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1 • Introduction 

The environmental decision making community is now confronting the potential adverse 

health and ecological impacts of persistent chemicals such as metals and organic pollutants. The 

significance of these chemicals is attributed to their potential for health and ecological impacts at 

low concentrations, coupled with their ability to accumulate and persist in multiple environmental 

media. Their persistence allows adequate time for environmental interactions and long range 

transport to populations far from the source. Persistent organic pollutants (POPs) originate from a 

broad range of human activities, including combustion for energy production and transportation, 

industrial processes, and agricultural uses of pesticides. 

Environmental impacts have often been classified by the medium to which the pollutants 

are released, such as air, water, or soil. However, many POPs partition into multiple environmental 

media. Air emissions can result in contaminated soil, and contaminated soil can result in air 

pollution through the mass exchange between the air and soil. 

Another limitation for addressing POPs is that pollution is often regulated as a local 

problem. However, such an approach is not adequate for many POPs because they can be 

transported long distances in the environment. When a chemical travels long distances, it can 

cross local regulatory boundaries. In this sense, the scientific or regulatory community has not 



adequately addressed human exposure to POPs through multi-regional, multimedia exposure 

scenarios. 

The objective of this chapter is to present a methodology aimed at answering the following 

questions: 

o What measures can we use to determine whether or not a chemical is a POP with the 
potential for long range transport? 

o How do we properly quantify the population based potential dose resulting from a 
pollutant with the potential for long range transport? 

To answer the first question, we develop a framework to quantify the characteristic time ( -r) 

and characteristic travel distance ( CTD) for semi-volatile POPs in a multimedia environment. 

Characteristic time is a measure of temporal persistence; i.e. how long a chemical is likely to 

remain in a multimedia environment after being released to any compartment of that environment. 

The CTD, on the other hand, is a measure of how far a chemical is likely to travel in the multimedia 

environment and defines whether a chemical will have a local, regional, or global scale impact. 

A multimedia model is used here to incorporate chemical exchange among air, soil, water, 

and plants as well as chemical degradation in each compartment. This information is used to 

quantify the steady state spread of pollutants between media. 

To answer the second question, we present a conceptual model to characterize the 

population based potential dose by taking into consideration the CTDand the spatially varying 

population density. If a chemical travels long distances in the environment, more people are 

exposed to the chemical, although at lower concentrations. If the dose-respose model is assumed 

linear, then when more people are exposed to the chemical, there is a higher chance of someone 

experiencing an adverse effect from exposure to the chemical than if only a small number of 

people are exposed to a chemical. We compare the population based potential dose calculated 

with this conceptual model to the potential dose calculated using only the locally exposed 
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population. 

The methodologies presented here are appropriate for continuous, large non-point 

atmospheric emissions of organic chemicals, such as the collective emissions from a large urban 

area including industrial facilities, and combustion emissions for transportation, ·heating, and 

electrical generation. The methodologies are appropriate for ubiquitous chemicals with long 

atmospheric half-lives (several hours or days); a relatively high value for Kow, such that partitioning 

into vegetation and soil is significant (Kow > 1 x1 06); and a relatively high vapor pressure (VP) such 

that there is some partitioning from particles to the gas phase of the atmosphere (VP > 1 x1 o-10 

Pa). 

Defining -rand CTD of a chemical will give insight regarding the appropriate scale for 

regulation. The measure of population based potential dose can be used by decision makers for a 

variety of analyses to decide what chemical to use for a process or by policy makers to determine 

appropriate regulations when evaluating a new chemical as it is being introduced. Potential 

applications for these measures include risk assessment, pollution prevention assessment, health 

effects studies, pollutant mass balance studies, life cycle analyses, sustainability evaluation, and 

regulatory impact studies. Regulators can then focus on the chemicals with the highest population 

based potential dose and corresponding health risk, thereby providing more effective ways to 

regulate these chemicals. 

Two case studies are presented, one for a persistent chemical, 2,3,7,8-tetrachlorodibenzo

p-dioxin (TCDD), and one for a non-persistent chemical, benzo[a]pyrene. We will calculate -r, CTD 

and population based potential dose and discuss how the results differ when evaluating a 

persistent and non-persistent chemical. 
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1.1 Review of Environmental Modeling 

Historically, environmental contamination has been viewed primarily as a local problem, 

generally affecting one environmental medium, and regulated accordingly (1). This approach is 

changing as an increasing number of examples challenge this view. Traces of several POPs have 

been found in the Arctic although there are no sources of organic pollution there (2, 3). This 

indicates global scale pollution. Pesticides used in California's central valley have resulted in 

contamination in the Sierra Nevada Mountain Range (4, 5), an example of both a multimedia 

problem and long range transport. The chemicals DDT and various PCB's, whose use has been 

either banned or severely restricted in the US for over 20 years, are currently found in the 

sediments of the Great Lakes, illustrating persistence (6, 7). The foregoing are all examples of 

multi-dimensional problems that are difficult to understand using current models and stimulated the 

research presented in this chapter. 

The EPA Science Advisory Board has recommended that reliable, multimedia models 

would overcome a significant barrier to risk assessment for evaluating chemicals that partition into 

multiple environmental media (8). At present, two types of multimedia transport models are often 

used: single region, multimedia models and simplified global multimedia models. Fugacity based 

models that include different compartments, such as air, water, soil (one or more layers), 

vegetation, and sediment have been developed by Mackay (9) and McKone (1 0, 11 ). These 

models are comprehensive with respect to the environmental compartments within the model, yet 

lack spatial resolution. 

Multimedia models that include spatial resolution are also available. For example, the 

SimpleBox model (12) has a nested set of small-, medium- and large-scale "unit worlds". Global 

scale models have also been developed to determine the distance chemicals are likely to travel in 
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the environment and to look at temperature dependent trends (13, 14). These models do not 

include human exposure and thus cannot be used for exposure and risk assessment. 

1.1 Review of Human Exposure and Dose 

Quantifying the potential dose per person has been an essential element in the field of risk 

assessment since its inception. CaiTO X, a fugacity based multimedia model, calculates the dose 
. 

from multiple environmental media using twenty-three exposure pathways (1 0). All of these 

pathways are directly incorporated into the exposure model used in this chapter. Most often, these 

calculations are· carried out for an individual. Sometimes, risk to a population is calculated by 

multiplying the risk to a representative individual in a given group by the number of individuals in 

that group. Example calculations of population based dose can be found in case studies by both 

Thompson and Evans (15) and Webster and Connett (16). A study of global chemicals by Travis 

and Hester (17) calculated the background cancer risk from eleven global pollutants, based on 

measured background concentrations, demonstrating a need for research quantifying risk from 

chemicals with a potential for long range transport. 

