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ABSTRACT

As part of the U.S. Department of Energy’s Off-Site Radiation Exposure Review Project,
the time of fallout arrival and the H+12 exposure rate were estimated for populated locations in
Arizona, California, Nevada, and Utah that were affected by fallout from one or more nuclear
tests at the Nevada Test Site. Estimates of exposure rate were derived from measured values
recorded before and after each test by fallout monitors in the field. The estimate for a given
location was obtained by retrieving from a data base all measurements made in the vicinity,
decay-correcting them to H+12, and calculating an average. Estimates were also derived from
maps produced after most events that show isopleths of exposure rate and time of fallout arrival.
Both sets of isopleths on these maps were digitized, and kriging was used to interpolate values at
the nodes of a 10-km grid covering the pattern. The values at any location within the grid were
then estimated from the values at the surrounding grid nodes. Estimates of dispersion (standard
deviation) were also calculated. The Town Data Base contains the estimates for all combinations
of location and nuclear event for which the estimated mean H+12 exposure rate was greater than
three times background. A listing of the data base is included as an appendix. The information
was used by other project task groups to estimate the radiation dose that off-site populations and
individuals may have received as a result of exposure to fallout from Nevada nuclear tests.

*The work upon which this report is based was supported by the U.S. Department of Energy
under Contracts DE-ACO08-85NV10384 and DE-ACO08-90NV10845.

fii



CONTENTS

ABST RACT ...ttt ittt it ittt tet ittt et i i iii

FIGURES . ..ottt ittt eene et tae e iansnsenveaarannens v

TABLES ..o i it i i i ittt it e e it et v

ACKNOWLEDGMENTS ... ittt tiet e tteeneraaeaaennenns vi

1. INTRODUCTION ...ttt ittt iiie e ieieaneeneeannennn 1

2. OVERVIEW OF THE METHODOLOGY ........c.itiiiiiiininnnannnn. 4

2.1 Background ........ ... i e it 4

2.2 Sources 0f Data . ..... ..ttt e et 6

2.3 MakingtheEstimates .......... ... il 8

24 TheTownDataBase ............coiiiiiiiiiiiii i, 9

3. ESTIMATES FROM FALLOUT PATTERNS ................cciiiiiinn. 10

3.1 FalloutPatterns ........coiiiitinininneeneeannnrennnaeennennenns 10

3.2 Digitizing and Interpolating ............c.i it i, 11

3.3 Calculatingthe Estimates ...............uiiuiirennrninronnenennn. 16

3.3.1 EstimatesoftheMean .............. ettt rnnnnnnn, 16

3.3.2 Estimatesof Dispersion ................cciiiiiiiiiiiia.n, 19

4, ESTIMATES FROM SURVEY METERDATA ................cccivvinnn.. 20

4.1 TheSurveyMeterData ........ ...t iiiiiiii i ininenannn 20

4.2 Selectingthe Measurements .............c.ccotienrinenrnennannann. 20

4.3 Calculatingthe Estimates ............. ..ottt iieiiannnn.. 22

5. CREATING AND REVIEWING THEESTIMATES ....................... 25

5.1 Creatingthe Estimates ............co0iiiiiiiiinriininieearnnnannns 25

52 Reviewingthe Estimates ...............ciiiiniineiiinnennnennnnn, 27

52.1 BasicPhilosophy ......... ... i i, 27

522 TheReviewProcess ..........c.ciiiiiiiiiiiiiieiinnnnn.. 28

523 CriteriaforReview ...... .. ... ... i, 31

6. THETOWNDATABASE ..ottt it ettt ieerinnennn. 35

REFERENCES . ... i it it ittt et ine e iaianennnn, 43
APPENDICES

Appendix A. Locations Considered for the TownDataBase ................ 47

Appendix B. Record Format for the TownDataBase ..................... 63

Appendix C. Selected Information from the Town DataBase ............... 67

Appendix D. Project Directive No. 10 .............cciiiiiinirinnnnnnn.. 127

v



FIGURES

1. The ORERP Phase I and Phase Ilregions ................coovuiernnnnn.n.
Typical form of an exposurerateprofile ...................ccceierun....
Isopleths of H+12 exposure rz-ate and time of fallout arrival from event EASY ...
Generalized flow diagram of the estimation process ........................

