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ABSTRACT

The GLODEPZ computer code provides estimates of the surface deposition of
“worldwide” radiomctivity and the gamma-ray dose to man from intermediate and
long-term fallout. The code is based on empirical models derived primarily from
injectiomdeposition experience gained from the U.S. and U.S.S.R. nuclear tests in
1958,

Under the assumption that a nuclear power facility is destroyed and that its
debris behaves in the same manner as the radioactive cloud produced by the nuelear
weapon that attacked the facility, predictions are made for the gamma dose from
this source of radioactivity.

i Empirieal gamme dose models that eccount for meteorclogy, weathering and
terrain roughness shielding at specific locations are included.

As & eomparison study the gamma dose due to the atmospheric nucleer tests
i from the period of 1951-1962 has been computed. The computed end measured
! vatues from Grove, U.K. and Chiba, Japan agree to within a few percent.

The global deposition of redioactivity and resultant gemma dose from a
hypothetical strategiec nuclear exchange between the U.S. and the U.5.S.R. is
reported- Of the assumed 5300 Mton in the exchange, 2031 Mton of radioactive
debris is injected in the atmosphere. The ltighest estimated average whole body
total integrated dose over 50 years (assuming no reduction by sheltering or
weathering) is 23 rem in the 30-50 degree latitude band. If the attack included s

: 100 GW(e) nuclear power industry as targets in the U.S., thus dose is incressed to
; 84.6 rem. "Hotspots" due to rainfall could increase these values by faetors of 10-50,
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The loeal unsheltered dose including rainfall, weathering and terrain roughness
for grassy fields near non-combatant cities has been estimated for the scenario
including the nuclear industry. Results indicate that London, U.K. would receive
about 18 rem, Montreal, CanecCa ani Lisbon, Portugal about 22 rem, Tokyo, Japan
about 27 rem, and Sydney, Australia about 0.6 rem.

If a large nuelear exchange were to cceur and if, in fact, the exehange caused a
"nuclear winter" it is probable that the current empirical general eirculation and
meteorological models would no longer be valid. Ail of the above results could be
changed significantly if sueh effects greatly changed the fallout and deposition
patterns.

1. INTRODUCTION

All nueclear detonations at or above the surface produce atmospheric
radioactive debris. Most of this debris is subsequently deposited on the earth's
surface from minutes to years after the event. The potential hazard of radioactive
fallout was recognized by seientists even before the Trinity test at Almagordo, New
Mexico on July 18, 1945 [11 As is well known, the peacetime testing of nuclear
weapons in the atmosphere is capable of producing global econtamination and was the
subject of intense worldwide concern between 1954 and 1963 when the limited test

ban treaty was signed.

Over the past several decades there has been continuing research and debate on
the effeeis of nuclear war. Recently an entire issue of AMBIO [2] was devoted to
the topic of the aftermath of nueclear war.

In August 1975 the National Academy of Sciences (NAS) published a study of
iong-term effects of multiple nuclear weapons detorations [31 In that report it was
noted thet

"In the event of & nuclear exchunge, nuclear power related
installations suech as nuclear power plants, nuclear fuel
menufacturing and reprocessing plants, and nuclear waste
storage facilities may pose spercial problems because of the
radioactive materials that they contain.™

SF i vn it 4




Tne NAS report does not examine these problems. However, C. V. Chester and R.
0. Chester [4] published a study of local fallout frrm nuclear power facilities in
1976. The AMBIO [2] publication also addresses this problem.

The objective of this report is to doeument the development of a computer
code, GLODEPZ, capable of estimating the potential hazard due to gamma-ray dose
from radicactive worldwide fallout.

Loeal fallout occurs mostly downwind of the detonation site on a time seale of
hours to a day after the burst and will not be considered in this report.

Intermediete fallout occurs on a time scale of days to a month or two. The
debris cloud encircles the globe, perhaps several times, as a diffusing eloud of
decreasing radiocactivity. This portion of the fallout is contained within the
troposphere, the first 9-17 km of the atmosphere. A Gaussian diffusion deposition
model is employed to model this fallout.

Long-term fallout is defined as debris initielly placed into the stratosphere, or
higher, that deposits over the globe on a tiine scele of months to years after nuclear
events. In GLODEP2 this fallout is modeled in essentially the same manner as that

reported by Peterson [5] in 1978@.

Given the yield, fission fraction, height of burst, latitude and season of each
nuclear burst and the type of nuclear installetion {(if any) involved, the fractional
injections into the atmosphere and surface deposition of radioactive debris is
predicted. This debris is then converted to a gamma-ray dose to man.

Speecifie location dose caleulations inelude weathering, penetration and runcff
as well as rainfall factors. The models are based on the empirieal works of Gale,
Humphreys and Fisher [6] and Lowder, Beck and Condon [7L
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The decay laws and "dose-grea-integral” values for conversion to gamma-ray
dose for nuclear power installations are taken irom the work of Chester and Chester
{4} The empirical duta for the depositior model used in the code are taken from

Peterson [5] and are included in Appendix A.

The model descriptions will be delineagted in Section 2, the GLODEP2 code
deseription is given in Seetion 3, sample ealeulations appear in Seetion 4, and finally
discussion and conclusions are presented in Section 5. A code "Users Guiae" is
included in Appendix B.

2. EMPIRICAL AND MATHEMATICAL MODELS

This seetion presents the models used in the GLODEP2 computer code. It is
important to note that these models are based on measurements and that ell
"parameters” are empirical. The computer eode as such was not developed using

adjustable parameters to be “tuned* 1o the data.

2.1 Injeetion Model

Due to lack of knowledge of ihe detailed relationship between injections into
various portions of the atmosphere and subseguent deposition, it is assumed that the
atmosphere can be partitioned into compartments such that debris injected into a
particuler compertment will behave the same irrespective of where in the
eompartment it is injected. The partitioning is shown in Figure 1. Two latitude
bands nave been selected: 0-30 degrees North, called equetorial; and 30-90 degrees
North, called polar,

Using tne same methodology as Peterson [5), the lower boundary of the
stratospheriec compartments is the tropopause, assumed as 17 km for eguatorial
regions and 9 km for polar regions. The top compartments extend upward to
300-500 km but a practieal limit of 400 km is used in GLODEP2. Results from a
1962 nigh altitude burst (List et al. [8D indicate that most of the debris placed
initially at or below these levels will not escape the earth's atmosphere and will
eventuslly be deposited on the surface,

-



High palar High aguatarial .
% stmasphare stmosphers &
(HPA} {HEA)
50
-~ 160
— 140
40 |-
—{120
_ B Ugper polar Upper Equatorial g
E stratosphere Stratosghern %
= {UPS) {UES) =
| 301 T 00 =
] -]
s 2
a £
- <
80
Lower equatarisl
20— stratosphere
{LES) . Py
= Equatarial tropopause 17 km
Lower polar
stratotphere ]
{LPS) 40
i0 |-
Folar tropopauss 9 km
-~ 20
I Troposphere
[ L 0
2%° 0° *
Latitude

Figure 1. Atmospheric compartments for patitioning nuclear debris. The highest
compartments extend to heights so that most of the injected debris will be
eventually deposited on the surface (Petersan, 1870).

The top_s and bases of the mushroom cap debris ¢louds are assumed to vary with
total yield according to the curves in Figure 2. Peterson based this diagram on
equatoriel eloud measurements by Ferber [9] and the U.S, Weather Bureau [101 The
polar top and base curves in this figure were estimated by comparisons of equatorial
and polar atmospheric stabilities [51 Additional work by Seitz et al. [11] in 1968
indicate lower eloud values for yields above 3 Mton. In 1979 Telegadas {12] reported
studies of the Chinese (PRC) atmaospheric tests at 40 degrees North. His curves are
based on aireraft samples taker "weeks or months" after each nuelear test, ail in the
0.02-4 Mton range. Telegadas' eloud tops above 3 Mton appear to be similar to
Peterson's polar tops. See, for example, Figure 3 taken from the 1879 Jork of Bauer

[131
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Figure 2. "Mushroom cap® cloud top and base as a function of total yield of device.
"Equatorial" refers to 0-30 degrees latitude; "polar refers to 30-90 degrees
{Peterson, 1970).

Although there are differences in the values of eloud top and bottom as seen in
Figures 2 and 3, we use the Petevson (1970) values in GLODEP2 since he obtained
reasonahle sgreement with deposition measurements. Further, in the sample
caleulation reported in Section 4.0, excellent agreement with measurements at two
locations is shown. This might be an area for further research using GLODEP2. For l
example, a sensitivity study could be made on the effects of cloud top and bottom '
values on the doze when one has muitiple bursts such as the 1+ - 32 test series. [
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Figure 3. Cloud rise height as a function of yield for different latitudes. United
States tests were condueted at equatorial latitude {2°-17°N), Chinese at
mid-latitude (40°N}, and Soviet at polar latitude (75°N). Peterson's (1970} curves
are based on United States tests; all United States explosives had yields below 15
Mtons. Thus Peterson's equatorial curves for yields above 15 Mtons as well as his
poler eurves are estimates. Estimates of Seitz et al. {1904) for individual United
States (solid) and Soviet (dashed) explosions are shown as vertical lines. Dot~dash
curves have been drawn by eye through Seitz' Soviet lines to provide an alternative
to Peterson's polar case, Note the significant difference for yields greater than 1.5
Mton. Some mid-latitude estimates of Telegadas (1979) are also shown, based on
Chinese explosions. (Bauer, 1979.)