Starting in 1988, the EPA began requiring companies to report the amount of toxic 

chemicals released from their facilities through the Toxic Release Inventories program. The 

simplest method to compare these releases considers the quantity released and the toxicity of the 

chemical (18). More advanced methods also include critical factors such as persistence, pollutant 

fate, or exposure factors (19, 20). It was demonstrated that more advanced methods yield 

significantly different results than simpler methods. The main drawbacks cited for the advanced 

methods are that they require more data which are often unavailable (19) and that increasing the 

complexity also increases the uncertainty (20"). 

5 



2. Methods 

We first define the multimedia model used to determine the concentrations in the relevant 

environmental media. The characteristic time is defined and then analytically derived using a 

multimedia model. We then present a methodology for determining the CTD tor airborne semi

volatile organic pollutants. A conceptual model for calculating the population based potential dose 

is also presented. This requires that we determine the exposure from multiple pathways to the 

multimedia environment. 

2.1 Defining the Multimedia Model 

We use a model with air, surface water, vegetation, and two soil compartments. A schematic of 

the model used as shown in Figure 1. All phases, (i.e. air, water, solids) in an environmental 

compartment are assumed to be in chemical equilibrium. From the phase composition of each 

compartment, the fugacity capacity (e.g. the chemical concentration per unit chemical fugacity) can 

be defined. The fugacity capacity ·of each compartment can be found in Reference 21. 

The steady state concentration in each environmental compartment is determined from the 

interactions among the environmental compartments and the decay rate in each compartment. 

Many of the model compartments and processes needed to define the interactions between 

compartments have been taken from the CaiTOX model (11, 22, 23). We use a fugacity-based 

model, a common approach for describing partitioning in multimedia systems (9, 24). 

The chemical exchange between compartments is determined by the transfer coefficients, 

or ''T" values. These values define the rate of mass transfer per unit mass inventory of the 

chemical in the compartment from which the chemical is transferred. Table 1 lists all of the 

transport processes used in the model. The equations for the transfer rates between compartments 
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can be found in Reference 21. To calculate the flux from one compartment to another, the mass 

transfer coefficient is multiplied by the mass in the compartment from which it originates. In the 

case of diffusion, the net flux is calculated from the gross flux in each direction. 

Mass transformation is modeled in each compartment based on pseudo-first-order rate 

constants taken from experimental or field data. This data is often scarce or highly uncertain and 

reported values often range over orders of magnitude, especially for vegetation (25-27). 

Transformation in air can include reactions with OH radicals and photodegradation.lransformation 

rates in soil differ among soil types, and include photodegradation on surface soils and degradation 

by microbial action in deeper soils. Transformation in vegetation can be rapid and includes 

photodegradation on the leaf surface (28, 29). 

Estimates of parameter values can rarely be characterized accurately by a single value, 

due to uncertainty in determining a parameter value, spatial variability, or both. A log-normal 

probability distribution is assigned to each parameter such that the range conforms to the 

environmental limits of the selected parameters. The parameter values and associated coefficient 

of variation (the standard deviation divided by the mean value) used in the case studies are found 

in Table 2. 

2.2 General Formulation of Characteristic Time 

Characteristic time is a measure of temporal persistence; i.e. how likely a chemical 

pollutant is to remain in a multimedia environment after being released to any compartment of that 

environment. The characteristic time can be determined by finding the overall decay rate of the 

chemical in a closed, defined landscape system. Because the decay rates in each environmental 
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media can differ significantly for a given chemical, determining the -r in the environment requires 

knowing both the mass distribution among environmental media and the media-specific half-lives. 

The instantaneous mean life or average life expectancy of a molecule in an environmental 

compartment, -r, is defined as the inverse of the decay rate in the compartment (30). We will refer 

to this as -r for that compartment: 

1 
'!=-

k 
(1) 

where k is the decay rate, representing radioactive decay or chemical reactions that irreversibly 

remove the chemical from the system. In a two compartment system, such as in Figure 2, the 

effective decay rate is mass averaged between the two compartments, leading to the following 

instantaneous overall decay rate (31 ): 

(2) 

where M; is the mass in compartment f(kg). 

We prefer steady state calculation methods to inform decisions regarding chemical 

impacts in the environment (31 ). The steady state distribution accounts for location of the source 

and for advective phase-transfer processes while retaining sufficient simplicity to complete 

calculations in a tractable form, such as a spreadsheet, useful if the output of the analysis is to be 

utilized as a factor in decision making or subjected to an uncertainty analysis. Methods have been 

developed to classification trees to determine if a chemical is persistent or non-persistent using this 

measure for characteristic time based on the input properties of the chemical (32). A similar 

formulation has been developed by Webster et al. (33). 

If more than one environmental compartment influences the overall decay rate in the 

environment, the effective decay rate equation can be expanded to include any number of 
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environmental compartments. For the multimedia system used in this paper, we use the following 

equation: 

(4) 

where the indices a, p, g, s, and ware for the air, plant, ground surface soil, root zone soil, and 

surface water compartments, respectively. 

2.3 General Formulation of Characteristic Travel Distance 

The CTD is a measure of how far a chemical is likely to travel in the multimedia 

environment and is derived analytically by following the movement of a particular mass of pollutant 

in a moving Lagrangian air cell as it interacts with the non-moving compartments of the 

environment (i.e. vegetation and soil). We begin with a two compartment system, a moving (i.e. 

air) compartment and a non-moving compartment (i.e. vegetation and soil). This system, 

illustrated in Figure 3, can be thought of as a simple representation of the more complex 

environmental model shown in Figure 1. 

We calculate the change in chemical mass in a moving Lagrangian ai~ cell as the cell 

travels in a one dimensional band away from the area of release (the source region). The 

concentration in air is reduced with distance based on degradation in air, transfer to and 

subsequent degradation in other media. We chose the CTD as the distance from the source at 

which the concentration is reduced by 63% (i.e. reduced to 1/e of the original concentration). By 

using a continuous differential Lagrangian structure, the results are obtained in closed analytic form 

as opposed to a more complex numerical form. 

We make the following assumptions: the source term is continuous, the system has 

reached steady state; there is no lateral air dispersion; the long-term average wind pattern can be 
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represented by an equivalent steady wind rate in one direction; the landscape properties do not 

vary spatially (or can be spatially averaged); and the atmospheric mixing layer height is constant. 

We believe these assumptions are justified when considering a large continuous area source, such 

as the collective sources from a large urban or agricultural region. 

