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ABSTRACT

From a meteorological standpoint there ae two types
of initial ources for atmospheric diffusion from Plowshare
applications One the continuous point-source plume - a
SLOW, sma IL ieak fom an underground engineering application.
The other is the large cloud produced aLrnoet instantaneously
from a cratering application. For the purposes of this paper
the effluent from neither type has ignificant fall speed.
Both are carried by the prevailing wind, but the statistics
of diffusion for each type are different.

The use of constant altitude, isobaric and iaentropic
techniques for predicting the mean path of the effluent is
briefly discussed. Limited data are used to assess the ac-
curacy of current trajectory forecast techniques.

Diffusion of continuous point-source plumes has been
widely studied; only a brief review is given of the tech-
nique8 used and the variability of their esults with wind
speed and atmospheric stability.

A numerical model is presented for computing the dif-
fusion of the "inaiantanecuaZy-produced" large couds. This
model accounts for vertical and diurnal changes in atmoe-
pheric turbulence, wet and dry deposition, and radioactivity
decay. Airborne concentrations, cloud size, and dposition
on the ground are calculated. Pre- and poet-shot calcula-
tions of coud center, ground evel concentration of gross
radioactivity, and dry and wet deposition of iodine-231 are
compared with measurements on CabrioZet and Buggy.

INTRODUCTION

Whenca P:ow share device Is detonated, a variety of radionuclides
is produ ed n the underground environment. Depending on the

This work was performed under the auspices of the U.S. Atomic Energy
Commission.
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part I cu I a r PI ows hare a p I i cation some of these rad I onuc II des, part I cu-
larly the more volatile ones, may be released to the atmosphere. In
the case of cratering applications, the majority of the vented radio-
nuclides are attached to particulate atter and rapidly settle to
earth. However, some of the material Is either in the form of gases
or In the form of particles which are too small to have any signifi-
cant fall speed.

The purpose of this paper is to discuss methods of predicting
the atmospheric transport, diffusion, and turbulent deposition of
the material which does not have any significant fall speed. An
assessment of the relative accuracies of current prediction techniques
will also be made.

Trajectory prediction techniques are common to the effluent which
might be released from an underground engineering appi ication and from
a cratering application. Thus, these will be discussed first. The
diffusion and deposition of effluent from each application will then
be discussed separately because the diffusion approach is different
for each application.

TRAJECTORIES

The most common method of constructing a trajectory Is the central
tendency method. This method assumes that the wind field is invariant
between times for which no data are available. The best available wind
field analysis for the height of interest is used. This could be a
streamline analysis or a contour analysis on constant pressure charts.
Isotachs aid the analysis. To construct the trajectory, a point is
moved along with the available wind field for a time period equivalent
to the time between observation periods. This period of movement of
the parcel is centered on the time of the analysis.

This central tendency method Is one of many possible kinematic
methods of constructing trajectories. However, this is about the
easiest method to use, and various studiesl,2 have shown that there
Is I ittle difference in trajectory accuracy among he various kinematic
methods, when the accuracies are averaged over a variety of synoptic
situations. In any one particular case, one kinematic method may be
somewhat better than another.

There are also dynamic methods of constructing trajectories
which compute the acceleration of the air parcel. However, these
are not widely used because they are more laborious to construct, and
they require a high accuracy in the wind and pressure fields. This
latter is true because the calculated acceleration Is a smal I difference
between two fairly large terms. Consequently, dynamic methods are
seldom used In routine trajectory forecasting.

If the trajectory being constructed is a "hind cast," wind maps
prepared from observations are used; or If It is a "forecast," then
prognostic charts of the wind field are used.
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What methods can be used to check the accuracy of trajectory fore-
casting techniques? As it is the path of parcels of air containing
pollutants that are of interest, the best measurement of the trajectory
would be a continuous tracking of the air parcel. However, this is
difficult to accomplish as it takes almost continuous aircraft tracking
of a "tagged" parcel for several days. The tracked ar parcels which
can be compared to trajectory forecasts are almost nonexistent.

The next best method would be to track a constant level balloon
or a constant density balloon. Constant level balloons have been
flown at heights of 200-300 millibars and set so that they stay o a
constant pressure surface. Constant density balloons, which are also
known as tetroons, have been flown in the lower atmosphere, say from
12,000 feet down to a few hundred feet above the ground, and are designed
to float on a constant density surface.