Points of the 10-km grid superimposed on the fallout pattern from event EASY . .

A G

Part of the EASY fallout pattern showing the interpolated exposure rates
atthe 10-kmgridpoints .. ...... . .. i i e e

7. Situations where estimates can be calculated from the 10-kmgrid . ............
8. Locations at which survey meter data were collected for event HARRY .......
9. Flow diagram of the FATHER procedure .....................ccciivnn...
10. Flow diagram of the post-FATHER procedure ..................ccovvnn...
11. The Decision Tracking Sheet used to document the review of the estimates .. ...
12. Locations for which estimates were attempted ............................

13. Locations for which the Town Data Base contains estimates .................

TABLES

1. Case Letters Assigned to Estimates from Survey MeterData .................
Definitions of Decision TYPes .. ......coviiiiiiiieriiiiereneneeninneans

Distribution of Locations Used to Create the Town DataBase ................

Eal

Events Usedto Create the Town DataBase . . .........ci ittt iiiinennnnnn

0w NN W W

13

15
18
21
26
30
32
36
37

29
29
38
40



ACKNOWLEDGEMENTS

Any project of this size could only be completed with the help of many people along the way.
We would like to express our appreciation to our colleagues at the Desert Research Institute who
helped make the road smoother, especially Jody Giacomini, who participated in the early
development of the estimation process; Walter Lombardo, who helped in the early days with
digitizing and processing the fallout maps; Gail Lucas, who provided the programming and data base
update support for several major revisions of the Town Data Base from 1985 through the present;
and Debi Noack, Karen Gray, Jerry Carter, and Rebecca Gardiner, who provided electronic
publishing and graphics support for this and related documents. We also thank Martha DeMarre,
John Harney, and Sheryl Pfeuffer of Reynolds Electrical & Engineering Co., Inc., for their assistance
in retrieving information and documents and checking estimates, and Dr. Lynn Anspaugh of
Lawrence Livermore National Laboratory for providing historical and technical insights during the
review of the estimates.

vi



I. INTRODUCTION

The Nevada Test Site (NTS) has been used as a testing area for nuclear weapons since 1951.
More than 100 above-ground nuclear tests took place there before the Limited Test Ban Treaty
banned atmospheric testing in 1963, and many of those tests, as well as a few subsurface tests,
released radioactivity that was detected off-site (that is, beyond the boundaries of the NTS and the
adjacent Nellis Air Force Range).

Protecting the public from exposure to radioactive fallout was a primary factor in choosing a
remote desert location such as the NTS for nuclear testing, and it has always been an important
element of the testing program. Radiation levels were (and still are) monitored routinely during and
after every nuclear test. Before each atmospheric test, monitors were stationed on highways and in
towns downwind of the NTS to record radiation levels in the hours before and after detonation. Other
monitors in aircraft tracked the fallout cloud visually and with instruments until it dispersed.
Occasionally residents were warned to stay indoors during passage of a fallout cloud, but the
measured amounts of radiation were generally below the levels then considered hazardous to human
health.

Nevertheless, public concerns about the effects of NTS fallout has continued at various levels
since testing began. In the late 1970s, publicity about the number of leukemia cases in observers of
the 1957 SMOKY test led to numerous claims against the government seeking compensation for
health problems that might have been caused by fallout. In response to these claims and to many
inquiries from Congress and the general public, the U.S. Department of Energy began the Off-Site
Radiation Exposure Review Project (ORERP) in 1979.

The ORERP had two objectives. The first was to collect and organize at one central location
all available documents and data pertaining to fallout in the off-site area and make this information
accessible to the public. This objective was met through the development of the Coordination and
Information Center, an archive of more than 250,000 documents on off-site fallout and related
subjects.

The second objective was to reevaluate the radiation dose that off-site residents received from
nuclear testing at the NTS, based on their age, occupation, and place of residence. The dose
evaluation required the collective scientific expertise of several Department of Energy laboratories
and contractors, which were assigned various tasks as follows:

e Data Collection — to identify and collect historical fallout measurements and other
information necessary for dose evaluation (Reynolds Electrical & Engineering Co., Inc.,
History Associates, Inc., and Holmes and Narver, Inc.).