The Lagrangian cell represents a small portion of the continuous stream of a pollutant 

flowing from the source at an average windspeed of u (m/d). At steady state, neither the moving 

nor the non-moving phases are accumulating mass with time at a particular location. The mass 

transferred to the non-moving phase is equal to the mass decayed in that phase. Additionally, the 

ratio of the mass in the ground to the mass in the air is spatially independent. 

In the Lagrangian model for the airborne pollutant, we balance the time rate of change of 

mass with both the decay in the moving phase and the net transfer to the non-moving phase. We 

define the effective decay rate, keffective (1/s) as: 

(5) 

The effective decay rate is essentially the mass in each compartment multiplied by the 

decay rate in the corresponding compartment divided by the mass in the moving phase. Solving 

for the concentration profile as one moves away from the source yields the following result: 

-kefftctivt 

Cl (x,u )= Cl (o)e-u -x = Ci(o)e-xfCTD (6) 

We define the CTD to normalize the distance from the source as 

CTD = ulkeffective. The characteristic travel distance is the same for the moving and non-moving 

comparments since the ratio between the concentrations is spatially independent. This implies that 

the concentration decreases at the same rate with distance from the source in both compartments. 

The complete derivation can be found in Reference 21 . 
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Again, if multiple environmental compartments influence the CTD, it is necessary to 

include these compartments in the calculation. We expand the definition of CTD to the multi-

compartment system shown in Figure 1 : 

(7) 

The steady state mass in all of the compartments is derived in Reference 21. 

This method for calculating the CTD has also been applied to other multimedia models 

(34). It is interesting to note that the CTD is not necessarily well correlated to 't'. A chemical may 

be persistent but not have a long travel distance if it primarily partitions into the non-moving phases 

of the environment (35). 

2.4 Population Based Potential Dose 

We develop a conceptual model for calculating the population based potential dose that 

incorporates the CTD of a particular chemical and the spatially dependent population density. 

Humans are exposed to chemicals in the environment through multiple pathways. Exposure is 

characterized by route of entry as inhalation, ingestion, or dermal uptake. Inhalation exposure 

includes contact with both indoor and outdoor air. The ingestion pathways include tap water 

consumption; incidental soil ingestion; and intake of fruits, vegetables, grains, and animal products, 

such as meat, poultry, eggs, and dairy. The dermal route includes exposure through contaminated 

water from bathing and recreation, as well as from soil on the skin. The pathways are summarized 

in Table 3. Potential dose is calculated from the contact rate with the exposure media and the 
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chemical concentrations in these exposure media (i.e. tap water, indoor air, etc.)1. 

For each exposure pathway shown in Table 3, the potential dose is calculated from the 

concentration in the corresponding environmental medium, the relationship between the exposure 

medium concentration and environmental medium concentration, intake rate, body weight, activity 

patterns, and exposure duration as (36): 

ADD= C xRx CR x EDxEF 
env BW AT (8} 

where ADD is the average daily dose of chemical via exposure route (mg/kg/day}, Cenv is the 

chemical concentration in the environmental medium (mg/kg), R is the ratio of the environmental 

concentration and the exposure concentration, CR is the contact rate (kg/day), BW is the body 

weight (kg), ED is the exposure duration (years), EFis the exposure frequency (days/year), and AT 

is the averaging time (days). 

The input parameters (e.g. breathing rate, water intake rate, etc.) vary between pathways, 

thus Equation 8 is written differently for each exposure pathway. The risk to an individual due to 

exposure to a carcinogen is calculated by multiplying the ADD by a cancer potency factor (CPF). 

In a risk assessment, this equation is most often applied to a site specific case to determine the 

risk to an individual. For an air emission, a plume model is used to calculate realistic exposure 

concentrations for an individual living close to the site. In our case, Equation 8 will be applied to all 

individuals exposed to the chemical. 

Exposure Concentrations - Exposure media concentrations may differ from the ambient 

1 Here we define the potential dose as the amount of chemical that passes into an individual while the actual dose 
quantifies the amount of chemical that is absorbed into an individual (e.g. the amount of chemical in the air an 
individual breathes is the potential dose while the actual dose is the portion of that air that passes into the lung tissue). 
Ideally, risk should be based on the actual dose, but often the potential dose is assumed to equal the dose, an 
assumption also made in this chapter. 
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environmental media concentrations and can be calculated from the ambient air, soil, vegetation,· 

and surface water concentrations. For example, the concentration of a chemical in the indoor air 

differs from the concentration in the outdoor air. The indoor air concentration is influenced by the 

concentration in the outdoor air, the concentration in the soil gas below the house, the 

concentration in tap water, and the concentration in resuspended particles in the home attributable 

to soil tracking, due to shoes, clothing, and the fur of pets or particles in the outdoor air that enter 

the home and are subsequently deposited. Another example is the concentration in meat, which 

depends on the animal's ingestion of contaminated soil, pasture and grains, and inhalation of air. 

Equations relating exposure media concentrations to environmental concentrations were taken 

directly from the CaiTO X model (37). 

Human Activity and Contact- The remainder of the terms needed to calculate the ADD in 

Equation 8 for each exposure pathway relate to various aspects of human activity and contact. 

Again, the processes used are taken from CaiTO X (37). Exposure duration, the length of time a 

person is likely to be exposed to a contaminant, is needed to calculate the ADD. However, for 

population dose, we assume a constant total population and thus calculate the dose as a long-term 

annual average. 

Model of Population Exposure -We use the following equation for the population dose: 

Population Based Potential Dose= fJ P(x, y )x ADD (x, y )dxdy (9) 

where Pis the population Density (Persons/m2) and ADD is the dose per Person (mg/kg-d). In this 

equation, both the dose per person and the population density can vary spatially. We must, 

however, determine the appropriate scale to use, the system boundaries, and the population 
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density. 

When calculating a population dose, we are not concerned with the variability between 

members of the population. A Monte Carlo simulation that varies uncertainty and variability 

simultaneously can be used to predict the mean value of the population based potential dose. If a 

population risk is determined from the population based potential dose calculated by Equation 9, a 

linear dose response curve must be used for the risk measure to be meaningful. 

We consider an idealized environmental model with the source term located in the urban 

region where the population density is highest. We assume a steady wind blowing from the urban 

region toward the suburban and rural regions, which have lower population densities than the 

urban region. 