Another method which has been used to study trajectories has been
to construct a trajectory from observed wind data and compare it to a
constructed trajectory based on forecast data. Ironically though, when
constant level balloon data have been available, the error in "hind
cast" trajectories has been determined to be about the same as i fore-
cast trajectories.1,2

Using trajectories from 11 balloon flights at 200 millibars durinq
the period of August 1949 to March 1950, Machta, in an unpublished
paperll,2 found an average error of 32% of the total trajectory length
for an average trajectory length of 855 nautical miles (average flight
duration 15�� hours). An Air Weather Service trajectory study at 300
millibars, for 76 cases, compared forecast trajectories to balloon data.
This gave an average cross trajectory error of 19.5% and an average alony
trajectory error of 25.9%. This resulted In a net error of about 32.5%.
Moore3 had an average forecast trajectory error of 23% of the total tra-
jectory path for balloons designed to fly at 300 millibars. "Hind cast"
trajectories prepared for 20 balloon flights, selected for good behavior,
right altitude, etc., gave an average trajectory forecast error of 20%
of the trajectory path length of about 1000 miles.

Trajectory computations can be easily done by computer. By linking
a trajectory forecasting technique directly to one of the numerical
weather prediction models run by the Environmental Scientific Services
Administration (ESSA) at Suitland, Maryland, one has the advantage of
using small time steps in the central tendency method. This is because
the numerical weather prediction models step forward In time steps of
10 minutes to an hour, whereas, prognostic charts or observational data
are usually only available in 12-hour increments. Hurbert et a14 ran 
comparisons, with constant level balloons floating at 300 ffMil-l-lbars and
72-hour trajectory forecasts prepared by the equivalent barotropic model.
The equivalent barotropic model does calculations at the 500-millibar
surface, and then it is necessary to extrapolate upwind to 300 millibar
in order to compare calculations to the path of the constant level
balloons. The average error n these compar I sons for f I ights of 72
hour duration was about 25% of the flight path length.
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Coming down In atitude to the lower levels (10,000-)2,000 feet),
there Is the trajectory study done by Allen, et a.5 This study was
done utilizing trajectories originating at the Nevada Test Site (NTS).
For the period of about a year four different kinds of trajectories
were prepared (or available) at NTS. They were:

(1) A 30-hour 700-millibar forecast which was linked to the
output of the three-level baroclinic prediction model being run
by ESSA at Suitland, Maryland.

(2) The duty forecaster at NTS routinely forecast 30-hour
trajectories from NTS. During the first part of the test period,
these were at 10,000 feet and during the second part of the test
period they were at 12,000 feet. Although these forecasters did
not have access to the numerically prepared trajectories, they
did have access to the prognostic charts prepared at
Sultland, Maryland.

(3) The duty forecasters at NTS routinely reconstructed
30-hour trajectories using observed wind data.

(4) Small clusters of tatroons were launched almost daily
and tracked by radar as long as possible. The maximum tracking
time was about 50 hours. In order to minimize the grounding
of these balloons and to optimize their radar tractability in
the rough terrain of northern Nevada, these balloons were flown
at 12,000 feet.

Over a forecast time period of 6 to 24 hours, the standard vector
deviation from the tetroon trajectory end point and the NTS forecaster-
prepared trajectory end point was 55-60% of the total tetroon trajectory
length. The same accuracy was obtained by the numerical forecast tra-
jectorfes from Sultland. The reconstructed trajectories done by NTS
meteorologists had a standard vector deviation from the observed tetroon
trajectory of 36 to 57% of the tetroon trajectory path length.

Examination of the data also indicates that there is a 50% chance
that the vector standard error will be less than 47% of the total path
length for the forecast prepared by NTS forecasters.5 For "hind casts"
prepared by the NTS forecasters, there was a 50% chance that he vector
error will be less than 26% of the total rajectory path. Generally,
the "hind cast" trajectories were shorter in total path length than the
observed tetroon trajectories. There is some rationale for believing
that the tetroons, because they are restricted to constant density Sur-
faces, will tend to move faster than air parcels which could move up
and down more (see discussion at end of Reference 5).

It Is a little surprising In all of these studies to see that the
"hind cast" trajectories are not much better than the forecast. The
sparseness of upper wind data would contribute to this. In particular,
the terrain n northern Nevada and the Rocky Mountain states would have
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a significant effect on the path of the tetroons studied by Allen, et al.5
The meteorologists at NTS attempted to allow for terrain effects on the r
forecasts for the first few hours of the trajectory. However, at late
times they relied on ESSA prognostic charts from Sultiand, Maryland. In
these numerical models the terrain Is grossly smoothed. This lack of
terrain effect was also very evident in the numerically prepared tra-
jectory forecast from Sultland. Terrain may also help explain why the
average error between forecast and tetroon trajectories Is like 50-60%
for the Nevada studies, whereas for the constant level balloons at
higher altitudes the error was 20-30%.

It Is also true that long trajectories and smooth "flow" tend to
have less percentage error. The smooth fow makes the lack of spacial
resolution In the data less critical. Long trajectories also tend
toward a more climatically averaged transport speed.