The iritial vertical distribution of radioactivity within the eloud is a
modification of Ferber's [9] distribution into seven equal layers as shown in Table 1.
This distribution is used direetly for airbursts--those in whieh the fireball does not
touch the surface of the earth—with height-of-burst at 3 km or less. In the
remaining ecases modifications are made, Based on Table 1, Peterson [5] derived
injection tables for both equatorial and polar bursts which are repreduced in
Appendix A, Tebles A-la and A-1b. These tables gre used in GLODEPZ2 as follows

Thousands of feet
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The table values are Mtons of total yield injected. These wvalues must be
multiplied by the fiscion fraction, f, of the device to produce actuel Mtons of fission

products injected.

-

The firebal; radius, R (in meters), of a nuclear burst may be estimated by

R = 870 Y04

where Y is the device yield in Mton. Let H be the device height-of-burst in meters.

Then, if

R <H <3000

0<H<R

3000 < H-

use linear interpolation of yield in either Table A-la
or Table A-1b

use a "spherical cap” reduction factor on the table
values defined by

FR = 1 - (R-H) (2R-H)/(4R%) (Eq. 1)

find cloud top and bottom in the table value for the
appropriate yield. Use logarithmic linear interpolation
on yield if necessary. Determine an injection per unit
height for each of the etmospheric compartments
based on the table values. Adjust the cloud upward by
the amount (H-3000) meters and apply canservation of
amount injected to compute new velues of injection in
the atmospherie conipartments.

e T e e




Layer, fraction of
"mushroom cap"
{from base to top)

percentage of activity
within layer

0-1/7
1/7-2/17
2/7-3/1
3/1-4/7
4/7-5/7
5/1-6/%
&/7-%/7

14
25
25
15
15

Table L. Initial vertical distribution of radioactivity assumed within "mushroom cap."

Thus, for any single nuclear explosion, given

I

a momoe -
n

n

quarter of injection

total yield in Mtons
height-of-burst in meters
fission fraction of the device
detonation latitude

then, using the procedure cutlined abcve, compute

R = radius of fireball in meters,

FR = a factor between ,5 and 1. for injection redustion if needed (see Eq, 1),

&nd, using the tables, an injection of fission produeis, IFP,

XFP} « = [*FR*Y*(Table value based on d, Y,H)j  (Mtons)
b1 ’

for injection quarter i, atmospheric compartment j,k for

k = either Polar or Equatorial
i

(Eq. 2}

= appropriate tropospherie, lower stretospherie, upper stratospherie or high

atmospherie compartment,
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In the case that a nuclear power installation is attacked, we assume that the
entire facility is cratered by a surface burst. We further assume that 50% of the
debris is injected into the atmosphere in exactly the same manner as the debris fron

the nuclear weapon used in the attack.

Thus, if m nuelear power installations of type n are also attacked by the above
device, then we also have those fission produets injected as the fraetional amount of

type n facility
NEPIE = 0.5 m, MTable value based on d, ¥, H); /Y (Eq. 9

with the assumed 50% of the faeilities fission prcducts injected due to a
ground-burst weapon. The i, j, and k indices have the same meaning &s for IFP,

2.2 Deposition Medel

In GLODEP2 use is made of Peterson's [5] division of the slobz into nine
latitude bands of 20 degrees each. Within each band the surface deposition is
assumed to be uniform arcund the entire earth. We are coneerned with hotk the
intermediate (iropospheric) and long-term (stratospheric) lallcut. The immediate
local fallout is not included in the GLODEP2 model.

2,21 Intermediate Deposition

It is assumed that the intermediate fellout originates in the tropospheric
compartment, and deposition oceurs on a time scale of days to a month or two. In
the model this portion of the fallout is contained within the first 9 km for a polar
injection and the first 17 km for an equatorial injection. We assume the debris eloud
encireles the globe, perhaps several times, as a diffusing cloud of decreasing
radioactivity, A Gaussian diffusion methodology is employed to model this
deposition,

The tropospheric deposition model is based on a Gaussian cloud eentered at the
detonation latitude with & 30 degree standerd deviation. The Gaussian is superposed
over the 20 degree latitude bands. A fractional deposition is assigned to the latitude
band that agrees with the area under the Gaussian within the band. Reflection
techniques at the North Pole are used to conserve the fractional depositions. Fig. 4
illustrates the proecedure.
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Figure 4. Tropospheric depos:tion fractions for 20 degree latitud: bands using a
Gaussian distribution about the detonation latitude. Refleciion techniques are
applied at the North Pole as shown in Figure 4d.

The depositicn fractions assoeiated with Figure 4 are listed in Table 2. Note
that with & Northei 1 Hemisphere injection, and a i0 degree standard deviation on
the Gaussian, there is ro tropospherie deposition in the two southern~most latitude
bands.
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D"etpnat ion Latitude Band
Latitude :
(Degrees N) 70-90N 50-70N 30~-50N 10~3O0N 10ON-10S 10-30S 30-505

10 (Fig. 4a) 0. 0. 0.0179 0.4821 0.4821 0.0179 0,
15 {Fig. 4b) 0. 0. D.D668 0.6247 0.3038 00047 0.
20 (Fig. 4e) 0, 0.601 1577  0.6826  0.I1577  0.001 0.
75 (Fig. 4d) 0.6915 0.3038 0.0047 0. 0. 0. 0.

Table 2. Examples of fractional deposition of tropospheric fallout.

Figure 5, taken from the work of Machta, as reported ir [14) indicates that
measurements of tropospheric fallout are very close to Gaussian with about a 10
degree siandard deviation.

0120 A0 180 (A0 150 gt
t T
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40 }
—
20| 1 =
5
o " P-E-
AR
IR
I P — B -
100 120 140 160 180 160 140 120 1060 B) 60 40 2 0 0 40 6 £ 0 Relative depositicn

Figure 5 Worldwide fallout of radicactivity from nuclear weapeons tests in Nevada
in 1953. The explosions were in the kiloton range of yields, and debris was confined
to the troposphere. The intensity of fallout is shown in relative units (L. Machta).
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Since the intermediate fellout always occurs during the first quarter after
injection, GLODEP2 allows input of a fraction of the quarter at which time
deposition is complete. Then, given the injection of fission products and computing
the latitude fractional depositions as above, the surface deposition, WSD, from the
tropoesphere is computed as

wsDi, , = IFp

kb J’K‘ FDb {Mtons of weapons debris deposited)

wnere
IF P;:,k is the Mtons of weapons fission produets injected (see Eq. 2},
FD_ is the fractional deposition,

and
i is the injection quarter,
k=1 for equatorial, =2 for polar,
J=1 for tropospheric compeartment,
b=1,2,....9 for the 20 degree latitude bands from Neorth to South.

In case of attack on a nuclear power installation, the relative amount of the
fission products deposited, NSD, is computed by !

i _ isn, . N
NSD‘i &b N FP.;‘k FDb {relative amount of type n deposited)
where h is the index for the type of nuelear facility and

N FB}:E is the fract nal faeility injected in compartment j,k (see Eq. 3).

The remaining indices are as above.
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2.2.2 Long-Term Fallout and Deposition

The GLODEP2 fallout model fer long-term deposition is identical with
that derived by Peterson [5] based on injections of tracer elements as shown in Table

3.

Partitioning
Data source and First Maximum First half of between
Compartment injection date deposition deposition deposition hemispheres
Lower equatorial '
stratosphere (May-Aug 1958) 1st season 1st spring 8 months 2:1
Upper equatorisl
stratosphere None (1st spring) (2nd spring) (2yr) (1:1)
High equatorial  %2Rh (Aug 1958)
atmosphere 105Cq (July 1962)
23%py (April 1964) 2nd spring 3rd spring 3-1/2yr 2-1/2:1
Lower poler 833r/9%Sr ratios
stratosphere (Oct. 1958) Ist season 1st spring 5 n.onths 20:1
Upper polar S'Mn
stratospherc (1961-62) Within 6 months  2nd spring 2 yr 4:1
High polar
atmosphere None (2nd spring) (3rd spring) (3-1/2 yr) (2:1)

Table 3. Source of tracer date with date of injection and parameters used to
prepare deposition tables; parentheses indicate subjective estimates for
compartments lacking tracer data (Peterscn, 1970).

Table 3 indicates information germane to deposition from the various
compartments. The parentheses show where "subjective estimates” were necessary
since observations were not available. The third column shows the time required for
stratospheric debris to first reach the surface. As would be expected, this time
inereases with height of injection.

The fourth eolumn shows the time after injection for the oceurrence of the
maximum ueasonal deposition. Although the Lower Poler compartment yields
relatively higher maximum deposition values than the adjacent equatorial
eompartment, the time of the maximum is the seme and increases with altitude,

B i L PO
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The estimated partitioning between the Northern and Scuthern Hemisphere -
within each compartment is shown in the last column.

From the information shown in Table 3, Peterson construeted deposition tables
for those compartments within which unique tracer information was not available.
Thus, fraetional deposition tables were prepared for all injection quarters for gll of
the stratospheric and high atmospheric compartments. These tables are reproduced
in Appendix A.

Then, given the fission produets injected in quarter i, at detonation latitude, d,
the surface deposition from the stratospherie and high etmospheric compartments in

latitude band b are computed by

WSU;T,E b= IE‘P;:, ¢ FD]-i"E' p (Mtons of weapons debris deposited)
where FD is the fractional deposition from the appropriate table {tables A-2a thru
A-7b), and
q = 0,1,2...23 is the quarter after injection,
j 2 for deposition from the lower stratospheric compartment,
= 3 for deposition from the upper strataespheric compartment,
= -4 for deposition from the high atmospheric compartment,

1 for equatorial injection, =2 for polar injection,
1,2...9 for the letitude bands from North to South.

k
and b

In case of attack on a nuclear power installetion, we also compute

NSDI'Y@P o pppbls g0 i - -
Kb NFPJ,k FDJ,k,b (Relative amount of type n deposited)

where NFP is the fraction of type n faecility injected and the indices are the same as

above.