Figure 4a presents a geqmetry that accounts for the coupling of the higher population 

density and higher dose per person in the urban region. We call this the spatial model. The 

concentration is constant in the urban region and decreases exponentially with distance due to 

decay in the environment as the distance from the source region increases. Population densities 

are assumed constant in time in the urban, suburban and rural regions. This geometry uses a wind 

velocity that always travels in a constant direction with no lateral dispersion. We believe these 

simplifications are appropriate because the spatial model is designed to compare chemicals, not 

determine actual risk levels. The equation for the population based potential dose for the spatial 

model is: 

w' 

Population Dose= Pu xADDxwywx + J Psu xADDxe-(x-w.)tcTD xwY dx 

00 

+ f PR xADDxe-(x-w.}!CTDxwy dx 
. 

wx 

(10) 

the subscripts U, SU, and R refer to urban, suburban, and rural, respectivly; Wx is the width of the 
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urban region in the x direction (m), and Wy is the width of the urban region in they direction (m) and 

Wx' is the distance at which the population density changes from suburban to rural, (Au+Asu)/wy. · 

The ADD is calculated from the multimedia, multipathway exposure model. The model 

region is the size of a representative urban region and we assume an open region (i.e. wind flows 

out of the region). The size and population densities of the urban, suburban, and rural regions are 

representative, with the values listed in Table 4. The width and length of the urban region, Wx and 

Wy, are both taken as equal to the square root of the urban area. The CTD is calculated using the 

methods presented in the previous section. 

The spatial model is compared to the urban model shown in Figure 4b. In this model, only 

the urban population is exposed and we use the following equation to calculate the population 

based potential dose: 

PopulationDose= Pu xADDxwxwy (11) 

3. Case Study 

To demonstrate the calculation and evaluation of r, CTD, and population based potential 

dose, we carried out a case study using two chemicals, one that is considered persistent, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), and one that is not considered persistent, benzo[a]pyrene. 

TCDD is typically released into the air as a by-product from incineration, combustion of fossil fuels, 

and industrial processes in urban areas, but often contaminates suburban and rural sites as well 

(38, 39). Airborne 2,3,7,8-TCDD is found in both the gaseous and particulate phases. TCDD is 

also released to the land and water through industrial sources and landfills. TCDD has limited 

degradation in soil (40-42) and decays both in air and in vegetation (29, 43-46). In the vapor phase 

of the atmosphere, reaction with OH radicals is the dominant degradation pathway. TCDD on 

particles has negligible degradation. The primary degradation process for TCDD in vegetation is 
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the reductive dehalogenation by sunlight which requires proton donors. Because the lipids in 

plants are rich sources of proton donors, we expect higher degradation rates in vegetation relative 

to air (42, 43). 

Benzo[a]pyrene is a polyaromatic hydrocarbon that decays rapidly in air and tends to favor 

the lipid phases of the environment. Benzo[ a]pyrene is also a byproduct of combustion. This 

chemical is found at much higher concentrations in urban regions, indicating that it does not travel 

a long way in the environment (47). At present, there is no information on the degradation rate of 

benzo[a]pyrene in vegetation and we assumed a decay rate equal to that in surface soil. The 

representative values used for all of the chemical properties in calculating the three measures are 

listed in Table 5. 

Characteristic Time- The characteristic times for steady dioxin emissions to both air and soil are 

plotted in Figure 5. The characteristic time is over an order of magnitude greater when the 

pollutant is released directly to the soil compartment. The characteristic time is much less if 

released to air because a significant portion is decayed in air, consistent with the findings of the 

dynamic mass balance completed by Eisenberg et al. (48). This demonstrates the importance of 

determining the location of the source term when calculating r. Benzo[a]pyrene also has a much 

longer rwhen released to soil than to air. Webster et al. (33) have also developed a method for 

calculating rand also found it important to characterize the medium of entry into the environment. 

Characteristic Travel Distance- The CTD for benzo[a]pyrene was calculated to be on the order 

of 30 km. Benzo[a]pyrene has a relatively short CTD due to a relatively rapid degradation rate in 

air. Consistent with this model prediction, field studies have found benzo[a]pyrene in suburban but 
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not rural regions (47). 

In contrast, the CTDfor TCDD was calculated to be on the order of 600 km. Many field 

studies have found fairly uniform TCDD concentrations in the northern hemisphere (49) while 

others have found TCDD concentrations in urban regions approximately one order of magnitude 

greater than concentrations found in rural regions (50). The calculated CTD is on the same order of 

magnitude as, or greater than, the distance between urban centers. With a CTD of 600 km, we do 

expectTCDD to show some reduction in concentration between urban and rural regions. 

However, we expect less spatial variation if the urban centers are located less than 600 km apart, 

explaining th(3 fairly uniform concentrations reported in the literature. 

To illustrate the possible effect of one urban center on another, we use two large urban 

centers located 500 km apart as shown in Figure 6. We assume an average steady wind from 

Center A to Center B. The size of the urban centers and their corresponding sources are assumed 

to be equal. Therefore, each center would have the same concentration if considered 

independently. Since all of the processes are linear, we can use the principle of superposition and 

sum the concentrations. The fraction of the initial concentration at each urban center and the 

cumulative total are plotted with distance in Figure 6. Since the centers are slightly less than one 

CTD apart, approximately one-third of the concentration at Center 8 results from Center A . If we 

consider the effect of managing the local sources in Center B relative to input from Center A, we 

determine that although reducing emissions at Center 8 will impact concentrations, a more regional 

approach is necessary for additional reductions. Thus, chemicals with long spatial ranges need to 

be managed regionally. This knowledge can be used to reduce human exposures through regional 

strategies that address multiple sources in place of single source management. 

We completed a Monte Carlo uncertainty analysis with 5000 simulations to generate a 
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distribution of plausible CTD values for TCDD with the Crystal Ball software package (51). The 

range of values for the CTD of TCDD was from 100 to 1090 km. This range results from both 

uncertainty in chemical properties and variability in landscape properties. 

To understand which inputs contribute significantly to the uncertainty in the output, a 

sensitivity analysis was performed to calculate the rank correlation coefficients between CTD and· 

its defining parameters. The rank correlation coefficients are a measure of the strength of the 

linear relationship between each input and the CTD. ihis technique considers both the range of 

uncertainty in the input parameter and the influence of the parameter on the CTD. The rank 

correlation coefficients are squared and the values normalized to 100% to determine the 

approximate contribution to variance. The most influential parameters are displayed in Figure 7. 

Decreasing the uncertainty and variability in these parameters would have the largest impact for 

reducing the estimated uncertainty range of CTD. The wind speed, rainfall rate, temperature, and 

plant biomass are all highly variable and are dependent on site specific data. The half-life in air, 

half-life in vegetation, and vegetation-air partition coefficient are all poorly characterized in the 

literature and thus the uncertainty of CTDs could be reduced as these input values are better 

defined. 

