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ABSTRACT

The AIRDOS-EPA computer code is used by the Industrial Safety and

Applied Health Physics Division of Oak Ridge National Laboratory (ORNL)

to assess the annual doses to the general public resulting from releases

of radionuclides to the atmosphere by ORNL facilities. This code uses a

modified Gaussian plume equation to estimate air concentrations resulting

from the release of a maximum of 36 radionuclides. Radionuclide concen-

trations in food products are estimated from the output of the atmospheric

transport model using the terrestrial transport model described in U. S.

Nuclear Regulatory Commission Regulatory Guide 1.109. Doses to man at each

distance and direction specified are estimated for up to eleven organs and

five exposure modes. To properly use any environmental transport model,

some estimate of the model's predictive accuracy must be obtained. Because

of a lack of sufficient data for the ORNL site, one year of weekly average
or

Kr concentrations observed at 13 stations located 30 to 150 km distant

from an assumed-continuous point source at the Savannah River Plant, Aiken,

South Carolina, have been used in a validation study of the atmospheric

transport portion of AIRDOS-EPA. The predicted annual average concentration

at each station exceeded the observed value in ejery case. The overpre-

diction factor ranged from 1.4 to 3.4 with an average value of 2.4.

Pearson's correlation between pairs of logarithms of observed and predicted

values was r = 0.93. Based on a one-tailed student's t-test, we can be

98% confident that for this site under similar meteorological, release,

and monitoring conditions no annual average air concentrations will be

observed at the sampling stations in excess of those predicted by the

code. As the averaging time of the prediction decreases, however, the

uncertainty in the prediction increases.
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INTRODUCTION

The AIRDOS-EPA computer code (Moore et al., 1979) has been developed

at Oak Ridge National Laboratory (ORNL) to be used by the U. S. Environ-

mental Protection Agency as part of a methodology to evaluate health

risks to man from atmospheric radionuclide releases. It is the latest

documented version in the AIRDOS series of assessment codes (Moore, 1975;

1977). This series has been developed primarily to assess routine radio-

nuclide releases, although it has been used for assessing accidental

releases (Miller et al., 1980). The AIRDOS-EPA code provides estimates

of individual and population doses to man resulting from atmospheric

releases of radionuclides from point and area sources. AIRDOS has been

used in the preparation of numerous environmental impact analyses and

statements written at ORNL (USERDA, 1975a, 1975b; USERDA, 1977). One or

more of the AIRDOS codes have been implemented at a number of other

installations in the United States, and AIRDOS-EPA has recently been

adopted by the Industrial Safety and Applied Health Physics Division at

ORNL to assess the annual doses to the general public resulting from

releases of radionuclides to the atmosphere by ORNL facilities.

To properly use any environmental transport model, some estimate of

the model's predictive accuracy must be obtained. The best way to determine

the accuracy of calculational procedures such as AIRDOS-EPA is to compare

predictions from the procedure with field measurements taken under release

conditions similar to those assumed by the model, a process commonly

referred to as model validation. We know of no single existing data set

that can be used to validate all aspects of the AIRDOS-EPA methodology.

Therefore, various portions of the code must be validated independently

of one another.



The atmospheric transport portion of the AIRDOS methodology has

previously been used in a verification study for S0 2 air concentrations

near the Kingston, Tennessee, steam electric generating plant near the

ORNL site (Miller and Moore, 1977). However, a data set has recently

been made available by the Savannah River Plant (SRP) at Aiken, South

Carolina, that makes it possible to perform a validation study of the

atmospheric transport portion of codes such as AIRDOS-EPA out to a distance

of 144 km (Pendergast et al., 1979; Telegadas et al., 1980). The purpose

of this paper is to discuss the AIRDOS-EPA code and to present the results

of a validation study using the SRP data base.

AIRDOS-EPA

The AIRDOS-EPA computer code is a methodology, designed for use on

IBM-360 computers, that starting from atmospheric releases of radionuclides,

estimates radionuclide concentrations in air; rates of deposition on ground

surfaces; ground-surface concentrations; intake rates via inhalation of

air and ingestion of meat, milk, and fresh vegetables; and radiation doses

to man. A modified Gaussian plume equation (Gifford, 1968) is used to

estimate dispersion of the released radionuclides. The equation for the

22.5° sector-averaged ground-level concentration in air is given by:

orrerr-jiT «>> ''H
, / o,

where

x = concentration in air at x meters downwind (Bq/m3),

Q = uniform emission rate from stack (Bq/s),



u = mean wind speed (m/s),

a = vertical dispersion coefficient (m), and

H = effective stack height (m).