Note the similarity to the equations used for the tropospherie deposition in the
preceding section. The only difference is that the superseript g¢=¢ for the
tropospheric (intermediate) deposition, all of which occurs in the first quarter.

2.3 Gamma-Ray Dose Models

2.3.1 "Uniform” Dose Over Latitude Bands

-
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The eurves in Figure 6 from (4] show the gamma-ray dose rate versus time
after detonation for a 1-Mton fissicn weapon (1-MT), the equilibrium core of a lizht
water reactor (CORE), the inventory associated with a 5-ton per day nuelear fuel
reprocessing plant that has 10 years of stored high-level waste (HLW), and 10~years
of spent fuel stored at a LWR (SF). The units have been converted to (rem -

km?/gtr.

For any given deposition quarter, p, numerical integration under the n-th curve,
yields

dg in (rem~km 9/(unit of device type n) per quarter

as a "dose-area-integral” that properly accounts for the decay law associated with
the weapon or nuclear installation.

1010

108

108

10%

Daose rate (rrquarter)®lim**2

0%

104

| i ] ] ] ] ! |
w* w0? 102 ! 1 10 1w 1w 1t 108
Tirne (rquertors)

Figure 6. Gemma-ray dose area integral rate versus time after shutdown or
detonation (Chester and Chester, 1976).
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We assume & delta funetion deposition of debris

wsn?*q {weapon) or NSDH'q'n (type n facility)

1HK,0 kb
at the mid-quarter, i+q. Then for a single burst injection, the quarterly dose rate in
the p~th quarter due to the deposition in the current and earlier quarters is given by

. itq<p k=% i=4 .
Db = P £ ) £ (WSDor NDS)*®N! /A, (em/qtr)

b
itg=l k=1 =l

where A is the area (xm? of the b-th latitude bend.

If there are multiple bursts or several nuclear power installations then
summation over all of them produces a "totel quarterly” dose rate in the p-th
quarter and b-th 20 degree latitude band.

Define lo..er and upper limits for dose exposure by

pi = beginning quarter to start dose exposure, and

pf = finel quarter for dose exposure,
e.g. 0 and 200 for a 50-yeer dose, or, 9 and 10 guarters for a 6 month dose starting
2 years after detonation, then the accumulated gamma-ray dose is computed by

p=pf -
) (pi,pt‘)s = I Dg'n (rem)
p=pi
for the n-th fission produet source and the b-th latitude band. A sum ove- all the n
injection sources produces a final gamma dose from pi through pf.
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2.3.2 "Location" Dose with Weather, Terrain, Penetration and Run-ofi

Predicting a dose at a specific location requires consideration of all the
significant local factors. Factors we have identified are terrain roughness sh:elding,
average locel rain rate, runcff and soil penetration. To compere with o»served
gamma radiation fields due to atmospheric testing requires ineclusion of these
factors in the model used for the predictions.

To inecorporate the effects of non-smooth terrain, the recommendation of
Glasstone and Dolan [15] is used. They prapose a dese-area integral reduction of
thirty percent due to terrain roughness and vegetation shielding. That is, we define
a terrain roughness factor, F, where, for moderately rough terrain,

Fr=0.7
which reduees the uniform dose rate of the preceding section.

The effect of rainout on secumulation of radioactivity at different locations is
widely observed. The greater the rainfall at a site, the larger the deposition of
tropospheric¢ radicactivity., In faet, for long-range fallout, nearly all of the
radioactivity is deposited by rain systems. The GLODEPZ model takes this iuto
account by providing a longitudinal variation to the latitudinal model predictions
based os the rain rate at a pgiven longitude. To establish the relation between
average annual rain rate and deposition rate we use deta acecumulated by Lowder et
al. [7] as shown in Pigure 7. The implication of these data is that the deposition of
radioactivity is proportional to the annual average rain rate to the three-fifths
power. Thus, to first order, the ratio of the local rate of depesition to the uniform
rate for a latitude band is equal to the ratio of the local rain rate to the rein rate
averaged over the latitude band to the three-fifths power. Hence, we define
another factor, FR (R, R}, where

Fy (R,R) = (R/R)"®

where R is the rain rate at a specific location and R' is the latitude t-and average
rain rate.

1

—
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Figure 7. Gamma dose ratz (mierorad/iir) vs. mean annual rain rate (nm/fy) as
measured by Lovwder, et ai. [T

After deposition, radioective nuclear debris migretes, albeit at times very
slowly. Thus, to make predictions which compare reasonably with observations,
aecount must be taken of the migration. In this model we empirieally account for
penetretion and runoff for the simple case of a grassy field. The best data is
available for this case. Scenarios such as runoff for metropolitan areas are
extremely coniplex and beyond the scope of this work. Consequently, our dose
predictions should not be considered appropriate for metropolitan areas, but for
typical grassy fields. The person receiving the dose is assumed not to be shielded
and remains in the loeation for the entire period of dose exposure.

Meeasurements of weathering of '3’Cs has been made in England by Gale et al
[6) We have modified Gale's expression to take into account the different
presipitation rates at other locations. The *3°Cs tends to be tightly bound to the
soil particles on which it is deposited, Gale et gl have split the !37Cs into 63%
which migrates fairly easily and 37% which tends to be fairly closely bound to its
deposition site. We assurne the same split for all the radionuclides. We realize that
this assumption may be in error if one considers the fact that the "nuelide
retardation factors' vary over several orders of magnitude, dependent on the
chemical properties of the nuelide, the nature of the soil, the nature of the water-in
the so0il, ete. To model these features in detail introduces a complexity that is
beyond the capabilities of the eurrent GLODEP2 model.
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We inelude the rain rate as a linear proportionality in the weathering reducticn,
by defining the weathered dose factor, Fw(t,R), as

Fw(t,R) = 0.63exp (-0.693Rt/41.8) + 0.3 Texp (-0.693R1/6320)
where t is the time after deposition and R is the local average annual rain rate.

Finally, the dose rate at a specific location is computed by assuming tie
unifor.m dose rates of the preceding section are located at the canter of the latitude
band. A linear interpolation to the local latitude produces an "unweathered, smoot!,
tetrain" rate, Dt). The final expression for unsheltered, weathered, grassy terrain

dose rate at a specific location is

DW (t,R,R") = Fp* FR* Fu® DXt)
at time t after deposition
3. GLODEP2 CODE STRUCTURE AND COMPUTATIONAL ALGORITHMS

The current version of GLODEP2 js written for the CRAY-1 computer using the
LRLTRAN language. The number of subscripts used, certain of the input
statements and the graphics package are not directly adeptable tn FORTRAN 1V
language. Input to the code mey be accomplished using an input disk file (see

APPENDIX B) or by teletype in a conversational mode.

In this section the basie code strueture and the computational algorithms are

delineated,

3.1, Modular Code Structure

As depicted in Figure 8, GLODEP2 is structured in & modular form to aliow
further development of models as required with minimum disturbance to the

remainder of the eode,
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Figure 8. Modular structure of the GLODEP2 computer program.

3.2 Data Arrays

Peterson's [5} deposition arrays are converted from %Sr values given in [5] to
pure fractions. The stendard FORTRAN [V BLOCK DATA statements are used to
f load:

FINJ(i,j,1), injection tables A-la and A~lb, where

i=l, 17 is a function of total yield in Mtons
=1 is deviee total yield

=3 is debris eloud top (km)

=3 is debris cloud bottom (km)




ang for
k=1 (equatorial) k=2 (polar)
4 is Mton of total yield injected 0-17 km 0-9 km
=5 is Mton of total yield injected 17-24 km 9-17 km
=6 is Mton of total yield injected 24-50 km 17-50 km
=7 is mton of total yield injected >50 Km >50 km

DTABS(,j,k,m), surface deposition tables A-2,3,5 and 6, where
i=1,24 for the 24 quarters of deposition
=19 for the 9-20 degree latitude bands from North to South

k=1 for injections during Dec-Feb
=2 for injections during Mar-May
=3 for injections during Jun-Aug
=4 for injeetions during Sep-rov .
m=] is fractional deposition f;om LES (tables A-2a,b,c and d)
=2 is fractional deposition from UES {tables A-3a,b,c and d)
=3 is fractional deposition from LPS (tables A-5a,b,c end d)

=4 is fractional deposition from UPS (tables A-6a,b,c and d)

DTABAli,j,k,m}, surface deposition tables A-4 and 7, where
iand j are as above, and

k =1 forinjections during Mar-Aug
= 2 for injections during Sep-Feb
m =1 isfractional deposition from HEA (tables A-4a and b}

is fractional deposition from HPA (tables A-7a and b).

I
%)

These tables are basically fractional depositions for the amount of radioactive
debris remaining in the appropriate ecompartment. If the fractional velues in any
given table {and their indicated extensions) are summed, the sum is very near unity.