Evaluation of multimedia mass distribution ·To gain confidence in the four compartment 

model, we used a stationary system with an area of 250,000 km2, a continuous emission of 1.1 

g/d, and a windspeed of 4 m/s through the system (52, 53). These values were selected to 

represent the conditions in Germany, where background concentrations have been measured (54). 

The calculated TCDD concentrations appear to be in agreement with background measurements 

from Germany, as shown in Table 6 (54). Additionally, calculated transfer rates from air to soil are 

in the range of experimental data (55). We also compared the model to a vegetation scavenging 
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ratio determined for TCDD, measuring the vegetation concentration resulting from all processes to the 

air concentration and found it to be the same order of magnitude (56). 

Population Based Potential Dose- The uncertainty distributions for the population based potential 

dose for both benzo[a]pyrene and TCDD using the spatial and urban models are shown in Figure 

8. For benzo[a)pyrene, the potential dose is nearly the same using the two calculation methods 

because very little chemical is carried out of the system by advection. In contrast, for TCDD, the 

urban model predicts approximately one half the population dose as does the spatial model 

because much of the chemical is advected out of the model system by wind. This difference is 

comparable to other sources of uncertainty in the calculation. Thus, for TCDD (and any other 

chemical with a long CTD such as DDT or hexochlorobenzene), it is important to consider using 

the spatial model to calculate population exposure as opposed to the urban model which only 

considers the locally exposed population. 

4.0 Conclusions and Recommendations 

In any effort to assess the potential adverse effects of a chemical, "· CTD, and the 

population based potential dose are important components of the analysis. From a policy 

perspective, these methods need to be transparent and representative of the complex dynamic 

environment. In this chapter, we demonstrated simple methods for estimating all three measures. 

The characteristic time can be used to evaluate whether a chemical is a POP while the 

CTD determines if a chemical has the potential for long range transport. The duration over which 

impacts are assessed should be on the same order of magnitude as 'rfor that chemical. We also 

showed the importance of using the correct medium receiving releases of a chemical such as 
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TCDD. 

The CTD is essential in any effort to assess the potential adverse effects of a chemical. 

Often established by political or geographical boundaries (air pollution districts, state boundaries, 

etc.) or by tradition (i.e. a specified distance from a source), the "regulatory scale" is arbitrary and 

often not defensible by scientific analysis. In this chapter, we have demonstrated simple methods 

for making preliminary estimates of the CTD that defines the effective range of impact for a 

chemical contaminant. The CTD is needed before deciding what scale to use when measuring or 

modeling the dispersion of an environmental contaminant. This method was evaluated through a 

case study of TCDD, for which we found a CTD on the order of 600 km. This value is realistic 

when considered in conjunction with available monitoring data. If a chemical has a CTD on the 

order of magnitude of, or greater than, the typical distance between urban centers, it is important to 

regulate the chemical regionally, as opposed to locally. 

When making choices among alternative chemicals for use in a certain process, evaluating 

a new chemical upon its introduction to commerce, or deciding if one should further regulate a 

chemical presently in use, we may want to determine the population based potential dose to that 

chemical per unit release. If a chemical has a long CTD in the environment, calculating the risk 

only to individuals near the site may be insufficient, as we must consider the exposure to the 

population far from the site. We show that as the CTD increases, the differences between 

calculation methods can be on the same order of magnitude as contributions from other sources of 

uncertainty in the calculation (this was the case here for TCDD). It is important to note that the 

comparison between sources of uncertainty is chemical specific. We recommend that as the CTD 

of the chemical pollutant increases, the population based potential dose should be calculated and 

the model used for the calculation carefully selected. 
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In all of the calculations, several assumptions were made, including: spatially independent 

exposure parameters, a linear cancer slope factor at low doses, no dispersion of airborne 

chemicals, all sources located in urban regions, a uniform population density in each of the three 

categories, each assumed to be in a uniform geographical pattern. We have not evaluated the 

effects of these assumptions on the reliability of the results because this model is intended for 

screening level purposes in order to compare chemicals, not to determine the level of risk. 

These measures are useful for determining the potential for exposure prior to introducing a 

new chemical to the market. The list of possible uses for such measures of persistence include risk 

assessments, life cycle impact analyses, development of pollution prevention strategies, evaluation of 

pollutant mass balances, comparisons between toxic release inventories, and regulatory impact 

studies. 

Acknowledgments -This work was supported in part by the US Environmental Protection Agency 

and carried out at Lawrence Berkeley National Laboratory through the US Department of Energy 

under Contract Grant No. DE-AC03-765F00098. EPA funding was provided by the National 

Exposure Research Laboratory through Interagency Agreement# DW-988-38190-01-0. The EPA 

STAR Fellowship program also provided funding for D.H. Bennett. 

21 



References 

1. NRC, Science and Judgment in Risk Assessment. 1994, Washington, DC: National 
Academy Press. 

2. Kidd, K.A., R.H. Hesslein, B.J. Ross, K. Koczanski, G.R. Stephens, and D.C.G. Muir, 
Bioaccumulation of organochlorines through a remote freshwater food web in the 
Canadian Arctic. Environmental Pollution, 1998. 102: p. 91-103. 

3. Muir, D.C.G., N.P. Grift, W.L. Lockhart, P. Wilkinson, B.N. Billeck, and G.J. Brunskill, 
Spatial trends and historical profiles of organochlorine pesticides in arctic lake sediments. 
Science of the Total Environment, 1995. 161: p. 447-457. 

4. McConnell, L., J. LeNoir, S. Datta, and J. Seibert, Wet deposition of current-use pesticides 
in the Sierra Nevada Mountain Range, California, USA. Environ. Tox. Chern., 1998. 17: p. 
1908-1916. 

5. Datta, S., L. McMonnell, J. Baker, J. Lenoir, and J. Seiber, Evidence for atmospheric 
transport and deposition of polychlorinated biphenyls to the Lake Tahoe basin, California
Nevada. Environ. Sci. Technol., 1998.32: p. 1378-1385. 

6. Cortes, D.R., I. Basu, C.W. Sweet, K.A. Brice, R.M. Hoff, and R.A. Hites, Temporal trends 
in gas-phase concentrations of chlorinated pesticides measured at the shores of the Great 
Lakes. Environ. Sci. Technol., 1998.32: p. 1920-1927. 

7. Hillery, B.R., I. Basu, C.W. Sweet, and R.A. Hites, Temporal and spatial trends in a long
term study of gas phase PCB concentrations near the Great Lakes. Environ. Sci. Technol., 

·1997. 31: p. 1811-1816. 

