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1.0 INTRODUCTION

This report describes the mathematical formulations and implementation structure
for version 2 of the GENII software product (GENII-V2). The following sections define
the purpose and scope of this report, the framework operating structure for GENII-V2,
and definitions and acronyms used in this report.

1.1 PURPOSE

The purpose of this document is to describe the architectural design for the
GENII-V2 software package. This document defines details of the overall structure of
the software, the major software components, their data file interfaces, and specific
mathematical models to be used. The design represents a translation of the requirements
(Napier et al. 1995) into a description of the software structure, software components,
interfaces, and necessary data. The design focuses on the major components and data
communication links that are key to the implementation of the software within the
operating framework. ’

The intended audience for this design report is the Pacific Northwest National
Laboratory (PNNL) software development team, independent reviewers, testing team,
users, and project and line management who need a thorough understanding of the
software capabilities.

1.2 SCOPE

The GENII-V2 software package has been developed for the Environmental
Protection Agency, Office of Radiation and Indoor Air.

The software has two distinct user groups:
1) staff of EPA who will use the software frequently to perform analyses,

2) a large group of occasional users who may be required to perform analyses
with the software.

All users are assumed to be competent in the areas of health physics and environmental
analysis, with some basic familiarity with use of computers.

The purpose of the GENII-V2 software package is to provide the capability to
perform dose and risk assessments of environmental releases of radionuclides. The
software also has the capability of calculating environmental accumulation and radiation
doses from surface water, groundwater, and soil (buried waste) media when an ‘input
concentration of radionuclide in these media is provided. This report represents a
detailed description of the capabilities of the software product with exact specifications of
mathematical models that form the basis for the software implementation and testing
efforts.




This report also presents a detailed description of the overall structure of the
software package, details of main components (implemented in the current phase of
work), details of data communication files, and content of basic output reports.

1.3 FRAMEWORK OPERATING STRUCTURE

The components of GENII-V2 have been developed to operate within the
Framework for Risk Analysis in Multimedia Environmental Systems (FRAMES). An
overview of this software concept is provided by Whelan et al. (1997). FRAMES is an
open-architecture, object-oriented system that allows the user to choose the most
appropriate models to solve a particular simulation problem. The components of GENII-
V2 are implemented through FRAMES by meeting requirements for data input and
output file specifications defined for FRAMES. Details of FRAMES and implementation
of the GENII-V2 components is described in Section 2.

1.4 DEFINITIONS AND ACRONYMS

Definition of terms, acronyms, and abbreviations used in this report are defined below.
Many of the technical term definitions are based on definitions provided in the glossary
of Kennedy-and Strenge (1992).

Absorbed dose - The energy imparted by ionizing radiation per unit mass of irradiated
material. The units of absorbed dose are the rad and the gray (Gy).

Activity - The rate of disintegration (transformation) or decay of radioactive material.
The units of activity are the curie (Ci) and the becquerel (Bq).

Acute release - the release of material to the air or surface water over a brief period,
assumed in the models to be on the order of a few hours.

ASCII - American Standard Code for Information Interchange, a set of codes used in data
communications. -

Bq - Abbreviation for becquerel, a unit of activity.

Chronic release - a release of material to the air or surface water that continues essentially
uniformly over a long period, taken in the models to be a year.

Ci - Abbreviation for curie, a unit of activity.

Class (or "lung class" or "inhalation class") - A classification scheme for inhaled material
according to its rate of clearance form the pulmonary region of the lung. Materials are
classified as F, M, or S (previously D, W, or Y), and apply to a range of clearance half-
times for F (Fast) of less that 10 days, for M (Medium) from 10 to 100 days, and for S
(Slow) of greater than 100 days.



Collective dose - The sum of the individual doses received in a given period of time by a
specified population from exposure to a specified source of radiation.

Committed dose equivalent (Hr 50) - The equivalent dose to organs or tissues of reference
(T) that will be received from an intake of radioactive material by an individual during
the 50-year period following the intake.

Committed effective dose equivalent (Hg so) - The sum of the products of the weighting
factors applicable to each of the body organs or tissues that are irradiated by internally
deposited radionuclides and the committed equivalent dose to these organs or tissues
(Hes0 = Zwr Hr50)

Database - A collection of logically organized information provided in support of a
software program. -

Dose or "radiation dose" - A generic term that means absorbed dose, equivalent dose,
effective dose, committed dose equivalent, or committed effective dose equivalent.

Dose conversion factor - a precalculated multiplier that translates activity ingested or
inhaled into absorbed dose, equivalent dose, or effective dose.

Dose equivalent - see Equivalent dose.

Effective dose (Hg) - The sum of the products of the dose equivalent to the organ or
tissue (Hr) and the weighting factors (wr) applicable to each of the body organ or tissues
that are irradiated (Hg = Zwt Hr)

Effective dose equivalent (Hg) - see Effective dose.

Equivalent dose (Hrt) - The product of the absorbed dose in tissue, quality factor, and all
other necessary modifying factors at the location of interest. The units of equivalent dose
are the rem and sievert (Sv).

Exposure - Being exposed to ionizing radiation or to radioactive material.

External dose - That portion of the equivalent dose received from radiation sources
outside of the body.

FRAMES - Framework for Risk Analysis in Multimedia Environmental Systems, a
software platform for construction conceptual site models and linking software to
perform environmental transport and health risk assessments.

Gray (Gy) - The SI unit of absorbed dose. One gray is equal to an absorbed dose of |
joule/kg (100 rads).




GENII - Acronym for the "GENeration II" computer programs developed at Hanford
(Napier et al. 1988). Includes by implication the GENII-S stochastic version prepared at
Sandia National Laboratories (Leigh et al. 1992).

GENII-V2 - Acronym for the version 2 of GENII developed for the EPA and documented
in this report.

ICRP - International Commission on Radiological Protection

Internal dose - That portion of the equivalent dose received from radioactive material
taken into the body.

JFD - Acronym for Joint Frequency Data; information on the joint probability of
occurrence of windspeed, direction, and atmospheric stability class.

Member of the public - An individual in an uncontrolled or unrestricted area. However,
an individual is not a member of the public during any period in which the individual
receives an occupational dose.

Pathway - The potential routes through which people may be exposed to radiation or
radioactive materials. Typical radiation exposure pathways include external exposure to
penetrating radiation, inhalation of airborne materials, and ingestion of materials
contained in surface contamination, food products, or drinking water.

Public dose - The dose received by a member of the public from exposure to radiation
and to radioactive materials in unrestricted areas. It does not include occupational dose,
or dose received from natural background, as a patient from medical practices, or from
voluntary participation in medical research programs.

Rad - The special unit of absorbed dose. One rad is equal to an absorbed dose of 100
ergs/g or 0.01 joule/kg (0.01 gray).

Radiation (ionizing radiation) - Alpha particles, beta particles, gamma rays, x-rays,
neutrons, high-speed electrons, high-speed photons, and other particles capable of
producing ions. Radiation, as used here, does not include non-ionizing radiation, such as
sound, radio, or microwaves, or visible, infrared, or ultraviolet light.

Reference man - A hypothetical aggregation of human physical and physiological
characteristics arrived at by international consensus. These characteristics may be used
by researchers and public health workers to standardize results of experiments and to
relate biological insult to a common base.

Rem - The special unit of equivalent dose. The equivalent dose in rem is equal to the
absorbed dose in rad multiplied by the quality factor (1 rem = 0.01 Sv).




Risk conversion factor - a precalculated multiplier that translates activity ingested or
inhaled into expected likelihood of effect.

Scenario - A combination of radiation exposure pathways used to model conceptually the
potential conditions, events, and processes that result in radiation exposure to individuals
-or groups of people. ‘

Sievert - The SI unit of equivalent dose. The equivalent dose in sieverts is equal to the
absorbed dose in grays multiplied by the quality factor (1 Sv =100 rem).

Software - A sequence of computer-readable instructions suitable for processing by a
computer. Same as program and code.

~Software Requirement Specification (SRS) - Documentation of the essential requirements
(functions, performances, design constraints, and attributes) of the software and its
external interfaces (ANSI/IEEE Standard 730-1983).

STAR - Acronym for Stability Array; a standard available format for meteorological
summary data.

Sv - Abbreviation for sievert.
Weighting factor, wr, for an organ or tissue (T) - The proportion of the risk of stochastic
effects resulting from irradiation of that organ or tissue to the total risk of stochastic

effects when the whole body is irradiated uniformly.
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2.0 SOFTWARE STRUCTURE

This section describes the overall structure of the FRAMES and GENII-V2
software packages and provides general information on the purpose and content of the
various components.

The controlling component is the FRAMES software package. This package has
a framework user interface (FUT) that serves as the primary interface with the user. The
FUI allows the user to select specific calculational components to be included in the
analysis, select radionuclides, view intermediate and result files, prepare result charts,
and perform uncertainty and sensitivity analyses. The framework allows the user to
select specific components to be included in an analysis. The general component
analyses available under FRAMES are as follows:

Contaminant Database

Source Term Definition/Estimation

Vadose Zone Transport

Aquifer Transport

Surface Water Transport

Overland Transport

Atmospheric Transport

Exposure Pathways

Receptor Intake

Health Impact Estimation

Sensitivity/Uncertainty Analysis

Report Generation

These components represent the building blocks of an analysis from which the
user selects in developing a case for analysis. The calculational software for each of
these components is not part of the FRAMES software package. In order to be able to
perform an analysis, the user must have available calculational software for the
components to be included. The original GENII program (Napier et al. 1988) has been
revised to be represented by calculational components that can be exercised under the
control of FRAMES. The GENII-V2 software package provides calculational software
for the following components:

Source Term Definition

Atmospheric Transport

Surface Water Transport

Exposure Pathways

Receptor Intake

Health Impact Estimation

Selected report generation
The GENII-V2 software package does not include calculational software for vadose zone,
overland transport, or aquifers. However, if the user has software for these calculations
available (designed to meet the requirements of the FRAMES operating system), then
these components can be coupled to the GENII-V2 calculational components and
included in the analysis.




‘To perform an analysis, the user selects the components to be included in an

. analysis, provides necessary input data (via the user interfaces), and runs each
component. Some of these components may be applied one or more times in an analysis.
For example, the environmental transport via groundwater may actually be represented
by a source unit, one or more unsaturated (vadose) zones, and a saturated zone (aquifer)
with calculational components selected for each.

The FUI allows the user to setup an analysis and specify the calculational
components to be used. The FRAMES software package also has a chemical and
radionuclide database, a sensitivity/uncertainty manager (SUM?, sensitivity/uncertainty
module for multimedia models), help information, global input data (GID) file, and file
specifications for primary data communication files (PDCFs). Summary descriptions of
each of these components/files follow. The components and communication links are
.indicated schematically in Figure 2.1. This figure shows the primary screen for the
framework user interface with example modules to illustrate the possible connections.
Primary communication data files are indicated showing their use to transfer information
between specific modules.

2.1 FRAMEWORK USER INTERFACE

‘The framework user interface (FUI) controls the overall interface with the user
and execution of specific components. A series of well-ordered screens is used to step
the user through the process of problem definition and selection of options for setting vp
the analysis. As may be required for each of the selected options, the FUI activates other
user interfaces to control input of parameters for user selected GENII-V2 calculational
components. The control of input for each component is performed by module user
interface (MUI) programs. The MUT's are specific to the software package (e.g., GENII-
V2) and have capabilities defined by the developers of the specific package. The GENII-
V2 components all have help files defining the parameters pertinent to the specific
component. '

2.2 PRIMARY DATA COMMUNICATION FILES (PDCF)

The Primary Data Communication Files are basic files for transferring
information between specific calculational components. Files of this type includéd under
FRAMES are:

File Content - Extension Extension Acronym

Soil concentration - SCF Soil Concentration File
Flux to air AFF Air Flux File

Flux to surface water WFF Water Flux File

Air transport output ATO Air Transport Output
Water concentration WCF Water Concentration File
Exposure pathway media concent;ationé EPF Exposure Pathway File




Receptor Intake RIF Receptor Intake File
Health Impacts HIF Health Impacts File
Sensitivity analysis inputs SUF Sensitivity/Uncertainty File

Figure 2.1 illustrates use of each of these files as communication links between
specific modules. The content and format of these files is defined by the requirements of
the FRAMES software package. The calculational components must read and write
information consistent with these defined requirements. The user cannot modify PDCF
content or format. Definition of the PDCF file content and format has been based on
careful consideration of purpose and capabilities of each component. The specifications
for the PDCF files are given in Appendix A.