3.3 Injection Algorithms

The assumed input consists of

i Y = total yield of the device (Mtons)

’ H = height-of-burst of the device (meters)
NW = number of warheads of this type of device &t this location
f = fission fraction of the device

= detonation latitude of this device

n =0 if no attack on a nuclear power installations with this device
=1  if attack on reprocessing plant

=2 if attack on 30-day spent fuel storage facility

=3 il attack on 3600 MW(th) LWR, (steady state}

=4  if ettack on 10-yr spent fuel storage at reactor facility

NF = number of nuelear facilities of type n.

|
! Then compute

I = 1 if 0 <d < 30, an equatorial injection
= 2 if 30 <d < 90, a polar injection,

f R = 870y%4

l 0.5 if H=0

| PR = {L0if H>R
E 1.-(H-R)? (2R-H)/(4RY) if 0 < H < K,
a height-of-burst faetor.

Next the fractional injections are computed using the appropriate table

FINJ,j,0). If 1=1, then 1B=186, otherwise, IB=17, and

il Y < FINJ(L,1,I), set IN=1 and X=9,

if Y > FINJ(IB,1,I), set IN=IB snd X=0,

if ¥ = FINJ(G,1,D), set IN=i and X=0, otherwise

if FINJ(,1,1) <Y < PINJ(i+1,L,I), set IN=i and X=(Y-FINJ(i,1,1)/
(FINJ(i+1,1,D-FINJ(i,1,D).

Then, using the interpolation if necessary, obtain the injection fractions by
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x(D=FINJ(IN,L,I} + X* (FINJ(IN+1,i,)-FINJ(IN,j,1))
fori=1, troposphere
=2, lower stratosphere
=3, upper stratosphiere

=4, high atmosphere.

If H > 3000, adjust the x(i) by the amount DH=H-3000 as foliows:

Let XL = 0if X=0, otherwise
XL = {og{Y/FINJ(IN,1,1)/log(FINJ(IN+1,1,I)/ FINJ(IN, 1,1},

and compute eload top and bottom

et=FINJ(IN,2,1)+XL (FINJ(IN+1,2,I)-FINJ(IN,2.1}}
eb=FINXIN,3,D+XL (FINJ(IN +1,3,)-FINJ(IN ,3,1)).

Tihe new cloud top and botiom are then defined to be

ctn=ct+DH
¢bn=eb+DH

Next adjust the x(i) values by conservation of injection. For example :f I=1 and
eb <17 et > 17, ebn <17, then

«(1)=x(1} (L T-ebn}/(1T-cb) and
x(2)=x(2)+x(1) (ebn-cb)/{1T-cb).

Tne remaining levels wor:ld also be adjusted by the arine technique.

Then, for each burst of injection information, store the array

RIN J(q,Li,j), where
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q=quarter of injeetion, 1 < q < 6, and g=1 corresponds tc the start of iajection

quarter and year,
I=1 is equatorial, =2 is polar,
i=burst number for this quarter, 1 <1i < 50,
j=1 is x(1), fractional injeztion into the troposphere,
=2 is x{2), fracticnal injeetion into the lower stratosphers,

=3 is x{(3), fractional injection into the upper stratosphere,
=4 is x(4), fractional injection into the high atmosphere,
=5 is Y* NW, total yield in Mtons for this burst,

=6 is n, the type of nuclear installation,

=7 is f* FR, the fission product reduction facter,

=8 is NF, the number of type n instaltations, if any,

=9 is 4, the detonation latitude.

3.4 DEPOSITION ALGORITHMS

3.4.1 Intermediate Fallout

Tne intermediate deposition from the troposphere oecurs on a tiine scale of
days to a month or two, We assume the deposition oceurs at an "input" fraetion of
the first quarter and that it can be modelled using a Gaussian distribution about the
detonation latitude, d. The fractional deposition i. to the 20 degree !atitude bands
&ssuraing a 10 degree standard deviation on the Gaussman is computed.

A funetion, GET (%), is defined to use linear interpolation on & standard
normal (9,1) set of data to get the area under the Gaussian curve from 0 to tie

distance x.
The computation is then done as follows:
For any given burst, i, in quarter q, we have from above,

d=RINJ{q,i,i,9), the detonation latituds, and
fi=R1N J(g,Li,1), the fractioral injection in the troposphere.
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We then determine the latitude band in whieh d is loeated, i.e., b' such that
{90-20 (b~1)) > d > (90-20 b'),
then
if ' = 1, xhi=3.4 (to reflect at North pole)
if b’ = 1, xhi=[90-29 (b*~1)-d]/10
if o' # 5, x1o=[d-(90-20 bMJ/10
if b' = 5, x10=[d+10]/10 (to compute about the equator),
end then
FRD(b")=GETA(xhi)*GETA(x10) {area above d + area below 4 in band),
if b'= 1, then set
xhi=[90-d}/10 if d< 56
xhi=3.4 if d> 56 (to reflect at North Pole)
and compute
FRD(1)=GETA(xhi)-GETA{70-d}/10}-GETA({90-20 b-d]/10).
For b=5 and b # b', about the equator, compute
FRD(5)=GETA([10-d]/10)+GETA([10+d]/10).
For b=6 and 7,
FRD{b)=GETA([d+10+20 (b~5)}/10)~GETA([d+10+20 b)/10).

Since with a Northern Hemisphere detonation and a standard deviation of 10 degrees
about d, there will be no significant area in the two southern-most bands set

FRD(B)=FRD(9)=0.
Finally, the surface deposition due to intermediate fallout from the
troposphere for this burst at latitude d is calculated by first computing the FRD

array as above, then multiplying by the tropospheric injection, That is, a frectional
deposition for this burst is computed by

TFD(g,Li,b)=FRD(L)* RINJg,Li,1).

Tris ealculation is repeated over the injection quarters, g=1,6; the equatorial,
1=}, and polar, I=2; and over gli i bursts within each g and L.
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3.4.2 Long-Term Fallout

The long-term deposition from the lower stratosphere, upper stratosphere and
high atmosphere s done directly using the data-lcaded tables. An input stert
quarter, ig, is 433umed whete

ig=1 if first injection in Dee-Feb

ig=2 if first injection in Mar-May

ig=3 if first injection in Jun-Aug

ig=4 if first injection in Sep~-Nov.

The g=1 corresponds to ig, g=2 to ig+l,...,.=6 to igt5. To seleet the proper
deposition table, set

ig=ig+ig-1) if ig < 4
ig=ig+(q-1)-4 otherwise,
kgl if ig=2 or 3,

kq=2 if iq=1 or 4.

For each of the q injeetion quarters and for I=1 and I=2, and for each of the i
bursts within each q and L, compute

SFD{q,l,i,b,n;1)=DTABS(n,n,iq,2 *(I-1}) *RINJ(q,L,i,2), the fractional deposition
froin the lower stratosphere,

SFD{q,,i,b,n,2)=DTABS(n,b,iq,2* 1) *RINJ(g,l,i,3}), the fractional depositivn
from the upper stratosphere,

SFDI{q,l,i,b,n,3)=DTABA(n,b,kq,1) *RINJ(q,Li,4), the fractional deposition from
the high atmosphere,

where n=1,2,...,24 for the deposition querters, and b=1,2,...,8 for the 20 degree
latitude bands from North to South,
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3.5 GAMMA DOSE MODEL ALGORITHMS

3.5.1 " "Uniform" Dose Over Latitude Bands

The curves in Figure 6 in Section 2.3.1 show the gamma-ray dose rate
versus time after detonation or shutdown for

N=1, a 1-Mton fission weapon,

N=2, a reprocessing plent, 10~-yr high-level waste storage,
N=3, 30-day spent fuei storage

N=4, 3600-MW(th) LWR (steady state)

N=3§, 10-yr spent fuel storage at reactor.

In GLODEP2 we assume that these curves may be represented by piecewise

functions of time of the form
q{t)=q(t)) (t-tD* for the space tl <t < tu.
Taking the logarithm, we obtain the slepe in log-log space,

x=loglo(tu)/q(th)/logltu/t1L

Then, the area under the curve from some value, tlo, to the higher value thi. is the
sum of the piecewise integrations.

Enough points have been "deta-loaded" to reasonably approximate the curves
of Figure 6. Thus we can generate the arrays

TG(L), an array of times in quarters, L=1,73, and
G(N,L), an array of dose rates in (rem+km%/quarter

for the N=I,5 as above, and L=1,73. Then, given the N, tlo and thi, compute the

"dose-area-integral” as follows:

e e
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Determine

L' sueh that TG(LY < tlo < TG(L'+1), and
L" such that TG(L"1) < thi < TG(L"),

then, for

L=L, set ti=tlo,
L=L", set th=thi,
L' <L < L" set t1=TG(L) and th=TG(L+1).

For L=L', L*l,...,L", compute
X L=loglG(N,L+1)/G{N,L)/1og(TG(L+1)/TG(L)].

if XL =-1, then
DAI(N, 11, thi) = DAKN, tlo, thi) + G(N,LItnXT D XL¥ 1y gy,
If XL = -], then

DAKN,tlo,thij=DAI(N,tlo,thi}+G(N,L) log(th/ti).

In the computation of dose, assume p's the quarter in which to start dose
exposure, and p", the quarter after which the dose integration ends are given. For
example, a 50-year dose starting immediately after injection would have p'=0 and

p"=200. Further assume that the intermediate deposition occurs in the first quarter,
p', starting at some fraction of ihe quarter, pf.

For each burst, i, in injection quarter g, and for both equatorial, 1=1, and polar,
1=2, and for eaech latitude band, b, compute dose rates for the p-th quarter,
P=p'yenssp", as follows:

For the tropospheric deposition, if p’=1, then
DDOTH(p,qi Lo, N,1)=DANK 1,pf,1} *TFD{q,i,L,b) *FM
wnere FM = RiNJ(q,Li,5)*RINJ(q,L,i,7) if N=1, (=Y*NW*{*FR for weapons)

RINJ(q,Li,8) if N # 1, {=NF, the number of nuclear installations of
type N, where N=RINJ(q,1,i,6}+1).

