and modeling
activities (Figure 2); demonstrates the roles of corroboration @,
confirmation, and verification @.
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“Real World”

Environment
PROTOTYPE SYSTEM

Model

Environment

MATHEMATICAL
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Data
Parameters
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or PROCESS
Data
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Prediction
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Interpretation
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Figure 1. Relationships between the environment, the model development team, and the model (Jacoby and Kowalik, 1980). In this
sense, the model is separate from the ‘real world’ and only connected through the modeler’'s own understandings and assumptions.

(Click on image for a larger version)
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Figure 2. The processes and assessment practices that relate conceptual and computational models with reality; figure modified
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Definition An Alternative Life-cycle | Quality Assurance

FOUR STAGES OF THE MODEL LIFE-CYCLE

The processes included when taking the conceptual
understandings of an environmental process to a full analytical
model stage are collectively called the model life-cycle. The life-
cycle is broken down into four stages:

Identification of the problem
Development of the model
Evaluation of the model performance
Application

PwobdPE

The EPA (2009a) presented = 'a detailed life-cycle schematic .
depicting the review process occurring at every stage. (Figures on next few pages)
2 %The steps of the model life-cycle are interconnected and
although often followed in succession, modelers may find
themselves using model results to evaluate the model
framework @ and revisiting earlier stages of the life-cycle.

Alternatively, = 3the model life-cycle can be represented as a
continuous path of events.

12 The Model Life-cycle



Model Review Process

| A

1Vertical Slider #1

Problem Specification
=Project Objectives

=Data Criteria

=Model Domain
=Programmatic Constraints

Model ldentification / Selection
=Graded Approach

=Evaluation of Application Niche
sUse existing model or develop new
model?

Model Development or Modification
=Conceptual Model

=sModel Framework & Design
=implementation

=\Model Calibration

T

Model Evaluation

*Peer Review

=Data Quality Assessment
=Model Corroboration
=Sensitivity/Uncertainty Analysis

Model Application
=Evaluation & Documentation
=Modeling Assumptions
=Post-Auditing

The Primary Stages of the Model Life-cycle:
Identification/Selection, Development, Evaluation, and

Application. Modified from EPA (2009a).
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Evaluate the model

!

Apply the model

!

Interpret the model
results

!

Report and store
model results

The life-cycle of a model. This diagram shows the potential connections between various stages; modified from Van Waveren et al.

(2000).
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An alternative depiction of the model life-cycle. Shown here as a continuous process. Maodified from Jacoby and Kowalik (1980).
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Definition An Alternative Life-cycle | Quality Assurance

AN ALTERNATIVE MODELING LIFE-CYCLE

A majority of modeling projects do not require the full
development of a new model, but rather the application of an
existing and established model. In this scenario, the model life-
cycle could be shortened to involve model evaluation,
application, and post-auditing @.

In the modified life-cycle, a model is selected that meets the
requirements of a specified problem. Once selected, a model
may require calibration @ or different parameter values.
Likewise, other qualitative evaluations of the model may further
corroborate its application.

(Figure on next page)
After the model has been applied, post-auditing can determine
whether the model predictions were observed. The model post-
audit process involves monitoring the modeled system, after
implementing a remedial or management action, to determine
whether the actual system response concurs with that predicted
by the model.

Post-audits can also be used to evaluate how well stake-holder
and decision-making roles were integrated during the
development stages (Manno et al., 2008; EPA, 2009a). All of this
information can further inform the model development team.
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! 1
! I
: Problem Specification |
*Project Objectives 1
! =Data Criteria 1
! sModel Domain 1
: =Programmatic Constraints |

1

New model Yes

needed?

Model Development or Modification
= Conceptual Model

= Model Framework & Design

= Coding / Programming

» Model Calibration

Model Evaluation

= Peer Review

» Data Quality Assessment

= Model Corroboration

= Sensitivity/Uncertainty Analysis

|

|

I Model Identification / Selection
! =Select most appropriate model

! =Data development

: =Calibration
|

1

|

|

|

Model Application
=Evaluation & Documentation
=Modeling Assumptions
=Post-Auditing

An Alternate Version of the Model Life-cycle: When model development is not required a maodified version of the life-cycle is
appropriate. If an existing model will work for the specified problem, model development (and design) is circumvented; leaving three
steps to the life-cycle (shown above with dashed lines). The stages of the life-cycle defined by EPA (2009a) appear in the solid
boxes. Recall that model evaluation occurs during the Development and Application Stages.
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Definition An Alternative Life-cycle Quality Assurance

QUALITY ASSURANCE
Data and Model Quality Assurance
The quality of a model is governed by the supporting data, model
structure, scientific understanding, evaluation, etc. Quality

assurance is therefore necessary throughout the stages of the

modeling life-cycle.