The purpose of the PDCFs can be thought of as following the activity of the
radionuclides from the source, through the environment to the exposed individual or
population, and then through evaluation of the risk from exposure. The PDCFs,
therefore, contain information related to the radionuclides and their amounts in various
media along the path of the analysis. The PDCFs will typically not contain parameter
values that are specific to a few mathematical models, but not to all models. The PDCF's
are generated by the calculational components to provide information to subsequent
components. The PDCFs can be generated by calculational components or supplied by
users external to components available under the framework user interface.

Figure 2.1. The primary FRAMES interface screen showing GENII icons and file types




2.3 SENSITIVITY USER INTERFACE

The performance of uncertainty and sensitivity studies requires a sensitivity user
interface to control selection/specification of the scope of the analysis, and to cause
repetitive implementation of the selected components. FRAMES provides a
sensitivity/uncertainty user interface (SUI) and calculational program (SUM?) that can be
used within the operating concept of FRAMES. The GENII-V2 software components are
compatible with SUI/ SUM? operation. The SUT also controls analysis of the output
results and handling of the potentially large amount of output data. Calculations are
conditional, in that model uncertainty is not addressed.

A sensitivity/uncertainty analysis is performed by selecting the software
components to be included in the case and providing input parameters for all components.
The SUI is then activated. The user is then allowed to select parameters (from the
software components included in the analysis) and to define probability distributions for
these parameters. The user also indicates which output parameters (e.g. water
concentration, cancer incidence) are to be saved for subsequent statistical analyses. The
SUI then starts SUM? to perform the repetitive calculations for the number of sample runs
defined by the user. Results are saved for review. Connections are provided for simple
analysis and graphical presentation using EXCEL. '

2.4 GENII-V2 CALCULATIONAL MODULES

The calculational modules provide the user with ability to evaluate specific
components of the analysis. The GENII-V2 software package contains calculational
modules for the following components.

Source Term Definition
Surface Water Transport -
Atmospheric Transport
Exposure Pathways

- Receptor Intake
Health Impact Estimation

Summaries of each of these calculational components follow.

2.4.1 GENII-V2 Source Term Definition Module

The radionuclide source term is defined using the source term module provided
with the GENII-V2 software package. This module allows the user to define the initial
soil concentration (for the near-field exposure module), release rates to the atmosphere
(for the atmospheric transport modules), and release rates to surface water (for the surface
water module). The output from the source term module is written to primary data
communication file (PDCFs) as follows: to the soil concentration file (SCF) for coupling
to the near-field exposure module; to the air flux file (AFF) for coupling to the
atmospheric transport modules; and to the water flux file (WFF) for coupling to the
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surface water transport module. Parameters defined by the user through the source term
module user interface are also saved in the global input data file in a section for the
source term module. No auxiliary input or output files are used or generated by the
source term module.

2.4.2 GENII-V2 Surface Water Transport Module

Radionuclide transport in surface water is evaluated using the GENII-V2 surface
water transport module. This module allows the user to define characteristics of the
surface water body, and the location of the usage location at which individual may be
exposed. The time-variant release rates are read from the water flux file (WFF) and
results of the calculation are written to the water concentration file (WCF). The WCF
contains the average water concentration over the defined release period at the exposure
location. Parameters defined by the user through the surface water transport user
interface are also saved in the global input data file in a section for the surface water
transport module. No auxiliary input or output files are used or generated by the surface
water transport module.

2.4.3 GENII-V2 Atmospheric Transport Modules

The GENII-V2 software package contains four calculational programs for the
atmospheric transport component. There are puff- and plume-based programs for both
acute and chronic releases. The suite of codes accounts for the transport, diffusion,
deposition, depletion, and decay of radionuclides while in the atmosphere. Input to the
models is the air release rate supplied in the air flux file (AFF), and output is to the air
transport output (ATO) file. Additional input of meteorological data is through an
auxiliary data file.

The acute plume module employs the straight-line Gaussian plume model with
concentration variation in the lateral and vertical directions (sometimes referred to as the
bi-variate plume model). The chronic plume module uses the sector-averaged straight-
line Gaussian plume model. The Lagrangian puff model is used for the acute and chronic
puff modules. The Lagrangian puff model consists of two parts: a wind field model (to
move the puffs) and a diffusion model (to describe the spread of the puffs). The
mathematical formulations for these four modules are provided in Section 5.0.

2.4.4 GENII-V2 Exposure Pathways Modules

Three exposure pathway modules are provided in the GENII-V2 software
package. The near-field module allows estimation of exposures to individual in
proximity to a contaminated soil source area. The acute exposure component allows
evaluation of exposures over a short time period (hours to days) from acute airborne or
waterborne releases. The chronic exposure component allows evaluation of exposure
- from routine releases to air or water. Each of these exposure components is summarized
in the following sections.
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2.4.4.1 GENII-V2 Near-field Exposure Module

The near-field exposure module may be used to simulate exposure scenarios
where the exposed individual comes in direct contact with (e.g., lives on) the
contaminated source. This source may be represented as a contaminated surface layer, a
buried layer of waste (deep soil), or a package of buried waste. These compartments are
represented by a three-compartment soil model to simulate transfer and loss of
radioactive contaminants over time. The user may define initial contamination in one or
more of the three compartments. Exposure pathways linked to the near-field model are
those associated with contact with soil, suspension of surface soil, and agricultural
pathways resulting from crop production in the contaminated layers (surface or deep
soil). :

Input to the near-field module is initial soil concentration (surface soil or deep
soil), and/or the initial total activity in the waste package. These values are read from the
soil concentration file (SCF). Output from the module is the average exposure media
concentrations for each exposure pathway, averaged over the user-defined exposure
- duration, and written to the exposure pathway file (EPF). The mathematical formulations
for the near-field exposure module are provided in Section 7.0.

2.4.4.1 GENII-V2 Acute Exposure Module

The acute exposure model is used to evaluate exposures following accidental or
short-term releases with transport to an exposure location. Transport may be via the
atmosphere or surface water: groundwater transport is not considered for acute releases
because of the long time periods generally required for transport of contaminants through
aquifers. Exposure pathways linked to the acute exposure model are those associated
with air exposure (inhalation and external exposure), contact with soil following
atmospheric deposition or surface water deposition (irrigation), resuspension of surface
soil, agricultural pathways contaminated by airborne or irrigation water deposition,
domestic water use (drinking and showering), and recreational water pathways
(swimming, boating, and shoreline activities). Exposure to agricultural products is
evaluated assuming the deposition to occur at the time of crop harvest.

The input to the acute transport module is read from air concentration files
(ATO), or water concentration files (WCF). Output from the module is the average
exposure media concentration for each exposure pathway, averaged over the user-defined
exposure duration, and written to the exposure pathway file (EPF). The mathematical
formulations for the acute exposure module are provided in Section 8.0.

2.4.4.1 GENII-V2 Chronic Exposure Module

The chronic exposure model is used to evaluate exposures over extended periods
of media contamination. Transport may be via the atmosphere, surface water, or
groundwater media. Exposure pathways linked to the chronic exposure model are those
associated with air exposure (inhalation and external exposure), contact with soil
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following atmospheric deposition or water deposition (irrigation), resuspension of surface
soil, agricultural pathways contaminated by airborne or irrigation water deposition,
domestic water use (drinking and showering), and recreational water pathways
(swimming, boating, and shoreline activities). Exposure to agricultural products is
evaluated assuming the deposition occurs uniformly over annual periods, with deposition
rates defined as a function of time from atmospheric concentration files (ATO) or
waterborne concentration files (WCF).

The input to the chronic transport module is read from air concentration files
(ATO), or water concentration files (WCF). Output from the module is the annual
average exposure media concentration for each exposure pathway for the user-defined
exposure duration, and written to the exposure pathway file (EPF). The mathematical
formulations for the chronic exposure module are provided in Section 9.0.

2.4.5 GENII-V2 Receptor Intake Module

The receptor intake module uses the exposure media concentration values from
the exposure pathway module to estimate the intake by the exposed individual(s). The
intake is represented as the total activity taken in (via inhalation or ingestion). For
external exposure pathways, the result is expressed as the average concentration in the
exposure media over the exposure duration, corrected for any appropriate modification
factors (e.g., occupancy fraction by the exposed individual). Several user-defined age
groups may be used. Results of the analysis are written to the receptor intake file (RIF).
The mathematical formulations for the receptor intake module are provided in Section
10.0.

2.4.6 GENIIV2 Health Impact Module

The health impacts from the receptor intake module are converted to estimates of
radiation or health impacts by the health impacts module. The user may choose the
method for evaluation of health impacts and the endpoint of interest (e.g. radiation dose,
cancer incidence, cancer fatality, etc). Results may be calculated and reported by organ
or cancer site. Output from this module is written to the health impacts file (HIF). The
mathematical formulations for the health impacts module are provided in Section 11.0.

2.5 GLOBAL INPUT DATA FILE

The global input data file (GID) contains values for all parameters required by
FRAMES, and for each component selected by the user to be included in the analysis.
The parameters for FRAMES are automatically added to the GID as the user defines the
scope of the analysis and selects contaminants to be considered. The parameters for each
selected component are added by the user interface for the component. Under normal
operating conditions, the user will not need to access or view the GID. The specifications
for the GID file are given in Appendix A.
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2.6 AUXILIARY DATA INPUT/OUTPUT FILES (ACDFs)

Each calculational component may require special input files and may generate
output files that are in additional to the primary data communication files. The definition
and use of the auxiliary files is up to the software developer. .

The ACDFs are typically component specific and will vary between calculational
components for a specific analysis. For example, if three calculational components are
available for estimation of chronic atmospheric transport, it is likely that each of the
components will require ADFs with different content and structure. However, all three of
the components must be capable of generating output in the same form defined for the
PDCFs for the next component (chronic terrestrial and aquatic transfer and accumulation
module).

Examples of ACDFs used in the GENII-V2 components are atmospheric data
files used by the various atmospheric transport models, and dose rate and risk conversion
factors used in the calculation of impact. More information on GENII-V2 specific
ACDFs is provided in Section 3.
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Napier, B. A, R. A. Peloquin, D. L. Strenge, and J. V. Ramsdell. 1988. HANFORD
ENVIRONMENTAL DOSIMETRY UPGRADE PROJECT. GENII - The Hanford
Environmental Radiation Dosimetry Software System. Volume 1: Conceptual

Representation, Volume 2: Users' Manual, Volume 3: Code Maintenance Manual.
PNL-6584, Vols. 1-3, Pacific Northwest Laboratory, Richland, Washington.




3.0 AUXILIARY DATA COMMUNICATION FILES (ADCFs)

The auxiliary data communication files (ADCFs) contain input parameter values
for specific components. The format and content of the ADCFs are defined by the
developer of the specific component and include information necessary to exercise the
models of the component. ADCFs defined for GENII-V2 are described in this section.
The use of ADCFs has been minimized by placing as much data as possible into the
global input data file (GID). This is desirable because the GID is intended to contain all
data necessary to perform an analysis.

3.1 AUXILIARY DATA COMMUNICATION FILE SUMMARIES

The ADCFs necessary for the components implemented in GENII-V2 are
summarized in Table 3.1. Summaries of each ACDF are given in the following sections,
with detailed file descriptions given in Appendix B.

