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FOREWORD

In August 2002, the Office of the Federal Coordinator for Meteorological Services and
Supporting Research (OFCM) published the comprehensive report, Atmospheric
Modeling of Releases from Weapons of Mass Destruction: Response by Federal Agencies
in Support of Homeland Security. This publication, prepared by the OFCM’s Joint
Action Group for the Selection and Evaluation of Atmospheric Transport and Diffusion
Models (JAG/SEATD), provided a comprehensive summary of Federal capability to
provide atmospheric transport and diffusion (ATD) modeling support and has become a
valuable resource in support of the homeland security/defense missions.

The JAG/SEATD report also made a number of recommendations for future work,
regarding ATD modeling support, which was endorsed by both the Interdepartmental
Committee for Meteorological Services and Supporting Research (ICMSSR) and the
Federal Committee for Meteorological Services and Supporting Research (FCMSSR).
Among the recommendations was the need to address the research and development
required to advance the state-of-the science of ATD modeling in support of critical
homeland security/homeland defense activities.

In October 2003, the OFCM established the Joint Action Group for Atmospheric
Transport and Diffusion Modeling (Research and Development Plan)
(JAG/ATD(R&DP)) to address this recommendation head on. Each agency that
participated in the JAG/ATD(R&DP) shared the common goal to: Identify the most
pressing research needs facing the Federal ATD modeling community as it strives to
support the homeland security mission and to recommend a strategy that will eventually
satisfy those needs.

This report, Federal Research Needs and Priorities for Atmospheric Transport and
Diffusion Modeling, represents a commitment by each of the responsible Federal agencies
in the OFCM Federal coordinating infrastructure to work in a collaborative and
synergistic way to address this critical homeland security issue, and the report’s
recommendations are the result of careful deliberation by the members and are based on
their collective skills, experiences, and vision.

The next step is for the participating agencies to work together in a collaborative and
cooperative manner to incorporate these recommendations into agency plans and
programs in order to improve Federal ATD modeling capabilities. The completion of this
task in a timely and coordinated manner is vitally important to the Nation. Close
coordination with the academic and private organizations will also be required, and the
user community must be involved in the process from start to finish.

I wish to extend my deepest appreciation to the JAG members, alternates, technical
advisors, and subject-matter experts who brought unprecedented knowledge and
experience to the table and who demonstrated outstanding teamwork in developing this
report. I am also deeply grateful for the outstanding leadership of the JAG cochairs, Dr.
Walter Bach and Ms. Nancy Suski. The quality and comprehensiveness of the report

i1



v Federal R&D Needs and Priorities for ATD Modeling

reflects highly on the insight, professionalism, and dedication of all the participants and
the report provides a solid foundation for future R&D efforts, regarding environmental
support to homeland security.

Samuel P. Williamson
Federal Coordinator for Meteorological Services
and Supporting Research
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EXECUTIVE SUMMARY

Atmospheric transport and diffusion (ATD) modeling is a challenging and dynamic field
of research, and the Federal agencies have played a critical role in applying advances in
the field to satisfy pressing national needs. Federal resources have proven to be vitally
important to these efforts because ATD models typically must describe atmospheric
processes in the most changeable and complex part of the atmosphere. For homeland
security applications, the end-user’s need for timely and accurate ATD information in the
urban environment is one of the most pressing national needs.

In October 2001, the Office of the Federal Coordinator for Meteorological Services and
Supporting Research (OFCM) established the interagency Working Group for
Environmental Support to Homeland Security (WG/ESHS) at the request of the Federal
Committee for Meteorological Services and Supporting Research (FCMSSR). In January
2002, the WG/ESHS formed the Joint Action Group for the Selection and Evaluation of
Atmospheric Transport and Diffusion Models (JAG/SEATD) to study the nonproprietary
atmospheric transport and diffusion (ATD) modeling systems in use by federally funded
operations centers. In August 2002, the JAG/SEATD’s definitive report was published,
and its recommendations were endorsed by FCMSSR.

Among the recommendations was the need to further study the research and development
(R&D) requirements related to ATD modeling. In October 2003, the Joint Action Group
for Atmospheric Transport and Diffusion Modeling (Research and Development Plan)
(JAG/ATD(R&DP)) was formed under the WG/ESHS and charged to:

e Develop a methodology for characterizing and prioritizing the research and
technical needs, and for linking those needs to stated operational requirements.

e Consult with subject-matter experts as required (based on the needs of the JAG
members).

e Identify the tools required for transitioning successful research results into
operations through interagency cooperative efforts like observational and
modeling test beds, field and urban studies/experiments, and a common model
evaluation methodology.

e Develop a comprehensive plan that documents the research and technical needs of
the ATD modeling and operational communities. The plan should prioritize the
most pressing R&D needs and provide a roadmap to address those needs within
the OFCM coordinating infrastructure. Expanded feedback on the plan was
solicited during the 8th Annual George Mason University Conference on
Atmospheric Transport and Dispersion Modeling on July 14, 2004, and the
OFCM Urban Meteorology Forum, Challenges in Urban Meteorology: A Forum
for Users and Providers, on September 21-23, 2004, which included participation
from the academic, public, and private sectors.

This report is the culmination of the JAG/ATD(R&DP)’s efforts. The report describes the
research and development needs, based on user-community needs, and recommends a
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number of strategies to address those needs in order to provide a reliable capability to use
atmospheric transport and diffusion as an instrument of local and national emergency
response or planning. The principal topics addressed by the report include:

e A discussion of user needs for consequence assessment systems (a general name
for typical applications in which ATD models are employed, including but not
limited to emergency response/recovery and preparedness planning applications).

e Interpretation of the ATD modeling capabilities required to support what users
need from their consequence assessment systems.

e Analysis of the gaps between the required capabilities and current Federal ATD
modeling capabilities (requirements pull), plus opportunities for new and
emerging science and technology to fulfill user needs better in the future
(technology push).

e Strategies to fill the gaps and provide improved capability through an interrelated
set of coordinated R&D activities implemented by Federal agencies with ATD
modeling programs or related research, development, or technology transition
programs.

e Prioritized recommendations for implementing the R&D strategies.

User’s Needs

The emergency preparedness and response environment includes a number of activities
during which consequence assessment of an airborne hazard is relevant. Planning
activities start in anticipation of a specific incident to help everyone prepare to respond.
Response activity begins when an incident occurs. Response activity then transitions into
recovery activity. Incidents that involve the release of an airborne hazardous material can
range from a relatively straightforward situation that that can be handled by local
responders to a complex situation that involves elements of all three activities described
and requires resources from many different organizations; i.e., incidents of national
significance.

Users recognize that ATD models of the consequence assessment system are imprecise.
They desire—and create—ways to work with the limitations of the information. Models
give little or no expressions of probability and uncertainty, so they are insufficient to help
many users make sound decisions. This fact imposes two complementary demands on
model development. First, we must provide a reasonable measure of the uncertainty in a
prediction or its probability distribution, and then secondly, we must communicate the
implications of quantifying the uncertainty in ways the users can apply.

Research Needs

Advances in current ATD modeling are likely to come from improvements in
meteorological model predictions and from measurements at the scales of interest. The
former are closely related to better representations of atmospheric boundary layer (ABL)
processes by improved parameterizations, initial conditions, boundary conditions, and
representations in complex, especially urban, environments. As existing modeling and
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observing capabilities are improved, the realization that the ATD process is partly
stochastic, rather than entirely deterministic, will enable uncertainties in the modeling
process to be quantified. The modeler must then learn with the user how to communicate
this uncertainty information to the user in ways that are relevant to the user’s decisions.

Models and data must come together and complement one another. Techniques to
localize and/or quantify source characteristics by fusing information from concentration
sensors, ATD models, and other measurements are lacking or untested. To meet user
requirements for timely modeling predictions, faster methods are needed to determine the
quality of observed data, merge the acceptable data into modeling frameworks, and
estimate concentrations rapidly across several scales of motion. Finally, to ensure the
quality of the model estimates and provide the benchmark for improvements, the skill of
the prediction and its robustness need to be assessed on a continuing basis.

To advance the state-of-the-science in ATD modeling, we must meet these R&D needs:

e Bridge the gap from mesoscale to microscale/urban scale.

e Improve characterizations of surface boundary conditions in model
parameterizations and in input data sets (initial conditions and boundary
conditions). In particular, better methods are needed to obtain, maintain, and
apply land cover data for urban and surrounding environments.

e Test and refine the physical basis for sub-grid-scale parameterizations.

e Characterize dispersion in complex environments.

e Develop methods and technologies for improving ensemble construction and
interpretation.

e Develop and test techniques to better estimate wet and dry deposition and
chemical interactions.

e Improve tracer materials and measurement technology.

e Improve boundary layer atmospheric measurement capability.

e Improve and evaluate data acceptance and assimilation techniques for both initial
conditions and boundary conditions.

e Develop physics-based evaluation metrics that recognize the fundamentally
different sources for variations in observed and model-predicted values of
downwind hazard concentration.

A tabular summary of these needs and priorities follows.



xiv Federal R&D Needs and Priorities for ATD Modeling

Table ES-1. Summary Table of R&D Needs with Prioritization Factors

R&D Need Time Short-Term Gain Overall Lead Time Ultimate Gain

Sensitivity Level of Potential
Effort

Bridge the modeling gap near term average moderate average exceptional

Characterization of surface near term average high average exceptional

conditions & input data sets

Test and refine physical longer term average moderate average exceptional

basis for sub-grid-scale

parameterizations

Characterize dispersion in immediate average high average high

complex environments

Improve ensemble immediate minimal high short exceptional

construction and

interpretation

Techniques to better near term average moderate average high

estimate wet and dry

deposition .
near term average moderate average exceptional

Physical and high-resolution
computational models

Improve tracer materials and immediate high moderate short exceptional
measurement technology

Improve boundary-layer immediate high high short exceptional
measurement technology

Improve and evaluate immediate high moderate moderate high
sensor-fusion techniques

Data QA/QC for model fit immediate average moderate moderate high
and data assimilation

Develop physics-based near term high low average exceptional
model evaluation methods

Research and Development Strategies

The JAG identified two capstone goals for the R&D plan: quantifying uncertainty and
interpreting the implications of this uncertainty to users. The JAG then identified six
program elements needed to support the capstone goals. To achieve the goals, it is
essential that the elements of the strategy be sustained, evaluated, and allowed to evolve
as the knowledge base grows and the capabilities for ATD modeling improve.

Capture and Use Existing Data Sets. This element focuses on assembling the available
(open access) data sets from the many years of ATD experiments and model testing into a
modern data format. The data are in various forms and available on many types of
storage media. Both the data and the expertise of the participating scientists are at risk of
being lost. These rich data files are the only source of concentration data which can
currently be used to quantify uncertainty in ATD models.
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Model Evaluation Standards. Procedures for evaluating the performance of ATD
modeling systems are not standardized across the Federal agencies or ATD model user
communities. Further, the existing procedures may not fully deal with the complexities
introduced by comparing calculations and observations having different inherent space
and time averaging. Without common reference standards, model development and
implementation tends to remain “stovepiped” within the developing agency, while other
development efforts are discounted or go unused.

Bridge the Modeling Gap. Top-down modeling (large to small scale) and bottom-up
modeling (small to larger scales) do not merge across scales from 50 meters to 5
kilometers in realistic environments. This fact points to a fundamental lack of knowledge
of how to model the processes at these scales. In all models, there is an element of
turbulence carried in the smallest scales and the unresolved processes. Although there is
perpetual optimism that higher-resolution models will give better results, current
operational experience does not substantiate the optimism.

Improved Measurement Capabilities. Measurements are fundamental to advancing the
realism of a science-based description or prediction. In ATD modeling, improving the
capability to measure concentrations of tracers and atmospheric variables (e.g., wind
velocity, turbulence, temperature) at the scales of ATD model use is essential to R&D
leading to better ATD models. Quantifying the uncertainty in model variables requires in
situ and/or remote measurements at the modeled scales. Most applications of ATD
models are at much finer scales than are the available data, especially in populated areas.
To develop better parameterizations, measurements are needed to understand processes
not resolved within models. Measurements are also needed to help bridge the model gap.
Tracer measurement capabilities are needed to provide data for quantifying the
uncertainty in ATD model predictions.