A low-level trajectory study done by Peterson6 compared tetroon
trajectories at 500-1000 feet above the ground, with reconstructed
trajectories using an adjusted surface wnd a surface geostrophic
wind, a second standard level wind, and a 5000-foot wind. The tra-
jectory construction technique In all cases was the central tendency
method. The basic tetroon data was a card mailed back from wherever
the tetroon was found. Thus the landing point was known, but not
necessarily the path between launching and landing.

Out of these data It was possible to show that the reconstructed
trajectory using the adjusted surface wind, adjusted for speed change
with height and for veering with height, gave the best fit to the ob-
served landing position of the tetroon.

All of these systems of reconstructing trajectories were unsuc-
cessful in cases of rough terrain and in cases of interaction with
frontal surfaces.

In reality it Is necessary to deal with air parcels which follow
isentropic surfaces. sentropic surfaces may or may not coincide with
isobaric or constant height surfaces.

In particular, isentropic surfaces are nearly parallel to frontal
surfaces and thus air parcels rise over fronts. Routine isentropic
forecasts were not and are not available to compare wth observations
of "tagged" air parcels. sentropic "hind casts" have been used a
great deal as a diagnostic tool; this is particularly true for stratos-
pheric trajectories. The framework for sentropic trajectory fore-
casts Is available,7,8 but it needs to be put to routine use.

Lastly, In closing this discussion of trajectory forecasting It
should be mentioned that ESSA currently runs a trajectory forecast
program at the numerical weather pediction unit at Suitland, Maryland.
The trajectory forecast uses a central tendency method and linear
interpolation between the grid points used In six-layer primitive
equation model.9 At each hour during the computation of the 48-hour
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forecast, wind direction and speed is tabulated at each grid point
and for a variety of heights. Trajectories are then prepared uti-
lizing one-hour time steps and these forecast winds. Trajectories
can be run at several different heights and with several different
starting points. Unfortunately, a comparison of these computer
trajectories with tetroon data or even reconstructed trajectories
has not been done yet.

UNDERGROUND ENGINEERING APPLICATIONS

Most conceivable underground engineering applications would be
done with the Plowshare device bried too deep for there to be any
significant probability of a dynamic venting. If any venting occurs,
it most likely wi I I be in the form of a smal I continuous leak of
volatile radionuclides. This effluent would be carried downwind by
the local, near-surface wind pattern. The diffusion of this con-
tinuous plume of effluent would be wel I described by the Gaussian
plume diffusion model. This model Is represented by Equation (1):
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X=the concentration, pCi/m 3

Where: Q=the source, pCi/sec

y=the crosswind distance from plume axis, m

ay=thetstandard deviation of the crosswind Gaussian
dis ribution of concentration, m

z=the vertical distance from the plume axis, m

a,=the standard deviation of the vertical Gaussian
distribution of concentration, m

u=the mean horizontal wind speed, m/sec

Various forms of Equation (1) have been well studied in the
meteorological literature for the last 30 years. The books by Sutton, 10
Pasquil I and the recent 1968) Issue of Meteorol��y and t Ic Energy,12
give good reviews of plume diffusion. For our purp es �ere,2Tt Is sut-
ficlent to say that one needs t know the leak rate, the wind speed, and
ay and a, in order to evaluate Equation (1). If the leak Is surface-based
and if surface concentrations are desired, then z = and Equation (1)
is multiplied by two. Much of the discussion of this equation in the
meteorological literature has hinged upon different ways of evaluating
Gy-and a as functions of atmospheric stability, wind speed, and distance
downwind.
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The most use fu I and rea I stic method of eva I uat on and a, is
to use the many diffusion tests, which have been done over the years,
to evaluate ay and az as a function of distance under different atmos-
pheric conditions. Thus, these standard deviations are empirically
determined from concentration data for different meteorological condi-
tions. Figures I and 2 give the variation of these parameters with
distance and with atmospheric stabl�ity. This presentation of the
data was originally done by Pasquil 13 in 1961. Concentration data
obtained since then 12 still fits these categories.

Table 1glves a qualitative description of the stability cate-
gories. This description was originally proposed by Pasquill.i3
These stability categories have also now been related to the standard
deviation of the wind direction fluctuation when the sampling time
for wind directions is about a half hour.12 This relationship is
given in Table 2.

This approach to evaluating the diffusion of continuous point
sources has become standard practice. There is enough experience
now with these nomographs to Indicate that they work reasonably well
when the time of effluent emission is long compared to the travel
time to the sampler and when the time of plume passage past the arcs
of samplers is about an hour or less. The reason for the latter com-
ment is that almost all of the plume diffusion experiments have been
done for sampling times of about a half hour to an hour. If longer
sampling times were used in the experiments, the values of a and CY,
on Figures I and 2 would be larger. In order to evaluate t4 exposure
at some point downwind, the concentration should be calculated for
averaging periods of about an hour. Wind direction data can then be
used to determine how many hours the plume might be over a particular
point downwind If periods of longer than an hour are involved.