3.2 RADIONUCLIDE MASTER DATA FILE

The radionuclide master data library (RMDLIB.DAT) contains all radiological
decay data in addition to the specification of all radionuclides for which data is included
in the GENII-V2 software system. The radionuclides are organized into decay chains
ordered by atomic number under the radionuclides highest in the chain. The data in this
file are used by the chain decay processor to account for radioactive decay and progeny
ingrowth with time. RMDLIB.DAT currently contains information on 839 explicit
radionuclides. Decay of a number of very short-lived radionuclides within the decay
chains of longer-lived radionuclides is also considered. The criteria for inclusion in
RMDLIB.DAT as an explicitly considered chain member include a half-life greater than
10 minutes.

The file is provided with the software package and is not intended to be modified.
However, a knowledgeable user should be able to modify the file (to add, delete, or
change decay chain representation) using an ASCII file editor, as long as comparable
changes are made to the GENII database with the database editor. The content and
structure of the file is described in Appendix B.

3.3 METEOROLOGICAL DATA

Because of the specialized nature of this input data, the file formats are discussed
separately in Appendix B of the GENII-V2 Users’ Guide. Automated utility codes are
provided to take meteorological data from several common sources and put it into the
necessary format for GENII-V2 input.

Appendix B to the GENII Users’ Guide describes the use of hourly and joint
frequency data in multiple formats, and the structure of the library of air submersion dose
coefficients (cloud shine doses) CSHNLIB.DAT.
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Table 3.1 Summary of ADCFs for GENII-V2

File Description Components using file

Radionuclide master data - RMDLIB.DAT Atmospheric Transport
: Surface Water Transport
- Exposure Pathways
Receptor Intake
Health Impacts

Meteorological data — Site specific hourly data ‘ Atmospheric transport
Site specific joint frequency data
Air submersion dose rate data

Radon working level output file Receptor Intake
Radiation factor index file - FGR13PAK.NDX Health Impacts
Radiation External dose rate factors : ' Health Impacts

Air submersion - F12TIII1.EXT
Water immersion - FGR12F32.DAT
Soil surface - F12THI3.EXT

Soil volume - F12TIII7.EXT

Radiation internal dose conversion factors Health Impacts
Inhalation — FGR13INH.HDB
Ingestion — FGR13ING.GDB

Radiation exposure risk factors Health Impacts
Inhalation - FGR13INH.RBS
Ingestion - FGR13ING.RBS
External - FGR13EXT.RBS

3.4 DOSIMETRY/RISK FILES

The GENII-V2 options for calculating radiation dose are quite complex, and a
large amount of radionuclide/pathway/age specific data is required. Because the
calculation of dose and risk using ICRP Publication 26 and 30 (ICRP 1979 - 1982),
calculation of risk using EPA slope factors (EPA 1997), and calculation of dose and risk
using ICRP Publication 60 and 72 (ICRP 1990; ICRP 1997) and Federal Guidance
Report 13 (Eckerman et al.1998) factors are essentially redundant, much of the data are
required in separate formats. The calculation capabilities for the ICRP26/30 and EPA
slope factor methods are derived from parallel capabilities in the MEPAS code system
(Whelan et al. 1992), and so the data are available within the FRAMES system. The
ICRP-60 and Federal Guidance Report 13 methods are derived from methods developed
for EPA at Oak Ridge National Laboratory, and use that file structure.
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3.4.1 Radiation Dose Factor Index File

The dose and risk factors provided with the GENII-V2 system were developed at
Oak Ridge National Laboratory for Federal Guidance Report 13 (Eckerman et al. 1998).
The internal (inhalation and ingestion) age-dependent dose conversion factors are the
basis of those found in ICRP Publications 60 through 72. Because the development of
the files containing these factors was independent of the RMDLIB.DAT file, the file
structure differs from that of the rest of the GENII-V2 files. The file FGR13PAK.NDX
allows the GENII-V2 system to have direct access to the dose and risk files. This file has
radionuclide identifiers, half-life information, and cross-reference line numbers for the
remaining data files. '

3.4.2 External Dose Rate Conversion Factor Files

The data files F12TIII1.EXT, F12TII3.EXT, and F12TIII7.EXT contain factors
that relate radionuclide concentrations in air, soil surface, and soil volume, respectively,
to dose rate. Each of these files is parallel in structure and size; each radionuclide line
number is identified in the index file FGR13PAK.NDX described above. Each of these
files provides dose conversion factors for 24 human body organs and tissues.

The data file FGR12F32.DAT is a file parallel in structure to the three taken from
Federal Guidance Report 12 but containing external dose rate factors for submersion in
contaminated water (a pathway not included in FGR 12). This data set was added to give
GENII-V2 the capability of handling these types of exposure, requiring the modification
of the file reading software appropriately.

These files are provided with the GENII-V2 software package, and each is used
by the health impacts calculational component. Data are provided for more radionuclides
than are explicitly listed in RMDLIB.DAT — however, many are considered to be implicit
progeny radionuclides within the RMDLIB.DAT structure. The GENII-V2 health risk
component accounts for the decay energies of the implicit progeny in the dose rate factor
assigned for the explicit parent radionuclides. The content and structure of the files are
described in Appendix B.

3.4.3 Internal Dos.e Conversion Factor Files

The files FGR13ING.GDB and FGR13INH.HDB contain age dependent radiation
dose factors for the pathways of ingestion and inhalation. Each of these files is parallel in
structure.and size; each radionuclide line number is identified in the index file
FGR13PAK.NDX described above. Each of these files provides dose conversion factors
for 24 human body organs and tissues. The ingestion file further provides information
subdivided by the potential Gl-tract uptake fraction (f1) for each radionuclide. The
inhalation file provides information subdivided by the ICRP lung model retention classes
F, M, and S (fast, medium, and slow clearance rates).

17




These files are provided with the GENII-V2 software package, and each is used
by the health impacts calculational component. Data are provided for more radionuclides
than are explicitly listed in RMDLIB.DAT — however, many are considered to be implicit
progeny radionuclides within the RMDLIB.DAT structure. The GENII-V2 health risk
component accounts for the decay energies of the implicit progeny in the dose rate factor
assigned for the explicit parent radionuclides. The content and structure of the files are
described in Appendix B. 3 :

3.4.4 Risk Conversion Factor Files

The files FGR13ING.RBS and FGR13INH.RBS contain radiation risk conversion
factors for the pathways of ingestion and inhalation. Each of these files is parallel in
structure and size. The file FGR13EXT.RBS provides similar factors for the external
pathways of air submersion, surface soil, and soil volume. Each of these files provides
risk conversion factors forl5 potential human cancer sites; each radionuclide line number
is identified in the index file FGR13PAK.NDX described above. The ingestion file
further provides information subdivided by the intake pathways of drinking water and
food, as described in Federal Guidance Report 13, for each radionuclide. The inhalation
file provides information subdivided by the ICRP lung model retention classes F, M, and
S (fast, medium, and slow clearance rates). :

These files are provided with the GENII-V2 software package, and each is used
by the health impacts calculational component. Data are provided for more radionuclides
than are explicitly listed in RMDLIB.DAT — however, many are considered to be implicit
progeny radionuclides within the RMDLIB.DAT structure. The GENII-V2 health risk
component accounts for the decay energies of the implicit progeny in the dose rate factor
assigned for the explicit parent radionuclides. The content and structure of the files are
" described in Appendix B.

3.5 RADON OUTPUT FILES

If requested, the GENII V2 NESHAPS receptor intake module prepares a file of
radon Working Levels and Working Level Months for each exposure location. This file
has the extension *. WLM, and it may be accessed with any standard ASCII text editor.
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4.0 SENSITIVITY USER INTERFACE

The uncertainty and sensitivity analysis is controlled by the sensitivity user interface
(SUI) which provides the capability to perform uncertainty and sensitivity analyses for user
specific portions of the environmental analysis process. FRAMES provides SUI software
interface and the calculational component Sensitivity/Uncertainty Module for Multimedia
Models (SUM?).

This section describes the purpose and scope of the uncertainty and sensitivity use
interface, and describes the mathematical approaches and algorithms used in the stochastic
analyses of SUM’. Section 4.1 describes the interface and structure. Section 4.2 provides: i)
the conceptual background for interpreting the statistical algorithms and their use in
generating random variables, ii) a description of the efficient Latin hypercube sampling
approach to obtaining correlated or uncorrelated random vectors from univariate random
variables, and iii) an identification of the univariate statistical distributions available and the
algorithms used for random generation. Section 4.3 discusses the methods and algorithms
used for uncertainty analysis results. References for this section are given in Section 4.4. A
separate description of the application of SUM? to the GENII-V2 modules is provided in the
GENII-V2 users’ guide.

4.1 INTERFACE

The sensitivity user interface allows the user to define the scope of the uncertainty
and sensitivity analyses to be performed, activates the calculational component SUM? to
perform the repetitive calculations, and finally performs the sensitivity analysis of results.
For each module included by the user in the specific analysis, the user is allowed to select
parameters to be varied in the uncertainty/sensitivity analysis. The parameters available for
this analysis are determined by the developers of the specific modules — primarily to prevent
stochastic variation of control parameters. A summary of parameters available to the user
for each of the GENII-V2 modules is given in Appendix E. The user is allowed to select |
and define probability distributions for each of the parameters for the sensitivity/uncertainty
analysis. The distributions available to the user are described in the following sections.

42 MATHEMATICAL STRATEGIES FOR GENERATING RANDOM VARIABLES

This section presents random-number-generation theory and algorithms for
statistical distributions implemented in the SUM? module of FRAMES. This module is
available for all GENII-V2 modules. The topics addressed are probability concepts,
including generation of uniform random numbers, the concepts of stratified and Latin
Hypercube sampling (LHS) and algorithms for random-number generation.

4.2.1 Probability Concepts for Univariate Random Number Generation

The distribution of a continuous random variable X (the term "continuous” indicates
that the random variable is defined over a continuum of values) is completely described by
its probability density function f(x) (referred to as a PDF). The interpretation of the PDF is
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that the area under f(x) over an interval a<x<b equals the probability that the random
variable, X, will fall in the interval (a,b) and is denoted by P[a<X<b]. The integral of the
f(x) over the entire support (the interval [L,U]) of X equals | (Strait 1989, p.24). The
integral of the PDF from the lower bound L to some value X (that is less than the upper
bound U) represents the probability that X will be observed in the interval (L,x). This
integral operation defines the cumulative distribution function (CDF) for the random
variable X. The CDF is denoted by F(x) and is represented mathematically by the equation

i ‘ F(x)=; f(s)ds | 4.1

The complementary cumulative distribution function (CCDF) is found from the simple
relationship 1-F(X). It represents the probability that X will occur in the interval (x,U). The
limits L and U do not necessarily have to be finite.

The inverse CDF, F''(x), is single-valued if X is in the interval (L,U). Hence if p=
F(x') is known, in theory x'= F"'(p') exists. This inverse relation is important in the
generation of random numbers on a computer. In practice there are situations for which no
analytic expressions for F(x) or F'l(p) are available, so approximate numerical expressions
are used instead.

4.2.1.1 Random Number Generation by the Probability Integral Transform Method

The probability integral transform (PIT) method for generating random variables is
utilized. In the PIT method, the random variable of interest is expressed as a function of a
U(0,1) random variable, where U(0,1) denotes the continuous random variable ranging
uniformly over the interval (0,1). The PDF of the uniform random variable is g(u)=1 if
ue(0,1) and is zero elsewhere. The CDF for this random variable is G(u)=u. It can be
shown that any CDF evaluated at a random value X (instead of being evaluated at a known
value x) is distributed uniformly over the interval (0,1) (Mood et al. 1974, p. 202).
Therefore, given a realization u of the U(0,1) random variable and a known statistical
distribution, one can set u= F(x) and solve this equation to obtain x = F"'(u). The value x
thus obtained is a realization from the desired statistical distribution.