Quiality assurance (QA), quality control, and peer review @ all Ad_d.|t|0nal Web Resource: -

play important roles in the Agency’s modeling efforts. The data CREM's training module on QA of Modeling Activities
that support the development of a model or that are used when (coming soon).

running a model are subject to data quality objectives and other » ; ; ; ; ;

QA measures. Similarly, Quality Assurance Project Plans help Additional information (mcludmg guidance doquments) can
guide model development, evaluation, and application. Together, | | P€ found at the Agency’s website for the Quality System for
quality assurance requirements are the means to overall model Environmental Data and Technology.

transparency @.
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Problem Identification Strategies

IDENTIFICATION OF THE PROBLEM (Stage 1 of 4)

The iterative process of model development begins when an
environmental problem has been identified and it is determined
that model results could inform a decision related to that problem.
The identification of this type of problem is most successful when
it involves not just model developers, but also the intended users
and decision makers — comprising a model development team. Global Air Circulation Models

For each problem (and subsequent model) the system needs to
be well defined. Recall that a system is a collection of objects
and relations among them (EPA, 2009a).

For example, each of the systems shown to the right presents
different challenges and application scenarios to the model
development team for generic air quality models.

The processes captured by each of these models may be similar, Regional Air Quality Models
but each occurs at a different scale given the scenario.

Indoor Air Quality Models
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Problem Identification Strategies

PROBLEM IDENTIFICATION STRATEGIES

The CREM Guidance Document (EPA, 2009a) outlines some
strategies for problem identification:

e Understand the problem

o Write clear objectives

e Clear statement of purpose

e Potential implications/applications

e What is the purpose of the model?

o How will the model be used?

e What are the results to be used for? ;
e Define the system A Modeli ng Caveat

e Temporal and spatial scales The model life-cycle is generally limited to three main

e Process level detail stages of Development, Evaluation, and Application.
e Define the model context The Identification stage is usually covered within

« Application niche® Development; we gave additional attention to it in this

e User community module to provide more clarity.

e Required inputs

e Evaluation criteria

These strategies are a very important part of the model life-cycle.
The objectives, defined system, and application niche provide the
foundation upon which many decisions made throughout the life-
cycle are dependent.
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Model Development Conceptual Model Forrester Diagrams Computational Model

SUMMARY REFERENCES

MODEL DEVELOPMENT (Stage 2 of 4)

During the Development Stage of the model life-cycle, the model
development team will be challenged with taking scientific
understandings of a system and translating them into a
conceptual model and eventually a computational model @.

The components of the Development Stage include (EPA,
2009a):

o Problem Specification

e Conceptual Model Development

e Model Framework Selection / Development

e Application Tool Development

Additional Web Resource:
For further information please see another
module:
Best Modeling Practices: Development

(Figure on next page)
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Dataset 1

[ peset/

Conceptual
Model

O

Problem
Specification

Deterministic Probabilistic
Model Model
Framework
Selection
Y y
Code Code
Verification Verification
A4 y
Parameterized Parameterized Application
Model Model Tool
DEVELOPMENT

The Development Stage of the Model Life-cycle. The incremental steps of model development including problem specification,
conceptual model, framework selection, and the application tool; modified from EPA (2009a).
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Model Development Conceptual Model Forrester Diagrams Computational Model

CONCEPTUAL MODELS

After the problem has been identified, model developers
construct a conceptual model. Conceptual models are defined
as a qualitative or descriptive narrative; a conceptual diagram of
a system showing the relationships and flows amongst
components. A conceptual model is a working hypothesis of the
important factors that govern the behavior of a process of interest
(Henderson and O'Neil, 2004; EPA, 2009a).

Interestingly, conceptual diagrams have been used for quite
some time in system dynamics studies. Jay Forrester, while at
MIT, proposed a method to describe complex feedback
processes occurring within a given system; they have since been (Figure on next page)
referred to as Forrester diagrams (Forrester, 1961).
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Conceptual model of the AQUATOX model
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Diagram courtesy of the AQUATOX website

Reaqistry of EPA Applications, Models and Databases (READ)
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Model Development Conceptual Model Forrester Diagrams Computational Model

Elements of Forrester Diagrams:

<> Driving Variable Q Source / Sink

FORRESTER DIAGRAMS

Forrester diagrams (Forrester, 1961) provide a standard set of

shapes to describe the processes, controls, parameters, and _X" Flow
variables in a system. |:| State Variable

e Information Flow / Influence
To make a diagram (conceptual model) of your system, the ® Parameter _
assumptions, state variables, and processes need to be identified Rate Equation

first (often relying upon the work in the Identification Stage).