Local/Regional Siting of Instrumentation. Each locality has a unique morphology.
Many localities want to provide a network of instruments, within budget limitations, that
will reasonably represent wind and turbulence fields needed for ATD concentration fields
in emergency conditions. No one plan fits all these sites. Strategies are needed to make
reliable recommendations through a combination of modeling exercises, optimization
processes, and experience in other areas.

ATD Test Beds. Most ATD model studies come in defined field campaigns operated to
maximize the probability of success. Within this context, benign, simple, and non-taxing
weather conditions were preferred although terrain conditions may have been complex.
Controlled tracer releases are sampled and atmospheric measurements are made as
densely as capabilities and resources permit. As accidental releases and terrorist
incidents are not scheduled, little is known about performance of ATD models under
daily conditions. Recently, fledgling infrastructures for routine ATD forecasting based on
model and local information, such as NOAA’s DCNet, have developed in several urban
areas. The JAG proposes a strategy of establishing test beds in appropriate areas across
the country to address and test ATD models, model needs, and model capabilities on a
continuing basis. By operating and performing evaluations continuously, by testing new
ideas and instruments, and by interacting regularly with users, an ATD test bed becomes
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a crucible in which ATD modeling is made robust and refined from an art into a
demonstrated and verified operational capability. The initial number of test bed
installations should be limited so that operational procedures can be developed and
refined without squandering scarce resources. Once the prototyping lessons have been
learned, the set of installations could expand to cover more locations of priority interest,
with each additional location chosen to represent different challenges from those already
in place or being installed.

GOALS — Interpret Uncertainty I

Routinely Quantify Uncertainty

CAPTURE AND USE
EXISTING DATA SETS
MODEL EVAL
STANDARDS
BRIDGE THE
SCALE GAP
MEASUREMENT
CAPABILITIES
LOCAL/ REGIONAL
MEASUREMENT SITING
ATD TEST BEDS

OBJECTIVES

COORDINATED AGENCY SUPPORT & FUNDING

Figure ES-1. Six R&D objectives need to be achieved to support the ultimate goals of quantifying
uncertainty and communicating its implications to users.



Recommendations

The recommendations are intended to support and guide Federal agency efforts to
prioritize and obtain the necessary resources for their most pressing research needs.
Additionally, they were developed to encourage multiagency collaboration and
cooperation on shared objectives while helping to facilitate the participation from the
academic and private sectors and the coordination of Federal activities with state,
regional, and local governmental agencies.

The R&D elements will require a robust, coordinated effort by the multiple Federal
agencies engaged in research, development, or application of ATD modeling systems. No
one agency holds all the capabilities needed to affect the recommended course of action.
Shared responsibilities, shared vision, and shared resources are essential to success.
Without the resource base and sustained direction that a well-coordinated Federal effort
can provide, the R&D needs cannot be met within time horizons consistent with national
policy priorities.

Implementing recommendations are provided for the following seven areas:

Quantify model uncertainties and interpret their implications to users.

Capture and use existing data sets.

Implement ATD test beds.

Develop standards for evaluating modeling system performance.

Improve the spatial and temporal scale interactions between meteorological and
ATD models.

e Improve measurement technologies.

e Design and conduct special studies and experiments.

Implementing the recommendations will require a sustained effort over more than a
decade. Some of the implementing actions will produce returns in the near term—within
the next 2 years. Other actions will provide some benefits at intervals along the way, even
though the most significant benefits may require a decade or more to be realized. Many
of the limitations in capability identified in the report, however, are systemic, resulting
from a lack of coordinated effort across agencies and agency programs, but they can be
successfully overcome with the commitment and coordination of resources and facilities,
particularly the agency teams of individuals dedicated to advancing the operational state-
of-the-science of ATD modeling.

XVii



XViii Federal R&D Needs and Priorities for ATD Modeling




1.0 INTRODUCTION

The fundamental reason for modeling atmospheric transport and diffusion (ATD) is to
predict the concentration in the atmosphere of hazardous material released from a source
or sources (one or more points of release) as the material moves from the source to other
locations. The predictions from an ATD model of concentration as a function of space
(location) and time, plus other information, can be used for a variety of purposes.
Hypothetical releases at particular points and under different conditions (the planning
scenarios) can be used by planners to identify potential zones of hazardous threats and
prepare effective responses to these scenarios. In an actual release situation, the threat
may require emergency responders to take immediate action to protect health and safety
of those in the zones of hazardous threats or to provide aid to those injured or exposed.
Model predictions of where concentrations did (and did not) reach levels of concern are
also important during the recovery phase, which may extend long after the immediate
emergency. For less immediate dangers, such as those from continuing release of air
pollutants with potential long-term effects, the planning, response, and recovery activities
may weave into one another. Response activities, in particular, will periodically rise and
fall as concentration levels of the hazardous material rise and fall over time.

At the most basic level, an ATD model predicts how motions in the atmosphere—wind
and turbulence fields—transport and diffuse the material of interest after its release.
Perfect prediction of the smallest motions in the atmosphere is not possible. Inherent
constraints arise from limited information about the source, the atmosphere, and the time
available to generate a prediction. The information needed about the source and the state
of the atmosphere is always limited. Furthermore, some of the motions involved must be
described stochastically or as nonlinear dynamic processes. Consequently, getting useful
results from an ATD model is always a compromise between timeliness and complete-
ness in portraying how the atmosphere acts on the released material. This tradeoff
between timeliness (or resources for the modeling activity) and completeness is starkest
for emergency response to an actual incident. No matter how much better the ATD
modeling results could be in an hour or two, by then they are likely to be too late to help
the first responders. Even the planner cannot wait forever or invest unlimited resources in
a single model run. If planning for the one situation that does occur is to be appropriate,
many scenarios must be considered and evaluated. Timeliness (and to a lesser extent,
resource constraints) are less of an issue for long-term recovery, but the completeness
standard often rises very high in that context of use.

Another practical demand on many real-world applications for ATD models stems from
the consequences that variations in the prediction of hazard zones can have on large
numbers of people. In urban areas, planners and responders are often faced with difficult
triage decisions: who most needs help and needs it most quickly? When the complex
morphology of urban areas is added to the prediction task—the irregular land-water
interfaces of coastal bays and inlets, mountain-valley structures, or just the height and
spacing variations of the modern urban built environment—the demands on the ATD
model to identify the hazard zones accurately become extreme. ATD models typically
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must describe atmospheric processes in the most changeable and complex part of the
atmosphere.

The events of September 11, 2001, dramatically sensitized the American public to the
magnitude and range of potential terrorist actions aimed at civilian populations. The
Nation is now far more aware of the potential threats from airborne technological
hazards, such as releases of chemical, biological, radiological, and nuclear (CBRN)
materials, not only from a deliberate action with hostile intent but also from industrial
and transportation accidents. There is also an increased (and appropriate) expectation that
all levels of government will improve their capabilities to share information, coordinate
responses, and collaborate on preparations to better protect the public. Thus, there is a
new sense of urgency associated with the research needs identified in this report.

1.1 Purpose

Given the objectives of ATD modeling and the constraints and current concerns as
sketched above, there is value in a systematic approach to determining the most effective
ways to lessen the constraints while making ATD modeling systems more useful for their
intended applications, particularly applications of most pressing concern. This report
presents a research and development (R&D) plan for providing the ATD modeling
capabilities needed to meet established needs of the user communities, with special
emphasis on enabling the National strategy for responding to domestic CBRN incidents.
Although the report emphasizes homeland security and homeland defense applications,
many of the capability improvements identified here will benefit other applications as
well, such as air quality monitoring or emergency preparedness planning and response for
accidental releases of hazardous materials.

The report includes:

e A discussion of user needs for consequence assessment systems (a general name
for typical applications in which ATD models are employed, including but not
limited to emergency response/recovery and preparedness planning applications);

e Extraction of ATD modeling capabilities required to support the users needs;

e Analysis and prioritization of the gaps between the required capabilities and
current Federal ATD modeling capabilities (requirements pull), plus opportunities
for new and emerging science and technology to fulfill user needs better in the
future (technology push);

e A strategy to fill the gaps and provide improved capability through an interrelated
set of coordinated R&D activities implemented by Federal agencies with ATD
modeling programs or related research, development, or technology transition
programs; and

e Recommendations for next steps in implementing the R&D strategy.

The R&D plan and recommendations presented here are intended to support and guide
Federal agency efforts to fund their most pressing research needs and to encourage multi-
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agency collaboration and cooperation on shared objectives. The plan will help to
facilitate participation from entities in other sectors (academia and industry) and
coordinate Federal activities with local, regional, and state governmental entities.

1.2 ATD Models in a Consequence Assessment System

For all the applications of ATD models mentioned above (and discussed more fully in
chapter 2), users actually work with a complete consequence modeling system (or the
functional equivalent of such a system, composed of several pieces). Figure 1 shows how
an ATD modeling system fits within a complete consequence assessment system. The
functions typically considered as part of the ATD modeling system are represented by the
bold black boxes. The other functions are in lighter boxes.

Meteorologlgal Inputs: ATD Input
* Observations ocessin
* Forecasts 2 £
Human Health
Source Term Transport and Concentrations Effects and
(where, when, o s . Environmental
Diffusion Code Downwind
how much) Effects

l

Deposition (vapor,
liquid, and solids)

FIGURE 1. The functional components of a complete consequence assessment system, with its
embedded ATD modeling system shown by bold lines.

The purpose of a consequence assessment system is to assess the consequences of
specific hazards on people and the environment. To do this, the functional components
must work together, passing information from one component to the next as shown by the
arrows in figure 1.

e The source term component includes information about the identity and physical
state of the hazard or hazards for which consequences are being assessed, the
release mechanism(s) involved, and the mass of hazard released per unit time. For
CBRN weapons, the release mechanism is the agent delivery system. For an
industrial accident, it could be a leaking transfer line or burning truck trailer.

e Meteorological inputs, in simple terms, describe the local weather conditions at
the time a source term release occurs and forecasts for these conditions through
the time the substance is airborne. At a minimum, ATD models require inputs on
wind speed and direction and a measure of turbulent activity, with the implicit
assumption that these conditions do not change. A more complete meteorological
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specification may include clouds, precipitation, temperature, pressure, humidity,
surface heat and momentum fluxes, and more complex turbulence parameters.

e ATD input processing involves processing the available meteorological forecast
information and observational data to prepare it for use in the modeling done by
the transport and diffusion code. Input processing might, for example, include a
diagnostic model in which available wind observations are used to estimate three-
dimensional wind fields that reflect the impact of local terrain and conserve mass.
It may also involve data quality acceptance and quality control (data QA/QC),
such as applying criteria for whether additional observational data are accepted
into the model run after initialization. ATD input processing may be used when
meteorological observations are ingested into a localized wind field forecast. It
may also be used to generate a nowcast (forecast for the next 1 to 6 hours) using
the forecast fields from a prognostic meteorological model as a first guess and
refining them by assimilating observational data that were not available at
initialization. Sometimes these input processing functions are not considered part
of the ATD modeling. For reasons that will emerge in chapter 3, this report
includes them as a component within the ATD modeling system.

e The transport and diffusion code is the software engine that computes
advection (transport solely by the mass motion of the atmosphere) and diffusion.
The code describes, in sets of computation instructions to a digital computer, the
combined effects of time-averaged transport (which has traditionally been viewed
as a deterministic process) and diffusion. The principle mechanism of diffusion is
turbulence, which has traditionally been represented as a stochastic process. A
deterministic process is governed by and predictable in terms of definitive laws,
such as dynamic equations. A stochastic process evolves in time according to
probabilistic equations; that is, the behavior of the system is determined be one or
more time-dependent random variables.

e Deposition refers to the way in which the ATD modeling system represents
processes that remove the hazardous material of interest from the air carrying it
and deposit it on the Earth’s surface (land or water). Substances released into the
atmosphere will continue to reside there, continually diluted by mixing processes,
until they are removed by reactions with other components of the atmosphere or
are deposited to the surface. In some instances, deposited materials have the
potential for subsequent resuspension by wind or volatilization.

e Concentrations downwind refers to the model’s prediction of how much of the
hazard of interest (what concentration) will be in the air at particular locations and
times after the release.

e Human health and environmental effects are the consequences of ultimate
interest to most users of a consequence assessment system. From the prediction of
concentrations downwind and other information, potential impacts on human
health and safety and on the environment are estimated.