In principle, one can obtain an exact solution for x given any statistical distribution
and value u. In reality, there are some distributions, including the normal distribution and
lognormal distributions, for which no closed-form analytical expression for F or F™' exists.
In these cases, approximations to the analytical expressions are applied.

The PIT method allows efficient sampling for the variable X from a subregion of the
interval (L,U), such as (c,d) where L<c<d<U. The following steps are required:

. Find the corresponding interval in the uniform domain, say (c',d") from ¢'=F(c) and
d'=F(d).
. Sample uniformly over the interval (0,1) to get a value u.
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o Form the value u' corresponding to the subregion using the transformation
u'=(d'-c)utc'.
. Obtain x as usual using x = F(u").

If any distribution is truncated to the interval (c,d), the modified PDF on that interval
is expressed by E
()

F(d)-F(c) @2

fr(x)=

and is set to 0 outside the interval. The divisor in the density function ensures that fr(x)
integrates to unity.

4.2.1.2 Dependence on the Uniform Random Number Generator

Desirable attributes of a random-number generator are ease and portability of
implementation, independence between generated deviates, and long cycles between
recurrence of values. Using the PIT method, the degree to which each of these features is
satisfied is completely related to the quality of the uniform random-number generator
selected. This relationship is guaranteed by the monotonicity of F'. The use of a suitable
uniform random-number generator is central to the successful use of the PIT method.

4.2 .2 Latin Hypercube Sampling

The Latin Hypercube Sampling (LHS) method is a high-dimensional extension of
the Latin square experimental design, in which n random vectors of dimension p are drawn
at random from p populations. The n realizations in the kth vector position represent a
stratified sample from the kth marginal distribution, wherein the probability content of each
of the stratified intervals is 1/n. The LHS technique was introduced as a sampling technique
to reduce the variability of a monotonic function of an output statistic (Iman et al., 1982)
from that achievable using simple random sampling. The LHS method is now employed in
many computer codes as an efficient method for generating vectors in which the vector
elements are correlated. '

The LHS method has a number of desirable properties such as:

o The desired rank correlation between variables is approximately achieved

o The method does not require specification of the joint distribution of the correlated
variables, which would be impractical for more than 2 or 3 correlated variables

. The marginal distributions of the random variables are preserved. ‘

4.2.2.1 Stratified Sampling
To obtain a stratified sample of size n for variable X having distribution F, a

sequence of uniformly distributed random numbers, v;, 0<vi<1; i = 1,...,n are first generated.
The v; are randomly selected and are not ordered according to their magnitude. Let r; be the

22




ranks of v;. Although conceptually stratification divides the range of the variable X, say
(L,U), the stratification can be accomplished using the uniform distribution over the interval
[F(L),F(U)]. One value is randomly generated from each one of the n equi-probable
subintervals of [F(L),F(U)]. The ith such sample can be obtained as:

wWi= m | (4.3)

n

where u; is a freshly generated (i.e., it is not the same as v;), uniformly distributed number
between 0 and 1. The w; thus generated are ordered in increasing magnitude. In the final
step, the w; are reordered so that they have the same ranks r; as the sequence v;. The sample
set thus obtained is random and stratified, lies between 0 and 1, and is uniformly distributed.
Finally, the stratified values x; from the distribution of X are obtained as x=F'(w)).

4.2.2.2 Imposing Rank Correlations

The LHS scheme described by Iman et al. (1982) can be further used to impose
correlations between sampled variables. First, n samples of the p independent variables are
generated using stratified sampling. Then, the sampled values for each of the variables are
paired so as to impose a prespecified (rank) correlation between these variables. The
process to choose the pairings is described here.

Assume that X;, j=1,...,p are random variables that are correlated and their desired
(p x p) rank correlation matrix is C. Assume that n samples are to be obtained. First, n
stratified samples of each of the variables X are obtained as if they are independent. Let the
sample matrix be X where

X1 X2z - Xpl
X12 X222 .- Xp2

X=| = ' - (4.4)
_Xln X2n e Xpn_

Elements in the jth column of X are the samples of x;, and each row of X is a sample
vector containing one value of all p random variables. The objective is to rearrange the
elements of columns of X so that the rank correlation will be as close to C as possible.

A rank matrix R=[r;] of the same size as X is constructed from the ranks of the
samples x;; in each column j, rather than the corresponding values Xj;. Because there are n
samples of each random variable, r; will be one of the integers in the sequence {1,...,n}.
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The next step is to obtain the Cholesky decomposition (Stewart, 1973, p. 142) of C
as follows (because C is symmetric and nonnegative definite, such a decomposition always
exists):
C=PP’ (4.5)

where P is the lower triangular matrix and P" is its transpose.

Next a score matrix S is generated by using van der Waarden scores. The functional
form for the scores is

=g (L . 4.6
5= 4" () (46)
where bd)'l is the inverse of the standard normal CDF. By construction, S has the same rank
correlation matrix as X.

Let U be the correlation matrix of S, whose Choleski decomposition can be written
as

U=QQ". 4.7)
We want to determine a matrix T such that

C=TUT". | (4.8)

Substituting for C and for U this expression leads to the expression

PP'=TQQ'T" | (4.9)

which yields
T=PQ" (4.10)
Although the rows of X were generated independently the sample rank correlation

matrix, U, will not equal the identity matrix. The above algorithm calculates Q™' that can be
used to effectively remove the unwanted correlations.

A new score matrix, S* is now determined from

S=ST" (4.11)

which has correlation matrix C by construction.
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A new rank matrix R is now obtained by replacing elements of S” by their column
ranks. Finally, the columns of the sample matrix X are rearranged so that it has rank matrix

4.2.2.3 Insuring a Positive-Definite of Correlation Matrix

A properly specified correlation matrix C is real-valued, symmetric and positive-
definite. If C is not positive-definite, it will not have full rank, and consequently one or
more of the columns of X~ will be (approximately) linearly related. If X" does not have full
column rank, it cannot be used as for regressor variables in a sensitivity analysis.

Because C is real-valued and symmetric by construction, an equivalent condition for
positive-definiteness is that the each of the eigenvalues, {A;}, be positive (Stewart, 1973, p.
309). A test can be designed to check whether C is positive-definite. If C is not positive-
definite, it can be modified to be positive-definite. The algorithms for determining the
condition of C and modifying C are discussed below.

4.2.2.3.1 Obtaining Eigenvalues and Eigenvectors

To obtain the eigenvalues of C, C is first transformed into a tridiagonal matrix A,
A=PCP (4.12)

where P=PP,...Py,, P is the accumulated Householder reduction matrix and P; is the
reduction matrix at the ith stage of the transformation (Householder 1964; Press et al.,
1988). The eigenvalues A; and eigenvector matrix E' of A are computed, and the
eigenvector matrix E of C is then obtained as E=PE'. The eigenvalues of C are the same as
those of A.

The eigenvalues and eigenvectors of A are obtained via the implicit shift QL
algorithm (Press et al., 1988). The matrix A can be decomposed into

A=QL (4.13)

where Q is an orthogonal matrix and matrix L is lower triangular. The distinct eigenvalues
of A are obtained as the diagonal elements of the L matrix (having only zero elements on
their immediate right off-diagonal) and the remaining diagonal elements are part of diagonal
block(s) of the same order(s) as the multiplicity(s) of the remaining eigenvalues. The
multiplicant eigenvalues of A are the eigenvalues of these diagonal block submatrices. The
implicit shift QL algorithm continues the diagonalization until all eigenvalues are taken
from the diagonal, even in cases of multiplicity of eigenvalues. In cases of zero eigenvalues,
correct eigenvectors are still computed correctly.
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4.2.2.3.2 Adjusting the Correlation Matrix

If the eigenvalues of C are not all positive, it can be modified to obtain another correlation
matrix C' that is positive-definite. The new matrix C' is close to C in the sense that it has the
same eigenvectors and many of the same eigenvalues.

Because C is symmetric, it can be decomposed as
"C=EAE" (4.14)

where E is the matrix of column eigenvectors and A is the diagonal vector of corresponding
eigenvalues. Let A' be the diagonal matrix of elements modified from A in that any
diagonal entry smaller than ¢ is replaced by €. A recommended value for € is 10°. The
matrix G is then formed from E and A

G=EANE". (4.15)

The matrix G is not a correlation matrix (some of its elements may exceed 1 in
magnitude) but it is positive-definite. The modified correlation matrix C' can be formed
element-wise from G using the relationship

(4.16)

4.2.3 Statistical Distributions

The statistical distributions available for use in GENII-V2 are summarized in Table
4.1. :

Truncation of the range of a statistical distribution is sometimes warranted because
- of physical limitations. The ability to truncate the range of random variables is implemented
in GENII. - Truncation information is given in Table 4.2 for each statistical distribution. The
implementation shall allow truncation of one or both tails of a distribution. If two truncation
limits are entered the second limit must be greater than the first.

4.2.3.1 Algorithms for the Uniform Distribution

Algorithms that generate truly random uniform numbers do not exist, élthough many
algorithms generate pseudo-random deviates (hereafter loosely referred to as random
numbers). The selection of a random-number generator is based on four considerations:

o computer implementability .
e degree of independence within a sequence of deviates
. periodicity or cyclic length of a sequence )
) uniform coverage of sequences (occurrence) over the interval (0,1), the square (0,1)

X (0,1), and so on, up to the hypercube on (0,1) in k dimensions.
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Table 4.1 Statistical Distributions Implemented in GENII-V2

User Supplied

Index Distribution Parameters

0 Constant “Single value

1 Uniform Lower limit and upper limit

2 Loguniform (base €) | Lower limit and upper limit are in data (not log) units.

3 Normal Mean and standard deviation.

4 Lognormal (base €) Mean and standard deviation of the underlying normal
distribution.

5 Triangular Lower limit, mode, and upper limit.

6 Table of n pairs of values (x;,pi). The x; must be unique and

ordered in increasing value. The p; must be unique and
ordered in increasing value with p;=0.0 and p,=1.0.

Table 4.2 Truncation of Statistical Distributions

Index Distribution Truncation Information

0 Constant Not applicable

1 Uniform The lower and upper truncation limits need to be in the range
(a,b) of the defined uniform distribution.

2 Loguniform (base €) | The lower and upper truncation limits need to be defined in
data (not log) units.

3 Normal Any lower and upper truncation limits are available.
Truncation limits further than 6 standard deviations from the
mean are essentially ignored.

4 Lognormal (base ) Any lower and upper truncation limits greater than zero are
allowable. The truncation limits are entered in the data (not
log) units.

5 Triangular The lower and upper truncation limits need to be in the range
(a,b) of the defined uniform distribution.

6 User Supplied The lower and upper truncation limits need to be in the range

(a,b) of the user supplied distribution.
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Linear congruential methods (Kennedy and Gentle 1980, pp. 136, 150) are
commonly used on digital computers. The SUM? processor called by GENII-V2 uses a
linear congruential random-number generator.

4.2.3.1.1 Generation Algorithm

The uniform distribution algorithm consists of a uniform (0,1) generator and a
uniform (a,b) generator. '

4.2.3.1.1.1 Uniform (0,1) Generator

A linear congruential generator generates random integers using an algorithm of the
form

Ri=(A*R;,+C)mod M SNCAL)

where R; is the ith random integer to be generated between 1 and M-1, A and C are
constants, M is the modules of the generated integers, and mod denotes the remainder
function. These integers are converted to approximate U(0,1) numbers by the division

Ui=Ri/ M. (4.18)

The period of a sequence {U;} of generated deviates is the minimal value k such that
U; = Uik (this occurs independent of i for linear congruential generators). It can be shown
that the period of any congruential generator does not exceed M. Therefore, if one is
generating many uniform deviates, it is desirable that M be large. The performance of each
congruential generator (each choice of A, C, and M) can thus be examined with respect to
criteria proceeding from the four considerations given above. The SUM*/GENII-V2
implementation uses A=16807 and M=2147483647. These choices of A and M yield a
sequence {U;} that: '

. is implementable on a 32-bit computer without machine language coding

. is sufficiently independent on an element-by-element basis - .

e possesses a long cycle (period) '

. has a reasonable degree of coverage over all hypercubes of dimension less than k.