* Fallout Verification — to create computer files containing the historical fallout data
(Environmental Monitoring Systems Laboratory, U.S. Environmental Protection
Agency [EPA-EMSL]) and to reevaluate fallout patterns (Weather Service Nuclear
Support Office [WSNSO], National Oceanic and Atmospheric Administration).

¢ Data Analysis — to provide data analysis, quality assurance, and statistical support to the
other task groups (Desert Research Institute, University and Community College System
of Nevada).

e Pathway Analysis - to develop models for the transport of radionuclides from their
deposition on the ground to ingestion by humans (Colorado State University).



¢ Internal Dose — to develop estimates of organ doses resulting from ingestion and
inhalation of fallout radionuclides (Lawrence Livermore National Laboratory).

¢ External Dose - to develop estimates of organ doses resulting from fallout radionuclides
external to the body (Los Alamos National Laboratory).

The general role of the first three task groups was to provide information required as input to
computer models developed by the last three task groups. The computer models could then be used
to produce an estimate of radiation dose to populations or individuals based on information about
residence and lifestyle histories. The original intent was to formalize this process into an Individual
Dose Assessment model that would be available to the public. Reduced funding in the later years
of the ORERP left the model incomplete; instead, the completed modules remain in the custody of
the separate task groups to be activated as needed.

The work of the ORERP was overseen by an independent panel of physicians and scientists,
the Dose Assessment Advisory Group, that met regularly to review the methods and results of the
task groups. Additional information about the scope and methods of the ORERP can be found in
Friesen (1985) and Church ez al. (1990).

The goal of the dose assessment effort was to be able to estimate the radiation dose received
by any person living in an area where fallout from the NTS was deposited. More than 70 nuclear
events at the NTS caused off-site fallout, and more than 300 populated areas in Nevada and
neighboring states received fallout from at least one event. To get results that were as accurate as
possible, the radiation dose had to be calculated separately for each combination of event and
populated area.

Ideally, the dose calculations would be based on the total external radiation exposure and the
levels of radiation in the air, food, and water consumed by residents of the affected areas in the days
and weeks after an event. Unfortunately, few such measurements were made in the 1950s, the decade
in which most fallout from the NTS occurred. What was measured on a routine basis was the rate
of external exposure to gamma radiation. The ORERP scientists therefore decided to base their
calculations on the large amount of historical data on exposure rates in the off-site region.

Most of the historical data are not in a form that can be used directly in the ORERP
dose-estimation models. Instead, the data were used to estimate two intermediate quantities for
every location that was affected by a given event: the time that the fallout cloud arrived and the
exposure rate 12 hours after detonation. Such estimates were made for every nuclear event that
resulted in measured off-site fallout and for every populated location that might have received
fallout from at least one event. The estimates for locations that received a discernible amount of
fallout from an event were entered into the Town Data Base for use in dose calculations.

The original focus of the dose evaluation was on the area considered to be most heavily affected
by NTS fallout: Clark, Esmeralda, Lincoln, and Nye counties in Nevada and Washington County
in Utah. The Town Data Base contains the estimates of arrival time and exposure rate for locations
in this area, the Phase I region. Later, the ORERP scientists addressed the possibility that significant
exposure might have occurred farther downwind from the NTS, and defined a Phase II region
surrounding the Phase I region (Figure 1). The County Data Base contains the estimates for the
Phase II region. It is similar in format to the Town Data Base although the methods used to create
it were completely different (Beck and Anspaugh, 1991).
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Figure 1. The ORERP Phase I and Phase I regions (adapted from Beck and Anspaugh, 1991).

This report describes in detail the methods used to create the Town Data Base. Its primary
purpose is to document the process for scientists who may need to understand exactly how the
estimates were derived. We recognize, however, that the subject of NTS fallout is of some interest
to people outside the scientific community. We have therefore tried to provide in Section 2 more
background information and a general outline of the estimation process at a level that can be
understood by readers with a limited scientific background. Sections 3 and 4 cover the technical
aspects of how the estimates were produced. Section 5 describes the computer programs used to
create the estimates and the thorough review and quality assurance assessment given to the estimates
before they were included in the data base. Finally, Section 6 describes the contents of the Town Data
Base and provides some summary statistics. A complete listing of the estimates in the Town Data
Base, sorted by location and event, is included in the appendices.