Variables (state or driving) are a measurable or estimated For Example:
quantity which describes an object or can be observed in a
system and is subject to change (EPA, 2009a).

Sources/Sinks are variables that are outside the system of
interest. For example, a model describing photosynthesis may
require carbon dioxide (CO,) as an input, but treats the supply
of CO, as limitless and constant.

Parameters are fixed values, or constants, that can influence
rate equations of flows between variables. The values of
parameters may change for each simulation, but remain The example above depicts a simple model showing how the
constant during a simulation (EPA, 2009a). elements of a Forrester Diagram could be used in a conceptual
model. In this hypothetical example, a chemical flows from
variable A to B, that flow is influenced by parameter p2. The
magnitude of variable A is driven by an external variable (i.e.
temperature), D. The chemical compound leaves B at the rate of
G to the sink C. Parameter pl influences the rate G.
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Model Development Conceptual Model Forrester Diagrams Computational Model

COMPUTATIONAL MODEL
Types of Computational Models (EPA, 2009a; 2009b)
With a conceptual model in place, the model development team
should then identify the type of model needed to address the Empirical models include very little information on the
problem. underlying mechanisms and rely upon the observed

) ) o relationships among experimental data.
The model framework is the formal mathematical specification

of the concepts and procedures of the conceptual model Mechanistic models explicitly include the mechanisms or
consisting of generalized algorithms (computer code/software) for processes between the state variables.
different site or problem-specific simulations (EPA, 2009a).

Deterministic models provide a solution for the state

The steps for translating a conceptual model into a computational variable(s) without explicitly simulating the effects of data
model include: uncertainty or variability.
e Develop appropriate algorithms @ Probabilistic models utilize the entire range of input data to

develop a probability distribution of model output rather than

¢ Formulate equations . X
a single point value.

e Implement equations into computer code
e Choosing hardware platforms and software
e Developing a user interface (if applicable)

e Calibration @/parameter determination
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THE MODEL

INTRODUCTION LIFE-CYCLE

IDENTIFICATION

Model Evaluation Components Other Aspects

DEVELOPMENT

EVALUATION

SUMMARY REFERENCES

MODEL EVALUATION (Stage 3 of 4)

There are many levels to model evaluation, each representing an
integral component contributing to overall model transparency.
Model evaluation is the iterative process by which we can
determine whether a model and its analytical results are sufficient
to agree with known data and to resolve the problem for informed
decision making (EPA, 2009a).

Model evaluation begins with theoretical corroboration and can
help to answer four questions of model quality, as identified by
Beck (2002):

1. How have the principles of sound science been
addressed during model development?

2. How is the choice of model supported by the quantity and
guality of available data?

3. How closely does the model approximate the real system
of interest?

4. How does the model perform the specified task while

meeting the objectives set by QA project planning?

“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 perfect model that accounts for every
aspect of reality or to prove that a given model is correct in all
aspects for a particular regulatory application. These
characteristics 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 computational tool.”

— NRC Committee on Models in the Regulatory Decision

Process (NRC, 2007)
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Model Evaluation Components Other Aspects

L]

/ Dataset 2 /

Y

Corroborated
Model

EVALUATION COMPONENTS

Keeping in mind that the goal of model evaluation is to ensure
model quality and representativeness for the intended
application, the fundamental parts of model evaluation are (EPA,
2009a):

o Peer Review: provides a unique mechanism for
independent evaluation and review of environmental
models used by the Agency.

e QA Project Planning: Data quality assessment is
included in the scope of quality assurance (QA) project
planning. Data quality assessment informs whether a
model has been developed according to the sound
science principles.