These attributes proceed from results from tests described by Fishman and Moore (1986).
4.2.3.1.1.2 Uniform (a,b) Generator

" The uniform distribution on the interval (a,b) will be denoted by U(a,b). Any value
x generated from the uniform (a,b) distribution in the GENII system makes use of a value y
from the U(0,1) distribution. The value y is generated first, then x is evaluated as x = a+(b-

a)y.

4.2.3.2 Algorithm for the Loguniform Distribution




Loguniform distributions have a uniform distribution of the expdnent. -
4.2.3.2.1 Definition of the PDF

The PDF for a loguniform random variable of base b is

¢ <y <Rl :
f(x)= I <x<b%) (4.19)
x(d-c) In(b)
for -co<c<d<eo, where 1 is an indicator function (0 if false, 1 if true), b is the logarithm base,
and In(b) denotes the natural logarithm of b.
4.2.3.2.2 CDF and Inverse CDF Algorithms
The CDF algorithm for the loguniform distribution is
0 if x <p?
F(x)=| [In(x)- ¢ In(b)]/ [(d-c) In(b)] [ if b"<x < b* (4.20)
' 1 if x<p? o

The logarithm base b is chosen to be the natural constant e. The inverse CDF algorithm
used to generate a value x from the loguniform distribution first generates a value y from the
U(c,d) distribution and then evaluates the expression x = b".

4.2.3.3 Algorithms for the Normal Distribution
The bell-shaped normal distribution is commonly used for many parameters.

4.2.3.3.1 Definition of the PDF

A normally distributed random variable with mean p and variance o5, denoted as
N(n,0), has the PDF

1 (ep)

2

f(X)sz\/—@Be % 4.21)

for -0 <x <, -0 < p < and °> 0. The CDF has no closed-form analytical expression.

4.2.3.3.2 CDF Algorithm
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A N(p,6%) random déviate, y, is obtained by generating a N(0,1) deviate, x, then
transforming as y = p+ox. This description of the generation of normal random variables
will therefore focus on the N(0,1) parameterization.

The first step in the algorithm for the CDF of the standard normal distribution is to
compute the area in the smallest "tail," evaluated from x to the lower or upper limit of the
range of x, depending on the sign of x. Let T(x) be that area defined as T(x)=Prob[X<s] for
s<0, or Prob[X>s] for s>0. Thus F(x)=T(x) for x<0 and F(x)=1-T(x) for x>0. The approx-
imation used for T(x) is that of Adams (1969) and is given by

T(x) =0.5-2((a;+ 2, y) / (Y+as +ad) /[y+as +ae) / (y+a-)]) 4.22)

for |x| < 1.28,

Tx)=biexp(-y)/ ((z+ b, + bs) /[(z+ b+ bs) /

‘ (4.23)
((z+ bs +b7) / (Z+bs + bs) /[(Z+ bio +bi) / (z+bi)]) 1)

for 1.28 <x < UTZERO or 1.28 < -x < LTONE, and T(x)=0 for x>UTZERO or x<-LTONE.
The algorithm uses z=|x| and y = z%/2. Values for the coefficients a; and b; are given in
Table 4.3.

A FORTRAN implementation of this algorithm is available in Hill (1985). The
values UTZERO and LTONE are machine-dependent. The variable UTZERO represents
the upper tail limit of the statistical density such that P[X>UTZERO] = 0 at machine
accuracy, and LTONE represents the lower tail limit such that PLX>LTONE] = 1 at machine
accuracy. If n denotes the decimal length of real numbers for the machine being used, and
w denotes the smallest allowable positive real number, LTONE = (n+9)/3 and UTZERO =
0.3+[-2In(w)-2]">.

4.2.3.3.3 Inverse CDF Algorithm

The inverse CDF for the N(0,1) random variable is approximated by

qAQ")/B(q") iflq]<0.42

F®)= anta) Coy/D() if | 912042

(4.24)

where q = p-0.5, and r = (In(0.5-q}))*°. The quantity (0.5-|q]) is formed as p or, to avoid
cancellation if p is small, as (1-p). The letters A, B, C, and D represent polynomials of order
3,4, 3, and 2, respectively, whose coefficients are given by Beasley and Springer (1985),
and sgn(q)=1ifq>0and -1 if q<0.

Table 4.3 Coefticients in the Normal CDF Algorithm
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i a; b;
1 0398942280444 - 0.398942280385
2 -0.399903438504 -3.8052E-8
3 5.75885480458 1.00000615302
4 1 -29.8213557808 3.98064794E-4
5 262433121679 1.98615381364
6 48.6959930692 -0.151679116635
7 592885724438 529330324926
8 NA 4.8385912808
9 INA -15.1508972451
10 NA 0.742380924027
1 NA 30.789933034
12 NA 3.99019417011
4.2.3.3.4 Precision

The approximation for the normal CDF is accurate to 9 decimal digits on a machine
with that accuracy (Hill 1985). The algorithm is implemented in double precision, so it
achieves the desired accuracy on a machine with a 32-bit word length.

The polynomial approximation for the inverse normal CDF is accurate up to 2°' in
the domain of p [e.g., |p"-pl< 27, where p' is the actual value of F (xp)]. Consideration of
roundoff error brings the accuracy to the order of 20 times the least significant bit in the

machine’s mantissa (in the domain of p). The actual accuracy of x;, is of concern, however,
and is linearly approximated by

xp - Xp =J27) (P~ P) %5 (4.25)

This error approximation is identical (up to a constant) for the truncated distribution.
4.2.3.4 Algorithm for the Lognormal Distribution

The right-skewed lognormal distribution is frequently used to approximaté
distributions of variables found in nature. '

4.2.3.4.1 Definition of the PDF
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A random variable is said to be lognormally distributed when its logarithm is
distributed as a normal N(u,cz) random variable. The PDF of the lognormal distribution is

[Iog(x) ul

f(x )—xo_ o

(0 <x <) (4.26)

4.2.3.4.2 Generation Algorithms

In the SUM?/GENII-V2 system, a lognormal random varlable X is obtained by trans-
forming a N(i,6°), y, using the expression x=¢'. The loguniform CDF is evaluated for a
value x by computing y=In(x) and using y in the algorithm for the N(u,5%) algorithm.

Truncation limits specified for the lognormal distribution are converted to limits in
the normal domain, then further converted to appropriate limits in the U(0,1) domain as
described in the section on the normal distribution. Thus, the generation algorithm for the
truncated distribution uses a subset of the U(0,1) distribution in the algorithm for the
untruncated distribution.

4.2.3.4.3 Precision

The precision of the lognormal generation algorithm can be obtained approximately
using the first two terms of the equation

b =((p-p) o exp (v3 / 2) In(b) _ (27))+

2 2 2 4.27)
(0.5(0-p)* 7 & In(b)_exp (y2) [y, + 20 In(b))+ o [(p- p) ]

where o(s) is a collection of terms in s such that lims—,00(s)/s = 0, y, is the theoretical
realization from the normal N(u,c ) distribution associated with uniform realization p, and
yp is the value actually obtained (yy is exact for the value p', which did not occur). Thus yy-
yp is the error (in the normal domain) caused by the algorithm approximation and computer
implementation of the algorithm, and erre, the error of the lognormal deviate, is found from

erre = b’r - b’P. , ' (4.28)

The bound on |p'-p| is given in the description of the normal deviate generation.
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ka-! n n
D bin = D bin - Y bin}? (4.29)

=k - i=k i=k;

4.2.3.5 User-Specified Distribution

In addition to selecting from the foregoing families of distributions, the user may
implement any other distribution by supplymg a table of data pairs corresponding to
[x,F(x)]. Thus, the user can provide SUM*/GENII-V2 with discrete evaluatlons of the CDF.
The algorithm linearly interpolates between these points to solve for F™'(u) when generating
a deviate or determining truncation limits in the domain of the uniform U(0,1) distribution.

4.3 UNCERTAINTY ANALYSIS METHODS

The analysis of uncertainty entails using one or more tools to present the
uncertainties in output results and their statistics. This section describes the tools for
uncertainty analysis that are available in the SUM*/GENII-V2 system.

4 3.1 CDF's and CCDF's

The cumulative distribution function, F(x), for a random variable (Mood et al.,
1974), X, is cumulative probability or probability that a realization of X will not exceed a
given value, F(x) = Prob[X<x]. This function is nondecreasing and takes on values from 0
to 1.

A slowly increasing CDF indicates a large variability of X, while a rapid increase in
the CDF reflects a smaller degree of variability of X. If X is continuously dlstrlbuted the
inflection point of the CDF occurs at the mode of the distribution.

The 100pth percentile of the distribution is obtained as
&, =minimum{x:FQ)2p} (4.30)
If X is from a continuous distribution and 0<p<I, then
E,=F'(p). - 4.31)

For example, the median (50th percentile) and the 90th percentile are obtained as above
using p=.5 and p=.9, respectively.

Because the true cumulative distribution function is generally not known, the
empirical cumulative distribution function is used as an estimate of the CDF. Given the
observed data x;,...,Xn, the empirical distribution function is computed as:

F, <x>=%ia<ms><>. 4.32)




where 8(A) is 1 or 0 according as A is true or false. Although the empirical CDF, being a
sum of step functions, is discontinuous for small sample sizes, as n gets large, this function
becomes increasingly continuous and smooth if X is from a continuous probability
distribution. If one is interested in exceedence probabilities rather than cumulative
probabilities, the CCDF, G ,, can be more useful than the CDF. Gy(x) is obtained as G,(x) =
1-Fr(x).

4.3.2 Sample Mean, Quantiles and their Corresponding Conﬁdence Limits

4.3.2.1 Sample Mean and Confidence Limits 7

The sample mean, defined as
- 1
Xn = ;z Xi (4'33)
i=1 .

is commonly used as an estimate for the population mean, p (=E[X]). Because the sample
mean is also random, the degree of its uncertainty is frequently expressed as a 100(1-2a)
percent (random) confidence interval [/y,uq] such that the statement Prob[/,<p<u,] = 1-2a.
(The term a. is called a “percentage point.”) The confidence interval computed in the GENII
system is the interval is based upon the normal-theory approximation, '

1

— T tz:-l Sn
n

5= ,/n%im-;nf (435)

andt], is the upper 100(1-a)th quantile of the Student t distribution having n-1 degrees of
freedom.

Xn+

(4.34)

where

Letting m=n-1, if n-1>100 the upper 100(1-a)th quantile of the normal distribution,
z°% is used in lieu of the t distribution. This normal quantile is computed as in Section
2.3.3.2. If n-1<100 the quantile from the t distribution is used, being obtained as (Kennedy
etal., 1980)

Za3+za+52a5+16za3+3za+3Za7+192a5+]7za3_152a
4m 96 m’ 384 m°

where z°* is the value from the normal (0,1) distribution satisfying F(z)=1-a.
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4.3.2.2 Sample Quantile and Confidence Limits
The sample quantile is obtained as follows:
ép = minimum{ x; :F.(x) = p}.

For moderately large n, it is acceptable to obtain the lower and upper confidence limits from

the ordered data x(1y,...,X(n) using the binomial approach. It follows from the definition of Ep
that '

PrOb[k] <n F. (ép) < k2] = PrOb[X(h) < ép < X(kz)]

Consequently the k;st and kond smallest values can respectively be used as the lower and
upper confidence limits for &,. Because nFy(&p) is distributed as binomial distribution, a
100(1-2ct) percent confidence interval for &, can be computed by determining those values
of k; and k, which minimize k; - k; subject to

2(“] p'(1-p)"21-2a

i=k

As n is reduced the result could occur that one or both of the lower and upper
confidence limits may respectively be x(1) and X(,). This possibility increases for even
moderate sample sizes as p becomes significantly larger or smaller than .5.