2. OVERVIEW OF THE METHODOLOGY

2.1 BACKGROUND

A full explanation of how doses are calculated from exposure rates is beyond the scope of this
report. For present purposes, it suffices to note that one important quantity in the calculations is the
total exposure to gamma radiation at a given location resulting from a given event. The traditional
unit of exposure, in the technical sense of the word, is the roentgen (R). In recent years the roentgen
has been replaced by a new unit, coulomb/kg (= 3,876 R), but in keeping with the historical context
of the data, we will use roentgens (more precisely, thousandths of a roentgen, mR) in this report.

Relatively few direct measurements of exposure were made during the period of atmospheric
testing. The instruments used by the radiation monitors measured the exposure rate, usually in
milliroentgens per hour (mR/h). If the exposure rate is constant, the exposure can be calculated by
multiplying the exposure rate by the duration of exposure. However, when a fallout cloud moves
over a location, the exposure rate is constantly changing. It is at some background level until the
fallout cloud arrives, then increases rapidly as the cloud passes over. Once the cloud has moved on,
the exposure rate begins to decrease as a result of radioactive decay and, to a lesser extent,
weathering of the radioactive particles into the soil. A graphical profile of exposure rate as a function
of time typically has the form shown in Figure 2.

The exposure can be calculated from an exposure rate profile: Itis the area under the curve from
the time the fallout cloud arrives until the exposure rate returns to the background level. Once again,
however, only in a few instances were enough data collected at one location for an exposure rate
profile to be drawn. Usually an approximate profile, indicated by a dashed line in Figure 2, has to
be used. The approximate profile is one that would result from an instantaneous arrival of fallout.
If the time of fallout arrival (TA) is defined so the area under the true profile before TA (area A in
Figure 2) is equal to the area between the true and approximate profiles after TA (area B), the
exposures computed from the two profiles are equal.

Drawing an approximate profile requires three pieces of information: the time of fallout
arrival, the exposure rate at one point in time after fallout arrival, and a function describing the decay
of exposure rate over time. Determining these three quantities was therefore a crucial part of the dose
evaluation project. This report describes how values were produced for two of these quantities, the
time of fallout arrival and the exposure rate. (The third quantity, the decay function, received much
attention in the early days of the ORERP. The initial calculations used a “r~1-2 power curve” model
based on earlier fallout studies. That model was determined to be too inaccurate (Anspaugh, 1981),
although it was still used as an approximation in some situations. A more accurate decay function,
the “sum of 11 exponentials” model, was later developed from the data of Hicks (1981) by the
External Dose task group (Henderson and Smale, 1990).)

In principle, a measurement of exposure rate at any time after fallout arrival could be used in
determining an exposure rate profile. However, the dose calculations are greatly simplified if the
same point in time is used for all the profiles. The reference time chosen was 12 hours after
detonation (H+12). This choice allowed comparison of the ORERP results with those of earlier
studies, most of which also used H+12 values. Unless otherwise noted, all references to calculated
exposure rates mean the value at H+12.

At this point, a complication arises because neither the time of fallout arrival nor the H+12
exposure rate can be determined with absolute certainty. For example, the use of different kinds of
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monitoring instruments, small-scale variations in weather conditions, and numerous other factors
will cause variation in the measurements of exposure rate even after they are all decay-corrected to
H+12. The best that can be done is to compute an average value, which presumably will be close
to the “true” value but which will always be accompanied by some degree of uncertainty.

Such uncertainties in the values of the input parameters will result in uncertainty in any
calculated doses. The computer models used to calculate dose take these uncertainties into account,
and compute a most probable dose or range of doses rather than a single definitive value. To enable
the uncertainty in the calculated values of arrival time and exposure rate to be incorporated into the
final dose estimates, the estimates of both quantities were assumed to have a particular probability
distribution with some mean (a measure of central tendency) and standard deviation (a measure of
dispersion about the mean). The estimates of time of fallout arrival were assumed to have a normal
distribution, characterized by the arithmetic mean X7 and standard deviation S7. The estimates of
exposure rate were assumed to have a lognormal distribution, characterized by the geometric mean
Xg and geometric standard deviation Sg.