CRATERING APPLICATIONS

The majority of the effluent which might be released by a
cratering application would be released almost instantaneously and
as a large volume source. This large volume source will be diffusing
as it travels along its trajectory. Diffusion will be with respect to
a coordinate system which moves with the large volume source. Hence
the statistics of turbulent diffusion are considerably different for
this source than they are for the continuous plume.

In classical diffusion theory, there are analytical solutions for
an nstantaneous point source. These result in a spherically symmetric
Gaussian cloud or puff. However, these solutions are not applicable
for the large volume sources that would be generated by a Plowshare
cratering application. For Instance, as time approaches zero in the
instantaneous point source, the concentration goes to infinity. This
implies an infinite exposure rate which is unrealistic. Yet, realistic
estimates of early time exposure rates are needed.
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Let us assume that the fraction of nuclides produced which are
vented to the atmosphere s Independent of the explosive yield. Then
the Initial cloud concentration, for those nuclides whose production
Is directly proportional to the yield, Is independent of yield. This
is because the Initial volume of the volume source Is almost directly
related to yield.14 Thus, as the yield increases the nuclide pro-
duction Increases and the Initial volume, within which the effluent
Is distributed, Increases In about the same proportion. Total ex-
posure is dependent upon cloud passage time as well as upon concen-
tration. Assuming a constant wind speed during cloud passage, the
exposure time Is directly related to a cloud dimension. Any one
dimension of this Initial volume source Increases about as the cube
root of the yield. Thus, as yield Increases, total exposure ex-
perienced by an Individual In the path of the effluent only increases
as the cube root of yield.

For those nuclides whose production Is Independent of yield, the
Initial concentration Is Inversely proportional to the yield. The
total exposure to this type of nucl(de, from a passing cloud Is in-
versely proportional to the 23 power of the yield.

After a day or two, when the effluent size Is measured in the
hundreds of kilometers, the effluent doesn't know what Its original
size was. Thus, the Initial size associated with the effluent is
not Important when one Is concerned about very late time concentra-
tions.

Another reason that the classical diffusion theory instantaneous
point source solutions are not applicable to large volume sources
generated by Plowshare cratering applications Is that analytical solu-
tions require the assumption that the atmospheric dlffusivity is inde-
pendent of time or space. In fact, the rate of atmospheric diffusion
Is dependent upon the scale of the process and thus Increases with time.

Therefore, at tYe.Lawarence Radiation Laboratory (LRL a numerical
model was developed hTch Incorporates, In a rational way, what is
currently known about atmospheric diffusion of large clouds.

The numerical model Is two-dimensional; hree-dimensional dlf-
fusion Is obtained by assuming circular symmetry about a vertical
axis. The basic dfferential equation to be numerically integrated is:

Al = K 3,X I jA + (2)6t r z 
2 r 6r 6z H

r I

where X is concentration per unit volume, r Is radial distance from the
axis of symmetry, z Is vertical distance, K and K are radial (or hori-
zontal) and vertical diffusivity, respect Tvr ly. Ridial diffusivity Is
assumed to be Independent of height, and vertical diffusivity is Inde-
pendent of radial distance from the cloud center. The diffusivities are
determined by the turbulent properties of the atmosphere and the scale of
the cloud.
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The solution of Equation 2 Is straightforward. The secret of
success lies In the manner In which the horizontal and vertical dif-
fuslv;t;es are specified as a function of time and space. In the
numerical model being described here th predictions of smilarity
theory as applied to atmospheric d1f;Uslen 16 are used to predict the
horizontal diftusivity as a function of the cloud sze and as a func-
tlon of the turbulent properties (specifically the turbulent dissipa-
tion) of the atmosphere.