The previous equation can be evaluated (exactly) from
ka1 n A . ’
> i p (1-p)" =1,(ki>n-k +1)- 1, (k2,n-k, +1)
i=k,

where I(a,b) is the incomplete beta function (Majumder and Bhattacharjee 1985)
1

I,(a,b) =mfo pt™ (1-t)" dt
and
Bab) = LED)
F(a)l"(b)

For integer a (which applies here), I'(a)=(a-1)!. An approximatioﬁ for I(a,b) is
available (Press et al., 1988).

Let w = (np(1-p))*> and let zs, be the 100(1-0/2) upper percentile of the
Normal(0,1) distribution. Initial values for k; and k; are found from:
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(4.39)

(4.40)

4.41)

(4.42)




ki=np-wz,,,+0.5
ka=np+wz,,,+0.5

These initial values of k; and k; are accurate to within 1 or 2 for all n greater than 20.
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5.0 ATMOSPHERIC TRANSPORT AND DEPOSITION MODULES

The atmospheric models, ACUTESRC, CHRONSRC, PUFCHRON, and
PUFACUTE, for the GENII-V2 system, are a suite of codes to account for the transport,
diffusion, deposition, depletion, and decay of radionuclides while in the atmosphere. The
basic diffusion model used in this suite of codes is the Gaussian solution to the diffusion
equation. Both straight-line Gaussian-plume (ACUTESRC and CHRONSRC) and
Lagrangian-puff (PUFCHRON and PUFACUTE) models are incorporated in the suite of
codes. The models include estimations for both chronic (CHRONSRC and PUFCHRON)
and accidental or acute (ACUTESRC and PUFACUTE) releases. Elements of the
models representing the physical processes of diffusion, deposition, depletion, cloud
shine, and decay of radionuclides.have been selected to be as realistic as possible yet be
consistent with readily available meteorological and climatological data. In the case of
dispersion coefficients and the effects of building wakes, alternative models for these
physical processes have been included in the suite to provide users with flexibility.

In the rest of this section includes the descriptions of both the straight-line plume
and puff models and its components. Section 5.1 describes the straight-line plume, while
Section 5.2 describes the puff models." The components of the models are described in
Section 5.3. The optional air submersion dose calculations performed by these models
are described in Section 5.4.

5.1 STRAIGHT-LINE GAUSSIAN PLUME MODEL

This section describes the straight-line Gaussian model. It covers the basic plume
and its variations. It also describes modification of the model to account for area sources,
multiple sources, and the finite flow from short stacks and vents.

5.1.1 Basic Model

The complete straight-line Gaussian plume model is

2 .
Z(Xay’,Z’Haheff) — 1 exp(_ Y Z)G(Z)
Q') 2z7U(h) oy 0o, 207
where y = the concentration at distance X, crosswind position y, and height z, in a
plume with axis at height heg (Ci/m3)
Q'(x) = the release rate, corrected for deposition and decay as appropriate (Ci/s)
U(hs) = the wind speed at release height, hy (m/s)
oy = the horizontal dispersion coefficient (m)

o, = the vertical dispersion coefficient (m)
= the vertical dispersion factor.

Q
~
N
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The vertical factor includes plume reflection off the ground and the mixing layer
and is given by

6oy = zex QO G2y @oe(ht )

5.2
20 20, (5.2)
where hesr = the effective release height (hs + plume rise) (m)
H = the mixing layer thickness (m).

The limits of the summations in Equation 5.2 can be truncated to n from -2 to +2
without significantly reducing the accuracy of the equations. In the plume models, the
receptor height (z) is assumed to be 1 meter.

For the case of release height above the atmospheric mixing layer, the top of the
m1xmg layer serves as a permeable surface for material approaching the surface from
above, and a reflecting surface for material reflected from the ground. G(z) for this case
is still given by (5.2) with the following modifications: if n <0, then only the
exponential with 2nH - (h+ z) is summed; if n > 0, then only the exponential with 2nH +
(he - z) is summed; and if n = 0, both exponentials are summed.

This model is appropriate for short duration releases. Typically, it is used to
estimate hourly-average concentrations. Release rates for depositing or decaying
effluents must be adjusted to account for deposition and decay to maintain mass
continuity for the effluent. If the release rate is not adjusted, the equation will
systematically overestimate the concentration, and the magnitude of the overestimate will
increase with increasing distance from the source. The wind speed at release height is
used for elevated releases. If the release is at or near ground level, the 10-meter wind
speed generally replaces the release-height wind speed. For these codes, releases below
12 meters use the 10-meter wind speed. Empirical parameterizations, based on
experimental data, are commonly used to estimate the effective release height and the
dispersion coefficients, which are discussed later in Section 5.3.3.

If the distance from the source is sufficiently large, the vertical dispersion
coefficient approaches the mixing thickness in magnitude signifying that the effluent is
uniformly mixed in the vertical. Under this condition, the straight-line Gaussian model
can be simplified to

r(x,y,z) 1
=— -—(——) 53

where H,=  The height of uniform depth which is the mixing layer.or
the effective release height, whichever is higher.
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In the codes, the effluent is considered to be uniformly mixed in the vertical when
the vertical dispersion coefficient is 1.2 times the uniform depth. ‘

51.2 .Sector-Average Model

It is unlikely that a plume will remain in the same location for prolonged periods.
Therefore, a sector-average plume model is used for chronic or long duration releases.
The sector-average model is derived by integrating the straight-line plume model .
crosswind and dividing the result by the sector width. Historically, a 22.5° (2x radians/16
sectors) sector width has been used because wind directions were recorded by sector (N,
NNE,...S,...NNW). However, since 1965 directions have been recorded in tens of
degrees.

The sector average model is

x(0,1,2) 1
= G(z 5.4
' Q0 VrUo. o b
where x(0;,r,z) = the concentration at distance r, in sector 0;, at height z (Ci/m3 )
Q) = the total mass of material released corrected for deposition and
decay
Ow = the sector width, which is the larger of the arc length in a 22.5°
wide sector or 4 times oy :
U = wind speed, m/s
o, = vertical dispersion coefficient for distance r (or time t = x/U)
G(z) = vertical factor given by Equation (5.2)

Note that the sector-average model is given in cylindrical coordinates and the
straight-line plume model is given in Cartesian coordinates. This follows the normal
convention in the literature.

At long distances, the model further simplifies, due to uniform mixing in the
vertical, to

x@rz)y 1
Q® UH e,

(5.5)

As in the basic model, the code assumes that the plume is uniformly mixed in the vertical
when o is 1.2 times the uniform depth.

5.1.3 Area Source Model

The area source model starts with the following assumptions:

1) The area is a square with dimension 2a.
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2) The square is centered on the origin and oriented with sides parallel and
perpendicular to the wind direction. (The orientation of the square rotates with the
wind.) If the x-axis is aligned with the transport direction, the square covers the
area defined by -a<x<a,-a<y<a.

3) Material is released at a uniform rate, Qa, which has units of mass/ (area x time).
The equivalent point source release rate is 4a2QA.

Two area source models are provided: a centerline model and a sector-averaged
model.

5.1.3.1 Centerline Area Model
The concentration in the plume from an area source is determined as a function of

- the distance from the upwind edge of the area and the crosswind position. For receptors
with x-coordinates > -a and < a, the concentration is given by

, d 5.6
2(x,y,2)= IEUZ(X-C)U(Q{( [\/_o-y(x-é')] [fo—y RULIERCY

where ( is the variable of integration, erf is the error function, and G(z,() is Equation
(5.2) except o is 6,(x-0).

For receptors with x-coordinates > a, the concentration is given by

, dg (5.7
x(x,y,2)= I\/—O_z( 50U (C){( [\/—Uy( :)] [\/—Gy(x_g)])}C( )

Analytical solutions of the integrals in Equations (5.6) and (5.7) do not exist. The
integrals are solved numerically. The codes use a Simpson’s Integration scheme to
estimate the integrals.

At large downwind distances the concentrations can be estimated by assuming
that the dispersion coefficients are independent of {. That is, the concentration can be
estimated by

z(x,y;z)=—\/23—j—‘i*—66<z){ (erf] f (x)]+erf[ ﬁa'y s (5.8)
O Oy Oy

where the 2a comes from the integration. The distance at which the concentrations predicted by
Equation (5.7) approaches the concentration predicted by Equation (5.8) is a function of the
atmospheric stability and a function of the way in which o, and o, are parameterized. For all

41




stability classes and diffusion parameterization schemes, concentrations using Equation (5.7) and
Equations (5.8) are within about 1% when the distance is 10 times a.

When o, becomes 1.2 time the mixing height, Equation (5.8) can be simplified to

=2aQA 1
x(x,¥,2) 8T {2(erf[ \/5

]+ rf| D} (5.9)

J_ay

5.1.3.2 Sector-Averaged Area Model

In sector-average models, dispersion of material released from area sources are treated by
consndermg three regions: The source reglon an intermediate region, and a sector-average’
region. Concentrations in the source region are calculated using following equation:

Q.
0 = G d 5.10
1Oro= [ = T Ll (5.10)

Equation (5.10) is the same as Equation (5.6) except that the term involving the error function
has been deleted. In effect, deleting the error function term neglects lateral diffusion.

The intermediate region extends from the downwind edge of the source to the distance at
which the arclength of the sector equals the width of the source. When there are 16 sectors this
distance, ryg, is

a
(7716)

=5.093a (5.11)

re =

In the intermediate region the concentration is given by

_ Q.
7(0,1,2) jﬁ; D UG(Z,g)dg (5.12)

Equation (5.12) is Equation (5.7) without lateral diffusion.

Farther downwind, the lateral diffusion is proportional to 1/r, as it is in the point-source,
sector-average model. In this region the concentration is calculated from
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Eventually, as the distance from the origin increases, the sector-average concentration
from an area source converges to the sector-average concentration for a point source. The
sector-average model for a point-source is

(5.13)

Q,G(2)

Vaz o, @) U21L6r

x(0,1,2)= (5.14)

where Q, (= 4aQ,) is the point equivalent to the area source.
For the diffusion parameterizations in the code, the area sector-averaged model is within
1% of the point sector-averaged model for distance of Sa. Because the intermediate region

occurs at a distance greater than 5a, in the codes there are only two regions: the source region
(Equation (5.10)) and the sector-average point-source (Equation 5.14).

5.1.4 Finite Source Correction

The equations presented to this point all assume that the release flow is negligible. This
assumption is not valid for releases from short stacks and vents if the receptor is near the release
point. If the flow from the stack is neglected the result may be concentration estimate in
atmosphere that exceed the concentration in the stack. In simple cases, this unwanted result can
be avoided by modification of the equations to include the stack flow in the denominator of the
leading term on right hand side of the equations. For example, Equation (5.1) becomes

Z(xa}IszaH:heff) — 1
Qx) . 2zUh)oyo.+f0

exp(- 2y62) G(z) (5.15) .

where f0 is the stack flow in cubic meters per second.

Unfortunately, this simple modification does not work in all instances. A more general
correction can be made by assuming the dilution in the stack and atmosphere are additive in
manner of resistances in a parallel electrical circuit. If the concentration calculated assuming a
point source is denoted by (X/Q)’, and f0 is the flow, then the correct concentration in the
atmosphere near the source would be

_ (5.16)




5.1.5 Multiple Sources

On occasion it may be necessary to consider the combined effects of releases from more
than one source within the context of a straight line plume model. This is accomplished by
establishing a polar grid, determining the position of each source within the grid, and calculating
the position of the receptors relative to the source. For the acute model, all the sources are
assumed to be co-located at the center of the grid. For the chronic models, sources are allowed
to be located anywhere on the grid. The positions of the sources are specified by distance and
direction from the origin of this grid.