In conformance with the terms of reference under which this R&D plan was prepared, the
functional requirements for characterizing the source term or the human health and
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environmental effects components of a complete consequence assessment system will not
be analyzed. R&D needs are not defined for the capabilities needed in those components,
nor does the R&D plan include activities to address capabilities needed in those areas.
However, these components are considered from the perspective of being, respectively,
an essential input to and output of the ATD modeling system. As such, they do influence
the capabilities required within the ATD modeling components and the R&D to provide
those capabilities.

The analysis in chapter 3 will return to figure 1 to analyze in detail the capabilities
needed for each component of an ATD modeling system. For the moment, however, the
principal message of figure 1 is that, for the purposes of this R&D plan, an ATD
modeling system is always a tool for the larger purpose of a consequence assessment
application. Differences in the specific objectives of that application will often mean that
the ATD modeling system must be tailored to fit the tool to its task.

1.3 Scope and Context of the R&D Planning Activity

The activity leading up to this ATD R&D plan began shortly after the terrorist attacks on
the World Trade Center and the Pentagon on September 11, 2001. In December 2001,
under the direction of the Federal Committee for Meteorological Services and Supporting
Research (FCMSSR), the Federal Coordinator for Meteorology established the Joint
Action Group for the Selection and Evaluation of Atmospheric Transport and Diffusion
Models (JAG/SEATD). The task of the JAG/SEATD was to evaluate the ATD modeling
systems available to address threats to homeland security. The group’s final report,
published in August 2002, included a list of candidate research needs and concluded that
the current ATD modeling systems available for Federal agency and military use should
be refined and prioritized to reflect operational needs (OFCM 2002). The FCMSSR
concurred with this recommendation, as documented in Action Item 2002-2.1 of the
Record of Actions from the FCMSSR meeting of October 12, 2002. The Federal
Coordinator for Meteorology then initiated a phased effort to address the
recommendation.

For the first phase, the Federal Coordinator established the Joint Action Group for
Atmospheric Transport and Diffusion Modeling (Research and Development Plan), or
JAG/ATD(R&DP), and charged it to perform the following tasks:

e Review the proceedings from the Office of the Federal Coordinator for
Meteorology (OFCM) special session at the George Mason University (GMU)
Transport and Dispersion Modeling Conference (OFCM 2003) and identify any
additional research needs that resulted from the conference.

e Review the results of the Joint Urban 2003 experiment at Oklahoma City
(DTRA/DOE 2003).

e Identify any scenarios that are not addressed satisfactorily by the modeling
systems documented in the JAG/SEATD report.
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e Develop a methodology for characterizing and prioritizing the research and
technical needs and for linking those needs to stated operational requirements.

e Consult with subject-matter experts as required (based on the needs of the JAG
members).

e Identify the tools required for transitioning successful research results into
operations through interagency cooperative efforts like observational and
modeling testbeds, field and urban studies/experiments, and a common model
evaluation methodology.

e Develop a comprehensive plan that documents the research and technical needs of
the ATD modeling and operational communities. The plan should prioritize the
most pressing R&D needs and provide a roadmap to address those needs within
the OFCM coordinating infrastructure.

This R&D plan is the response of the JAG/ATD(R&DP), hereafter referred to as “the
JAG,” to the above terms of reference. Expanded feedback on the plan was solicited
during the 8th Annual GMU Conference on Atmospheric Transport and Dispersion
Modeling on July 14, 2004, and the OFCM Urban Meteorology Forum on September 21-
23, 2004, which included participation from the academic, public, and private sectors.

Research areas that were considered within the scope of phase 1 included but were not
limited to meteorological inputs and input data processing, directly measured dispersion
inputs, and transport and diffusion calculations. Research needs associated with but not
limited to source characterization, common default source terms, chemical mixtures,
chronic health effects, and common frameworks for the display of results in geographic
information systems (GISs) will be included in a later phase.

To understand existing Federal operational modeling capabilities, the JAG has relied
heavily upon the earlier JAG/SEATD study (OFCM 2002). The JAG/SEATD explored
these capabilities in considerable detail but with limitations imposed by incomplete
understanding of each modeling system. The JAG/SEATD determined that, of the 29
distinct ATD modeling systems it studied, many emphasized processes and factors that
were peculiar to a specific application. Some of these systems provided a commendable
representation of atmospheric dispersion processes. Many were integrated into
consequence assessment systems with extensive source characterization and health
effects for specific substances. These capabilities reflected investments by the Federal
agencies that developed the ATD modeling systems over a significant period.

The current JAG studied the R&D needs listed in the JAG/SEATD report, as well as the
report’s recommendations. It also reviewed the proceedings from the OFCM special
session of the 7th Annual GMU Transport and Dispersion Modeling Conference (OFCM
2003) and the National Research Council report, Tracking and Predicting Atmospheric
Dispersion of Hazardous Material Releases, Implications for Homeland Security (NRC
2003). From the review of these documents, the JAG developed a preliminary list of
research needs.
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Next, the JAG conducted teleconferences and several panel sessions dedicated to specific
topics, to facilitate as much participation as possible by Federal agency representatives
and subject-matter experts in drafting early versions of the R&D Plan. Subject-matter
experts were invited to assist in reviewing and revising the list of candidate R&D needs.
The JAG also reviewed the Joint Urban 2003 field experiment (DTRA/DOE 2003) and
discussed a framework for transitioning successful research results into operations
through interagency cooperative efforts. Among the cooperative efforts considered were
test beds for observing systems and modeling, field studies and experiments including
ones conducted in urban areas, and a common model evaluation methodology.

The JAG considered whether there were incident scenarios of recognized importance for
which all of the current ATD modeling systems were totally unsuited. The conclusion
was that all of the identified scenarios can be at least minimally addressed by one or more
modeling systems. The JAG also discussed the challenges from releases of CBRN
material due to high-altitude intercepts of ballistic missiles. In consideration of these
realities, the R&D plan proposed in this report makes thorough and imaginative use of all
available tools to address the dispersion issues confronting the Nation. Overall, the R&D
plan reinforces the need for expanded theoretical and physical modeling studies, for
dedicated field studies conducted in the circumstances of intended application, and for
close coupling of all such activities with the development of improved models. These
elements of an overall strategy accept and build upon the standard approach of continuing
exploration of contributing processes. They acknowledge the powerful needs of current
times and the urgency with which new and refined products are desired. They recognize
that rapid transfer of the findings to the user community is necessary. To accelerate this
transfer to operations, an essential element of the proposed strategy is to deviate from the
usual approach to meteorological research and couple the user community more closely
with the R&D program for ATD modeling.

The JAG prepared a draft R&D plan in time for review within the OFCM coordinating
infrastructure prior to the 8th Annual GMU Transport and Dispersion Modeling
Conference in July 2004. The main elements of the plan, including the recommendations
for next steps in implementing it, were presented at that forum during a special OFCM
session. This session enabled representatives from the public, private, and academic
sectors to comment on them. Their comments were used to revise the report as
appropriate.

The R&D strategy and recommendations in this report were presented at the OFCM
Urban Meteorology Forum in September 2004 to solicit feedback from non-Federal
organizations. This forum provided an opportunity for commercial interests and academic
institutions to consider how their resources complement or supplement the approach to
research and advanced development described in this document.

The report will be submitted to FCMSSR, through the Federal Coordinator and the
Interdepartmental Committee for Meteorological Services and Supporting Research, for
its endorsement of the report’s recommendations. After the FCMSSR review, the
responsible agencies within the Federal meteorological community will coordinate an
approach for implementing the recommendations.
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1.4 Structure

The report consists of six chapters and five appendices. Chapter 1 provides an
introductory view of the purpose of ATD modeling systems and introduces the plan’s
scope, context, and general argument structure. Chapter 2 describes the operational needs
of users of ATD modeling systems from their perspective, with particular attention to the
similarities and differences in operational context and consequence assessment
requirements of the major segments of the user community.

Chapter 3 interprets the operational user needs into required capabilities of ATD
modeling systems and the inputs to those systems. Chapter 3 also begins the analytical
task of comparing these requirements with existing capabilities, to identify gaps between
what current systems can now do and what users need them to do. Chapter 4 goes further
into this assessment of capabilities against requirements. It focuses on three broad areas:

e Improvements to both ATD models and the meteorological models that typically
provide input data for them;

e Improvements to measurement technologies, to provide both the data needed to
improve results with current modeling capabilities and the data required to take
full advantage of the proposed modeling improvements; and

e Improvements required at the interfaces between data and models—areas that
require a joint analysis and will involve accommodation and innovation from both
sides.

Chapter 5 presents the set of interlocking program elements that the JAG adopted as the
best approach for addressing the R&D needs identified and prioritized in chapters 3 and
4. The exposition of each program element covers the capabilities to be achieved through
it, the rationale for this element as the best approach to meet user needs, and the
relationships among the elements as components of an overall R&D Plan.

Chapter 6 contains the JAG’s recommendations for actions to implement the plan in
Chapter 5. Most of the recommendations include specific implementation actions to be
taken if the basic recommendation is endorsed by FCMSSR.

The appendices include supporting details for the main lines of argument in chapters 3
through 5. Appendix A provides a historical perspective on the current state of
meteorological and ATD modeling capabilities. It includes brief summaries of a set of
past ATD field studies, which the JAG considers to be prime candidates for capturing
existing data for new R&D objectives (section 5.3). Appendix B is a summary of current
ATD modeling capabilities and R&D programs. It supports the analysis of gaps and
opportunities in chapters 3 and 4. Appendix C is a more technical treatment of some of
the key considerations underlying the general argument of chapter 3 and section 4.1 on
the necessity to incorporate more probabilistic methods, representations, and output
information in ATD modeling systems. Appendix D is a glossary of acronyms used in the
report. Appendix E lists the JAG participants.



Chapter 1: Introduction

Reference information for the technical literature and other source citations in the body of
the report (chapters 1 though 6) is listed after chapter 6 and before Appendix A. Each of
appendices A through C contains its own reference list.
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2.0 USER NEEDS

The consequence assessment systems introduced in chapter 1 can serve a variety of
applications. While the scope of this document is primarily focused on the emergency
preparedness and response needs of the homeland security community, consequence
assessments are important in other applications as well. All of these applications utilize
the fundamental building blocks of figure 1 and face the challenge of properly employing
ATD modeling systems in complex environments, such as urban and coastal areas.

This chapter explores the range of user activities and their specific needs within the area
of emergency preparedness and response, while identifying common needs that extend
across these diverse application areas. These needs are the principal drivers that
determine what the ATD modeling system must provide within any specific application’s
consequence assessment system. This statement foreshadows a major theme of this
report: early and continuing involvement of the user community is essential in the
development and product improvement process.

The JAG invited users from local, state, and Federal agencies to discuss their current use
of ATD modeling systems, shortfalls in their ability to perform consequence assessment,
and how their needs and requirements could be better met. These representatives included
firefighters, state emergency managers, and Federal emergency responders and managers.
Their perceptions of current capabilities and needs are the basis for most of this chapter.

2.1 The Emergency Preparedness and Response Environment

The emergency preparedness and response environment includes a number of activities
during which consequence assessment of an airborne hazard is relevant. Planning
activities start in anticipation of a specific incident to help everyone prepare to respond.
Response activity begins when an incident occurs. Response activity then transitions into
recovery activity. Incidents that involve the release of an airborne hazardous material
(HAZMAT) can range from a relatively straightforward situation that can be handled by
local responders to a complex situation that involves elements of all three activities
(response, planning, and recovery) and requires resources from many different
organizations.

The same personnel may be (and often are) involved in planning, response, and recovery
activities. These personnel include:

e The local, state, and Federal emergency responders—law enforcement officers,
firefighters and HAZMAT technicians, emergency medical personnel, and on-
scene commanders;

e Government officials and emergency managers, many of whom will have
important decision-making roles; and

e Federal agency decision makers, executing their operational missions.