If p* > 1, then DDOTN(q,i,],b,N,1)=0.
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Similarly, for the long~term deposition, compute for

p=maximum(p',n) through p=p", and for
n=1 through n=minimum(24,p")

DDOTN (p,q,i,l,b,N,n)=DAIN,p-1,p) *[SFD(q,1,i,b,n,1)+SFD(q,L,i,b: ,2)
+SFD(g,Li,b,n,3)*FM

where FM is as above.

If the DDOTN are summed over all N,q,i and [, then divided by the area of the
latitude band b, we obtain a quarterly dose raie

DDOT(p,b) (rem/qtr} for the band b, b=1,2,...,8 and for the p-th quarter, p=p’,
p'H,...,p"

Finally, summing over the quarters, p=p', p'+l,...p" gives the acceumulated
"uniform" gamma-ray dose

p™ 6 23 2 5 4
REm(b,p™) = Z T L I I I DDOTN(p,q,i,l,b,N,n)/AREA(b)
p=p' i=1 g0 I=1 N=1 n=1

for latitude band b through querter p*.
3.5.2 "Loeation" Dose

The dose at & specifie loeation is eomputed using both the loeal average rainfall
and an average rainfall in the latitude band. For ecomputational purposes we have
Oata-loaded the array reinl(2,k) using Figure 9.6 on page 370 of Lamb [16] Here
rainl(l,k) is the latitude of measurement k, and rainl(2,k) is the average annual
rainfall in mm as shown in Table 4,
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Latitude Average Annual
Measurement Rainfall (mm)
85 N 115
75 N 210
65 N 430
55 N 740
45 N 316
25 N 540
15 N 1140
5 N 1860
58 1430
20 S 1090
25 8 860
35 8 920
45 8§ 1200
55 S 1030
65 8 430
75 8 100
85 8 30

Table 4. Latitude of measurement and average &nnusl rainfall measured as
extracted from Figure 9.6 of [161

Given the local latitude, dl, and the average loeal rainfall, r, in mm, then linear
interpolation in Table 4 is used to obtain a latitude average rainfall, 1, at dl.

To aceount for run-off and penetration, a modified version of the model
proposed by Gele [6] is used. We compute a reduction factor, FRP, by

FRP(p,n)=0.63 exp(~(d.14e-4} R t)+0.37 exp(~(2.74e-6) R t)

where t is the time in quarters since deposition, i.e., p-n for the faetor in the p-th
dose quarter for the n-th quarters deposition. The modificatica to the Gale model is
only in the coefficients in the exponentials. Here we have divided Gale's
coefficients by the average annual rainfall in Grove, U.K., and senverted to time in

guarters.

T e

s
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To aceount for the rate of deposition due to locel rainfall, define a deposition
factor, FRF, based on data taken by Lowdet, et al., [7]l Thus

FRF=(R/RY) 0.6
is a rainfall multiplication factor.

Glasstone [15] suggests that a "terrain roughness" faetor, RF, of about 0.7
should be used to reduce theoretical values to that actually observed in

measurements for moderately rough terzain.

Assume that the uniform quarterly dose rate DDOTN(p,q,i,Lb,N,n) of the
previous section is located at the eenter of the 20 degree band; then let:

¢lb) = 80 - 20%(b-1).

then, if el(b') < dl < elip'+1), let
dl'=dl-el{p"), and

dl"*-el(p'+1)-d1

be the linear interpolating distanees. The local quarterly dose rates are computed by

DDOTNL(p,q,i,,dl,N,n)=FRP(p,n)*F RF*RF *{dI"*DDOTN(p,q,i,Lb",N,n)
/AREA(b')+dI"DDOTN(p,q,i,],b", N,n)/ AREA(G™IACI+dI").

As before, summation over q,i,LN and n, gives the quarterly dose rate for
speeifie location dl, gives

DDOTL(p,dl) (rem/qtr) for the p-th quarter.

Summation over the quarters, p=p', p'+l,...p™ gives the aceumulated gamma-ray dose
at the speeific location, dl, with R mm of local rainfall

p™ 6 23 2 5 4 .
REM(b,p™) = z hX z L b £ DDOTNL(p,q,l,t,N,n)
p=p' i=1 g0 I=1 N=1 n=1

through quarter p'.
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4. SAMPLE CALCULATIONS WI!TH GLODEP2

In this section two calculations performed with the GLODEP2 code are
presented. The first is a series of runs based on the atmospheric nuclear tests of
devices over 106 ktons duving 1951-1362 [171 This caleulation provides a eode

comparison with deta.

The seecond calculation deals with the gamma-ray dose effects that wo.:ld be
expected in the case of a large scale nuclear exchange between the U.S. and the
U.S.8.R. [17,18]

4.1 1951-1962 ATMOSPHERIC TESTS

Using tables such as those in Appendix B of Glasstone [15] Table 2 of Bauer {13]
and Teble 1 of the 1982 UNSCEAR [19] repori, a series of calculations based on the
atmospheric tests during the period of 1951-1962 have been constructed. Only those
tests with yields greater than 100 kton have been used since lower values will not
inject significant amounts of radioactive debris into the stratosphere. The
atmospheric tests conducted by the Frenech and Chinese have been omitted since
significant deposition due to the tests would occur after the 1887 time pericd of
interest. ‘Table 5 depicts the number of atmospheric nuclear tests in approximate
ranges of total yield as used in our study.

Approximate Total Yield (Mtons)

Year .1-.29 «3-.49 .5-.99 1.-1.9 2-4.9 5.-9.9 10.-19.9 20.-60.

1951 1 0 0 0 0 0 ¢ G
1952 0 0 1 0 0 0 1 ]
1953 0 1 ¢ 0 0 0 0 ]
1954 1 0 0 1 0 0 3 0
1955 1 0 0 1 0 0 ] 0
1956 1 2 0 2 4 0 0 0
1957 2 0 3 2 2 0 0 0
1958 6 & 3 7 8 4 0 0
1961 1 1 3 4 ? 1 1 1
1962 9 3 16 5 9 4 3 4
Total 22 13 2Q 22 30 10 0 5

Table 5. Number of atmospherie nuclear tests and approximate ranges of total yield
in Mtons for the yeers 1951-1862,
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To compare with measurements at Grove, U.K. [20] for 1951-1967, and at
Chiba, Japan [21,22,23,24) for 1962-1867, the aceumulated uniform dose for these
periods is ealculated. Gamma dose with weathering, run—off, penetration and
roughness are then computed at these locations.

Table 6 is a suminary of the uniform gamma dose aceumulted through 1967 for
each of t[le nine 20-degree latitude bands numbered from North to South. The table

values are in mrem.

Latitude Band

Souree 1 2 3 4 5 6 7 8 9
U.S. 11.0 46.7 77.4 11i.4 93.8 28. 37.4 27.9 2.6
U.K. 1.7 7 10.4 32.5 88.6 18.3 4.2 3.2 0.02
U.5.8.R. 3023 2425 293.4 83.2 8.6 9.1 18. 12.6 2

Total 315.8 296,2 381.2 2271 19l 55,4 601 43.7 4.62

Table 6. Uniform gamma-ray dose (mrem) accumulated through 1867 for
atmospheric nuclear tests of 19511962,

The gamma dose as measured and computed at two speeific locations are shown
in Table 7. The agreement, even though it may be somewhat fortuitous, is

remarkably good.

We acknowledge that our penetration, run-off and rainfall models are derived
primarily from measurements at Grove. However, large portions of these data were
obtained from independent, controlled experiments. Further, the injection and
deposition models are independent of these data.

We do note that the valuss computed for Chiba use the GLODEP2 models
directly with no fitting of parameters to the measurements reported there.

g e
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‘ Grove, U.K. Chiba, Japan
Latitude 550N 35.5N
Local average Rainfall (mm) 683 1560
Latifude Average Rainfall (mm) 843 730
Computed dose (mrem) 140 124
Measured dose {(mrem) 131 122

Table 7. Measured and Computed gamma doses at Grove, U.K. (accumulated from
1951 to 1962), and at Chiba City, Japan (acecumulated from 1962 to 1967

4.2 HYPOTHETICAL LARGE-SCALE NUCLEAR WAR

A study of the available strategic inventories of the two superpowers indicates
that about 14000 Mton is hypothetically available, but a more likely, but not
implausible, strategic exchange is about 5300 Mton. This exchenge would be
composed of land-based, submarine, and aircraft delivered nueclear weapons of the
U.8. and U.S.8.R. targeted on military installations, industrial eenters, and urban
areas. Fc: the purposes of this example of non-local radionuclide effects, we have
used the mix of warhead yields and fission yields shown in Table 8.

The application of GLODEP2 models to this type of scenario assumes that if, in
fact, there is a "nuclear winter" following the exehange, the effects produce only
minor perturbations en the empirically derived deposition models.

U.S.5.R. Weapons U.8. Weapons
Totel Fission Total Fission
Yield/Warhead Yield Injected Yield/Warhead  Yield Injected
{Mton) {Mton) {Mton) {Mton)
20. 305. 9, 236,
1. 70, 1.~2. 285
0.9 675, 3-.4 1165.
0.75 15 A-.2 106,
0.55 220, ‘<.l 1.
0.2 5,
Totel Mton injected 1290. 741.