Values Q and u are input parameters for AIRDOS-EPA. Values cf H may be

input or calculated within AIRDUS-EPA from other input variables. The

values of az contained in AIRDOS-EPA are those recommended by Bnggs

(Gifford, 1976). While the Briggs dispersion parameters, as well as

others, are generally based on data for downwind distances less than or

equal to 10 km, they are routinely extrapolated to much greater

distances.

Equation (1) assumes that there is no upper limit to vertical

dispersion. In the atmosphere, however, such a limit or "lid" often

affects the dispersion of a plume, eventually resulting in a uniform

radionuclide concentration between the ground and the lid. When this

occurs, Eq. (1) becomes:

x = 0.40 x Lu'
(2)

where L = height of the lid (m). An average value of L for the time

period being considered is part of the input for AIRDOS-EPA.

As ;nany as 36 radionuclides released from one to six stacks or area

sources can be handled in a single computer run. Metecro"logical data

for the area surrounding a nuclear facility may be supplied as input to

the code, which then estimates air and ground concentrations and intake

rates by man for each radionuclide at various distances and directions from

the release point or the center of an area source. Radionuclide concentra-

tions in meat, milk, and fresh produce consumed by man are estimated by



coupling the output of the atmospheric transport models with the terrestrial

food-chain models found in U. S. Nuclear Regulatory Commission Regulatory

Guide 1.109 (U. S. NRC, 1977). From these values, doses to man at each

distance and direction specified are estimated for total body, red marrow,

lungs, endosteal cells, stomach wall, lower large intestine wall, thyroid,

liver, kidneys, testes, and ovaries through each of five exposure modes.

These modes are (1) immersion in air containing radionuciides, (2) exposure

to ground surfaces contaminated by deposited radionuclides, (3) immersion

in contaminated water, (4) inhalation of radionuclides in air, and

(5) ingestion of food produced in the area. The dose calculations are made

with the use of dose conversion factors supplied as input data for each

radionuclide, exposure mode, and reference organ or tissue.

At the option of the user, the area surrounding the source may be

subdivided either with a circular or a square grid. For the circular

option, as many as 20 distances may be specified for each of 16 compass

directions. Each distance represents the midpoint of a sector. The square

option employs a 20 by 20 grid with the source at the center. The grid

size is specified by the user.

The code may be run to estimate either the highest annual individual

dose in the area or the annual population dose. For either of these options,

tables are provided as output which summarize doses in several ways—by

nuclide, exposure mode, and organ. Also, for either option selected,

ground concentrations of radionuclides and intake rates by man are tabulated

for each specified environmental location. In addition, working level

exposures may be calculated and tabulated for inhalation of 222Rn and

its short-lived progeny.
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THE SRP DATA BASE

The SRP is a major production facility owned by the U. S. Depart-

ment of Energy. Located on a 770-km2 site south of Aiken, South Carolina,

SRP is surrounded by gently rolling terrain. The site itself is

covered with forests of mixed hardwoods and pines; the surrounding

area is equally divided between mixed forests and cleared farm land

(Pendergast et a!., 1979).

The SRP facilities include two fuel reprocessing plants located

near the center of the site. Fission product 85Kr is released as a

nonbuoyant plume at a height of 62 m during dissolution of irradiated

fuel. Since 85Kr is an inert gas with a long radioactive half-life

(10.76/y), it can serve as a tracer of atmospheric dispersion processes

without the complicating effects of wet deposition, dry deposition,

and chemical transformations.

Beginning in March 1975 and continuing through September 1977,

weekly 85Kr air concentrations were measured at 13 stations surrounding

SRP. These stations are shown in Fig. ] (Telegadas et al., 7980).

Cryogenic air samplers were used to collect the 85Kr for laboratory

processing and counting. The sampling stations ranged in distance

from 28 to 144 km from the source of 85Kr.