11
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For domestic incidents of national significance, the roles and responsibilities of the
Federal agencies are defined in the National Response Plan and its associated annexes
(DHS 2003). The incident management process is described in the National Incident
Management System. Requests for Federal assistance and information flow up through
the local jurisdiction’s (e.g., city or county) emergency operations center to the state
level, and then to the Department of Homeland Security (DHS). In domestic incidents of
national significance, such as terrorist incidents and other high-visibility, multi-
jurisdictional events, DHS may designate a Federal officer to serve as the local DHS
representative and provide senior leadership, strategic guidance, and Federal operations
integration (DHS 2004).
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FIGURE 2. Questions of concern to users of ATD modeling predictions for emergency
preparedness and response.

For an incident involving the atmospheric release of a hazardous material, these users all
need answers to the questions shown in figure 2. These fundamental questions remain
relevant whether the hazardous release incident is small in scale and handled entirely by
local response personnel or becomes an incident of national significance, spanning
multiple jurisdictions and requiring Federal response support.' Current capabilities to
answer these questions vary among Federal, state, and local response agencies. Locales
that have industrial or manufacturing facilities, containing substantial amounts of
hazardous materials, may be better prepared in terms of personal protection equipment,
sensors, and stand-alone modeling capability than those without such hazards. Military
and other Federal installations that store or handle hazardous material may have
capability to respond to CBRN releases. The military may also provide support services
to civilian agencies as an integral element of its homeland defense mission.

Four common themes recurred in the comments from most of the users who spoke with
this JAG:

' The 2002 annual report of the National Atmospheric Release Advisory Center (NARAC 2002) states,
“Effective preparation for and response to the release of toxic materials hinge on accurate predictions of the
dispersion, ultimate fate, and consequences of the chemical or biological agent. Of particular interest is the
threat to civilian populations within major urban areas, which are likely targets for potential attacks.”
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e The safety of people is the first priority.
e All emergencies are local, and most are short-lived.
e The end user of the ATD results needs actionable information.

¢ Inconsistent data products and distribution protocols can cause confusion and
inefficiencies in the emergency response.

Not surprisingly, one of the first and most important needs expressed by emergency
responders is the need for effective communication and early indication of where the
contaminant is going. Equally important is gaining an understanding of where it is likely
not to go. A communications link between the HAZMAT or other emergency personnel
and personnel with ATD expertise is often preferred to having the modeling capability
“onboard” or at the scene. A “reach-back” capability is desirable because responders are
busy dealing with public safety issues including medical response, potential evacuation,
and incident characterization. They do not have the resources to run models and interpret
results.

Emergency responders requested more useful and uniform products and a standard
protocol for distribution and display of hazard predictions to the response community.
They emphasized the need for established procedures to rapidly disseminate hazard area
predictions to all levels of the response team. The use of GIS-based displays with
overlays of near real-time hazard information could be especially important for large-
scale incidents, involving multiple response agencies and potentially affecting large
segments of the local and/or regional population.

The products need to be easily displayed and uniform in content. While users wanted a
reach-back capability when needed (for example in a major incident), they also want an
on-scene capability for making rapid decisions during smaller scale incidents. Above all,
emergency responders asked for the capability to deliver the information needed into the
hands of those working to save lives.

The user panel expressed the following key needs.

e Improvements are needed in the national capability for consequence assessments
for preparedness and response applications:

= Capability for modeling more than one substance at a time;

= Realistic planning scenarios that can be built quickly and simply, to include a
variety of hazards and local weather scenarios;

= Scenarios that include common industrial chemicals, especially ones that
could be weaponized;

= Planning scenarios for CBRN agents, utilizing local building terrain and
weather profiles;

= Improved infiltration models; and

= Capability for modeling flammability and explosivity.
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e Information must be displayed in the emergency manager’s display system (which
may or may not be GIS-based) in accordance with the organization’s standard
operating procedures.

e A standardized set of products should be tailored to the needs of the particular end
user:

=  Multiple product sets for multiple users;

= Regular updates;

= Realistic predictions which depict forecast uncertainty; and
» Timely products—the key to saving lives.

e Training and coordination among Federal, state, and local responders are critical
to efficient communications during an event.

e Users must be brought into the development process early and often.
2.2 User Needs in Other Applications of ATD Modeling Systems

2.2.1 Military Applications

The primary military requirements for ATD modeling in theater are for force protection
and civilian population protection. CBRN materials are expected in modern military
encounters on the battlefield. In data-denied areas, the military needs improved
capabilities to sense weather and hazard parameters within an operational area. Accurate
guidance on the use of hazard protection equipment (protective garments, masks, etc.) to
defend against chemical or biological agents is critical for conducting military operations.

The key questions of importance to emergency preparedness and response (figure 2) are
still the questions that military users need to answer, but the form and content of a useful
answer may be different. For CBRN incidents, military applications involve planning and
response phases similar to those for civil emergency preparedness. However, the resultant
actions may differ and will be driven by military needs.

Meeting the needs specific to military applications will require:

e Improving current capabilities of weather-parameter and hazard-sensing systems
that can be remotely deployed and monitored;

e ATD planning for installation protection and for joint and coalition operations,
covering both deliberate releases (hostile actions) and accidental releases (e.g.,
destruction of enemy munitions containing CBRN and accidents during the
removal or storage of CBRN-containing materiel); and

e Enhancing the capability to acquire and process the weather and hazard-sensor
data; including assimilating the data into meteorological and ATD models.
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2.2.2 Air Quality Monitoring Applications

The 11th Prospectus Development Team of the U.S. Weather Research Program
observed in its July 2003 final report that there are at least three groupings of users of air
quality information: the public, decision makers, and researchers (Dabberdt et al. 2004).
The public is the largest user group, and the broadcast media provide the means of
disseminating air quality information from its official source to the public. Decision
makers that use air quality forecasts include Federal agencies, civil authorities (e.g., state
and local departments of health), emergency response organizations, and the private
sector (power, transportation, health care, and others). Among the Federal agencies that
use these forecasts are the U.S. Environmental Protection Agency (EPA), the U.S. Forest
Service in the Department of Agriculture, and the National Park Service in the
Department of the Interior. Both public and private sector organizations use air quality
forecasts to authorize and plan operations such as prescribed burns or pollutant-emitting
operations at power plants and chemical manufacturing plants. Researchers who use air
quality forecasts include air quality and environmental scientists, regulatory scientific
advisors, and atmospheric scientists conducting field measurement studies.

The key questions of importance to emergency response also apply to air quality users;
however, the form and content of a useful answer may be different. There is likely to be
more emphasis on the capability for planning, and some of the decision elements
involved, such as regulatory considerations, differ because the reasons for interest in air
quality only partially overlap with the objectives of emergency response. Forensic
applications in air quality are similar to those used in emergency response when ATD
models are used to backtrack from observed concentrations to a release point. This
application of ATD modeling may be necessary when the actual amounts and chemical
makeup of the source material are unknown, as in an accidental release. Other uses of
ATD models in air quality assessment are distinct from the way these models are used in
a consequence assessment system.

For air quality forecasting, three-dimensional meteorological and chemical observations
and advanced data assimilation methods are essential. In addition, meeting ATD
modeling needs specific to air quality applications will require:

e Improved physical understanding of the atmospheric boundary layer (ABL);

e Better land-surface models;

e Better representation of winds and turbulence across varied spatial and temporal
scales;

e Better understanding of clouds and cloud processes that affect chemical fate and
transport; and

e Improved capabilities for estimating uncertainty and predictability and for
evaluating models.

Information about other pollutants, including particulate matter, is important when
considering the long-term health impacts on the population. For example, the air quality
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standards for fine particles are calculated using an annual average because national
ambient air quality standards are set for pollutants that the public is generally exposed to
for long periods of time. A shorter-term average standard would be more helpful when
assessing the impact from short-term events or peak concentrations in long-term events.
In the case of a fire or some other large source of particulates, the general practice is to
move people away from the most intense concentrations of smoke. In responses to
events that last on the order of days to a year (e.g., a landfill fire), however, managers
need guidelines to decide how much short-term exposure a population can tolerate at any
given time.

2.3 ATD Information Required for Hazard Response Decisions

The preceding sections showed that, across a range of applications for ATD modeling
systems, the basic questions are the same. The user needs to know what the hazard is,
when and where it is a threat to people (or other consequences), and the seriousness of
the potential health and safety impacts to people and the potential environmental impacts.

For both health and environmental issues, the consequences can range from acute effects
of short-term exposure to more slowly developing consequences of long-term exposure to
levels too low to produce acute effects. For acute effects, spikes in the concentration of
an airborne hazard are typically of interest. Therefore, the ATD model prediction needs
to provide information on the spatial variability in hazard concentration on a time scale
consistent with the time required to produce an acute effect. To assess effects from
longer-term exposure to lower concentrations of a hazard, the time-averaged
concentration of the hazard is needed. Many potential airborne hazards, including most
CBRN agents, can potentially have acute and long-term effects, so both kinds of
information are often relevant to the user.

Flammable materials are another class of potentially hazardous materials. When mixed
with air in the right concentration range (i.e., between lower and upper concentration
limits for the particular material), the material can explode if a source of ignition is
present. If other combustible materials are within or near the explosion volume, the
explosion can set off a rapidly growing fire. Users of a consequence assessment system
for this class of hazards want to know when and where the concentration could be within
the explosivity limits. This requirement is much like that for acute exposures—spikes in
the airborne concentration at a time and place can be enough to reach the lower limit of
explosivity.

For all of these consequences, the bottom line for the ATD modeling system is that the
users want to know about the concentration of the hazard as a function of space and
time. In many instances, the user will want to know about both the peaks in the
concentration at small time and space scales and the time-averaged concentration at
spatial scales relevant to the consequence of interest. ATD predictions of concentration as
a function of space and time must meet accuracy objectives for all places and conditions
of concern, especially coastal urban areas. Physical processes to which ATD models are
sensitive must be adequately treated, including land-sea breezes, urban heating effects,
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and urban effects on local winds. In densely populated regions of concern, small changes
in the predicted hazard area can have substantial impacts on user decisions.

2.4 Constraints and Tradeoffs in ATD Modeling to Meet User
Needs

Planning, response, and recovery activities have different constraints on timeliness for
receiving a relevant prediction and on the comprehensiveness and completeness required
for a prediction to be useful. The optimal tradeoff among these constraints will be
different for different activities, different applications, and even specific characteristics of
an incident (e.g., the hazard released and its consequences of interest, the amount
released, the location of release, and the areas potentially affected).

As emphasized above, timeliness is the most important constraint for the responder but
not the only one. One of the most important needs that emergency responders expressed
to the JAG is for early indication and effective communication of the plume direction.
Equally important is gaining an understanding of where the plume is likely not to go.

Most responders desire a comprehensive reach-back capability, which allows the local
ATD modeler (or the on-scene user) to access technical support in getting predictions
from the ATD modeling system that reflect the specific characteristics of the incident at
hand. A single, direct line of contact from the incident command post to the supporting
expertise is needed, rather than a complicated system that requires an expert to operate at
the front lines. Most responders prefer an ATD modeling tool that is simplified for the
response environment. They are too busy dealing with the immediate threats to health and
safety to run complex models or to analyze results that do not tie directly to the decisions
confronting them.

Specific emphasis on meteorological studies for planning purposes should be given to
coastal zones, complex terrain, and urban environments where local heterogeneities have
significant impact on dispersion. Users were especially aware of the special challenges
raised by urban environments. In urban areas, the presence of buildings and other
structures affects not only the flow fields but also the structure and intensity of
atmospheric turbulence. The R&D and test and evaluation communities need to seek user
input on these urban challenges, the practical approaches users have found to dealing
with them, and the kinds of information that would be of most benefit. Accurate
databases on the built environment are required to model these surface-atmosphere
interactions at scales relevant to ATD in urban environments.