Table 8, Hypotheticel Strategie Exchange Scenario (#).
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# The estimates of available stockpiles used in developing Table & are drawn
from [ISS [25] and Cotter et al. [26] We have made arbitrary, but plausible,
assumptions eoncerning numper of warheads used, fission/fusion fraction, height of
burst, ete. It should be recognized that these are hypotheticat exchanges and their
publication and use does not imply any relationship to the plans of either the United
States or the Soviet Union.

We assume that the atta::k on the U.S. is all injected at 39 degrees North
latitude, and that on the U.8.8.R. is injected at 50 degrees North latitude. Of the
approximate 2031 Mton of fission products injected, 11% (224 Mton) goes ta the
troposphere, 61% {1237 Mton) goes to the lower polar stratosphere, and 28% (570
VMton} is placed in the upper polar stratosphere.

In addition to the weapons exchange indicated above, we assume an attack on
an approximete fﬁﬂ GW(e) nuclear power industry in the U.S. We assume 0.9 Mton
weapons are surface bursts on 100 LWR’s, 100 10-yenr Spent Fuel storage {SFS)
facilities, and 1 Federal Reprocessing Plant (FRP). With a 0.9 Mton burst oh each
facility, 1.8% of the fission produets are injeeted in the troposphere and 48.2% into

the lower polar stratosphere.

The resulting uniform unsheltered, unweathered doses are shown in Table 9.
The largest value of 23 rem for the weapons (84.6 for weapons pluse the 100 GW(e)
nuclear power industry) is computed in the 34-50 degree North Latitude Band.

If one assumes that the general eirculation pattern of the atmosphere remains
unchanged due to the strategie interchange, then the GRANTOUR model designed
by Walton and MacCracken [26] may be used to compute local "hotspots” due to
nuclear deris eloud interactions with storm clouds. Based on sueh caleulations,

Knox [18] reports:

"Depending on season, meteorologieal conditions during the exehange, and
how soon the debris clouds intercept large scale weather systems, the
tropospheric portion of the radiocactive inventory can be scavenged by
precipitation and hotspots of deposited radioactivity ean oceur with doses of
about 70 remn (winter) to 40 to 110 rem (summe ) in regions like Europe, western
Asia, western North Pacifie, southeastern U.S., northeastern U.S., and Canada.
Such regional hotspots have been identified by numerical simulation of
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interaction of the debris cloud with precipitation systems as depieted in the
Oregon State University (OSU) general circulation model."
Inclusion of the effects of an attack on the 100 GW(e) nuelear power industry would
indicate similar hotspots, i.e., of the order of 200-300 rem.

As pointed out by Walton {26) thess GRANTOUR calculations use a specific
sequence of meteorologir-. events as calculated by the OSU general circulation
model. For a different starting time or altered circulation model, which would
place precipitation systems differently, results eould be very different.

Figure 9 is a contour plot of the fractional deposition. Figure 10 shows the
fractional depositions over the 24 quarters for each of the 20 degree latitude bands.
In these figures we observe the effects of seasonal rainfall on the deposition. One
observes the largest deposition at 30-50N and the smallest, 3-4 orders of magnitude
smaller, at 70-90S. Further, no deposition occurs in the southernmost latitude band
for the first 6 mouths after the exchange.

Latitude Band

Source 1 2 3 4 5 6 7 8 9
Weapons 3.65 18. 23. 5.7 0.76 0.55 0.78 0.47 0.08
LWR 1.75 6.27 8.94 3. 0.56 0.27 0,25 Q.1 0.007
SFS 6.71 23.8 32,7 11.3 2.26 1.01 1.02 0.4 0.03
FRP 413 14.6 20.1 7. 1.39 0.62 ®63 0.25 0.02
Tatal 16.2 62.6 84.6 27 4.98 2.45 2.67 1.21 Gig

Table 9. Uniform 50-year gamma-ray dose in rem as a function of the 9 latitude
bands for the weapons and nuclear power facilities. These values do not take into
aecount any weathering, sheltering or rainfall factors. "Hot-spots" due to rainfall
could inerease these values by factors of 10-50 [10]
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S0 SOUTH TQ 90 NORTH LATITUDE

Time in Quarters

Figure 9. Contour plots of the fractional deposition due to the Strategic Exchange.
The abscissa is the time in quarters and the ordinate runs from the South Pole (-90)
to the North Pole (+90). The highest solid contour has value 0.1, the next .03, then
0.01, The dotted eontours are 0.03, 0.601, 0.003, 0.0001 and 0.0003.
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TimE TN GUARTERS
Figure 10i. 70-90S

Figure 10. Fractional depositions as a function of quarters after injection for each
of the 20-degree latitude bands.

Figure 11 is a contour plot of the sceumulated dose for only the weapons.
Figure 12 includes the 110 GW(e) nuclear power industry. One observes the highest
dose contour at about ¢0N. The highest contour for only the weepons appears early
in time whereas the highest contour when the nuelear power facilities are included
does not appear until about 40 quarters. This effect is due to the rapid decav of
weapons fission products compared to the relatively slow decay of the fission
products in the l0-year spent fuel weste storage and the federal nuclear waste
reprocessing plant. Figure 13 shows the accumulated gamma dose as a function of
time for each of the latitude bands. The separation of the two curves at late time
also shows the difference of decay rates.
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a @ =] il E3 < a
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Time in Quarters

Figure 11. Contour plot of the accumulated gamma dose for only the weapons of
the Strategic Exchange. The abscissa is the time in quarters and the ordinate runs
from tie South Pole (-90) to the North Pole (+90).
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Figure 12, Contour plot of the accumulated gamma dose due t¢ the Strategic
Exchange augmented with a 100 GW(e) nuclear power industry. The abscissa is the
time in quarters and the ordinate rurs from the South Pole (-90) to the North Pole
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Figure 13. Accumulated 50-year gamma dose ‘as a function of quarters for each of
the 20-degree latitude bands. The higher value is for the weapons saugmented by a
100 GW{e) nuclear power industry.

The dose using the weathering, rainfall, and roughness factor has been

computed for five specific loeations with results as shown in Table 10.

London Montreal Lisbon Tokye Svydney

Latitude 51.48N 45.57N 38.72N 35.68N 33.87
Local Average Rainfall (mm) 583 970 701 1560 1200
Letitude Average Rainfell (nm) 819 910 788 733 905
50-yr dose (rem) 17.8 22,3 22.1 27 0.6

ACCUMULATED MHOLE B00T GAMMA DOSE (REM)

Table 10. Gamma dose in rem for the Strategic Exchange with 100 GW(e) nuclear
power facilities at five specific locations.

Figure 14 shows the time dependent accumulation of gamma dose at each of the
speeifie locations with and without the nueclear power facilities augmentation. The
effeat of weathering on reduction of accumulated dose can be a significant feetor.
For example, at Tokyo, the interpolated uniform dose would be about 72 rem. With
rainfall, penetration, run—off and weathering, the dose is 27 rem after 50 years of
aecumulation.
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Figure 14, Time accumulated gamma dose using local rainfail, weathering, run-off
and a roughness factor for the indieated locations.

5 DISCUSSION AND CONCLUSIONS

The GLODEP2 computer model is capable of estimating the surface derosition
of "worldwide" radioactivity and the gamma-ray dose to man from the intermediate
and long-tern fallout., Code generated predictions of the gamma dose due to the
atmospheric tests of 1951-1962 agree well with the measurements at tvo specific
locations.
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Although the injeetion and long-term deposition models of GLODEP2 are only
slight modifieations of those proposed by Peterson [5} GLODEP2 hes original
modeling in tropospheric deposition, injection and depesition from nuclear
installations, gamma dose, weathering, penetration, runoff, and roughness.

The intermediate term deposition in the Gaussian formulation for fallout from
the troposphere appears to be reasonable, in view of the measurements reported by
Maehta [14} However, uncertainties exist in terms of the time for completion of
fallout as well as the shape of the Gaussian. Further, eross-hemispherie flow is
slow, somewhat seasonal and usually oceurs in preferred arens. Additional research
and modeling is warranted in this area if significant portions of the injections are in
the equatorial tropospheric compartment.

The models employed for dose calculations also have margins of uncertainty.
The exact values of the dose-area-integrals are unknown for weapons where tests
have been condueted. The values for the partieular nuelear power facilities have
never been tested egainst an experiment where the facility has been vaporized by a

nuelear weapon.

In our models for dose calculations at specific locations we introduce even more
margins of uncertainty. The terrain roughness factor of 0.7 may be reasonable for
moderately rough terrain. Further research might produce substantial changes in
this factor for other regions and certainly for the complexity of urban areas.

The data we have used seem to indicate that the use of the local rain
rate/average rain rate to the 3/5ths power may be rzasonable; however, we have not
used any measurements from areas with little precipitatic i, nor have we used

measurements from arees with tropical or monsoon types of weather.

The penetration-runoff model is based on measurements of '?’Cs and applied
to the entire inventory of radionuelides. ™ is well known thai the solubflity and
mobility of other nuclides may vary over wide ranges, hence another area of
uncertainty.
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Peterson [5] has stated that his "model is based primarily on
injection-deposition experience gained from the U.S. and U.S8.5.R. nuclear tests in
1958 Use of the technique to estimate 3%r deposition from the 1961-62 tests
shows the predictions are usually within a factor of two of the observed deposition."

He further asserts that

"The comparison of observed and predieted °%Sr deposition...offers
one basis for an error analysis. For the 1961-62 tests nearly all
seasonal predietions vs. observations agree within a faetor of three
and most are within a factor of two for 10°N to 70°N and from 16°%
to 80°S. From TU°N to 90°N latitude a few seasonal values disagree
by & factor of five. From 10°N to 10°, devietions of a factor of
five oecur in more than half the seasonal predietions. An
independent error analysis, taking into account probable errors in
estimates of cloud heights, fission yields, vertical distribution of
radioaetivity within the ecloud, deposition observations and
deposition variation for each injection quarter suggests that the
diserepencies noted...are typical for a series of bursts such as
oceurred in 1961-62."