The task at hand can therefore be summarized as follows: To estimate, from historical data on
fallout deposition, the mean and standard deviation of the time of fallout arrival and the (geometric)
mean and standard deviation of the H+12 exposure rate for every populated area near the NTS that
received fallout from an NTS event.

2.2 SOURCES OF DATA

Two major sources of information on fallout deposition were available: survey meter readings
taken by monitors in the field and published maps showing patterns of fallout distribution.

The largest single body of data was the set of some 119,000 radiation measurements taken
before and after each of more than 200 nuclear events by monitors who were trained in fallout survey
techniques. Typically, monitors were stationed at numerous locations in towns and along roads,
especially in the projected trajectory of fallout. They used portable instruments such as geiger
counters and ion chambers to measure, for the most part, the external gamma exposure rate at three
feet (1 m) above the ground. As the measurements were taken, the monitors recorded on log sheets
the time and place, the instrument type, the gross radiation reading and a previously determined
background level, and comments about the measurements or weather conditions. The logs were later
evaluated along with other data to determine the extent of the fallout deposition and maximum
readings, to prepare maps showing the distribution of fallout, and to estimate external exposures to
residents of the affected areas. The results were usually written up as off-site surveillance or
radiation safety reports, such as the ones by Collison (1953) and Placak (1962).

In the 1980s, the log sheets were retrieved from storage and and the information in them was
evaluated and computerized by EPA-EMSL. The resulting data file, the Survey Meter Data Base,
is described in Grossman and Thompson (1993).

Fallout patterns were produced for 77 events in the 1950s and 1960s, primarily by the U.S.
Weather Bureau. The patterns were based on the survey meter readings and the prevailing weather
conditions at the time of the event. Most of the fallout patterns show isopleths of both exposure rate
(H+12, usually) and time of fallout arrival. An example is shown in Figure 3. As part of the ORERP,
the WSNSO reanalyzed the patterns for 11 events using additional data (Quinn, 1990).
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to the original map to aid in interpolation (see Section 3.1). Redrawn and modified
from Quinn er al. (1986).



2.3 MAKING THE ESTIMATES

At the start of the ORERP, a committee developed a list of 604 sites in Nevada, Utah, Arizona,
and California that were considered populated areas and might have been affected by nuclear events
at the NTS (Appendix A). All the sites were used in making and reviewing estimates, although not
all of them are represented in the Town Data Base.

Estimates were produced separately from the survey meter data and the fallout patterns. If
estimates for a given location and event were obtained from both sources, they were compared at
the end of the process to determine which would be placed in the data base. Figure 4 shows a
generalized flow diagram of the estimation process.

Analysis by
Weather Bureau
ﬁl
&?ﬁggﬁl Weather Fallout
Data g Information Patterns
¥
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Reanalysis
Survey Meter by WSNSO ( Digitizing '
Data Base
i 1st interpolation
( Screening ) ( (kriging) )

Decay-correct 10-km Grid
to H+12 Data Base
L ] \
Compute mean 2nd interpolation )
Review and
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Town Data Base

Figure 4. Generalized flow diagram of the estimation process.



The first step in producing estimates from the fallout patterns was to digitize the isopleths, that
is, convert the lines on the maps into a numerical form that could be used by computer programs.
Next, an interpolation method called “kriging” was used to estimate both arrival time and exposure
rate at the nodes of a square grid of points 10 km apart that covered the area of the isopleths on the
fallout pattern. The collection of estimates at the grid nodes for all 77 events is called the 10-km Grid
Data Base. The-values of Xg and Xr for any location were then interpolated from the estimates at
the grid nodes surrounding the location, using a distance-weighted formula that gives greater
importance to the values at the nodes closer to the location.

Because the survey meter data provide relatively little information about the time of fallout
arrival, the X7 values derived from the fallout patterns are the primary source of arrival time
estimates in the Town Data Base. On the other hand, the survey meter data are the primary source
of exposure rate estimates because they do not smooth the data as the fallout patterns do and because
they provide a better representation of the dispersion.