Standard dispersion methodologies are based on descriptions of processes developed in
the absence of buildings and urban street canyons. The influence of such urban
complexity is known to be major, but relatively little is known concerning the best way to
capture the consequences of site-specific surface features in the descriptions of
turbulence used in dispersion calculations. In addition, building infiltration and
exfiltration should be represented.
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2.5 “If 1 Can’t Have Certainty, Tell Me How Bad It Could Be, and
Where”

Emergency responders do not want ATD model predictions couched in terms of
mathematical measures of uncertainty or highly technical statements about probability.
They do not know how to use such information. These measures of uncertainty bear no
immediate and clear relationship to the decisions for which the users want information on
hazard concentration as a function of space and time. This point was made most strongly
by the first responders among the users who met with the JAG. While some decision
makers may understand how to use uncertainty estimates, this fact also generally applies
to planners and recovery operators as well.

The fundamental issue for the model developer can be expressed simply: Users want
certainty in the information they get, so they can act quickly and decisively. The nature of
the modeling situation (to be discussed in section 3.1), however, means that no ATD
modeling system can provide predictions with certainty, at least not for situations of
interest to real-world users.

Because users understand that there are limits to ATD modeling capabilities, they apply
their intuitive estimate of uncertainty in order to err on the side of safety. A better option
than relying on an intuitive safety margin is for users to have information on uncertainty
interpreted into a form they know how to use. Rather than mathematical measures of
uncertainty or probability, users asked for answers to these kinds of questions:

e What is the [reasonable] worst case to prepare for, and where could it occur?
e What areas are safely out of danger?

e Where could thresholds of interest (e.g., concentrations with lethal or other acute
effects, longer-term exposure thresholds, explosive concentrations) be exceeded
and when?

Many users are aware of the uncertainties in source characterization, in other model
inputs such as fine-scale winds and land cover, and in modeling simplifications made to
get results within time constraints. In many cases, users are dealing with the same types
of uncertainty in their decisions. Knowing how users understand and work with these
uncertainties can help developers find useful ways to present prediction uncertainties and
probabilities to the user.

Reducing the uncertainty in ATD model predictions is an obvious goal for model
developers. At the same time, model developers, users of model predictions, and all who
assess progress in improving consequence assessment capabilities must understand that
there will always be uncertainties in modeling complex, dynamic systems. The task for
the modeling system researcher-developer is first to identify the sources of uncertainty in
a given modeling system and provide reasonable measures of the uncertainty in a given
set of predictions from the system. The second task—which may be the harder of the two
because we know less about it—is to find ways to communicate to the user the
implications of these uncertainties for that user’s decisions. It is not enough to provide
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measures of uncertainty that are defensible within the model developer’s world.
Developers and representative users from the range of applications to be served will have
to work together to determine how to make this essential information useful. The next
task is to provide users with tools that meet their needs, which must be accomplished as
part of development. The transition of R&D products into working tools must begin
while the tools are still under development and before they are declared operational.
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3.0 MODEL CAPABILITIES REQUIRED TO MEET USER NEEDS

Chapter 2 showed how the needs of those who use consequence assessment systems lead
to the requirement that an ATD modeling system within the larger consequence
assessment system predict accurately and usefully the concentration of the airborne
hazard (or hazards) as a function of space and time. The predictions must be relevant to
the actual conditions at the time of an incident. Users typically need to know who is not
endangered, as well as who may be in danger. They want to know which locations are
likely to be within a hazard area, which locations are safely outside the hazard zone, and

the quality of these estimates.

Users know that ATD modeling systems do not produce perfect predictions. They
desire—and find—ways to work with the limitations of the information, but the
modeler’s measures and expressions of probability and uncertainty are insufficient to
help many users, particularly emergency responders and managers, make sound
decisions. This user need imposes two complementary demands on the model developer.
The first demand is to provide a reasonable measure of the uncertainty in a prediction or
its probabilistic distribution. The second is to communicate the implications of this

uncertainty measure or probabilistic
distribution in ways the user can apply.

This chapter interprets all of the above
user needs into requirements on ATD
modeling systems, in terms relevant to
assessing the further R&D that should
be done. Section 3.1 describes how the
temporal and spatial scales for which
models have been designed limit their
applicability to other scales, either to get
input for the model or to apply its
results in the real world. Section 3.2
returns to the major functional
components of a consequence
assessment system, as introduced in
chapter 1, to examine how the
requirements on the ATD modeling
system flow down to requirements on
each of its components. It describes
current capabilities in each component,
compares them with what is required,
and identifies both challenges and
opportunities in meeting the
requirements. Section 3.3 examines,
from the standpoint of actions available
to the research, development, and
test/evaluation communities, ways to

Uncertainty in ATD Model Predictions

The total model uncertainty is measured by the variance
between the predicted and the observed quantity over a large
number of events that have similar properties (an ensemble).
In a recent discussion of the mathematical basis for
understanding model uncertainty (Rao 2004), the components
of the total model uncertainty are divided into:

(a) Internal factors such as the numerical approximations
to the governing equations, modeling errors, and the
treatment of dynamical processes;

(b) External factors such as data used to execute and
evaluate the model, model parameterizations, and the
initial and boundary conditions; and

(c) The stochastic component or inherent uncertainty, due
to the natural variability of the atmosphere.

The model developer can minimize the first two components
of uncertainty by addressing the several factors contributing
to each. The third component cannot be eliminated and is only
quantifiable in a statistical sense. Furthermore, we can expect
inherent uncertainty to vary as a function of averaging time,
location, and the ensemble parameters.

For the analysis of R&D needs, the essential relationship
between measurements (observations) and identifying,
quantifying, and minimizing model uncertainty must be
embraced. The inherent uncertainty cannot be estimated
without measurements. Progress toward reducing the first two
components of uncertainty also depends on having
appropriate observations and on continually improving the
techniques used to obtain them.

21
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undertake the task of improving the transition of modeling capability into useful tools for
users. In effect, it analyzes capabilities, gaps, and opportunities at the output interface
from the ATD modeling system to the consequence assessment system.

The exposition in this chapter draws on two prior reviews of ATD modeling capabilities,
each of which included recommendations on R&D needed to address deficiencies. The
National Research Council (NRC 2003) reviewed current capabilities in dispersion
modeling, identified deficiencies and research needs, and recommended actions to
provide more accurate information. The 11th Prospectus Development Team of the U.S.
Weather Research Program addressed meteorological research necessary to improve air
quality forecasting (Dabberdt et al. 2004). The JAG performed its own survey of current
capabilities, which are summarized in Appendix B.

3.1 Consequences of Model Scale

Atmospheric processes are classified by the horizontal dimension and time periods of
typically observed phenomena. Choosing an appropriate ATD model requires knowledge
of the physical processes that should be treated for the intended application. It also
requires an appreciation of the uncertainties associated with the tradeoffs made by the
developer in constructing a model of the physical processes that are dominant or relevant
at a particular scale.

For purposes of ATD modeling, there are three major scales of interest:

1. Macroscale applies to processes having spatial dimensions of 2,000 km or
greater and influencing temporal variations of 3 days or longer.

2. Mesoscale applies to processes having spatial dimensions of 2 km to 2,000 km
and influencing temporal variations of 1 hour to 3 days.

3. Microscale applies to processes having spatial dimensions of 2 km or less and
influencing temporal variations of 1 hour or less.

These three are further subdivided by decades of distances, from larger to smaller,
indicated by a (alpha), B (beta), and y (gamma), as shown in figure 3.

As the scale becomes smaller, the effects of some processes become increasingly more
difficult to treat explicitly or deterministically. Depending on the horizontal scale of
interest, different atmospheric processes become significant. Turbulence—the gustiness
superimposed on the mean wind—can be visualized as consisting of irregular swirls of
motion called eddies. Eddies produce effects at the microscale. The small-scale
phenomena associated with the microscale are so transient in nature that deterministic
description and forecasting of individual eddies is virtually impossible.

The scales of atmospheric motions are interconnected and nearly continuous. Macroscale
processes drive mesoscale and microscale processes as energy is transferred from larger
to smaller scales. Conversely, small-scale processes can organize to develop larger-scale
systems, such as convective storms. Many of the phenomena of interest for ATD occur in
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the troposphere—the portion of the atmosphere from ground level up to approximately 13
km. Most applications of ATD models are for incidents occurring in the atmospheric
boundary layer (ABL)—the lowest few kilometers of the troposphere where people live.
However, there are situations in which transport and diffusion in the upper atmosphere
become critically important for ATD modeling.

Microy Micro3 Microo Mesoy Mesof Meso o Macro  Macro a
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FIGURE 3. Scale definitions and different atmospheric processes with characteristic time and
horizontal scales (adapted from Orlanski, 1975). C.A.T is Clear Air Turbulence and |.G.W. is
Inertial Gravity Waves.

The horizontal and temporal dimensions of the incident to be modeled define the
appropriate scale of the ATD model. The chosen ATD modeling approach should be
appropriate for the circumstances, providing a comprehensive and concise description of
effects at a particular scale of interest. Note: the horizontal grid increment is not the scale
of the model. Full representation of the phenomena at the desired scale requires five or
more grid increments. Appendix C contains a fuller discussion of ATD model
construction and selection related to considerations of scale.
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3.1.1 Consequences of Scale in Atmospheric Data

Atmospheric measurements may show scaling by their horizontal spacing or by the
frequency of observations. Both the spatial and the temporal scale are important to
understanding the relevance of observations and their applicability to models. Unlike the
continuum of atmospheric motions, measurement scales show little continuity in space.

Table 1 lists common ground-based measurement systems used in the United States and
some of their characteristics. The spatial scales they generally represent are also
indicated. As the table indicates, the only systems that are truly available nationally are
surface weather observations, the rawinsonde upper air system, aircraft data from the
Aircraft Communications Addressing and Reporting System (ACARS), and the Doppler
weather radar (WSR-88D) system. All of these systems are applicable to measurements
of the meso-alpha and meso-beta scale processes. The specialty systems and tracer
measurement capabilities are applicable to smaller scales but are available in a relatively
few locations and for limited times.

TABLE 1. Spatial Scale and Observation Frequency of Common U.S. Meteorological Observing
Systems

Spatial Observing Observation Vertical Spatial Spatial Spatial
Scale System Frequency Range Separation Range Resolution
In Situ Measurements
Meso-a Rawinsonde 12 hourly Surface to 30 400 km
km
Meso-3  Weather Hourly 2-10m 60 km Local Local
observations
Meso-p  Aircraft platform 10to 1 Hz ~ Surface to 20 Variable Continental Platform
km scale over time dependent
Meso-y  Tethered variable 10- 1 km Irregular Local N/A
balloon 30 min
Multiple  Tracer 1s to 30 min  Local Irregular None Irregular
Micro-y  Sonic 10 Hz Tower height Irregular N/A Tower spacing
anemometers
Remote Measurements (Excluding Satellite-Based Systems)*
Meso-3 WSR-88D ~100 Hz 100 m to 200 km 250 km 1 km
weather radar > 15 km
Micro-a.  Radio 15 min 100 m to Irregular Vertical only Irregular
frequency >5 km
sounders
Micro-B  Acoustic 10t030s 20 mto 3 km Irregular Vertical only Irregular
sounders
Micro-B  Doppler lidar ~ ~500 Hz ~4 km, Irregular 3to 12 km 3 to 75 m range
aerosol- gate
dependent
Micro-B  Radio Acoustic ~1 min 100 mto >5 Irregular Vertical only Irregular
Sounding km
System

* Satellite-based observing systems are applicable to many of the scales listed but were not included
among remote observing systems in this table.
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FIGURE 4. Concentration field of a simple flow (top) versus time-averaged distribution
(bottom). Two images of the same release. In (a) we see a photograph of an instant during a
point source release of smoke within a wind tunnel (view is taken looking down on the plume),
where large and small swirls have distorted the plume into serpentine twists and turns. In (b)
we see a time-average photographic exposure of the smoke release, where the time-average
of the individual chaotic swirls are seen to have the “traditional” Gaussian plume shape used
in ATD plume dispersion models. (Photographs are courtesy of U.S. EPA/NOAA Fluid
Modeling Facility).