Peterson [5] has also noted the following limitations of the methodology :

"Because of time and space variations of deposition from individual

detonations, deposition predietions for single deionations may be

grossly in error. Predictions are for 20° latitude bands and 3-month

seasons. Application of these average values to specific locations or

sharter times should be made with caution since variations of about

en order of megnitude have been observed in 3-monti deposition

values within "wet’ regions of the United States."

In GLODEP2 we have includea models to account for the differences between
the "uniform" dose of the 20° latitude bands and that duse at speeific locations. Our
penetration, rur-off and rainfall models are derivec primarily from measurements at
Grove. However, large portions of these data were obtained from independent,
controlled experiments. Further, the injection and deposition models are
independert of “hese data. Thus the computations at Grove and Chiba provide “code
validation.! We have noted that the values computed for Chibe use the GLODEP2

models direetly with no fitting of parameters to the measurements reported there.

e e
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In view of the uncertainties esscelated with the entire suite of GLODEPZ2
models, the agreement with measurements at the two locations selected may be
somewhat fortuitous, but the predictions do lend a measure of credibility to the
GLODEP?2 model.

It is important to bear in mind that the GLODEP2 deposition models are
empirically derived. If a large nuclear exchange were to oceur and if, in fact, the
exchange caised a "nuclear winter” it is probable “that the current empirical
cirealation and meteorological modzls would no longer be valid.

lngsmuch as we do not expect to obtain a great deal of new experimental data,
sensitiv. r and uncertainty analyses with the present model are suggested as areas
of further research. Future reviews of the existing deta coupled with such analyses
might lead to some revisions of the models and, more importantly, shouid lead to
predictions that are certainly within acceptable error bounds.

It should be pointed out that even though Peterson [5] suggests a "mirror-image"
approach for detonations in the Southern Hemisphere, this technique has not been
implemented in the current GLODEP2. Presently we assume all detonations are in
the Northern Hemisphere. However, the extension should be a simple programming
task.
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APPENDIX A

The following data tables have been taken from the work of Peterson (1970). In
the following we have converted most numbers to pure fraetions.
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Tabis A-Ja. Frastional from
(Flasion yiela=total yied)
Total ylexd (Mton)
BCs DT B oz 0.3 0.3 0.7 1 3 3 5 7 10 20 1) 50

Cloud top (lm)  13.1 174 12.4 LY} 18.3 [{E] 11 154 120 ns i 8.3 0.4 s 158 4 2.7
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! Mt 17-20Kkm 0.00) D002 0003 0.0% 004 MR BIF £33 145 LT 4 4 535 a0 5 0.5
i 2430 km 0 [ 0 [ ] [ [] o 0 [ 0.5% 203 &S in0 e 495
Mt >30 km [} [ [} ¢ [} [ [ ] & [] [ L] . L] Q L] [
Tubls A-10. F in} from polar
[( yieldetotal
Total yhe3d (ston)
0.02 [.es 0.67 1 [ 5] [ 3] [ X} T 1 ] 3 ] 1 10 0 30 50
Cloud top (km) 10,1 164 167 1149 s 113 134 14.8 18.3 18.4 1L4q 53 mnr 30.3 343 ni @7
Cloun base (k) 4.0 4.3 4.8 49 =3 (%] [ .3 7.9 e the [tT] 15T 155 I3 198 0.7
Mt<Pkm 0Oz 0845 O &0 &l4 &7 &l LM am [] 1 q 0 [] [} [ [
Mt 517 km D00 0.083 Q.1 00 &M &) &M 043 AW 180 143 093 oM o4 O q [
Mt JT-50km [ ] [] 9 [ ] [ ] ] [ ] L] [ E 1] | B4 42% L] 094 I8 30,0 $0.0
Mt > 5P km [} ] ] 9 L] [ ] L} ’ L . L] 0 [ ] L] ] 0
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Table A-2a. Fractional deposition (x 100} for injection of debris during Dec-Feb
into the Lower Equatorial Stratosphere (17-24 km).

ist yr 2nd yr 3rd yr
Dec- Mar- Jupne- Sept- Dec- Mar- June- Sept- Dee- Mar-
Latitude Feb May Aug Nov Feb May Aug Nov Fedb May

70-90N 04 Al .12 .06 06 .14 .04 .02 .02 05
50-70N 52 460 1,39 .66 68 160 49 .23 24 .56
30-50N .12 989 303 1.42 1.46 343 1.07 .50 52 121
10-30N l.44 238 310 .74  LO5 L.39%9 1.09 26 .37 49
10S-10N 1.40 307 239 2.52 66  1.85 .84 .89 +23 65

10-305 .56 %28 258 .99 33 LO07 ] .35 12 .38
30-508 J8 246 1,93 213 142 .64 .68 5 .50 23
30-7CS A0 1,24 .96  1.06 1 .33 .34 .37 .25 .12
70-908 0 o 0 Jdi O 0 0 0 ] 0

Table A-2b. Fractional ceposition (x 100) for injectiun of debris during MarMay
into the Lower Equatorial Stratosphare (17-24 km).

Ist yr 2nd yr 3rd yr
Mar- June- Sept- Dec- Mar- June- Sept~- Dec- Mar- June-
Latitude May Aug Nov PFeb May Aug Nov  Feb May  Aug

70-90N .06 .18 .22 .09 -26 .06 .08 .03 09 02
S50-70N 78 219 251 .03  2.88 .72 .89 .36 1.02 .25
30-50N 1.68 71 5.41 223 619 1.%6 1.91 .79 21¢ +33
10-20KH 216 I.14 1.30 1.60 2.51 1.60 Y .56 .89 .56
105-10N 210 1.46  1.67 .99 3.33 1.24 o9 «35 1.18 .44

10-303 .84 L5686 L79 .50 193 1.33 .63 .18 .68 .47
30-50S .17 L7 1.35 215 L14 1.00 48 76 .40 .35
20-708 .60 .59 €3  1.09 57 .50 24 .38 .20 .18

70-90S 0 0 0 01 0 Q 0 0 0 0
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Tgble A-Ze. Fractional deposition {(x 108} for injeetinr of debris during Jun-Aug
into the Lower Equatorial Stratosphere (17-24 km).

ist yr 2nd yr 3rd yr
June- Scpt- Dee- Mar- June- Sept- Dee- Mer- June- Sept-
Latitude Avg Nov Feb May  Aug Nov Peb May  Aug Nov

70~90N .02 .21 .15 .32 07 0o 05 .11 .03 .02
50-70H .26 37 .64  3.48 .81 .56 .58 1.23 .29 .20
30-50N .56 5.10 3.54 7.48 1.76 1.21 1.25  2.64 .62 43
1¢-30N g2 123 2454 3.04 180 .63 .90 1.07 .64 .22
105-10N S0 1.58 1.57 408 1.39 215 a6 1.42 A9 76
10-308 28  1.6¢ SO 2,33 L50 85 28 .B2 .53 .30
30-508 49 La27 d42  L.3% 12 1.82 1.21 49 .40 .64
50708 20 .64 1.73 .69 56 .91 .61 25 20 .32
70-908 0 2 Qe 0 " 01 [} L} L 0

Table A-~2d. Fractional deposition (x 100} for injection of debris during Sep-Nov
into the Lower Equatorial Stratosphere (17-24 km).

Ist yr 2nd yr 3rd yr
Sept- Dee- Mar- June- Sept~ Dee- Mar- June- Sept- Dee-
Latitude Nov Feb May Aug Nov Feb Mey Aug Nov Feb

70-90N .03 .22 37 09 05 05 .13 .03 .02 A2
50-70N 39 251 4.04 1.04 .60 .63 1.43 .37 21 .22
30-50N .34 541 8.68 225 1.31 1.35 3.06 .79 .46 .48

10-30N 1.08 130 353 2.30 .68 87 1.25 .81 .24 J4
105-10N 1.05 1.67 4.67 1.78 232 .60 1.65 .63 .82 21

10-308 A2  L79  270 192 .92 .30 .95 .68 .32 .11
30-54S .59 1.35 1.60 1.43 1.97 1.31 .56 .50 70 .46
50-708 .30 .68 .80 .72 .98 .66 .28 .25 .35 23

70905 0 0 0 0 01 0 0 0 a [
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Table A-3a. Fractional deposition (x 100) for injection of debris during Dec-Feb into the
Upper Equatorial Stratosphere (24-50 k).