Estimates for a given location were calculated from the survey meter data by first retrieving
from the Survey Meter Data Base all measurements made within 2.5 km of the location. From these
measurements were selected all those that were measurements of y radiation taken 1 m above the
ground, taken at or after the estimated arrival time (X7), and considered usable (non-suspect) for
dose calculations. A background value was then subtracted from each selected measurement, and
the net value was decay-corrected to H+12. An arithmetic mean and standard deviation were
calculated and these were transformed, if possible, to a geometric mean and standard deviation.

Once estimates were created from both the fallout patterns and the survey meter data, an
extensive and thorough review was performed. The objective of the review was to confirm the
estimates with other available information, to resolve any apparent anomalies, and to select the
locations with discernible amounts of fallout for inclusion in the Town Data Base.

2.4 THE TOWN DATA BASE

The Town Data Base contains the location and event information and parameter estimates for
1,910 combinations of location and nuclear event. It has at least one record for each of 74 events
and each of 353 locations. Appendix B describes the format of the data base, while Appendix C
contains a listing of the records.

The first version of the Town Data Base was created in 1985. Over the next few years, the data
base was revised several times to incorporate different methods of calculation, improved analytical
and review processes, and updated versions of the input data bases. The methods described in this
report were used to create the fourth and final version. Version 4.0 of the Town Data Base was
distributed to ORERP scientists in October 1989; it was followed by version 4.1 in February 1990.
A final check of the data base was made in 1992 and 1993 to ensure that all decisions were properly
documented and that the estimates reflected the final decisions. The last revision of the data base,
version 4.2, includes a few minor changes resulting from this final check. These changes are noted
on the listing in Appendix C.



3. ESTIMATES FROM FALLOUT PATTERNS

3.1 FALLOUT PATTERNS

One important source of data for the estimates was the set of fallout patterns produced in the
1950s and 1960s to help assess the spread and the levels of fallout produced by each nuclear event.
These patterns were hand-drawn isopleths developed from survey meter readings and information
on the prevailing weather systems at the time of the event. Many of them were published in Nagler
and Telegadas (1956), Goeke (1958), and Telegadas and Nagler (1960). Patterns from events
conducted after 1958 have apparently not been published, but they can be obtained from the
Coordination and Information Center at the address given at the end of the References.

The exposure rate patterns for most events were produced from survey meter readings that
were normalized to H+12. For some events where fallout did not extend far off the NTS, the
exposure rates were normalized to H+1. When the H+1 isopleths were digitized, the exposure rate
values were converted to H+12 using the r~1:2 model:

ER(12) = ER(r) - (12/1)~12 Q)

where ¢ is the number of hours from detonation for the value on the map. For example, if the exposure
rate is 0.4 mR/hr on an H+1-hour map, the value at H+12 is

ER(12) = 0.4(12/1)~!2 = 0.4(0.05) = 0.02 mR/hr.

Most fallout patterns also included isopleths of the time of fallout arrival. The exact meaning
of this quantity was a subject of much discussion in the early stages of the ORERP. In general terms,
the arrival time is the time, in hours after detonation, that the fallout cloud from a given nuclear event
arrived at a given location. Several more precise or quantitative definitions can be given, and at least
four possibilities were considered (Miller, 1982):

¢ the time when a substantial part of the fallout reached the ground (used by the Weather
Bureau in creating original fallout patterns);

* the time when a time-of-arrival detector recorded a value 2 mR/hr above background
(such detectors were used during Operation Plumbbob in 1957);

» the time of the maximum rate of fallout (used by the WSNSO in their reanalysis of fallout
patterns); and

¢ the time that equalizes the two shaded areas A and B in Figure 2 so the area under the
approximate curve is the same as the area under the true curve (Kennedy, 1981).

Values of time of fallout arrival derived using these definitions typically differ by 15 to 30
minutes down the center of a pattern and perhaps up to an hour near the outer edges. Such differences
are considered small relative to the precision with which arrival time can be estimated. For the
purposes of this report, the time of fallout arrival is defined as the quantity represented by the arrival
time isopleths on the fallout patterns.

Arrival times were determined by examining profiles of exposure rate versus time where data
were available. Where there were no profiles, winds-aloft data were analyzed to estimate the time

10



that fallout particles would have arrived at a location. These arrival times were plotted on the fallout
pattern map and isopleths were drawn to them.