Sensitivity Uncertainty
Analysis Analysis

e Model Corroboration: Evaluating the degree to which
the model corresponds to reality. Confirmation can be
gualitative (theoretical) or quantitative.

e Sensitivity and Uncertainty Analyses: Sensitivity EVALUATION
analysis computes the effect of changes in input values or _ )
assumptions (including boundaries and model functional | The Evaluation Stage of the Model Life-cycle (EPA, 2009a).

form) on the outputs. Uncertainty analysis is used to Peer Review and QA Project Planning are an important part of
investigate the effects of lack of knowledge or potential model evaluation even though they are not depicted in this
errors on the model. diagram.
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Model Evaluation Components Other Aspects

OTHER ASPECTS TO CONSIDER

Verification: Examination of the algorithms and numerical
technique in the computer code to make certain that they truly
represent the conceptual model and that there are no inherent

numerical problems with obtaining a solution. A Clarification on Validation and Verification

Model evaluation @ should not be confused with model

validation. Different disciplines assign alternate meanings to

e Dimensional analysis — units for all variables and these terms and they are often confused. Validated models are
parameters should be congruent those that have been shown to correspond to a specific set of

field data. The CREM Guidance Document (EPA, 2009a)

prefers the term corroboration @ and focuses on the

e Steady-state composition and stability processes and techniques for model evaluation rather than

model validation or invalidation.

o Equations — assure the math is working correctly

e Compare numerical with analytical solutions

o Compare with alternative coding

Model Simplification: In some instances the conceptual model
may include too much detail which can contribute to model
uncertainty @. It is up to the development team to define the
scope of the model, while considering model parsimony, the
goals of the project, and available resources, etc.

Additional Web Resource:
For a continuation of the model evaluation topic
see: Best Modeling Practices: Evaluation
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Model Application Scenarios Multiple Models Post-Auditing Transparency

APPLICATION (Stage 4 of 4)

In the Identification Stage of the model life-cycle, the model
development team identified a specific problem that required the
support from an analytical model. The model should be applied
when the model development team (i.e. decision makers,
developers, users) has determined the application is acceptable
for use in a decision support capacity.

Important components of the Application Stage include (in no
particular order):

Analysis of the Modeling Scenario(s)

Applying Multiple Models

Model Post-Auditing

Model Transparency @

A w DN PRF
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Model Application Scenarios Multiple Models Post-Auditing Transparency

ANALYSIS OF THE SCENARIO

Early in the life-cycle, the model development team identified a
problem that could be informed from a model application. They
then defined important aspects of the problem scenario. These
should include elements consisting of:

« Clear objective statements All models are wrong... some are useful

o Potential applications - G.E. Box, 1979
o The intended use of the modeled results

o Definition of the system
o Temporal and spatial scales
0 Process level detail

e Model Context A Modeling Caveat
0 Application niche Models are typically (and should be) developed for a well
0 User community defined system — the application niche. The application
0 Required inputs niche is defined in the Identification Stage. The model is
o Evaluation criteria best suited for application within the system it was

developed. Therefore, applications outside of the
application niche should be considered carefully.
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APPLYING MULTIPLE MODELS

In certain model application scenarios, there may be multiple
competing models. These models often represent varying levels
of complexity; each contributes its own strength and
weaknesses.

Similarly, stakeholders may present alternative models that have
been developed externally (EPA, 2009a). Multiple model
comparisons can provide insight into how variable model results
are among competing models or how much confidence should be
put into results from just one model.

However, only models which are best suited for an application
should be tested and not every model needs to be tested in every
instance.
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MODEL POST-AUDITING

Model corroboration demonstrates how well a model corresponds
to measured values or observations of the real system. A model
post-audit assesses the ability of the model to predict future
conditions (EPA, 2009a).

o ='an example of a post-audit for a TMDL

o 2An example of a post-audit for the CMAQ Model

After a model has been used in decision support, post-auditing
would involve monitoring the modeled system to see if the (Figures on next two pages)
desired outcome was achieved. Post-auditing may not always be
feasible due to resource constraints, but targeted audits of
commonly used models may provide valuable information for
improving models or model parameter estimates.
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In this example, modeling was used to help develop a management plan for recovering impaired waters by establishing TMDLSs.
During implementation of the TMDL @, pollution sources were identified and regulated. The outcome (i.e. recovered water) is then
compared to the predictions of the model.
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The Community Multiscale Air Quality (CMAQ) Model: CMAQ model simulation results were evaluated before and after major
reductions in nitrogen oxides (NOx) emissions. Adapted from Gilliland et al. (2008).

¢ CMAQO Model Home Page

o Regqistry of EPA Applications, Models and Databases (READ)
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MODEL TRANSPARENCY

Models are often referred to as the ‘black box’ component of the
scientific process. That is, the life-cycle of the model is often not
transparent to decision makers, stakeholders, or the courts.
Through an objective of overall transparency, model
development teams can aim to make the model more transparent

to stakeholder and user groups (Pascual, 2004). Additional Web Resource:
Beneficial aspects of model transparency include: AT I RS G S
p p y : Best Modeling Practices: Application

e Enables effective communication between modelers,
decision makers, and public

¢ Allows models to be used reasonably and effectively in
regulatory decision

e Provides necessary documentation of model assumptions
in case of future legal challenges

Additional Resource:
Guidance on the Development, Evaluation, and
e Enhances the peer review process Application of Environmental Models (PDF) (99 pp,
1717 KB, about PDF). 2009. EPA/100/K-09/003. Office
of the Science Advisor. US Environmental Protection
Agency Washington, DC.
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SUMMARY

e The = 'model life-cycle is an on-going and iterative
process. There should be multiple evaluation and review
activities occurring throughout the entire lifetime of a model.