3.1.2 Consequences of Scale in Concentration Data

ATD models attempt to describe hazard zones by their boundaries and temporal extent.
The meteorological portion of a model attempts to describe where material would go if
the source was known, but the spatial and temporal distributions of the concentration are
highly variable. As shown in figure 4, a single realization of a concentration field in a
simple flow may bear little resemblance to a time-averaged distribution. At a given
location, changes in concentration over time will depend on the sampling frequency of
the sensor and its sensitivity. For high sampling rates, a sensitive sensor can detect a few
intervals of large values and longer periods of low or no concentration. Depending on
application, the time-averaged value may be more relevant or entirely inapplicable.

Short-term peaks in concentration, which are needed to assess acute effects or
explosivity, are microscale phenomena. Many other characteristics that affect ATD
predictions, such as concentration eddies in the vicinity of walls and urban canyons, are
at the microscale. Meteorological models that are used to initialize ATD models are



26 Federal R&D Needs and Priorities for ATD Modeling

typically mesoscale models. Issues arise because of the scale differences between the
meteorological model’s process representations and grid spacing compared with the
microscale representations needed by the ATD model.

For long-term health and environmental effects, time-averaged concentration is useful.
Wind transport at local scales, however, has a large stochastic component that makes the
time-averaged concentration a probability distribution with respect to space and time
rather than a point value. To improve the information given to the user, the model
researcher-developer needs to represent these stochastic processes realistically in the
model and produce a probabilistic prediction that includes measures of the uncertainty in
the point estimate (the probability distribution). Then effective ways need to be found to
communicate to the user the implications of concentration as a probabilistic function of
space and time.

Relevant to the components of an ATD modeling system, these scale issues affect many
of the capability requirements and contribute to many of the capability gaps. Discussions
of scale will recur repeatedly in section 3.2 and chapter 4, as the specific capabilities,
gaps, and the R&D required to address the gaps are presented.

3.2 Requirements and Capabilities by System Component

The functional components of a consequence assessment system, which were introduced
in chapter 1, are shown again in figure 5. Each component of the ATD modeling system
(within the bold boxes) has its own requirements to become a functional part of the
whole. These requirements can be compared with current capabilities in that functional
component. Where the requirements are not fully met with existing ATD models
(capability gaps), promising directions for further R&D can be identified on a
component-by-component basis.

Meteorological Inputs:
* Observations A;f)lc)eizilzlut |
* Forecasts P 5

Human Health

Source Term . Effects and
Transport and Concentrations .
(where, when, o s . P Environmental
Diffusion Code Downwind
how much) Effects

l

Deposition (vapor,
liquid, and solids)

FIGURE 5. The functional components of a complete consequence assessment system. The
embedded ATD modeling system is shown by bold lines.
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3.2.1 Source Term

The source term component of a consequence assessment system includes information
about the identity and physical state of the hazard, the release mechanism, and the mass
of hazard released per unit time (emission rate). When ATD modeling is used in
emergency situations, the characterization of the source term and the local transport and
diffusion conditions are typically the largest sources of uncertainty. For users, the four
questions listed in Figure 2 for the release event are source term questions essential to
consequence assessment: What was released? When? Where? How Much? The mass of
hazard released per unit time, or emission rate, is the key input derived from the source
term that the ATD model needs to answer users’ questions about where the hazard is
going and in what concentration (concentration as a function of space and time).

To characterize near-field (less than 3 km) dispersion, it is critical to know the dilution
and buoyancy of the source emissions in the immediate vicinity of the release.
Uncertainties in the emission rate and initial dilution volume greatly increase the
uncertainty in the near-field impact estimates.

As noted in section 1.2, this report does not address R&D needs for source term
characterization. However, ATD modeling techniques can be coupled with concentration
measurements made by sensors at some unknown distance from the exact location of the
source term to back-calculate to a more precise estimate of the source location and
emission rate. This approach, called sensor fusion, can be defined for the purposes of this
report as the combination and synthesis of information from networked sensors and
predictive models to obtain more information about a chemical, biological, or
radiological event than would be available from any individual sensor or diagnostic
model alone. The networked sensors can include multiple sensor types, including in situ
sensors and remote sensors, and other relevant sensors such as meteorological
instrumentation. Section 4.4.1 explores sensor fusion techniques and their potential for
reducing uncertainty in ATD model predictions downwind from the source location.

3.2.2 Meteorological Inputs

The meteorological inputs to an ATD modeling system may be data from observations,
the output from a meteorological model, or a combination of observations and model
output. At a minimum, ATD models require wind speed and direction and a simplified
turbulence parameter as their meteorological inputs. A more complete specification of the
meteorological parameters of interest may include input data on clouds, precipitation,
temperature, pressure, humidity, surface heat and momentum fluxes, and a more complex
characterization of turbulence. Mass structure and winds can also be measured directly,
using a variety of in situ and remote-sensing systems and processing techniques.

In the absence of such detail, ATD models make assumptions to characterize
meteorological conditions. Providing as much pertinent meteorological information as
possible will improve ATD model predictions by decreasing the number of assumptions
that must be made by the model. Before mesoscale meteorological model output was
available, ATD modelers used surface and upper air meteorological observations from
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sites near the release location. In cases where the nearest available observations did not
represent the meteorological conditions at the release site, the modeler would estimate the
wind and turbulence conditions.

Mesoscale Models for Meteorological Inputs

While mesoscale meteorological models are executed at much finer grid resolutions than
are macroscale (synoptic, global) meteorological models, they typically ingest boundary
conditions from a macroscale model. With the sustained growth of computational
resources, mesoscale meteorological models that provide acceptable descriptions of
mesoscale atmospheric motions and turbulence were developed. These models have now
been run operationally for over a decade, and the output from these models is used as
input to the ATD model in cases where direct observations of local atmospheric
conditions were not available and for the prediction of changes in conditions during
transport and diffusion. The use of mesoscale meteorological model output has also
allowed ATD model developers to account for additional atmospheric processes with
self-consistent input. Although mesoscale meteorological models have proven capable of
describing mesoscale atmospheric motions and accounting for atmospheric processes at
the mesoscale, they have not yet been optimized for ATD models. Methods to refine
these meteorological products before using them as input to the transport and diffusion
code component are explored in section 3.2.3.

An advantage to using mesoscale meteorological model output (as opposed to macroscale
models) to drive ATD calculations is the potential for improved resolution of localized
wind patterns. Worldwide, many population centers are located near coastal regions with
highly variable wind patterns. Thermally driven flows associated with land—sea interfaces
and complex terrain, which are not resolvable by the coarser grid of macroscale models,
can present significant challenges to the accuracy of ATD model predictions. Mesoscale
models with horizontal grid lengths of about 12 km or less are capable of capturing some
of the time evolution of such flows, potentially improving the accuracy of ATD
computations for regions with these wind patterns.

For consequence assessment applications, modeling surface-layer fluxes, winds, and
temperatures, even in a mesoscale meteorological model, is a challenge for many regions
of interest. Surface fluxes are currently parameterized in numerical weather prediction
(NWP) models using Monin-Obukhov similarity theory (Stull 1988). The atmospheric
surface layer is defined as the inner region of the ABL, having approximately constant
flux with height. It is generally on the order of 10 to 40 meters in depth for neutral to
unstable conditions but can be considerably thinner in stable conditions. Because the
atmospheric surface layer can be observed continuously using instrumented towers, there
is a long history of studies measuring it under a variety of surface and atmospheric
conditions. These observational studies have supported the development of detailed
theoretical descriptions; however, as originally detailed, these theories are applicable to
flat surfaces having uniform roughness, albedo, emissivity, moisture, and thermal
conductivity. Real conditions, particularly in populated areas, often deviate significantly
from these idealized conditions. So modeling the surface-layer fluxes, winds, and
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temperatures in real cases is difficult, even if the larger-scale winds (scales from tens to
hundreds of kilometers) could be predicted exactly.

As an example of particular interest to many consequence assessment scenarios, surface
irregularities (roughness elements) due to land use (trees, buildings, etc.) are a major
challenge for modeling surface-layer properties. Especially in urban areas, large changes
in surface conditions (parks, high rises, rivers, industrial zones, residential areas, etc.) can
occur within distances of a kilometer or less. This variability affects the local state of the
atmospheric surface layer. In major urban centers, tall buildings create “urban canyon”
effects. The different types of surface irregularities found in urban areas are difficult to
treat in a mesoscale model with a single practical theory for representing the surface
layer. In fact, the flaws in current theory for modeling uniform surfaces may be small in
comparison with uncertainties due to the effect of spatial surface irregularities found in
major urban areas.

Another problem associated with high-resolution mesoscale modeling involves how
information is passed from coarser to finer scales when models are nested (a smaller-
scale model taking its initialization data and boundary conditions from a larger-scale
model). For example, if there is an inconsistency in the nested models’ terrain or urban
information databases, errors will propagate to all levels of a simulation. Some models
currently in development have two-way feedback, which creates even more sensitivity to
the initialization data.

Limitations in Using Model Fields for Meteorological Inputs

Although driving ATD calculations with mesoscale model predictions can, under
favorable conditions (i.e., in other than complex environments), improve simulations of
transport and diffusion due to localized wind flows, this approach is not without pitfalls.
Slight misrepresentations of the temporal evolution (i.e., the timing) of local wind flows
can severely degrade the accuracy of the predictions. Predicting the timing of
meteorological events, whether synoptic (macroscale) or mesoscale in nature, is one of
the greatest challenges in NWP. In these cases, ATD modelers should include phase
errors as a contributory source of uncertainty and consider how best to quantify the
uncertainty in the prediction stemming from this uncertainty in timing of key
meteorologically driven events. Modelers must also have effective ways to communicate
the impact of that uncertainty to users; for example, by showing plume development with
and without the meteorologically driven event.

Forecast or diagnostic models at horizontal intervals greater than about 300 meters are
incapable of explicitly representing ABL circulations, which are dominated by buoyancy
and vertical wind shear. In daytime, buoyancy-driven circulations have lateral and
vertical scales of the same order as the mixing height, which is typically one to two
kilometers. These processes (which are turbulent from a larger view) mix the contents of
the ABL. The nocturnal ABL is typically nonbuoyant, and stability resists vertical
motion. It is poorly represented in current models because the lateral motion is typically
weak, moving material without mixing. Intermittent turbulent events occur almost
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without local causes. This extremely complex and poorly understood environment is not
modeled with skill.

The atmospheric surface layer occupies roughly the lowest tenth of the daytime mixed
layer. Although the atmospheric surface layer is relatively well defined during the day it
is less defined during the night. It is a zone of interaction, where heterogeneities in
energy, momentum, and moisture dominate ATD processes. Eddy sizes in the
atmospheric surface layer are proportional to the eddy’s height above the surface. More
than half of the energy fluctuations are unresolved. Since the ATD processes cannot be
resolved, deterministic models do not apply. Predictions of concentration in this layer are
the most important for consequence assessment because this is where human exposure
occurs, but they are also the most difficult to make accurately.

The problem of accuracy applies even to relatively simple terrain. Hall and Basara (2004)
found that operational mesoscale model predictions of wind speed and directions for the
Oklahoma City airport had mean absolute errors in wind speed on the order of 2 ms™ for
forecast periods of 6 to 36 hours (figure 6). The mean absolute errors of wind direction
were larger than 20 degrees. Other studies of model performance during different seasons
and varied terrains found that wind speed errors are typically greater than 2 ms™' and
standard deviations in wind direction are greater than 50 degrees (Henmi 2003; Fast
2004). Although operational mesoscale models may have a small bias over many
predictions, the predictions for appropriate wind speeds and direction for a given time
and place can be expected to differ from concurrent observations.

Best Possible Wind Speed (Mean Absolute Error) Best Possible Wind Direction (Mean Absolute
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FIGURE 6. Mean absolute error in wind speed and wind direction, measured over a relatively simple
terrain. Source: Hall and Basara 2004.

Clouds affect transport and diffusion of airborne materials in several ways. Diminished
solar radiation from cloud cover reduces surface heating and convective mixing.
Nocturnal cloud cover, even at high altitudes, reduces radiative cooling and influences
the development and structure of the stable boundary layers. Insolation also can affect the
chemical activity of various agents. Convection in clouds assists the mixing of air above
and below the boundary layer: a process that contributes to the dilution of concentration
levels at lower levels of the atmosphere. To reduce errors in the prediction of radiative
fluxes, cloud information can be assimilated into a model rather than being represented
by simple parameterizations. For example, remote-sensing methods can provide cloud
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mapping data, including inferred measurement of cloud height, for assimilation into
mesoscale models.