Concurrent to the 85Kr sampling program, meteorological data were

gathered from eight instrumented towers on or near the SRP site, also

shown in Fig. 1. One of the towers used was the WJBF television tower,

located approximately 21 km from the 85Kr source. A second of these towers

is located over 200 km from the release point and is not included in Fig.

1. Stability wind-rose statistics (consisting of stability values for



each of 16 compass sections) for the period March 1975 through August 1976

have been compiled from 15-minute-averaged data taken from the 62 m height

on this tower (Pendergast el al., 1979). Also, average monthly mixing

depths (equivalent numerically to lid height) for this same period of time

have been calculated bared on acoustic sounder data gathered at the SRP

site (Pendergast et al., 1979).

METHODOLOGY

Separate AIRDOS-EPA simulations of 85Kr transport v/ere performed for

each study period of the year September 1975 through August 1976 from the

SRP data base (Pendergast et al., 1979). These calculations of ground-

level 85Kr concentrations were performed using Eqs. (1) and (2).

Study periods of interest were twelve months, four seasons, and one

annual value. Model parameters were chosen appropriate to release conditions

at the SRP. Arithmetic average air temperature, lid height, and release

rate values were computed from the SRP data base for e.-ach period. The

source term was assumed to be a steady atmospheric release from a single

point source (stack). Values of simulated ground-level 8 5Kr concentrations

were computed for each of 13 locations corresponding to the monitoring

stations specified in the SRP data base.

Observed SRP data weekly concentration values were examined for each

of the 13 monitoring stations to ascertain if they could be considered to

have either a normal or a lognormal frequency distribution. The number

of values available for each station ranged from 37 to 53. Depending on

the sample size, either the Shapiro-Wilk W test (for 50 or fewer values)

or the Kolmogorov-Smirnov one-sample D test (for greater than 50 values)
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was applied to compute the level for acceptance or rejection of the null

hypothesis. The Statistical Analysis System (SAS) was used to perform

this portion of the analysis.

From the results of this investigation, observed weekly concentration

values appeared to be distributed more nearly lognormally tnan normally;

thus, values appropriate for longer study periods were generated by com-

puting the "log means" of the appropriate weekly values. For example,

annual values were obtained by taking the anti-logarithm of the mean of the

logarithms of the included weekly values. Seasonal observed values were

computed in an analogous manner.

Comparison of observed and predicted 85Kr concentration values for

each study period was performed. A background concentration of 0.52 Bq/m3

(14 pCi/m3) provided by SRP (Pendergast et al.5 1979) was subtracted from

the measured concentrations at each station to derive the "observed" values

used in these comparisons. The tendency of AIRDOS-EPA to either overpredict

or underpredict was evaluated by examining the values of the ratio of pre-

dicted to observed air concentration. Also, Pearson's correlation was com-

puted for the 13 station value pairs of log-predicted and log-observed

concentrations.

RESULTS

Table 1 shows a station-by-station comparison of the observed and

predicted annual average 85Kr air concentrations. A summary of the

frequency of occurrence of the predicted to observed ratio is included in

Proprietary software distributed by SAS Institute, Inc., of Raleigh,
North Carolina.



Table 2. A plot of log-predicted vs log-observed ground-level concentrations

is given in Fig. 2. These results show that the annual predicted ground-

level 85Kr concentration exceeded the observed value for each of the 13

stations. The predicted-to-observed concentration ratio was less than 2

in five of the 13 cases. The mean logarithm of this ratio was 0.82,

which corresponds to an overprediction factor of 2.27. The logarithms of

predicted and observed values were well correlated (r = 0.93).

If it is assumed that the predicted-to-observed air concentration

ratios shown in Table 1 are lognormally distributed, these results may be

used to estimate the confidence limits associated with a predicted air

concentration. The value of the ratio (XJ associated with a particular

percent!le A is given by (Shaeffer, 1980):

XA = exp (y + la) (3)

where

p = the mean of the logarithms of the ratios,

a = the standard deviation of the logarithms of the ratios, and

Z - a factor corresponding to the Ath percentile of a standard
normal distribution.