8. SAB, S.A.B., A Guide to Risk Ranking, Risk Reduction, and Research Planning. 1995, 
Washington, DC: US Environmental Protection Agency. · 

9. Mackay, D. and S. Paterson, Evaluating the multimedia fate of organic chemicals- A level
Ill fugacity model. Environ. Sci. Technol., 1991. 25: p. 427-436. 

10. McKone, T.E., CaiTOX, A Multimedia Total-Exposure Model for Hazardous-Wastes Sites 
Part 1: Executive Summary. 1993, prepared for the Department of Toxic Substances 
Control, California Environmental Protection Agency, Lawrence Livermore National 
Laboratory: Livermore, CA. 

11. McKone, T.E., CaiTOX, A Multimedia Total-Exposure Model for Hazardous-Wastes Sites 
Part II: The Dynamic Multimedia Transport and Transformation Model. 1993, prepared for 
the Department of Toxic Substances Control, California Environmental Protection Agency, 
Lawrence Livermore National Laboratory: Livermore, CA. 

12. Brandes, L.J., H. den Hollander, and D. van de Meent, SimpleBox 2.0: A Nested 
Multimedia Fate Model for Evaluating the Environmental Fate of Chemicals. 1996, RIVM: 
The Netherlands. 

13. Scheringer, M., Characterization of the environmental distribution behavior of organic 
chemicals by means of persistence and spatial range. Environ. Sci. T echnol., 1997. 31 : p. 
2891-2897. 

22 



14. Wania, F. and D. Mackay, Tracking the distribution of persistent organic pollutants. 
Environ. Sci. Technol., 1996.30: p. A3.90-A396. 

15. Thompson, K.M. and J.S. Evans, The value of improved national exposure information for 
perchloroethylene Perc: A case study for dry cleaners. Risk Analysis, 1997. 17: p. 253-
271. 

16. Webster, T. and P. Connett, Cumulative impact of incineration on agriculture: A screening 
procedure for calculating population risk. Chemosphere, 1989. 19: p. 597-602. 

17. Travis, C.C. and S. Hester, Global chemical pollution. Environ. Sci. Technol., 1991.25: p. 
814-819. 

18. Horvath, A., C. Hendrickson, L. Lave, F. McMichael, and T. Wu, Toxic emissions indices 
for green design and inventory. Environ. Sci. Technol., 1995. 29: p. A86-A90. 

19. Hertwich, E., W. Pease, and T. McKone, Evaluating toxic impact assessment methods: 
Whatworksbest?Environ. Sci. Technol., 1998.32: p. A138-A144. 

20. Jia, C., A. Di Guardo, and D. Mackay, Toxic release Inventories: Opportunities for 
improved presentation and interpretation. Environ. Sci. Technol., 1996. 30: p. 86A-91A. 

21. Bennett, D.H., M. Matthies, T.E. McKone, and W.E. Kastenberg, General formulation of 
characteristic travel distance for semi-volitile organic chemicals in a multi-media 
environment. Environ. Sci. Technol., 1998. 32: p. 4023-4030. 

22. McKone, T.E., Alternative modeling approaches for contaminant fate in soils: Uncertainty, 
variability, and reliability. Reliability Engineering and System Safety, 1996. 54: p. 165-181. 

23. Maddalena, R.L., T.E. McKone, D.W. Layton, and D.P.H. Hsieh, Comparison of multi
media transport and transformation models: Regional fugacity model vs. CaiTOX. 
Chemosphere, 1995. 30: p. 869-899. 

24. Mackay, D., Multimedia Environmental Models, the Fugacity Approach. 1991, Chelsea, Ml: 
Lewis Publishers. 

25. Komossa, D. and H. Sandermann, Plant metabolic studies of the growth regulator maleic 
hydrazide. Journal of Agricultural and Food Chemistry, 1995.43: p. 2713-2715. 

26. Mackay, D., W.Y. Shiu, and K.C. Ma, Illustrated Handbook of Physical-Chemical 
Properties and Environmental Fate for Organic Chemicals. Vol. 1-4. 1995, Boca Raton: 
Lewis Publishers. 

27. Ye, Q.P., R.K. Puri, S. Kapila, and A. F. Yanders, Studies on the transport and 
transformation of PCBS in plants. Chemosphere, 1992. 25: p. 1475-1479. 

28. Schwack, W., W. Andlauer, and W. Armbruster, Photochemistry of parathion in the plant 
cuticle environment- Model reactions in the presence of 2-propanol and methyl12-
hydroxystearate. Pesticide Science, 1994. 40: p. 279-284. 

29. Crosby, D.G. and A.S. Wong, Environmental degradation of 2,3,7,8-Tetrachlorodibenzo-p
dioxin (TCDD). Science, 1977.195: p. 1337-1338. 

30. Lamarsh, J.R., Introduction to Nuclear Engineering. 2nd ed. 1983, Reading, MA: Addison
Wesley. 

23 



31. Bennett, D.H., W.E. Kastenberg, and T.E. McKone, General formulation of characteristic 
time for persistent organic chemicals in a multimedia environment. Environ. Sci. Techno!., 
1999. 33: p. 503-509. 

32. Bennett, D.H., T.E. McKone, and W.E. Kastenberg, CART Analysis of the Characteristic 
Time for Chemicals in a Multimedia Environment. Environ. Tax. Chern., 1999.19:810-819. 

33. Webster, E., D. Mackay, and F. Wania, Evaluating environmental persistence. Environ. 
Tax. Chern, 1998. 17: p. 2148-2158. 

34. Beyer, A., D. Mackay, M. Matthies, F. Wania, and E. Webster, Assessing Long-Range 
Transport Potential of Persistent Organic Pollutants. Environ. Sci. Techno!., 2000. 34: p. 
699-703. 

35. Scheringer, M., D.H. Bennett, T.E. McKone, and K. Hungerbuhler, Relationship between 
persistence and spatial range of environmental chemicals, in Persistent Toxic 
Bioaccumulative Chemicals: Fate and Exposure, R.L. Lipnick, eta/., Editors. 2000, 
American Chemical Society: Washington DC. p. in press. 

36. USEPA, Exposure Factors Handbook. 1989, U.S. Environmental Protection Agency, Office 
of Health and Environmental Assessment. 

37. McKone, T.E.; A Multimedia Total-Exposure Model for Hazardous-Wastes Sites Part Ill: 
The Multiple-Pathway Exposure Model. 1993, prepared for the State of California, 
Department Toxic Substances Control, Lawrence Livermore National Laboratory: 
Livermore, CA. 