Ensemble Forecasting of Meteorological Inputs

To provide some sense of the probabilistic variability of ATD outcomes, it is becoming
more common to link ATD models to statistical information constructed from ensembles
of mesoscale meteorological models. Means, variances, and correlations of
meteorological parameters to be used in the ATD evaluations can be obtained by
considering results from the multiple model realizations in an ensemble rather than
relying on a single set of point-estimate input assumptions. Ensemble statistics can be
obtained by including realizations in the ensemble either from differing models (a multi-
model ensemble) or from multiple realizations of a particular model (a single-model
ensemble). Multiple distinct realizations from one model can be obtained in various ways
such as perturbing the initial conditions, varying the parameterization schemes, using
combinations of these first two methods, or varying the grid resolution. Regardless of the
ensemble building method, the objective is to characterize quantitatively the range of
possible outcomes.

Significant research is still needed in this area. In particular, work is needed to determine
the optimal number and types of ensemble members to produce a statistically
significantly improved result. Advanced techniques for creating individual members of
the ensemble are also of interest. Much development work is needed to link ensemble
results from mesoscale meteorological prediction systems to corresponding ensemble
systems of dispersion models and to evaluate the resulting probabilistic predictions. Most
important, to make ensemble techniques useful to the user, research is needed on how to
merge the probabilistic information in ensemble mesoscale meteorological solutions with
ATD modeling systems to yield user-tailored probabilistic decision aids.

The WRF Modeling System

With support from multiple Federal agencies, the new Weather Research and Forecasting
(WRF) mesoscale modeling system has been developed through an interagency
collaboration of the atmospheric science research and operational communities. The
National Oceanic and Atmospheric Administration’s National Weather Service (NOAA/
NWS) is currently preparing WRF applications for operational implementation. The
initial WRF system in the High Resolution Window domains will be run as an ensemble
of six to eight model versions developed with two dynamical cores, multiple choices of
physical parameterizations, and different anomalies in initial and boundary conditions.
The number of ensemble members is expected to increase over time with planned
increases of computational capacity. By the end of 2005, NOAA/NWS plans to
implement WRF at 10—12 km resolution over all of North America. This North American
WREF is expected to be replaced by an ensemble system as soon as computational
resources allow. The WRF system is designed for applications with grids as fine as 1 km
or smaller. Current computer capabilities allow WRF ensembles to be run at high
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resolution on regional or subregional domains that are smaller than the national weather
forecasting requirements.

3.2.3 ATD Input Processing

Processing the input for an ATD model, for purposes of this report, includes refining
meteorological inputs, whether from observational or model sources, to prepare them for
use in the transport and diffusion code. Input processing techniques attempt to solve (or
at least mitigate) several kinds of problems.

One set of problems addressed in input processing comes under the heading of data
representation. Does a data value, whether an observation from an instrument or a model
output value, truly represent the conditions that the model assumes it represents? For
ATD modelers, data representation questions such as Are these data representative?
typically mean how well do the data meet the assumptions that this model makes
regarding the data?

The second type of input processing problem is data quality—how well does a
measurement system capture the conditions it is intended to measure? The raw data in the
direct signal output from a sensor can be in many forms. Most common signals are in the
form of an electrical impulse, voltage, current, or resistance or a change in one of these
properties. Quantifying the physical principle of the signals to a concentration, wind
velocity, or pressure is the first step in ensuring data quality and is part of the sensor
design. Data quality also depends on the sensitivity of the physical property it is intended
to measure, changes in that property, and confounding environmental conditions.
Calibration of the mean and variance of the measurement instrument to known references
sets the precision of the measurement.

When each sensor is well calibrated and working properly, the measurement system as a
whole may or may not be providing a realistic “observation” of the patch of reality it is
intended to observe. At the level of accepting a set of data values from a measurement
system, data quality acceptance/quality control (QA/QC) processes may identify outliers
as potential instrument errors, interpolate for lost or missing data, or compensate for
timing errors or irregularities. Furthermore, the exposure of the instrument and the
heterogeneity of the instrument location must be factored into the assessment of
acceptable data.

An ATD model generally assumes a correlation or coherence among the input data. In
some instances, data incoherence arises from a data quality or data representation
problem; in other instances, it results from incompatability of different input sources
(observations and forecast models). When those data do not support the coherence
assumption, the ATD model must provide rules for acceptance or rejection.

Development of guidelines for observation networks is one of the R&D needs that
emerges from issues of data quality and data representation. In some ATD modeling
systems, evaluating input data for either data representation or data quality is
incorporated in the input processing operations. In other modeling systems, these
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characteristics must be examined independently. Data quality and data representation
concerns are further magnified when the data are used to calculate derived quantities such
as fluxes, scaling parameters, mixing height, wind shear, or thermal stability. The user of
the input data needs to know the temporal or spatial averaging that has been used to
produce the derived quantity.

Data assimilation is another concern in processing data for input to an ATD model. It
overlaps with data representation and data quality but can also derive from other
complications in the data—model interface. Weather forecast models are re-initialized at
regular intervals using previous forecast fields and recent observations. In some
instances, large differences between the forecast and the observation may occur. The
initialization procedure is designed to weigh the forecast field and the observation within
the context of expected variance in the values and the governing equations of motion.
The new initialization may not include, or assimilate, the observation because doing so
would violate other model constraints. This rejection of the observations by the model’s
rules for assimilating data may result from data representation problems (data that are not
representative of scales that the model can represent), data quality problems, model errors
(representations or parameterizations that deviate from the real processes being modeled),
or a combination of these factors. The data quality and representation problems can be
either in the data the model is now trying to assimilate or in data previously used for
initialization or assimilation.

As this limited discussion illustrates, ATD input processing quickly becomes complex,
consuming both time and resources (computational and human capital). While automated
input processing is appealing, one approach does not fit all models or even all
circumstances for the same model. As new instrumentation is developed, a major concern
should be for internal consistency checks and usability (suitability) of the measurements
in data input processing.

3.2.4 The Transport and Diffusion Code

The transport and diffusion code describes in algorithms the combined effects of time-
averaged transport (which has traditionally been viewed as a deterministic process) and
of atmospheric diffusion (which has traditionally been represented as a stochastic
process). The entire set of computations is sometimes called the “ATD model,” but that
term is also sometimes used to mean the way in which transport and diffusion processes
are represented when the set of instructions (the code) is run with an appropriate set of
initialization data.

Federal agencies, the academic community, and others employ a large number of ATD
modeling systems for a variety of purposes, including regulation, research and
development, and emergency operations.' However, the JAG/SEATD report identified
only a few basic types of operational ATD models, or transport and diffusion code
approaches, in the modeling systems assessed by the JAG/SEATED (OFCM 2002, p. 1-

" The JAG/SEATD reported that the FEMA Insurance and Mitigation Administration identified more than
140 ATD modeling systems in an internal report (OFCM 2002, p. 1-2).
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4). These basic model types—box, plume, segmented plume-puff, Lagrangian particle,
Eulerian grid, and computational fluid dynamics (CFD)—are defined and discussed in
Appendix C. There are also only a few types of diffusion characterizations in use; the
most common are empirical, statistical, similarity, eddy diffusivity, and second-order
closure. The profusion of ATD modeling systems arises from the variations and
combinations of these approaches combined with specializations made to handle unique
problems, such as plume impaction on elevated terrain, concentration within the wakes of
buildings, or heavy-gas effects.

Because of the stochastic component, all ATD modeling with a transport and diffusion
code must be considered a forecast of possible outcomes. In addition, the sets of
deterministic and probabilistic equations implemented in any given model provide only
an approximation to the complex atmospheric conditions the model is meant to represent.
Consequently, ATD modeling is always a compromise between getting a useful solution
in an appropriate amount of time and realistically portraying the transport and diffusion
of a released material within the atmosphere. These uncertainties introduced by the
inherent probabilistic nature of the processes and by the compromises to make the model
useful are in addition to the uncertainties in the input data.

Several techniques are used to apply ATD models to complex environments such as cities
or coastal areas. The top-down approach uses multiple nests of finer-scale models within
coarser grids to approximate the mean transport and turbulent flow at short temporal and
spatial scales. This approach is useful when appropriate observation systems at the
smaller scale are lacking. The bottom-up approach uses physical models—based on wind
tunnels or flow channel experiments for example—or high-resolution computational
models (discussed in section 4.2) to capture the larger-scale effects of the complex region
being modeled and the fine-scale features of flows within the region. Physical models are
used principally to build a knowledge base about a specific location and to provide
appropriate data for improving the understanding of processes that are not measurable in
the natural environment. Their advantage is that experimental conditions can be
controlled; their disadvantage is that each experiment is only one possible realization of
the stochastic variability. A middle ground, computational fluid dynamics (CFD) models,
uses CFD codes adapted from the aerospace industry for examining turbulent
atmospheric flows around single or multiple obstacles. In a sense, CFD models are
numerical surrogates for wind tunnels or flow channels.

An emerging option for model refinement is to use remotely sensed data of actual
conditions. Remote sensing can inform and update a model of the physical landscape on a
recurring basis, allowing natural and manmade changes to be incorporated.

Finally, one of the principal user needs identified in Chapter 2 is seldom met at present.
Most of the current operational ATD modeling systems for consequence assessment in
civil emergency response applications are unable to provide information on the
variability of hazard concentration on the shorter time scales needed to assess such
consequences as acute effects of exposure or explosivity. A few modeling systems
attempt to estimate the probability that such events could occur but are not specific as to
when or where. Even CFD estimations cannot predict the exact stochastic pattern of
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dispersion. As a result, a forecast from even a very sophisticated ATD model has a large
single-event uncertainty. At present, even ensemble-based ATD modeling systems
predict only the ensemble-average dispersion pattern (the average over the multiple
realizations in the ensemble) and the range of predicted ensemble variables, not the
complete event-to-event variability. Because this variability can represent substantial
uncertainties with respect to human health and safety risks, the ATD R&D community
must do better at quantifying the uncertainty and communicating its implications
effectively to those making emergency response decisions (or other decisions based on
assessing consequences sensitive to this uncertainty).

3.2.5 Deposition (and Other Removal Mechanisms)

Substances released into the atmosphere will stay there, continually dispersed and diluted
by mixing processes, until they are removed by reactions with other components of the
atmosphere or are deposited on the Earth’s surface. Consideration of in-air reactions is
essential in modeling the ATD of gaseous and biological agents. Nerve agents, for
example, interact with atmospheric oxidants and with other constituents of the
background air, gradually reducing the total amount of the hazard remaining in the air.
Biological agents tend to be susceptible to ultraviolet radiation; hence, their active
residence time in the air is largely controlled by their exposure to sunlight. Atmospheric
reactions during transport can also be important for reactive liquids and solids.

Deposition Mechanisms

Precipitation is one of the most efficient mechanisms for removing pollutants and other
substances from the air. The two precipitation-related processes of importance are rainout
and washout.

Clouds serve as dynamic systems for processing air that passes through them,
concentrating most pollutants in cloud droplets, which then coalesce and eventually fall
to the surface (ground or water) as precipitation. This process of in-cloud scavenging is
commonly referred to as “rainout.” For rainout to be an efficient removal mechanism, the
hazardous material or pollutant must become directly entrained into a cloud. The
scavenging efficiency depends on the chemical and physical properties of the pollutant in
question, as well as on the dynamic characteristics of the cloud. Not all of the materials
entrained in cloud circulations will be removed and deposited in precipitation on their
first pass through a cloud. Sulfate particles, for example, are likely to pass through
several clouds before being scavenged. For the gaseous and biological warfare agents of
current concern, rainout appears likely to be important but has not been extensively
studied.

Hazardous materials that are dispersing in the air near the surface will be scavenged by
raindrops or other hydrometeors such as snowflakes, in addition to any rainout
scavenging by clouds from which the precipitation derives. This process, called
“washout,” is relatively inefficient for liquid or solid hazards unless the particles being
scavenged are close to the size of the droplets scavenging them. Gaseous hazards, if they
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are soluble in water, can also be removed by falling hydrometeors, sometimes quite
efficiently.