The following convention is used for treatment of multiple sources with the straight-line
plume models. A polar grid is defined, and the sources are specified by the distance and
direction from the origin of this grid. Source definition is completed when the number of
sources, m, is defined and a position is specified for each source. Table 5.1 shows a symbolic

- representation of a complete definition of source positions (assuming the first source is located at
the center of the grid). In general, the position of source m is given by coordinates (rsm,0sm),
where the subscript s indicates source and the subscript m identifies the specific source.

The position of each receptor must be specified in polar grid coordinates. Specification
.of the position of receptors by polar grid coordinates is sufficient if there is only one source or
the if sources are collocated. In the general case, however, the position of each receptor must be
determined with respect to each source. Given source and receptor locations in polar grid
coordinates, the distance from a source m to a receptor n can be calculated by:

The bearing from source m to receptor n.can be calculated by

Fsm Sin( Hsm)-rm Sin( am) .
Fsm COS( Hsm ) “Im COS( Hm)

Oumn=tan’'[ (5.18)

Table 5.1. Source position definition

Source Distance Direction
1 0 0
2 I's2 952
m I'sm esm
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Upon completion of calculation of the positions of all receptors with respect to all
sources, a matrix similar to that shown in Table 5.2 will have been filled. This matrix provides
the information necessary to compute the total concentrations at each receptor. However, the
information is not organized in a manner that promotes computational efficiency. To promote
computational efficiency, the information in Table 5.2 will be sorted and reorganized. When the

reorganization is complete the revised source/receptor position matrix will have the appearance
of Table 5.3.

Given the wind direction, the relationships shown in Table 5.3 can be used to quickly
identify all receptors downwind of each source. Each receptor will appear just once for each
source. However, the revised source/receptor matrix may be larger than the initial matrix
because for a given wind direction there may not be an equal number of receptors downwind of
all sources. For example, for the first downwind direction Table 5.3 shows two receptors
downwind of source 1 and three receptors downwind of source m.

Table 5.2. Initial Source/Receptor Position Matrix

Source 1 Source m
Receptor Distance Direction Distance Direction
1 I 011 I'm.l Om.1
2 2 012 I'm2 Om2
3 I3 013 I3 Om.3
‘l'l . Iin . el,n 'mn em,n
Table 5.3. Revised Source/Receptor Position Matrix
Source 1 Source m
Downwind . )
. . Distance Receptor Distance Receptor
Direction P p
91 Iy 1 'm.n n
0, r2 2 Im.3 3
9; I'in n I'm9 9
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5.1.6 Calm Winds

The derivation of the straight-line Gaussian plume model given in (5.1) is defined under
the assumption of a non-zero wind speeds. In the case of calm winds, there are two problems.
First, there is a zero wind speed, and second, there is no direction defined. For these codes, the
first problem is solved by assuming a minimum wind speed (1 m/s) for calm winds and applying
the straight-line Gaussian plume model.  To solve the second problem, no defined direction, the
code randomly picks a direction. The code assumes an equal weighting for each direction unless
the user supplies a distribution of low wind speed directions.

5.1.7 Calculation of Average and Time Integrated Concentrations

The chronic and acute model output the average and time-integrated concentrations,
respectively. In the plume models, the average concentration is given by

n(T)
Zo(%y:2)= P ACHEINY (5.19)
i=0
where Yav(X,y,z) = the average concentration at distance X, crosswind position y, and height z
(Ci/m?)
nxy,z) = the i™ concentration
n(T) = the number of concentrations during the time period, T
Wi = - aweighting factor, which is the number of hours of the i concentration in
time period, T

For the acute model, the time-integrated concentration is given by

Ex,y,z)= x,(x,y,2)At | : (5.20)

where E(x,y,z) is the time-integrated concentration (Ci-hr/m>) and At is the time step. For this
suite of codes, the time step is always 1 hour.

5.2 LAGRANGIAN PUFF MODEL

Lagrangian puff models use a sequence of puffs to simulate plumes. The use of puffs to
simulate plumes permits these models to easily account for spatial and temporal variations in the
atmospheric conditions that affect transport and diffusion. In addition, Lagrangian puff models
provide more straight-forward treatment of multiple sources and temporal variations in source
terms than do plume models. However given identical diffusion and deposition
parameterizations and appropriate model input, Lagrangian puff models can exactly reproduce
the results of a straight-line plume model.




Lagrangian puff models consist of two parts, a wind field model and a diffusion model.
The wind field model is used to move puffs. The diffusion model describes the spread of the
puffs. This section describes the major components of Lagrangian puff models, the wind field
model and the diffusion model. '

5.2.1 Transport

Puff movement is determined by the wind at the center of the puff, independent of the
size of the puff. The wind field model implicit in the straight-line plume model assumes that the
wind direction and speed do not change in time or space. Once released to the atmosphere,
material moves in a straight line with a direction defined by the wind direction at the time of
release. Straight-line plume models also implicitly assume that the transport speed is immaterial.
Wind fields in puff models permit curved plume trajectories and explicitly consider the transport
time. '

The wind model used in these codes is based upon a single meteorological station. For
hourly meteorological data, this provides temporal changes in the wind speed. The model
assumes spatially uniform winds, except the user can supply an array of surface roughness for
each grid point on the receptor grid. This would allow the wind speed to vary spatially, but the
wind direction would still be spatially uniform. See Section 5.3.2 for information on how the
surface roughness effects the wind speed.

The position of a puff is determined by a series of movements starting at the time the puff
is released. Hourly wind fields, based on the observed wind, are used to compute the puff
movement. The number of time steps used in computing the puff movement is equal to the
number of puffs released per hour (NPH) and is set as an input parameter in the codes. The time
step used in puff movement is then 1/NPH and is referred to as the puff advection period. An
even shorter interval, called the sampling period, is used in computing the time-integrated
concentrations and surface depositions.

The puff movement is computed in a five-step process. In sequence, the steps in the
process are: '

1. Estimate the wind at puff transport height at the current poéition

2. Make an initial estimate of puff position at the end of the advection period using the
transport-height wind for the current puff position

3. Estimate the transport-height wind at this initial estimate of the puff’s position at the end
of the advection period

4. Using the winds estimated in Step 3 and the puff’s current position, make a second
estimate of the puff’s position a the end of the advection period

5. Average the position estimated in steps 2 and 4
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The average position will be the position of the puff at the end of the advection period. These
steps are described mathematically below.

The puff movement calculation begins by calculating the wind at the puff’s current
position. The wind components are based on the station’s observed friction velocity, wind
direction, and surface roughness at the puff’s current position. The surface roughness of the
current position is the surface roughness of the closest point on the receptor grid.

The diabatic wind profile is used to adjust the wind speed at the puff-transport height
from the friction velocity and surface roughness (see Section 5.3.2). In general, the transport
height of the puffs will be their effective release height. The distance moved will be calculated
using the wind speed for the effective release height of the puff when the effective release height
is > 10 meters and < 100 meters. The 10-meter wind speed will be used in computing
movements for puff with release heights < 12 meters, and the wind speed at 100 meters will be
used to compute movements of puffs with effective release heights > 100 meters. Extrapolation
of wind speeds from a height of 10 meters to heights in excess of 100 meters is not considered
appropriate.

Next, an initial estimate of movement is made using the components of the transport
vector at the puff’s starting position. For a puff initially at x, y, z, the change in position is given
by

Ax=u(X,y,z)At

(5.21)
Ay=v(x,y,z)At

where u and v are the east-west and north-south components of the wind vector, respectively,
and At is the advection period (3600 sec/NPH). The initial estimate of the puff’s position at the
end of the advection period is

xX'=x+AX

, (5.22)
y =y+tAy

The transport winds at this location at the current time are then determined following the
same procedure used to obtain the initial transport wind estimates.

. The second set of estimates of the transport wind components is used to obtain a second
estimate of the puff movement

AX'=u(x,y’,z)At

t ! ’ (5.23)
Ay =v(x,y,z)At
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Finally, the puff’s position at the end of the advection period x", y" is determined from the
current position and the average of the two movement estimates

Xx"=x+0.5(Ax + AX")

, , (5.24)
y=yt05(Ay+Ay)

Material in a puff continues to contribute to the time-integrated air concentration and
surface deposition at grid nodes near the edge of the receptor grid even after the center of the
puff leaves the interior of the receptor grid as long as the puff center stays within the tracking
region. The tracking region is an area surrounding the réceptor grid that, along with allowing the
puffs to continue to contribute air concentration and deposition to the grid, also allows the puffs
to return from the tracking region to the receptor grid. Once the center of the puff moves beyond
the tracking region, the puff is consider to no longer be contributing to the grid and is turned off.
The size of the tracking region is a fraction of the distance from the center of the receptor grid to
the various boundaries (north, south, east, and west). The fraction is normally set to 0.4, but can
be altered by the user. For puffs in the tracking region, the puff movement is determined by the
winds at the closest grid points on the receptor grid.

5.2.2 Puff Diffusion
In Lagrangian puff models, calculation of concentrations take place in two steps. The
first step is calculation of the concentration in the puff as a function of distance from the center

of the puff. The second step is calculation of concentration at a fixed point in the model domain.

The concentration in puffs is given by

_ Qp (to H t) r2

X,(1,2,t) S, exp( > 0-3) G(2) (5.25)

where yp(r,z,t) = the concentration at a distance r from the center of the puff and height z
above ground at time t (Ci/m°)
Quto,t) = the mass in the puff (Q, = Q'(t;)At) released at time t, corrected for
. depletion and decay between t, and t (Ci) .

or = the radial dispersion coefficient (generally assumed to be equal to ) (m)

G@=)= The vertical factor (see Equation (5.2))

The mass in each puff is set at the time the puff is released. It is the product of the
release rate and the time separation between puffs. As each puff moves through the model
domain, the mass in the puff may be adjusted to account for deposition and radioactive decay.
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5.2.3 Calculation of Concentrations and Exposure

Calculation of the concentration at a poiht involves the summation of the contributions
from all puffs. This summation is represented as

N .
23@0= 22, (v %) + (v;-%,)'1%.2) (5.26)
. p=l
where y;i(z,t) = the concentration at position i,j at height z at time t (Ci/m®)
N = the number of puffs released prior to t
Xi, ¥j = the coordinates of position i,j.

In practice the summation is limited to puffs in the immediate vicinity of the point.
Immediate vicinity is defined as a function of a characteristic puff dimension, for example 4c;.
In the codes, the immediate vicinity can be defined by the user, but by default is defined as 5.3c;.

For the acute model, the time-integrated concentration or eXposure is required. In
Lagrangian puff models the exposure is calculated as

E;i(z.T)= i iz, DAt (5.27)

-

Exposures may also be calculated directly from puffs by including At in Equation (5.25).

The average concentration at a point is calculated in much the same manner as the
exposure. Itis

i@t t) =

(t l_t ) Z 2,@0At , (5.28)

where t; and t; define the time period for the average.

5.2.4 Sector-Average Model

There is no Lagrangian puff model equivalent to the sector-average straight-line model.

5.2.5 Multiple Sources

Multiple sources are easily defined within the framework of Lagrangian puff models
because these models use a Cartesian grid. There is no fundamental requirement that sources be
placed at any specific location within the grid. After a puff is released the location of the source
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is no longer relevant, although it may be useful to retain the identity of the source of each puff.
As in the plume models, the acute model assumes that all sources are co-located, while the
chronic model allows the sources to be placed anywhere on the grid.

5.2.6 Area Sources

Area sources may be modeled in Lagrangian puff model by using one or more sources.
Simple area sources may be treated using a single source and giving puffs finite initial
dimensions if the receptors of interest are outside of and not close to the area. More complex
sources may be treated by dividing the area source into regions and treating each region as a
simple source. This same procedure may be required for simple area sources if there are
receptors of interest in or near the source area. The distance from the area source to the closest
receptors can be used to develop guidelines for determining the number and configuration of
sources needed for a specific application.