38. Calamari, D., E. Bacci, S. Focardi, C. Gaggi, M. Morosini, and M. Vighi, Role of plant 
biomass in the global environmental partitioning of chlorinated hydrocarbons. Environ. Sci. 
Techno!., 1991.25: p. 1489-1495. 

39. Eitzer, B.D. and A.A. Hites, Polychlorinated dibenzo-para-dioxins and dibenzofurans in the 
ambient atmosphere of Bloomington, Indiana. Environ. Sci. Techno!., 1989. 23: p. 1389-
1395. 

40. Paustenbach, D.J., R.J. Wenning, V. Lau, N.W. Harrington, O.K. Rennix, and A.H. 
Parsons, Recent developments on the hazards posed by 2,3, 7,8-Tetrachlorodibenzo-Para
Dioxin in soil - implications for setting risk-based cleanup levels at residential and industrial 
sites. J. Toxicol. Environ. Health, 1992.36: p. 103-149. 

41. di Domenico, A., S. Cerlesi, and S. Ratti, A 2-exponentia/ model to describe the vanishing 
trend of 2,3,7,8-tetrach/orodibenzodioxin (TCDD) in the soil at Seveso, northern Italy. 
Chemosphere, 1990. 20: p. 1559-1566. 

42. Arthur, M. and J. Frea, 2,3,7,8-Tetrach/orodibenzo-P-dioxin: Aspects of its important 
properties and its potential biodegradation in soils. J. Environ. Qual., 1989. 18: p. 1-11. 

43. Schuler, F., P. Schmid, and C. Schlatter, Photodegradation of polychlorinated dibenzo-p
dioxins and dibenzofurans in cuticural waxes of Laura/ Cherry (Prunus Laurocerasus). 
Chemosphere, 1998. 36: p. 21-34. 

44. Brubaker, W.W. and A.A. Hites, Polychlorinated dibenzo-p-dioxins and dibenzofurans: Gas 
phase hydroxyl radical reactions and related atmospheric removal. Environ. Sci. Techno!., 
1997. 31: p. 1805-1810. 

24 



45. Kwok, E.S.C., J. Arey, and R. Atkinson, Gas-phase atmospheric chemistry of dibenzo-p
dioxin and dibenzofuran. Environ. Sci. Techno!., 1994. 28: p. 528-533. 

46. McCrady, J.K. and S.P. Maggard, Uptake and photodegradation of 2,3,7,8-
Tetrachlorodibenzo-P-Dioxin sorbed to grass foliage. Environ. Sci. Techno!., 1993. 27: p. 
343-350. 

47. Wagrowski, D.M. and RA Hites, Polycyclic aromatic hydrocarbon accumulation in urban, 
suburban, and rural vegetation. Environ. Sci. Techno!., 1997. 31: p. 279-282. 

48. Eisenberg, J.N.S., D.H. Bennett, and T.E. McKone, Chemical dynamics of persistent 
organic pollutants: A sensitivity analysis relating soil concentration levels to atmospheric 
emissions. Environ. Sci. Techno!., 1998.32: p. 115-123. 

49. Travis, C. C., H.A. Hattemerfrey, and E. Silbergeld, Dioxin, Dioxin everywhere. Environ. 
Sci. Techno!., 1989.23: p. 1061-1063. 

50. Lohmann, R. and K.C. Jones, Dioxins and furans in air and deposition: A review of levels, 
behaviour and processes. Sci. Tot. Environ., 1998. 219: p. 53-81. 

51. Decisioneering, Crystal Ball. 1996: Boulder, CO. 

52. Fiedler, H., EPA Dioxin-Reassessment: Implications for Germany. Organohalogen 
Compounds, 1995. 22: p. 209-228. 

53. Fiedler, H. and 0. Hutzinger, Sources and sinks of dioxins: Germany. Chemosphere, 
1992.25: p. 1487-1491. 

54. Mclachlan, M.S., Bioaccumulation of hydrophoobic chemicals in agricultural food chains. 
Environ. Sci. Techno!., 1996. 30: p. 252-259. 

55. Koester, C.J. and R.A. Hites, Wet and dry deposition of chlorinated dioxins and furans. 
Environ. Sci. Techno!., 1992. 26: p. 1375-1382. 

56. Jones, K. and R. Duarte-Davidson, Transfers of airborne PCDD/Fs to bulk deposition 
collectors and herbage. Environ. Sci. Techno!., 1997. 31: p. 2937-2943. 

57. Wania, F. and D. Mackay, A global distribution model for persistent organic chemicals. Sci. 
Tot. Environ., 1995.161: p. 211-232. 

58. Bidleman, T.F., Atmospheric processes. Environ. Sci. Techno!., 1988. 22: p. 361-367. 

59. Thibodeaux, L.J., Environmental Chemodynamics: Movement of Chemicals in Air, Water, 
and Soil. 1996, New York, NY: John Wiley and Sons, Inc. 

60. CaiTOX, http://www.cwo.com/-herd1/caltox.htm. 1999. 

61. McKone, T.E. and P.B. Ryan, Human exposures to chemicals through food chains- An 
uncertainty analysis. Environ. Sci. Techno!., 1989. 23(9): p. 1154-1163. 

25 



Table 1: List of Transfer Pathways in Multimedia Model - Calculation methods for each pathway 
can be found in Reference 21. 

Air to Surface Soil to Root-zone Soil to Vegetation to Surface Water to 

particle particle 
resuspension, and resuspension, 

Air diffusion diffusion diffusion 
wet ana Clry part1c1e 

I 
deposition, wet gaseous was hoff from 

Surface Soil deposition, and diffusion leaves 

! diffusion, advection 
I Root-zone Soil through rain 
I wet and dry particle rainsplash of 

Vegetation deposition and diffusion particles root uptake 
wet and dry particle 

deposition, wet gaseous 
Surface Water deposition, and diffusion runoff and erosion 
Flows out of advection of 

I model region advection by wind surface water 
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Table 2: Representative Spatially Averaged Landscape Properties 

Landscape Property Notation Mean Value Coefficient Reference 
of Variation 

universal gas constant (Pa-ms/moi-K R 8.31 0 
ambient environmental temperature (K' T 288 0.02 (57) 

yearly average wind speed (m/d) u 3.46E+05 0.2 
relative humidity rh 0.8 0.1 

surface area of particles(m2fm3' SA 1.50E-04 0.1 (58) 
washout ratio Wr 5.00E+04 2 (58) 

atmospheric dust load (kg/m3) Pba 5.00E-08 0.2 (58) 
dry deposition velocity of air particles (mid' Vd 43.2 0.3 (58) 

boundary layer thickness in air above bap 0.005 0.2 (59) 
vegetation (m' 

boundary layer thickness in air above soil bag 0.005 0.2 (59) 
(m) 

annual average precipitation (m/d' rain 2.0E-03 1 _(57) 
soil runoff rate (kg/m2d' erosion 3.0E-3 0.2 (60) 