It follows from Eq. (3) that

In Xfl - p

z - — 4 _ . (4)

For the ratios in Table 1, u = 0.88 and a = 0.37. If we chose Xft = 1,

Eq. (4) yields |Z| = 2.38. For a one-tailed student's t distribution

this corresponds to A = 98 (Bailey, 1971). This 98th percentile result

indicates that under the conditions considered in this annual average
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comparison we can be 98 percent confident that any value of air concentra-

tion we predict will be greater than or equal to any air concentration

measured at the stations considered.

A summary of the frequency of occurrency of various predicted-to-

observed ratios for the ground-level 85Kr seasonal average concentrations

is also given in Table 2. Predicted concentrations exceed observed

values in all but two cases. Spring values exhibited the lowest seasonal

correlation (r = 0.79), and only five predicted values were within a

factor of 2 of the observed values. Summer values, although better

correlated (r = 0.84), were overpredicted by greater than a factor of 2

for all but one station. Fall values (r = 0.85) and winter values (r = 0.88)

were the best correlated seasonal values and exhibited smaller overpre-

diction factors. Six of the fall and 11 of the winter predicted values

differed from the observed concentrations by less than a factor of 2.

Table 2 also includes a summary of the frequency of the ratio of

predicted to observed air concentration for each of the twelve monthly

averages considered in this study. The monthly results tend to show more

scatter than do either the seasonal or the annual comparisons. The

values of the correlation coefficient are generally lower, and there is a

larger frequency of occurrence of values of the ratio greater than two

and greater than ten. For example, the correlation coefficient for June

(r = 0.89) is relatively high, but all of the predictions overpredict by

a factor of 2 or higher and 5 of the predicted values are overpredictions

by a factor of 10 or higher. The monthly ratios also show two more

ratios with values less than one, than do the other periods considered.
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DISCUSSION

The comparisons presented here assume that 85Kr is emitted by SRP in

a continuous manner when, in fact, it is emitted intermittently. Because

of the relatively long averaging times considered in this study, this

assumption should not be critical to the conclusions of the study. These

results also assume no significant problems with the cryogenic 85Kr sampling

system or with the meteorological data acquisition system.

A more critical problem is the selection of a value for the limit to

vertical mixing, or lid height. Simulated ground-level air-concentration

values at mesoscale distances are quite dependent on this parameter. For

distances at which Eq. (2) is used, computed concentration is an inverse

function of lid height. Further, the effective limit to vertical mixing

may be much higher than the classical lid height. For example, convective

activity may serve to remove material from the lower layers of the tropo-

sphere. The presence of such activity may help explain some of the large

overprediction associated with the results for the spring and summer quarters

(Garrett, 1980).

These results show the importance of considering averaging times when

discussing the accuracy of Gaussian plume model air concentration predictions.

The monthly comparisons were generally less accurate than the quarterly

comparisons which were, in turn, generally less accurate than the annual

average comparison. This decrease in accuracy with decrease in averaging

time has been demonstrated previously for the Gaussian model (Little and

Mfller, 1978; Draxler, 1980). This trend has been attributed to the less

uniform distribution of wind direction v/ithin a sector for the shorter

averaging times (Draxler, 1980).



12

Strictly speaking, the results of this study are only applicable to

the SRL site. The ORNL site, for example, has a very complex topography

when compared to the relatively flat SRL terrain. AIRDOS-EPA has been

compared to near-in air concentrations adjacent to the ORNL site (Miller

and Moore, 1977), and the results for this annual average comparison are

very similar to those found here for the longer range SRL data. While the

agreement between these tv/o studies is encouraging, it may only be fortuitous.

One should exercise great care when applying any Gaussian plume model out

to 150 km in terrain as complex as that around ORNL. Only extensive

validation studies carried out in such terrain can determine the true

accuracy of such calculations.

No attempt has been made to judge the "acceptability" of the accuracy

of results presented here. For example, are the annual average predictions

too conservative, not conservative enough, or acceptable as presented?

Only the user of these predictions should make this judgement. In the case

of AIRDOS-EPA, the air concentration calculation portion of the code is

only one part of total radiological assessment methodology. Validation

studies are not available for all of the other portions of the assessment

process. However, limited precision analyses indicate that in some situa-

tions the uncertainty associated with terrestrial food chain transport,

dosimetry, etc., nay be larger than the uncertainty associated with the

atmospheric transport calculations (Schwarz and Hoffman, 1979).