In the case of K, the smilarity predictions for kometer-
sized clouds would result in unrealistic values used near the ground
surface. Because there are much data on near-ground surface vertl-
cal dffusIvIt(es and some data on how these vary with height It
was decided to I K be an arbitrary function of height and time.
This would also :11ow us to "mock up" the effects of temperature In-
versions In the free atmosphere on vertical diffusion. However, the
computer code currently uses the simplified form of K as a function
of height, as given In Figure 3 Therefore, K is aIfowed to Increase
linearly with height In the boundary layer andzthen Is held constant
with height until the top of the mixed layer Is reached. It is implied
that the environmental lapse rate Is almost dry adiabatic to the top of
the mixed layer. Above this height, vertical diffusivity Is allowed to
decrease with height until It reaches a prescribed "ambient value" for
the free atmosphere. The depth of the boundary layer, the altitude of
the top of the mixed layer, the altitude of the stable layer, the value
of K at one meter above the ground, the value of K, Immediately above
the, Top of the boundary layer, and the value of K, above the stablizing
Inversion are all Input parameters. In the current version of the
numerical model these parameters along with time, altitude above mean
sea level of the ground, height of the cloud center, atmospheric dls-
sipation, and rainfall rates are read In as an input table. Thus, all
of these parameters can be arbitrary functions of time. The numerical
model Interpolates linearly between values specified at discrete tme
Intervals. It Is obvious that all of these K parameters are not well
measured for any one particular event. Nevertheless, it should be
pointed out that all of the details of Kz which are so mportant for
micrometeorological calculations are not as important for predictions
of the gross characteristics of large volumes of effluent. By an
examination of upper air temperature and wind data and judicious use of
micrometeorological studies In the surface boundary layer, reasonable
estimates of these turbulent parameters can be made for any particular
event.

The geometry associated with the numerical model is depicted In
Figure 4 As Is evident from this figure, the numerical model assumes
circular symmetry. This Is a weakness In this particular model because
it is not then pssible to explicitly handle accelerated diffusion
caused by persistent (in time) changes In horizontal wind speed and/or
dWection throughout the depth of the effluent.

There are several nondiffusive effluent depletion mechanisms in-
cluded In the numerical model. Non-failing but near-ground surface

257



effluent tends to deplete some of its material to the ground by im-
paction of submicron particles on vegetation or by absorption of gas
by vegetation. In atmospheric diffusion problems, this form of de-
pletion is usually handled by multiplying an empirically determined
deposition velocity times the ground level ar concentration. This
results in a net flux of material toward the ground. Deposition
velocities have been empirically determined for different radio-
nuclides. The numerical model being discussed here uses this approach,
with a deposition velocity being specified as an input parameter. As
part of the concentration calculations, there results a ground-level
concentration value. This is multiplied times the deposition velocity
and integrated over time of cloud passage to calculate total de-
posited amount on the ground. The amount deposited is also depleted
from the lower part of the cloud In this calculation.

Another nondiffusive depletion mechanism is precipitation
scavenging. There are two forms of precipitation scavenging, one called
washout and the other called ralnout. Washout refers to the removal of
part i cu I ate matter by re n drops fa I I ng through a c I oud of part cu I ates,
co I I I d I ng w I th the pa rt c I es, and then carry ng them on to the g round.
Ralnout refers to the condensation of water vapor on particulate matter
and then their subsequent scavenging. The washout mechanism is the only
one handled so far in this numerical model. Washout is dependent upon
the precipitation rate and the particle size of the effluent being
washed out. In calculations done with this numerical model, the pre-
cipitation rate is input as a function of time. The coefficients which
are associated with particle size are put in at the beginning of a cal-
culation. It should also be noted that the top of the precipitation
scavenging can be independently specified In this numerical model.

The radioactivity decay of gross fission products as well as specific
nuclides can be handled wthin this numerical model.

A typical calculation starts with the geometry of the stablized
(motions which were Initially responsible for producing the cloud are
no longer important) cylindrical volume source and a Gaussian distri-
bution of activity within this volume. Concentrations and deposition
are calculated over the time period of interest, which may be several
days, according to the input atmospheric turbulent parameters and non-
diffusive depletion mechanisms along the effluent's trajectory. If the
calculation is being performed in a diagnostic sense, after the event,
then the meteorological parameters are those which are observed along
the trajectory. If It is a calculation being done before the event,
the along-trajectory meteorology may come either from climatology or
from Immediately pre-shot forecast meteorology.

Since the development of the numerical model, case studies are
being done in order to see how well the model works against data. Be-
fore presenting some case study data, It should be noted that it is
extremely difficult to obtain airborne concentration measurements with
enough time and space resolution to determine the "representativeness"
of each sample. In other words, was the sample taken within the

258



majority of the effluent? In order to answer this question, much data
are needed. It should be noted on the figures to follow that the con-
centrations are given in pCI/m3 with the radioactive decay being in-
cluded. It should also be remembered that normal atmospheric back-
ground has not been subtracted ;rom these data and that this back-
ground value is about one pCi/m .

The NRX/EST EP-4A nuclear rocket engine test of March 25, 1966,
was the first case study done. As such, no climatological or fore-
cast calculations were done ahead of time. Thus, in Figure we see
the diagnostic calculation using the along-track observed meteorology
and the measurements. All of the available aircraft data are plotted
on Figure 5. It is obvious that much of the data was taken on the
fringes of the cloud. An examination of the location of each filter
sample with respect to the majority of the cloud also would lead one
to this concluslon.17 It should be emphasized that, on Figure and
on the figures to follow, an initial amount of radioactivity in the
cloud and the along-track meteorology are used in the calculation.
There is no attempt to normalize the diffusion calculations to the
observed airborne concentrations.