Seventy-five fallout maps were located, giving patterns for 77 events which may have
produced discernible fallout off-site (U. S. Department of Energy, 1989). (One map has patterns for
both the SOCORRO and WRANGELL events, while another has patterns for SANFORD and DE
BACA.) The names of all 77 events are included in Table 4 in Section 6. Ground monitoring data
were taken before, during, and after many other nuclear events for which fallout patterns were not
produced because the levels of exposure rate off the NTS were low.

In the early 1980s, the fallout patterns for 11 events (ANNIE, BADGER, BEE,
BOLTZMANN, EASY, HARRY, NANCY, SIMON, SMALL BOY, SMOKY, and ZUCCHINI)
were reanalyzed by the WSNSO using ground monitoring data, information about prevailing
weather systems, and aerial survey data (Quinn, 1986a, 1986b, 1987; Quinnetal., 1981, 1982, 1984,
1986; Steadman, 1988; Steadman et al., 1983a, 1983b, 1984a, 1984b). The methods used were
similar to those for the original analyses, though the survey meter data were more carefully assessed
and questionable values were adjusted or discarded before the calculations were performed. For
these 11 events, the revised patterns were used instead of the original patterns to produce estimates.
The WSNSO also reviewed available information to provide isopleths of the time of fallout arrival
for a few events which did not have arrival time isopleths on the original fallout pattern.

3.2 DIGITIZING AND INTERPOLATING

Estimates were obtained from each fallout pattern through a three-step process. First, the
isopleths were digitized to convert them into a numerical form. Next, the digitized data were used
along with an interpolation program to estimate values on a 10-km square grid of points covering
the fallout pattern. Finally, the grid estimates were used to interpolate values at the locations of
interest within the grid. The first two steps are described in this section, and the third step is described
in Section 3.3.

Digitizing was the method chosen to computerize the information from the hand-drawn
exposure rate and arrival time isopleths. The procedure involved placing the fallout pattern on a
digitizing pad and tracing each isopleth with a special pen that recorded the X and Y coordinates
of the pen’s location and the isopleth level whenever a button was pressed. The spacing of digitized
points along the isopleths varied, with straight segments having fewer points than sharply curved
segments. When the procedure was complete, each isopleth was represented in a computer file by
a set of records, each containing the isopleth level and the coordinates of a point on that isopleth.
Two such files were created for each pattern, one with the exposure rate isopleths, the other with the
arrival time isopleths. After the digitizing was completed, every digitized pattern was plotted and
compared with the original pattern to check for errors and to verify that the digitized version
adequately represented the isopleths.

Early attempts to interpolate from the digitized arrival time data gave poor results in regions
near the lowest and highest isopleths. To help provide more realistic interpolated values in these
regions, two extra isopleths were drawn and digitized along with the original isopleths. One was
drawn about midway between the end of the exposure rate isopleths nearest to the point of detonation
and the first arrival time isopleth. This isopleth was given a value equal to half the value of the first
arrival time isopleth. The second was drawn at the other end of the pattern, beyond the last arrival
time isopleth at about the spacing of the previous two. This new isopleth was given a value equal
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to one more than the largest arrival time isopleth level. Figure 3 shows the two additional isopleths
drawn for event EASY.

Also, the interpolation program estimates a value at each grid node from the nearest eight data
points. To ensure having enough data in the area of each node, additional points were added between
digitized points on each exposure rate isopleth. For isopleths greater than or equal to 40 mR/hr, the
maximum distance between digitized points was no more than 1 km and for isopleths less than 40 mR/hr,
the maximum distance was no more than 2 km. Addition of points to the digitized isopleths of arrival
time was not necessary because the isopleths were relatively straight.

All 75 historical fallout patterns were digitized in 1980 and 1981. Revised patterns were
digitized as they were produced by the WSNSO.

The second step in obtaining estimates from the fallout patterns was using the digitized data
to create a grid of equally spaced points, each having an estimate of exposure rate and time of fallout
arrival. Some consideration was given at first to using a grid of points 5 km apart. Eventually, it was
decided that interpolating to such a fine grid with such sparse data would be attempting to create
more precision than existed in the fallout patterns. Instead, a 10-km by 10-km grid was selected. In
examining the distance between isopleth lines, especially the ones for exposure rate, it was found
that gradients were usually steep only in the region near the NTS, where there were very few
locations of interest. The remainder of a pattern contained gradients that were less steep, so that
estimates on a 10-km grid covering the pattern could reflect the gradients well.