CONCLUSIONS

Comparisons have been made between observed ground-level 85Kr air

concentrations out to 150 km downwind of a source and predicted air
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concentrations using a portion of the AIRDOS-EPA computer code. These

predictions were made using the 22.5° sector-averaged form of a modified

straight-line Gaussian plume atmospheric dispersion model. Comparisons

were made for annual, seasonal, and monthly time periods.

There was a general tendency for the model to overpredict the observed

air concentrations for the time periods considered. For the annual average

case the overprediction was approximately a factor of two in value. The

general accuracy of the results tended to decrease as the averaging time

bein considered decreased.

The results of model validation studies such as this one should be

considered whenever AIRDOS-EPA or similar computer codes are applied to

radiological assessment problems. The acceptability of the model accuracy

indicated by such ctudies must be determined by the model user on the

basis of the use to which the model is being applied.
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Figure 1. Krypton-85 cryogenic air sampling stations, meteorological
towers and surface weather stations within 200 km of the SRP source.
From Telegadas, et a"L, 1980.
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Table 1. Comparison of observed and predicted annual average air concentrations of
85Kr at the Savannah River Plant, September 1975 through August 1976

Monitoring Distance from 85Kr concentration, Bq/m3 (pCi/m3) /Predicted
station source, km Observed Predicted \0bserved

2

3

4

5

6

7

8

9

10

11

12

13

14

94

60

99

98

109

100

57

93

50

98

112

144

28

3.2 x 10"1 (8.6) 1.1 (3.0 x 101) 3.4

4.5 x 10"1 (1.2 x 101) 1.4 (3.8 x 101) 3.1

5.6 x 10"1 (1.5 xlO1) 1.4 (3.8 x 101) 2.5

2.0 x 10"5 (5.4) 6.3 x 10'1 (1.7 x 101) 3.2

3.7 x 10"1 (l.Ox 101) 1.4 (3.8 x 1O1) 3.7

7.8 x 10"1 (2.1 x 101) 1.5 (4.1 x 1O1) 1.9

1.9 (5.1 x 101) 2.8 (7.6 x 1O1) 1.5

1.2 (3.2 x 101) 1.7 (4.6 x 101) 1.4

2.7 (7.3 x 101) 3.7 (1.0 x 102) 1.4

9.1X10"1 (2.5 x 101) 1.7 (4.6 x 10!) 1.8

3.7 x 10"1 (1.0 x 101) 1.4 (3.8 x 101) 3.7

5.1 x 10"1 (1.4 xlO1) 1.4 (3.P x 101) 2.7

1.4 (3.8 x 101) 4.1 (1.1 x 102) 2.9



Table 2, Summary of observed vs. predicted annual, quarterly, and monthly air concentrations of
85Kr at the Savannah River Plant, September 1975 through August 1976

Time period

Annual
Sept. 1975-Aug. 1976

Quarterly

Fall (Sept.-Nov. 1975)

Winter (Dec. 1975-
Feb. 1976)

Spring (Mar.-May 1976)

Summer (June-Aug. 1976)

Monthly

Sept. 1975
Oct. 1975

NOV. 1975

Dec. 1975
Jan. 1976

Feb. 1976

Mar. 1976

Apr. 1976

May 1976

June 1976
July 1976

Aug. 1976

< 0.1

0

0

0

0

0

0

0
0

0
0
0
0
0
0
0
0
0

Frequency

0.0-0.5

0

0
0

0
0

0

0
0

G
0
0

0

0

0

0

0

0

of ratio

0.5-1

0

1

0

1

0

2
0
1

0
0

0
1

0

0

0
0

0

(Predicted
(Observed

1-2

5

6
11

4
2

4
0
2

1

4
2

2

2

2

0

0

1

concentration)
concentration)

2-10

8

6
2

8
9

7
12
6

9

8
10

8

10
8

8

6

6

0

0

0

0
2

0

1
2
2

0
1

2

1

3

5

7

6

Correlation
coefficient42

0.93

0.85
0.88

0.79
0.84

0.57
0.84
0.61

0.57

0.68
0.82

0.63

0.79

0.70

0.89
0.70

0.51

ak value of 1.0 indicates a perfect correlation.