. ground water recharge (mid' recharge 1.2E-04 1 _(60) 
plant-air partition factor, particles Kpan 3300 0.1 (61) 

(m3/kg[FMJ) 
pa 

plant dry-mass fraction biOdm 0.20 0.2 (60) 
plant fresh-mass density (kglm3) PP 1.00 E+03 0.2 (60) 

soil particle density (kglm3) Ps 2.60 E+03 0.05 (60) 
water content in surface soil(%) f3g 0.17 0.2 (60) 

air content in the surface soil(%) CXg 0.40 0.2 (60) 
water content of root-zone soil (%) /3s 0.28 0.2 (60) 

air content of root-zone soil(%) as 0.17 0.2 (60) 
height of the air compartment (m' da 1000 0.1 

Fraction of area that is surface water fw 8.15E-03 0.2 
Average depth of surface water (m) dw 5 1 

thickness of the ground soil layer (m) dg 2.50 E-03 1 
plant dry mass inventory (kg[DM]fm2' biOinv 0.40 0.2 
Suspended sediment in surface water Pbw 0.8 1 

(kg/m3' 
water runoff rate (m/d' runoff 2.8E-4 1 
organic carbon fraction foe 0.03 1 (60) 

organic carbon fraction in sediments {sed 0.02 1 (60) 
oc 

evaporation rate of surface water (m/d' evaporate 4.38E-6 1 (60) 
sediment particle density (kgfm3) Psd 2600 0.05 (60) 
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Table 3: List of Exposure Pathways- Calculation methods for each pathway can be found in the 
CaiTOX manual (37). 

Ingestion Pathways 

* All intake values were correlated per unit body weight, preventing data points based on high 
intake with low body weight 

Exposed Produce -Including Grains 

Unexposed Produce -The concentration in the two types of produce and grains are calculated 
separately. They include exposure to air, soil, and water used for irrigation. 

Fish - Based on surface water concentrations 

Meat, Milk, and eggs - livestock products are exposed through inhalation, direct ingestion of water 
and soil, and indirect exposure through food contaminated by exposure to air and soil. 

Soil- both adults and children ingest small amounts of soil through inadvertent hand-to-mouth 
activities 

Water - while swimming in surface water 

Tap water- concentration linked to concentration in both surface water and ground water, 
assumed clean in this model 

Inhalation Pathways 

* Breathing rates vary by activity level as do location of activity levels. Breathing rate and location 
need to be linked. 

Active Outdoors 

Resting Indoors -The concentration of indoor air includes soil vapors transferred from under the 
house and soil particles transferred to indoor air 

Active Indoors 

While showering or in the bath - Contaminants transferred from tap water 

Inhalation Pathways 

Showering - From tap water 

Swimming - From surface water 

Soil - dermal exposure to contaminants in soil can occur during a variety of activities, such as 
construction work, gardening, and recreation outdoors. Children playing outdoors also can have 
rather large soil loading on their skin. 
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Table 4: Representative Population Densities and Areas 

Urban Region 
Surrounding Region 
Background 

Population Density 
Persons/m2 

PDu=3.5E-03 
PDsu=6E-04 
PDs=BE-05 

Average Area 
m2 

Au=2E+08 
Asu=5E+09 

Table 5: Representative Chemical Properties Used in the Case Study (26, 41, 42, 44, 46, 60) 
Chemical or Landscape Property Notation TCDD TCDD B[a]P B[a]P 

Mean Coefficient Mean Coefficient 
Value of Variation Value of Variation 

molecular weight (g/mol' MW 322 0.01 252 0.01 
octanol-water partition coefficient Kow 5.70 E+06 1 2.20 E+06 .72 

melting point (K Tm 578 0.01 451 0.028 
vapor pressure in (Pa VP 1.00 E-07 2 7.13 E-07 .07 

Henry's law constant (Pa-msfmol H 3.75 1.5 0.092 1 
diffusion coefficient in pure air (m2/s Dair 4.86E-06 0.1 5.09E-06 0.08 

diffusion coefficient; pure water (m2/s Dwater 5.90E-10 0.1 6.13E-10 0.25 
organic carbon partition coefficient Koc · 5.40 E+06 0.1 2.49 E+06 0.9 

biotransfer factor, planVair (m3[aVkg[pFM]) Kpa 25000 0.85 5.92 E+05 14 
decay rate in air (1/s ka 8.0E-07 1.5 · 1.27E-04 1 

decay rate is surface water (1/s 3.47E-06 1.2 
decay rate in surface soil (1/s kq 2.2E-08 1.2 3.47E-08 1.1 

decay rate in root-zone soil (1/s ks 2.1E-10 1.7 3.47E-08 1.2 
decay rate in vegetation (1/s kp . 1.3E-06 3.0 
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Table 6: Fugacity, Inventory, Concentration, and Mass Transformed for Each Compartment for a 
Fixed Region Using TCDD 

Compartment Name Fugacity Calculated Measured Mass 
· Concentration Concentration Transformed 

(54) 
(Pa) (gm/m3) (gm/m3) (gm/d) 

Air 2.02E-14 3.50E-15 3.60E-15 6.04E-02 
Vegetation 3.85E-15 1.33E-08 5.43E-09 3.73E-01 

Ground Surface Soil 3.46E-15 5.41E-08 5.58E-08 6.37E-02 
Root Zone Soil 3.20E-15 6.37E-08 7.09E-08 5.08E-04 
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Figure 1: An illustration of a multi compartment model system. 

31 

__ _,t> 

Wind moving 
cell at velocity u 



Figure 2: Diagram of the two compartment system used to calculate -r. 
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Figure 3: The Lagrangian system used for determining CTD 
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Figure 4a: Spatial System for calculating population based potential dose 
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Figure 4b: Open Urban System for calculating population based potential dose 
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Figure 5: Comparison of rfor TCDD with a steady source to air and a steady source to soil 
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Figure 6: For a case study using TCDD, we plot the fraction of the initial concentration with 
distance from an urban center for Center A, Center B, and the cumulative total. 
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Figure 7: Results of sensitivity analysis for the four compartment steady state system for the 
TCDD case study. 
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Figure 8: Cumulative percentile distribution of population based potential dose for each calculation 
method for TCDD (long CTD). 
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