Figure 6 shows calculations and data for the Phoebus IB-EP-4 nuclear
rocket event of February 23, 1967.18 In this case a climatological fore-
cast was prepared ahead of time, using pre-event predictions for the radio-
activity in the cloud and along-track climatology for the meteorology.
There was no precipitation along this effluent trajectory, and the dif-
ferences between the climatological and diagnostic prediction curves on
Figure 6 are the result o differences in along-track turbulence. Again,
all data available from aircraft are plotted on this figure. Thus, much
of it is on the fringes of the cloud or just plain background levels. The
altitudes of the effluent Involved in Figures and 6 were in the 8000-
to 12,000-foot MSL range.

For the Plowshare cratering experiment, Cabriolet, of January 26, 1968,
three different types of predictions were prepared. A climatological
forecast using pre-shot estimates of airborne radioactivity was per-
formed several weeks prior to execution. A forecast calculation was
prepared using the pre-shot estimates for source term and forecast along-
track meteorology as of about four hours prior to execution. Lastly,
the diagnostic calculation has been prepared post-shot, using observed
along-track meteorology and observed source term data for chemistry.
These three types of calculations and the observations are presented In
Figure 7 In this event the climatological and forecast calculations
were made using the total amount of radioactivity expected; this would
be related to exposure rate measurements within the effluent. This to-
tal included the gaseous products. The diagnostic calculation on
Figure 7 was prepared using only the particulate activity. It is this
particulate activity which would be collected on filters. This difference
amounts to about a factor of two fom HI to 14+10 hours. At later times,
say at H50 hours, the contribution of the gaseous products to the to-
tal activity is negligible. This comment explains some of the difference
between the forecast and climatological prediction and the diagnostic
on Figure 7 at times of HI to H10 hours.
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The hollowsyTbols on Figure 7 are exposure rate measurements
converted to pC /m with the assumption that the sample was taken
In the middle of an Infinite volume of effluent. The solid symbols
are filter data. Only data which are considered to be reasonably
representative of Cabriolet concentrations are presented In Fgure 7.

The differences In the three types of predictions, which be-
come apparent around H10 hours, are the result of there being no
precipitation In the climatological forecast, whereas, in the fore-
cast calculation the precipitation was forecasted to start at about
H+10 hours. In the diagnostic calculation, precipitation started
at about H8 hours. There Is also some difference between the total
amount of precipitation forecast and that observed.

Figure gves the measured and calculated airborne concentra-
tions for the Plowshare row-cratering experiment, Buggy, which was
executed on March 12, 1968. The format of the data presentation Is
the same as was on Figure 7 except that all of the measurements are
Included. The climatological calculation Is the only one presented
here and It Includes both the gaseous as well as particulate ma-
terial. The forecast calculation is available, but there is little
difference between It and the climatological and thus it is not added
to the figure. Again, at times later than H10 hours the contribu-
tion due to the gaseous Is small compared to that due to the fine
particulate matter. Thus, at these times the filter data can be
directly compared to the calculation. A complete analysis of the
Buggy event Is not finished as of the time of the preparation of
this paper. Therefore, no diagnostic calculation Is presented for
Buggy. However, It Is not expected to differ by more than a factor
of two or three from the climatological calculation presented in
Figure 8. There was no significant precipitation along the trajectory
of the Buggy effluent.

From these case studies It appears that the calculations made
with the numerical model lead to airborne concentrations over time
periods of a couple of days, which are within a factor of two of the
measurements. This Is considered quite good by this author when one
considers the difficulty of numerical modeling on this time and space
scale, and when one considers the dynamic range of 8-10 orders of
magnitude Involved In the concentrations.