Dry deposition to the surface continues at all times, regardless of whether precipitation is
occurring. Dry deposition is a far less efficient process than wet deposition but often
removes similar amounts of material solely because the process is continuous, albeit
slower.

The amount of deposition as a function of space and time is complex and difficult to
predict in detail. For example, the factors of timing, amount, and location of precipitation
are very important for wet deposition of dispersing materials. Prediction of clouds and
precipitation mechanisms are a major focus of high-resolution mesoscale models.
Although the best current models still have problems predicting the location and intensity
of precipitation at scales of interest to potential users of the predictions, they do better
when the driving forces are strong. Quantitative data on cloud-mixing processes and
deposition are needed but are difficult to obtain.

Descriptions of deposition processes, particularly quantitative descriptions, need to be
refined and tested. In future field studies and experiments on ATD, a component to
measure deposition rates should be included wherever possible. This necessary work can
build on the long history of relevant studies.

Resuspension

The arrow in Figure 5 from the Deposition box back to Transport and Diffusion Code
represents the resuspension of hazardous material particles. For ATD modeling purposes,
resuspended particles can be treated in the ATD model as a new release or emission to
the atmosphere. In some instances, deposited materials will remain at the surface, with
potential for subsequent resuspension into the air. Resuspension can be a major
consideration for consequence assessment; radioactive particles in surface dust are a good
example. In practice, resuspension of deposited materials will occur only when
mechanical or volatility forces on the deposited material are sufficiently energetic. Such
forces may be associated with vehicular traffic, foot traffic, or simply the wind.

Health and Environmental Consequences of Deposition

Atmospheric deposition provides the linkage between air concentrations of hazardous
materials and surface environmental consequences. Although deposition constitutes a
major sink for removing airborne hazardous materials, it is also a major source for
studying and assessing environmental effects of hazards. Hazardous substances deposited
from the air to the underlying surface are likely to enter into the biosphere. For example,
if a nuclear or radiological material were deposited on the ground and inserted in an
environmental pathway that led to human food sources, there would be human health
consequences from this route of exposure.
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3.2.6 Concentrations Downwind

Prediction of the concentration of a released hazardous substance as a function of space
and time is the reason why consequence assessment systems incorporate an ATD
modeling system. Once all the appropriate information about “concentrations
downwind” has been delivered, the ATD modeling job is done; other components or
players take that information as input for assessing the human health and safety
consequences and environmental effects. A major theme of this report, however, is that
deciding what information about concentrations is appropriate is not the sole province of
either the ATD modeling community or the user community. Much work remains to be
done by both communities to meet the user needs set forth in chapter 2.

3.3 Transitioning New Research and Development Capability to
Operations

The term “operations” refers to the application of ATD prediction capability by a user to
support that user’s decision-making process. As discussed in chapter 2, consequence
assessment tools are designed to support a range of operational planning, response, and
recovery efforts. The ATD modeling system is likely to be only one component within a
larger system for the overall consequence assessment. Transitioning ATD codes or
systems from development to operations requires an understanding of the operational
requirements, as well as how the ATD prediction capability will be used and how it will
be integrated into the larger concept of operations.

Experience has proven that hazard assessment and decision information must get to the
right people at the right time. The “right time” means that information must flow to the
decision maker before it is too late for the mitigating action to be relevant. The “best”
hazard analysis, if too late, is useless for response decisions, although it may still be
relevant to forensic analysis during recovery activities. In addition to timeliness, the
information must be operationally relevant.

For new ATD prediction capability to be successfully transitioned from R&D to
operational use, the following areas must be addressed: usability; training; data
connectivity; results communication; operational testing and evaluation, including
production readiness; and documentation. Each area is discussed separately below, but
there are major interrelationships among them that are critical to successful R&D. The
successful program manager applies sound risk-management processes to invest in and
coordinate activities in these areas. Keeping in mind that risks range from low probability
of occurrence to high probability of occurrence and from small consequence to huge
consequence, it is clear that the risk management plan must describe the risks to the
program and prioritize them by degree of importance to the success of the program. The
risk management plan should address all of the applicable risks, including acceptability;
schedule; and technical, cost, and program risks.

The task of development is not complete until the new capability has been proven useful
in operations. The work of the researcher must be guided by what users need and by what
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current capabilities cannot give them. To transition a new capability into operations in the
time desired to meet national goals of preparedness, upfront and continuing interactions
between users and researchers-developers must replace the leisurely, phased approach to
research, followed by development, followed (perhaps) by operational deployment. No
longer can the researcher or the developer walk away from the issues of transition as
being someone else’s problem.

3.3.1 Usability

Usability refers to the relationship between tools and their users. An effective tool allows
the intended user to accomplish a given task in the best way possible. For ATD model
codes that are either new or modified as a result of new research, the intended users
should be clearly stated. As the level of user expertise with predictive modeling codes
moves away from trained meteorologists and dispersion modelers, the need increases for
more complex intelligence to be built into the modeling system to guide the user. For
example, both novice users and advanced but infrequent users will probably need simple
graphical user interfaces with standard defaults. More-expert users will want to use
shortcuts and have more control over input parameters. Emergency response use will
generally require a model that adapts to quickly changing conditions, provides clear
guidance on input, and allows for unambiguous output. Regardless of user expertise, on-
line help and error and range checking embedded in the modeling system software should
be part of any operational system that will be used under stressful conditions.

In using dispersion models for planning or post-event analysis, the user friendliness of the
modeling system is generally less critical. In nonemergencies, the more flexible time
scale for providing an answer typically allows the user to analyze input and output more
closely, get additional expertise or data, and explore a broader range of scenarios.

Without a clear understanding of the intended model use, the model user, and how
information must flow to get relevant information to the right people at the right time,
research-derived model enhancements will fail the usability requirement for transitioning
to operations. Proper usability testing and implementation is critical for ATD models
designed to define hazard areas where lives may be in danger. Usability testing should
address a number of factors including fitness (how well the functionality fits the user
need), ability to perform the intended task correctly, and how well the application fits the
user expectations. Achieving this level of usability requires iterative interaction between
users and developers, beginning well before a modeling product is ready for operational
testing.

Prototyping can be an effective means to manage this and other technical risks. The
user’s inputs should be incorporated in the design of ATD modeling system
improvements, and user feedback should be incorporated in subsequent prototype
development cycles. In considering tradeoffs between capability and cost, a sensitivity
analysis of new approaches or parameters should be part of the prototyping effort. The
preferred software engineering methodology incorporates risk management techniques
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and engages users and other stakeholders throughout the software system life cycle. An
example of such a methodology is the spiral model.”

3.3.2 Training

The model end user is rarely the model developer. Training of both the person who runs
the model and the person responsible for making a decision using the model’s output is
critical for appropriate model use. Unfortunately, the decision makers often do not have
the time and resources to be trained to use every tool intended to help them make a
decision. Therefore, it is even more critical that the person running the model understand
how to convey the implications for the decision maker of a forecast from the model (or
from a set of models, depending on the user). As model forecasts become more
sophisticated—for example, by incorporating reasonable and useful measures of
uncertainty—the forecast itself must be presented in ways that are immediately
meaningful to the decision maker. Model developers can no longer rely on the expertise
of the person running the model to interpret this complex, sophisticated information and
convey it concisely yet correctly to the decision maker. This means the developer (and
behind the developer, the researcher) need to be “trained” on the user’s decision-making
environment just as much as those who run the model or make decisions using model
output need training on the tool. In effect, the model must talk the decision maker’s
language. Therefore, those who create the modeling capability must also understand and
“speak” that language.

Analogous to forecasting the weather with a meteorological model, any given ATD
model has strengths and weaknesses, depending on the scenario and the environmental
conditions known at that time. The forecaster needs to understand the model and the
scenario details well enough to know how to adjust the forecast product. Unlike
meteorological models that are run daily, thereby generating forecasts that can be
evaluated every day, those who run ATD models are often intermittent users. They
seldom have adequate data to evaluate the model or enough experience to make
reasonable adjustments to the model output. Infrequent model use creates a unique set of
problems, some of which can be addressed by usability in the model development. Others
can be addressed through appropriate training. Training must address the entire range of
users for whom the modeling system is intended to be an appropriate tool.

Although there are a variety of users, most operational objectives share a common
requirement—generating consequence assessment information. At present there is no
overall certification process for training personnel in ATD modeling. The most-effective
training will cover more ground than just using a given model. It may, for example,
include learning about the operational environment, exploring the basics of how air
moves particles, understanding forward deployable technical solutions and expert reach-
back services, and learning strategies for managing the risks of CBRN hazards.
Workshops, formal courses, computer-based or on-line training, and tutorials are all
mechanisms for providing training that should be considered when new ATD prediction

? The spiral model was initially described by Barry Boehm in 1988. It is a “risk-driven determination of
process and product; growing a system via risk-driven experimentation and elaboration; and lowering
development cost by early elimination of nonviable alternatives and rework avoidance” (Boehm 2000).
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capability is being transitioned into operations. In chapter 5, the advantages of test beds
for ongoing and interactive training of both the users and the researcher-developers will
be emphasized as the “hands on,” experiential learning to complement these conventional
approaches to user training.

3.3.3 Connectivity to Data Sources

Figure 5 identifies the major components of an ATD modeling system as meteorological
inputs and input processing, transport and diffusion code, and deposition (fate of the
dispersed material), with concentrations downwind as the output. The larger consequence
assessment system includes source term characterization and effects on human health and
safety and the environment from the dispersed material. All of these components may
contribute data to the ATD model. The ability to connect to different data sources for
inputs requires an information infrastructure to answer such questions as:

e Are the data available?
e Through what mechanisms are they available?
o What are the temporal and spatial scales for data retrieval?

e Are there standard formats?

Data connectivity also assumes an understanding of how the model will use the data
input. An ideal operational system will have a seamless mechanism for both inquiry
about access to potential data sources and utilization of the data received by the model.

3.3.4 Results Communication

Requirements for an operational ATD modeling system to communicate a forecast of
hazard zones will depend on whether the forecast is for planning, response, or recovery
(including post-event assessment). The situations with higher stress for users and less
flexibility in timeliness of decisions require more emphasis on standardized, easy-to-
interpret output. In emergency response, for example, standardized products for similar
categories of threat (radiological, biological, chemical) will aid in the time-critical use of
predictions. Planning and post-event assessment provide more opportunity for discussion
and alternatives for presenting model output. Whether output is deterministic (a single
best guess), probabilistic (probability distribution), or ensemble (combinations of
different model outputs), communicating what the particular output conveys and its
associated confidence or uncertainty should be considered integral and essential features
of an operational system. In addition, an operational capability should provide interfaces
for both the most widely available and the latest technologies for communicating output.

3.3.5 Evaluations of Modeling System Performance

This document uses “modeling system performance evaluation” to refer to a collection of
engineering and scientific processes that enable modeling system developers to establish
the degree of correctness of the software, how well the physical models and databases
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represent reality, and the fitness for use of an ATD modeling system. There are
established guidelines and consensus approaches for evaluating ATD modeling system
performance that must be incorporated in the overall processes of system development,
evaluation, and transition to practice, especially when the ATD modeling system is
integrated into a consequence system.

The manner in which a modeling system performance evaluation is conducted should
depend on a number of factors, including the intended application, whether the modeling
system will interface with a mission-critical system, and the amount and type of
evaluation processes that were previously applied to the parts of the ATD modeling
system. The processes in a modeling system performance evaluation include:

e Science peer reviews. During science peer reviews, the model’s key constructs
must be shown to be reasonable and defensible for the defined uses. A key part of
the scientific peer review will include the comparison of modeled and observed
evaluation objectives over a range of model inputs (e.g., maximum concentrations
as a function of estimated plume rise, stability, or distance downwind).

o Diagnostic and performance evaluations. Diagnostic and performance
evaluations are two types of statistical evaluations that are typically performed to
assess different qualities of how well a model is performing. Both are needed to
establish credibility within the client and scientific community. Diagnostic
evaluations examine model capability to si