5.2.7 Calm Winds

Lagrangian puff models do not become undefined if the wind speed is zero - puff
transport just stops. If the dispersion coefficients are defined on the basis of distance, diffusion
will also stop when the wind speed becomes zero. Diffusion is permitted to continue during
calms by defining dispersion coefficients on the basis of time rather than wind speed.

5.2.8 Finite Sources

In Lagrangian puff models, finite sources are treated by assigning puffs initial
dimensions. An appropriate set of dimensions can be determined from the stack flow and the
time between puffs. The relative magnitudes of the horizontal and vertical dispersion
coefficients must be assumed. Because this procedure gives puffs dimensions relative to real
plumes, Lagrangian models probably should not be used to determine concentrations in the
immediate vicinity of the stack. '

5.3 MODEL COMPONENT PARAMETERIZATIONS

The preceding sections describe the basic dispersion models included in the model suite.
This section describes the parameterizations for the components included in the models.

5.3.1 Effective Release Height

Both the plume and puff models in the suite have the ability to calculate concentrations
resulting from elevated releases. In each case the height of release is the effective release height.
Effective release height is defined as the actual release height with corrections for plume
downwash and plume rise. Formally,
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he=h5+Ahpr+Ahdw ) (529)

where hg is the stack height, Ah,, is the correction to the effective height due to plume rise, and
Ahgy is the correction to the effective height due to downwash. The downwash correction is a
function of time (effluent vertical velocity and wind speed); the plume rise correction is a
function of both time and distance from the source.

5.3.1.1 Downwash Correction
A plume downwash correction is applied in all plume rise calculations when the effluent

vertical velocity at the stack exit is less than 1.5 times the wind speed at release height. This
correction, which accounts for aerodynamic effects, is

Ahgw = 4ro[<-1.5] (5:30)
" Uth)
where w, = stack effluent vertical velocity (m/s)
ro = stack inside radius (m). '

If the stack-exit vertical velocity is equal to or greater than 1.5 times the release height wind
speed, the downwash correction is zero.

The correction described above is applied in all wind speeds in the EPA’s Industrial
Source Complex (ISC3) codes (EPA 1995). However, there is some question about the
appropriateness of the correction as the stack height wind speed approaches zero. For example,
Petersen and Lavadas (1986) assume a minimum release-height wind speed of 1.37 m/s when the
winds are near calm. In the codes, the default minimum wind speed for calculating plume rise is
1.5 m/s, but this variable can be defined by the user.

5.3.1.2 Plume Rise

Plume rise is calculated using the methods of Briggs (1969, 1972, 1973, 1975 and 1984).
The RATCHET (Ramsdell et al. 1994), ISC3 (EPA 1995), and INPUFF (Petersen and Lavdas
1986) codes use essentially the same set of equations for estimating final plume rise. These
equations are implemented in the suite of codes with minor modifications. In addition for the
plume models, transition plume rise equations are implemented for receptors near the source.
Plume rise calculated with the transition equations is compared with plume rise calculated with
final rise equations and the lesser value is used to determine the effective release height.
Transition rise is not calculated in the puff model.

The primary factors entering into plume rise calculations are the inside radius of the
stack, momentum and buoyancy fluxes from the stack, wind speed at release height, and
atmospheric stability. The specific plume rise equation used depends on relative importance of
the momentum and buoyancy fluxes, atmospheric stability (unstable/neutral and stable), wind
speed, and for buoyant plumes the magnitude of the buoyant flux.
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The momentum flux, F,,, is defined as

Fn=22 wl el
P ' (5.31)
~— (2, rs
where p, = stack effluent density (kg/m?)
Pa = ambient air density (kg/m°)
Wo = stack effluent vertical velocity (m/s)
Io = stack inside radius (m) A
Ta = ambient air temperature at stack height (K)
T, = stack effluent temperature (K).

If the release is through an uncapped vent that is not circular, the stack radius may be
approximated by the cross-sectional area divided by pi. The buoyancy flux is

szgM Wo rg
’ Pa (5.32)
To- Ta 2 :
HEg— Wy Io

a

Plumes are referred to as either momentum dominated (jets) or buoyancy dominated.
Very near the stack, plumes are generally momentum dominated. As rise continues, plumes tend
to become buoyancy dominated unless the density of the stack effluent and the air are the same.

Momentum Rise - Unstable and Neutral Conditions. During unstable and neutral
atmospheric conditions, the final plume rise, Ahy, for momentum-dominated plumes is

Ahor=6 [0 533
et =t ) -3

This rise is generally small and will reach its maximum value near the stack.

Buoyancy Rise - Unstable and Neutral Conditions. For buoyancy-dominated plumes in
unstable and neutral conditions, the final plume rise is

2/3
Ahye=1.6 F? % (5.34)
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where X is the distance to final plume rise. This distance is directly related to the buoyancy-flux
parameter. For small sources (Fy, < 55) the distance to final rise, in meters, is

xe=49F" (5.35)

and for large sources (Fp > 55) it is

x¢ =119F° (5.36)

Critical Temperature Difference. A critical temperature difference can be calculated for
use in determining whether a plume is dominated by momentum or buoyancy. This critical
temperature difference is found by combining Equations (5.33) and (5.34), setting AT, = (T, -
Ta), and solving AT.. The results of these manipulations are ‘

AT.=0.0187 (22)" T, (5.37)
I'o
for small sources, and
2
AT.=0.00456 (X)" T, : (5.38)
ro t

for large sources. Note that the leading constants in these equations have dimensions. If the
actual difference between the initial effluent temperature and the ambient air at stack height is
less than the critical temperature difference, plume rise is dominated by momentum. Otherwise,
the plume rise is buoyancy dominated.

Calm Winds. Equations (5.33) and (5.34) cannot be used to calculate plume rise in calm
winds because wind speed is in the denominator in the equations. To prevent this problem, a
- minimum stack height wind speed is specified. This minimum wind speed is the same as that
used in the downwash calculations.

Stable Conditions. During stable atmospheric conditions, plume rise calculations include
an atmospheric stability parameter. The atmospheric stability parameter is defined as

s=T§ gﬁ (5.39)
a Z

where g is the gravitational acceleration (~9.8 m/s? ) and 66/8z is the potential temperature lapse
rate. Potential temperature lapse rates of 0.02 K/m, 0.035 K/m, and 0.05 K/m are assumed for
stability classes 5, 6, and 7, respectively.
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Momentum Rise - Stable Conditions. The final rise momentum-dominated plumes in
stable conditions is given either by

: F 1/3
Ah, =15 (——— 5.40
hprf (U(hs)\/§ ) ( )

or equation (5.33), whichever is smaller. Again, momentum-dominated plume rise is generally

small and reaches its maximum value near the stack.

Buoyancy Rise - Stable Condltlons The final rise of buoyancy-dominated plumes in
stable condmons is

1/3 , .
A =2.6 [U( ) (5.41)

This rise is assumed for all distances greater than

Uch,)

s

=2.0715 (5.42)

When the wind is near calm, the final rise of buoyancy-dominated plumes in stable atmospheric
conditions can be estimated using

Ah,s=4 F* S (5.43)

Equations (5.41) and (5.43) can be used to define a crltlcal wind speed for use in selecting the
appropriate equation. This wind speed is

U.=0.2746 (F,V/S)" (5.44)

Equation (5.41) is used to calculate final plume rise when the wind speed at stack height is
greater than the critical speed. Otherwise, the final plume rise is calculated by Equation (5. 43)
Typically, the critical wind speed is less than 1 m/s.

Critical Temperature Difference. The critical temperature difference for determining
whether a plume is dominated by momentum or buoyancy is determined using Equations (5.40)
and (5.41). Assuming that the wind speed is greater that U, the critical temperature difference is
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AT.=0.01958 w, S*> T, . (5.45)

Equations (5.40) and (5.43) can be used to estimate a critical temperature difference during calm,
stable conditions. This difference is

AT.=0.0138 w, S"* T, (5.46)
Except for the value of the leading coefficient, Equations (5.45) and (5.46) are identical.

Equation (5.45) gives the larger critical temperature of the two equations. Therefore, the suite of
codes only uses Equation (5.45).

Elevated Inversions. Briggs (1975, 1984) discuss the effect of elevated inversion on
plume rise. The equations provided in these discussions include parameters related to the
strength of the inversion that would be difficult to estimate from routine meteorological data. In
the suite of codes, the plumes are assumed to be bent-over and are confined to the mixing layer
initially unless released above the mixing layer because, according to Briggs (1984), they have
limited ability to penetrate inversions.

Transition Plume Rise. Only in the plume models are the transition plume rise equations
used to determine plume rise for dispersion calculations for receptors that are near the source. -
During the transition phase, plume rise is independent of atmospheric stability. The transition
rise equation for jets is '

3Fn. X

W)W (547

Ahpa=(

where B 1s an entrainment constant for jets. The entrainment constant for jets given by Briggs
(1975, 1984) is -

p=04+ 12U C (548)

Wo

The transition rise for buoyant plumes is given by

3 Fu " 3 Fv 2)1/3

Ahuy = (=t x
"R 28 U

(5.49)

where B is the entréinment factor for buoyant plumes. Briggs (1984) suggest a value of 0.6 be
used for By,

Within a few meters of the source the momentum term may dominate the transition
plume rise. However, generally the buoyancy term will be dominant at distances of 100 m or




more. At these distances the momentum term may be dropped and Equation (5.49) may be
simplified to

/3 _2/3 ‘ '
Ahpn=——]'6 F{’J X (5.50)

Whenever transition plume rise is calculated in the codes, the transition rise is compared
with the final plume rise. The lesser plume rise is used in dispersion calculations.

In the case where the Schulman and Scire building downwash model is being used, the
transitional rise associated with this model is used instead of the above transitional rise
equations. The transition rise equation for Schulman and Scire downwash model is given in
Section 5.3.4.1.

532 Wind Profile

Frequently, wind speeds at heights other than the height at which they were measured are
required by the atmospheric models. Many wind measurements are made at 10 meters above the
ground or lower. For elevated releases, measured winds at these heights are not available. Thus
the models must estimate them from the surface-wind data. For both the puff and plume model,
if the release height is below 12 meters, the wind speed at 10 meter is used.

>

A diabatic wind-profile model is used to adjust the wind speed as needed. No attempt is
made to model the variation of wind direction with height above the ground. Diabatic profiles
account for the effect of surface roughness and atmospheric stability on the variation of wind
speed with height.

The diabatic profile model is derived from the atmospheric boundary layer similarity
‘theory proposed by Monin and Obukhov (1954). The basic hypothesis of similarity theory is that
a number of parameters in the atmospheric layer near the ground, including the wind profiles,
should be universal functions of the friction velocity, a length scale, and the height above
ground. The length scale, L, is referred to as the Monin-Obukhov length and the ratio z/L is
related to atmospheric stability. When z/L is negative and large (e.g., < -2), the atmosphere is
extremely unstable (convective). When z/L is near zero, the atmosphere is neutral, and when it
is positive and large (e.g., > 1), the atmosphere is extremely stable. A large body of
~ experimental data supports Monin-Obukhov similarity theory.

The diabatic wind profile is
. z z
U@) = [In(=) - ()] (5.51)
k Z0o L

where U(z) = wind speed at height z (m/s)
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= friction velocity (boundary-layer turbulence scaling velocity) (m/s)
von Karman constant, which has a value of about 0.4 (no units)
height (m)

measure of local surface roughness (roughness length) (m)
stability correction factor

= Monin-Obukhov Length (m)

U
Kk
z
2o
v
L

The term y(z/L) accounts for the effects of stability of the wind profile. In stable
atmospheric conditions, y(z/L) has the form -az/L, where a is a value between 4.7 and 5.2. For
the models, a value of 5 is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>