A variety of other parameters are calculated with the numerical
model. However, in the Interest of brevity, only one other type of
calculation will be presented here. This Is a calculation of the
deposition of material along the ground under the center of the
volume of effluent. It must be stressed that this Is not a fallout
calculation. Deposition In this numerical model results from a
turbulent Impaction of submicron particles on vegetation, utilizing
the empirical deposition velocity concept, and/or that material de-
posited by precipitation scavenging throughout the cloud. Figure 9
Is such a deposition calculation for lodlne-13i for Cabriolet. The
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data on this figure come from two sources: (1) Public Health Service
(PHS) milk samples, and 2 material deposited on large plastic sheets
which were located downwind and which are coated with a sticky sub-
stance. These data are probably only accurate to within a factor of
two. The difference between the climatological and the diagnostic
curves of Figure 9 at distances of 10-100 kilometers Is one of source
term. Pre-shot, seven to eight times more iodine-131 was expected to
be vented than was actually observed. The other significant dif-
ference Is the large peak in the diagnostic calculation about 400
kilometers downwind. This was a result of the Interaction with snow
shower activity In Cabriolet. The two milk samples above this hump
were both collected In a "snow-out area." The remainder of the milk
samp I es was prosumab I y co I I cted 1 n areas for wh I ch there was no
significant precipitation. The surface deposition data between 600
and 700 klometers downwind was all snow data. The snow which fell
on plastic sheets was bundled up and taken back to the laboratory for
analysis. The range In values at this distance Is the result of these
samples being collected along a line which traversed the path of the
effluent cloud. The hump In the climatological calculation at about
1000 kilometers Is a result of depletion of effluent near the ground
at night. On the next day vertical diffusion rates Increase, more
effluent diffuses down to near ground levels, and then the dry deposi-
tion increases.

Figure 10 is the odine-131 deposition, calculations and measure-
ments for Buggy. As the dagnostic calculations have not been performed,
only the climatological one is presented here. There was no precipita-
tion scavenging In Buggy.

In both Figures 9 and 10, all available data beyond about 0
kilometers are presented. Some locations are obviously closer to the
path of the cloud center than are others.

SUMMARY

For the most part, trajectory predicting methods use wind data oh
isobaric surfaces and/or constant height surfaces and have accuracies
of 20-60% of the total trajectory length over time periods of a day or
two. Trajectories at low altitudes and particularly over rough terrain
are the most difficult to forecast and have the worst accuracies In the
above statistics. It Is possible, however, to recognize meteorological
situations which would result In a higher than averaqe accuracy in tra-
jectory predictions. A significant Increase in trajectory forecasting
accuracy, particularly at low levels, will probably not occur until
observational data becomes available with more special rsolution than
is available now. For instance, the horizontal spacing between wind
observation stations in the U.S. is around 300 ki lometers.

Air parcels follow isentropic surfaces. As sentropic trajectories
do not necessarily oincide with isobaric or constant height surfaces, It
would be useful to perfect sentropic trajectory technique for routine use.
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Although the echanisms of turbulent diffusion are not yet well
understood, there has been much experience with the use of Gaussian
plume models to describe the diffusion from continuous point sources.
Thus, in this paper only a brief review of the subject of diffusion
from continuous point sources has been done. The only intent here
was to show that such procedures do exist and to show how they are
used.

The diffusion of almost instantaneously produced large volume
sources of pollutants for time periods of a few days has not been
well studied in the past. Thus, a major portion of this paper was
devoted to discussing a numerical model, developed at LRL, of the
large cloud diffusion processes. This numerical model uses the
similarity theories of atmospheric turbulence for horizontal dif-
fusion and permits the use of time- and height-dependent vertical
diffusivi-ries. Although not well vindicated for the diffusion of
kilometer-size clouds, siml larity theory predictions are consistent
with the available atmospheric data.

The depletion of the cloud by ground deposition and precipi-
tation has been included in the model, but the diluting effects of
vertical shears in the horizontal wind field have not been included.
Parameter studies indicate that the effect of any one atmospheric
parameter is not too important on the long-term concentration calcu-
lations. However, the elimination of many of the real physical para-
meters in this model would have a significant effect on predictions.
With the existence of such a numerical model, it Is easy to perform
sets of calculations with different possible real physical situations.
This could give an expected range in concentration predictions for
any particular application. Calculations using this numerical model
for four case studies have indicated that accuracies of about plus
or minus a factor of two in airborne concentration for time periods
of a few days. The same range of accuracy is applicable to the lng-
range deposition calculations. It is satisfying to this author that
these kinds of accuracies can be obtained with the model over such
a period and over such a dynamic range in the concentration values.
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Table 1. Relation of turbulence types to weather conditions.

A Extremely unstable conditions D Neutral conditions

6 Moderately unstable conditions E Slightly stable conditions

C Slightly unstable conditions F Moderately stable conditions

Nighttime conditions

Thin overcast
Surface wind In lation or > 48 < 38
speed, m/sec Str�gt' Zd. t. Slight cloudiness cloudiness

<2 A A B B

2 A - B C E F

4 B B C C D E

6 C C D D D D

>6 C D D D

Applicable to heavy overcast, day or night

tThe degree of cloudiness Is defined as that fraction of the sky above
the local apparent horizon which is covered by clouds.
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Table 2 Relationship between Pasquill stability categories and the
standard deviation of the wind drection fluctuation over
30 minutes.