¢ The life-cycle is comprised of four stages: Problem
Identification, Development, Evaluation, and Application.

e The components of the Development Stage include:

Problem Specification, Conceptual Model Development,
Model Framework Selection / Development, and

Application Tool Development. (Figures and text on next two pages)

e Model evaluation is done through peer review processes,
guality assurance project planning, code verification,
corroboration of results, sensitivity analyses, and
uncertainty analyses.

e Steps of model application can include: analysis of the
modeling scenario, applying multiple models, model post-
auditing, and model transparency.

= 2Best Practices for the stages of the model life-cycle
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Problem Specification
=Project Objectives

=Data Criteria

=Model Domain
*Programmatic Constraints

Model Identification / Selection
sGraded Approach

=Evaluation of Application Niche
sUse existing model or develop new
model?

Model Development or Modification
=Conceptual Model

=sModel Framework & Design —
sImplementation
=\Mlodel Calibration

Model Evaluation

=Peer Review

=Data Quality Assessment
=\Model Corroboration
sSensitivity/Uncertainty Analysis

Model Application

sEvaluation & Documentation
=sModeling Assumptions
=Post-Auditing

Model Review Process

The Primary Stages of the Model Life-cycle:
Identification/Selection, Development, Evaluation, and
Application. Modified from EPA (2009a).

2Vertical Slider #2

Best Practices:

The objectives of this module were to introduce the concept of a
model life-cycle and practices within each stage. There are
additional modules that go into greater detail for the three main
stages of the model life-cycle.

Additional Web Resources:
For further information on these topics, please see:

e Best Modeling Practices: Development

e Best Modeling Practices: Evaluation

e Best Modeling Practices: Application
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Summary End of Module

YOU HAVE REACHED THE END OF
THE MODELING LIFE-CYCLE MODULE.
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GLOSSARY

Algorithm: A precise rule (or set of rules) for solving some problem.

Application Niche: The set of conditions under which the use of a model is scientifically defensible. The identification of application
niche is a key step during model development.

Calibration: The process of adjusting model parameters within physically defensible ranges until the resulting predictions give the
best possible fit to the observed data. In some disciplines, calibration is also referred to as “parameter estimation”.

Computational models: Computational models express the relationships among components of a system using mathematical
representations (Van Waveren et al., 2000).

Corroboration: Quantitative and qualitative methods for evaluating the degree to which a model corresponds to reality.

Model: A simplification of reality that is constructed to gain insights into select attributes of a physical, biological, economic, or social
system. A formal representation of the behavior of system processes, often in mathematical or statistical terms.

Model Development Team: Comprised of model developers, users (those who generate results and those who use the results), and
decision makers; also referred to as the project team.

Model Evaluation: The iterative process of determining whether a model and its analytical results are sufficient to agree with known
data and to resolve the problem for informed decision making.

Model Framework: The system of governing equations, parameterization and data structures that represent the formal
mathematical specification of a conceptual model consisting of generalized algorithms (computer code/software).

Model Transparency: The clarity and completeness with which data, assumptions and methods of analysis are documented.
Experimental replication is possible when information about modeling processes is properly and adequately communicated.

Model Uncertainty: A general type of uncertainty comprised of application niche uncertainty, model structure/framework uncertainty,
and input/parameter uncertainty.

Peer Review: Performed by independent and objective experts, a review of and judgment on a model's underlying science, the
process through which it was developed, and its overall “trustworthiness” and “reliability” for prediction.

41 The Model Life-cycle



Post-auditing: Assesses a model’s ability to provide valuable predictions of future conditions for management decisions.

System: A collection of objects or variables and the relations among them.

TMDL: A Total Maximum Daily Load, or TMDL, is a calculation of the maximum amount of a pollutant that a waterbody can receive
and still safely meet water quality standards.

Verification (code): Examination of the algorithms and numerical technique in the computer code to ascertain that they truly
represent the conceptual model and that there are no inherent numerical problems with obtaining a solution.
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