The grid origin was the same for all events: 37° north latitude and 116° west longitude, a
location near Yucca Lake on the NTS. Figure 5 shows an example of the 10-km grid overlying the
pattern of event EASY.

Two methods were used to interpolate from the digitized fallout patterns to the 10-km grid. The
modified Shepard’s method (Foley, 1981) was initially preferred because it was easier to use.
However, it did not give acceptable estimates in regions where values were changing rapidly. Early
in 1982, kriging was adopted as the method for creating the 10-km grid estimates.

Kriging is an estimation method first developed by statisticians in the mining industry. It differs
from classical spatial estimation methods in that it uses the correlation between values measured at
a set of locations to estimate the value at an unmeasured location. In the present context, the
measured locations are the digitized points on the isopleths, while the unmeasured locations are the
nodes of the 10-km grid. Kriging has some optimal properties from a statistical standpoint, and it
provides an estimate of the uncertainty in the interpolated values (the kriging error). A discussion
of kriging is beyond the scope of this report. Journel and Huijbregts (1978), David (1977), and
Delfiner and Delhomme (1975) provide good explanations of the technique.

Kriging was carried out by first running each file of digitized data for an event through a
computer program called GAMMA (Chiles, 1975) to compute the sample variogram, a function that
expresses the spatial correlation of the data in terms of the distance between the observed values.
The output from GAMMA was used to estimate the parameters defining the kriging model. The
corresponding file of digitized points and these parameters were then input to the computer program
BLUEPACK (Delfiner et al., 1976) to produce a set of kriged estimates at each node of the 10-km
grid. BLUEPACK produces estimates on a rectangular grid of points specified by the user rather than
on a grid in the shape of the fallout pattern. To provide estimates for exposure rate and arrival time
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Figure 5. Points of the 10-km grid superimposed on the fallout pattern from event EASY. The
solid black line encloses the grid points considered usable for calculating estimates.
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over the same area, the bounds of the rectangle for a given event were chosen to give the closest fit
to the exposure rate isopleths. The grid overlay in Figure S is an example of the rectangle fit to a
pattern.

Comparison of the grid estimates to the original isopleths showed that kriging performed
wellininterpolating to the gridnodes in the areas bounded by the actual data. Because the kriging
estimates outside of these areas did notalways reflect the expected decrease of exposure rate with
distance fromthe NTS, a flagging procedure was developed to differentiate grid points. The grid
nodes that most closely enclosed the exposure rate isopleths and all the nodes within that
enclosure were flagged as nodes that were usable for estimation. Thus the set of grid estimates
used in further calculations for an event was determined by the exposure rate isopleths. The same
nodes were flagged for the arrival time estimates even though the isopleths for arrival time
generally extended beyond those for exposure rate. In a few cases, estimates of exposure rate at
nodes on the boundaries or in the center of the pattern did not change consistently with the
gradient or had large kriging errors. These nodes were not flagged and were not used in further
calculations for that event.

Figure 5 shows the grid points for event EASY that were flagged as usable for subsequent
estimation. Figure 6 is a subset of the grid of exposure rate values showing an example of the
interpolated fit.

The exposure rate and arrival time estimates for all nodes (flagged and unflagged) in the
rectangle of the 10-km grid surrounding the isopleths for each event were combined to form the
10-km Grid Data Base. These rectangles cover the most current sets of isopleths for all 77 events
with fallout patterns. Each record in the data base contains the values at a node for a given event.
The fields associated with each node include the event name, the distance of the node from the grid
origin in the north-south and east-west directions, the kriging estimates and kriging errors of
exposure rate and arrival time, and the usability flag.

The grid estimates for event BANEBERRY required special treatment because the isopleths
on the fallout pattern were in units of net infinite external gamma exposure (mR) rather than mR/hr
as on the other maps. The isopleths were digitized and estimates were produced at the grid points
using the mR units. Each grid estimate was then transformed to an estimate of H+12 exposure rate
with the equations

E= J ER(1)t'2dt
T
ER(1) = (E/5)T%?

ER(12) = ER(1)(12) "'

Here E is the interpolated exposur