Pasquill stability categories

A, extremely unstable 25.0'

B, moderately unstable 20.01

C, Slightiv unstable 15.01

D, neutral 10.01

E, slightly stable 5,0'

F, moderately stable 2.5'
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QUESTIONS FOR TODD CRAWFORD

1. From Alex Grendon:

Was It a slip of the tongue when you said that dilution was inversely
proport I on I tow Ind speed and hence ear ier a rr Iva I at a given point
Is accompanied by greater dilution?

ANSWER:

No, I'm not sure of the use of the term "inversely." If you look
at concentrations as a function of distance downwind, It's got
wind speed on the bottom of the denominator. So as wind speed
goes up, concentration goes down. That's what I meant to say.

2. From Alex Grendon:

How would you Interpret the horizontal line for the surface In the
graph of K, vs. height? It seems to imply that K, near the ground
is indeterminate,

ANSWER:

I'm not sure I completely understand the question, but the bottom
curve on the graph I showed was a ground surface which was a hori-
zontal line. Then I had a surface K, coming back to some low value
which I think on this particular example was 13. No, it Is not
zero at the ground and the values range at one meter from a few
hundred centimeters squared per second at nighttime to a few
thousand in daytime.

3. From Frank Baker:

Can you predict the effects of a heavy rainfall on the deposition of
radioactive fallout? I am assuming that you purposely detonated an
explosive to coincide with the rain.

ANSWER:

Well, the example I showed was a calculation for Cabriolet in a snow
storm and this was in a factor of 2 accuracy. I am the first to
admit that our understanding of all of the precipitation scavenging
mechanisms and the mechanics o a good heavy thunderstorm are not
very well known. But, I think we can make a good stab at it and
calculate the effect of a detonatl6n in a heavy storm.

4. From T. C. Rozzell:
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In the four case studies presented for concentration of radioactivity
as a function of time in the cloud, what radioactivity was measured--
was it total or of one isotope such as iodine-131 used in the deposi-
tion study?

ANSWER:

The curves I showed for the four case studies were total activity.

5. From George Collins:

Are standard values of diffusion parameters such as those of Pasquill
always used for predicting short-term micro-meso scale dispersion
patterns, or are these parameters determined from on-site measure-
ments where the detonation is to take place?

ANSWER:

There are two sides to that question. The discussion of Pasquill
categories is related to the underground engineering, small gaseous
leak kind of phenomena. That could be easily determined by a very
general categorization of on-site weather and it would be used. The
other question perhaps relates to the parameters used in the large
cloud diffusion model which is not necessarily Pasquill's category.
Those would also be determined from an examination of observed
weather or forecast weather depending on the kind of forecast or
what kind of calculation you were doing. Yes, on-site and near-
cloud data are used.

6. From L. Anspaugh:

Your calculations evidently depend on an initial measurement of cloud
concentration. How well can this initial value be predicted for a
cratering shot?

ANSWER:

They don't depend so much on an initial value of concentration as they
do on an initial estimate of total curies to put in the cloud. And
the best way of answering that is to refer to the two Cabriolet and
Buggy case studies I showed where the climatology, of course, had a
calculation and pre-shot estimate of total curies, and post-shot cal-
culations have actual measurements of total curies.

7. From William King:

Empirical values of a and a were obtained from observing particulate
behavior. Do gases dYffuse Tin a similar manner or do you use different
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values for predicting concentration of gases?

ANSWER:

In the context of my talk, we have been talking about both gases and
particulate. If we have been talking about particulate, we have been
talking about particles which are too small to act much like a particle--
act more gas-like. So the answer to your question is that I used the
words particulate and gaseous interchangeably, but with the assumption
that the particles are too small to have any significant fall speed.

8. From C. A. Pelletier:

Apart from the health significance, clouds of radioactivity can be a
nuisance to other nuclear operations by setting off stack monitors,
contaminating low-level experiments, etc. Is it possible to give
warn ng to these faci I it i es in terms of estimated arriv I time, and
cloud concentrations?

ANSWER:

Yes.

9. From Darryl Randerson:

The presence of a cloud of radioactive debris is associated with an
internal boundary condition, namely, a tight gradient of radioactivity.
Finite-differencing schemes tend to "smooth-out" this discontinuit at
a physically unrealistic rate. In your model, were you able to resolve
this difficulty?

ANSWER:

A mutual concentration as a function of distance about the cloud
center in my model is a gaussian one, and horizontally it's always
gaussian. Numerical errors don't diffuse it faster, but horizontally
it is always gasslan. It's not gaussian vertically because the
diffusion rates are a function of height according to that slide I
showed and also your deposition seems to wipe out the bottom of the
cloud.

279



SESSION III - PART 

Chairman: Mr. Ross L. Kinnaman
Nevada Opera.tions Office

U. S. Atomic Energy Commission
Las Vegas