1st yr Znd yr 3vd yr 4th yr

Dec- Mar- June- Sept- Dec- Mar- June- Sept- Dec- Mar- dJune- Sept- Dee-
Latitude Feb May  Aug Nov  Feb May  Aug Nov  Feb May  Aug Nov  Feb
70-90N 0 04 03 03 04 J14 05 03 .03 .10 04 .02 .02
S50-70N 0 A6 33 .28 46 1.60 58 33 40 L12 4] .23 .28
30-50N 0 99 2 60 98 343 1,27 J1 A7 242 90 .50 62
10-30H 0 24 59 .32 g1 139 L2% 37 62 98 .91 .28 44
10S-10N 0 .27 44 47 A8 87 90 49 A0 .69 64 39 .28
10-308 g I 53 L1467 46 85 1.34 R S8 87 95 52
30-508 0 45 J4 2.80 74 1.07 1.31 3.30 .78 .76 93 2.33 55
50-708 1] 21 .34 1.30 AL 49 .61 1.54 A3 .35 43 1.09 .30
70-908 0 02 »03 12 04 W04 05 J4 04 04 04 .10 03
Table A-3b. Fraetional deposition (x 100} for injection of debris during Mar-May into the

Upper Equatorial Stratosphere (24-50 km).
1st yr 2nd yr 3ed yr 4th yr

Mar- June~ Sept~ Dee- Mar~ June~ Sept- Dec- Mar~ June- Sept- Dee- Mar-
Latitude May  Aug Nav  Feb May Aug Nov  Peb May  Aug Nov Feb May
T0-90N 0 .02 04 03 .13 04 07 03 .11 .03 05 02 08
50-70N 0 .16 45 33 1.46 54 80 .38 1.29 .38 57 27 91
30-50N 0 .35 ] g1 313 L7 1a 84 277 82 1.21 59 1,96
10-30N 0 .09 .23 .51 1.27 1.20 41 .60 1.12 B4 .29 42 .79
10S-10N 0 .13 40 A2 84 A4 54 A9 56 60 .39 .35 40
10-305 1] .12 .79 92 43 92 1.41 1.09 38 .64 1.00 W17 27
30-5068 a 51 1.95 90 84 1.28 3.45 1.08 a3 91 2,44 75 52
50-708 0 .24 91 42 38 60 1.61 50 .33 A2 1.14 .35 .23
70-9208 0 02 08 04 03 .05 .15 .04 03 .04 11 .03 02
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Table A-3c. Practional depoaition (x 100) for injection of debris during Jun-Aug into the
Upper Equatorial Stratosphere (24-50 km).

1st yr 2nd yr 3rd yr 4th yr
June- Sept- Dee- Mar- June- Sept- Dee- Mar- June- Sept- Dee- Mar- June-
Latitude Aug Nov  Feb May Auwg Nov Feb May Aug Nov  Feb May  Aug

T0-90N 0 02 03 .12 .04 .04 05 .14 04 L4 .04 .10 .03
50-70N 0 21 J4 L30 A8 A9 .61 1.54 43 A5 .43 109 30
30-50N 0 A5 44 280 J4 107 1.31 330 78 Jq6 0 93 233 . .55
10-30N 0 .11 53 114 67 56 95 134 J4 S8 67 85 .52
108-10N 0 .23 AD 63 51 83 80 62 AD 29 57 44 .28
19-308 0 24 59 32 a1 139 1298 g7 B2 S8 9 26 K1}
30-508 0 99 12 S50 98 343 1.27 71 .87 242 90 S50 62
$0-708 0 46 33 .28 46  1.60 58 .33 40 112 .41 23 .28
70-905 0 04 03 03 A4 .14 05 03 03 10 .04 02 02

Table A-3d. Fractional deposition (x 100) for injection of debris during Sep-Nov into the
Upper Equaterial Stratosphere (24-50 km).

1st yr 2nd yr 3rd yr 4th yr
Sept- Dee- Mar- June- Sept- Dee- Mar~ Jupe- BSept- Dee- Mar- June- Sept-
Latitude Nov  Feb May  Aug Nov Feb May Aug Nov  Feb May  Aug Nov

70-90N 0 42 .08 04 03 0% .15 04 03 B RS ¥ | 03 02
SC-TON 0 24 W81 42 38 60  1.61 .50 33 42 Ll14 35 .23
30-50N 0 S5l 1.95 90 84 1.28 345 L.e6 73 91 244 W75 52
10-30N 0 12 .79 .92 43 92 141 1.09 .38 .64 1.00 W77 «27
105-10N 0 .14 49 52 .64 a5 .76 61 .58 93 54 43 A0
10-30S 0 09 23 51 1.27 1.20 41 .60 1.12 B4 .29 A2 .79
30-508 0 35 96 g1 3.13 L7 1.7 .84 2.77 82 1.21 .59 1.96
50-708 0 .16 A5 .33 1.46 54 80 .38 128 .38 .57 .27 91
70-908 (1] 02 04 03 .13 04 07 03 11 03 05 02 .08




Table A-4a.

1at nd
Mar- June Sepl- Dec- Mar June- sepl-

yr

Fractions] deposition (x 100) for injsctian of debris during Ma-Aug Into the High

Equatorial Atmospher (above 50 km),

3rdyr

ahyr

Sthye

hyr

8t

Dec- Msr June- Sept- Dee- Mar June- Sepl- Dec- Mar June- Sepl- Dec- Mar- June- sopl- Dec-

Latitude May Aug Nov Feb May Aug Nov Feb Moy Aug Nov Feb May Aug Nov Feb May Aug Feb May Aug Nogv FPeb
70-90R [ ] [ 0 [ [ [} S 01 4 e N2 00 0B 0! W00 02 05 0t W01 01 03 .01 .0
o700 0 0 L] [ L] L] ] 83 28 36 .07 32 87 q 21 Q20 55 45 A3 A3 38 .29 .09 .08
30-50N 0 [ [ 0 ] 1] Q Jz2 .0 28 A8 120 237 56 23 W76 149 A5 14 48 84 22 09 0
10-3008 0 0 0 ] 0 L] 0 05 24 13 .10 43 31 25 3 27 51 J6 0 08 07 32 a0 W05 LI
103-10M o a a 0 qa q a o6 04 05 08 MY A2 69 30 .07 L08 06 06 .04 03 04 04 .03
10-305 0 L] 0 Q [] 4 81 a1 A8 LIT 254 79 41 85 160 S0 28 A4 101 31 W7 a4 60 20
30-508 0 0 0 ] [ 39 150 70 S0 380 7247 176 .71 240 470 L0 48 NS1 297 70 .29 .86 187 44
S0-708 ] [ ] 0 9 10 56 L0 A7 100 278 228 £7 83 174 14) 43 A0 210 00 27 .28 70 5T
TO-9058 [ Q L] [ 0 a1 H A 03 08 g8 28 04 05 06 JO8 63 D3 03 00 0 01 A 06

Table A-4b.  Fractional deposition (x 100} for injection of debris during Sep-Feb into the High
Equatoris! Atmospiiere (ahove 50 um).
st y! 2nd yr Jrd yr Athyr sthye 6thyr

Sept- Dec- Mnr- June- Bept- Dec- Mar- June- Sept- Dec- Mar- June- Sept- Oec~ Mare June- Sept- Dac- Mar- June- Sept- Dec- Mar- June-

Latitude Nov Feb Mey Aug HNov Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov May Aug Nov Feb Maey Aug
70408 q 4 [ [ ] o1 01 a0 03 08 08 26 .04 05 06 L6 .03 03 03 M0 01 01 0l .06
50-708 0 0 | 0 0 .10 56 80 A7 1,00 276 226 .67 63 1,74 1432 43 40 1,00 .80 .27 .28 .70 .57
30-508 0 0 L} o 0 29 150 20 W50 280 147 L76 21 240 420 LD 46 1,81 29T .70 .20 .96 .87 44
0-308 [ 0 2 0 a W14 Sl 31 29 L3754 .79 41 86 6D W50 .26 L84 L0 ) Jd7 34 64 20
llE-lQN (1] ] q a [ 9 L] 01 D4 05 08 .01 Jd20 .09 0 07 08 06 06 W04 W05 L4 04 03
16-308 q q ] g [ [} 0o 85 W24 13 0 43 81 2 a3 W o1 A6 @88 AT 32 a0 05
30-505 0 0 0 0 [ o ] 20 L1128 LR 120 237 66 23 .76 149 35 14 48 .94 22 .09 .30
50-705 0 0 0 a 0 0 0 03 26 36 AT A2 8T 21 20 55 48 13 .13 3% .29 .09 .08
70-309 0 0 0 0 0 0 [} D1 Lol 08 01 D2 03 08 01 01 02 05 .0 o1 01 <03 L N |

- g9¢ -
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Table A-5a. Fractional deposition (x 100) for injection of debris during Dec-Feb
into the Lower Polar Stratosphere (3-17 km).

1st yr 2nd yr
Dec- Mar- June- Sept-  Dee- Mar- dune~  Sept-
Latitude Feb May Aug Nov Feb May Aug Nov

70-90N .27 .69 .54 .09 .15 .23 .13 .02
50-70N 286 6.60 Sll 1.80 1.50 1.35 L.21 .34
30-50N 494 2503 ..99 2.00 215 2.59 94 .38
10-30N 1.52 %17 1.43 1.20 1.62 1.91 .43 .23
10S-10N .23 1.06 .35 .51 92 .56 .08 .10
10-308 .29 .55 25 .33 .10 .05 .06 .06

30-508 07 27 43 .29 12 .05 .10 .05
50-70S .05 07 .16 .07 .02 .02 .02 .01
70-903 0 0 01 0 0 0 0 b

Table A-5b. Fractional deposition (x 100) for injection of debr.. “rniy Mar-May
into the Lower Poler Stratosphere (8-17 km).

st yr 2r." yr
Mer- June-  Sept-  Dee- Mar- June~  Sept-  Dee-
Latitude May Aug Nov Feb May Aug Nov Feb

70-90N 43 .19 .22 .20 .18 .27 .04 03
S0-70N 4.46 1.85 2.50 3.97 ol 2.56 47 .75
30-50N .72 7.00 5.00 .74 15.01 1.99 .85 1.46
10 30N 2.38 15 200 3.50 511 .81 .38 .66
108-10N .35 .30 .60 .30 .46 .18 .11 06
10-308 .20 .16 .30 .23 .10 .13 .06 04
30-508 05 .18 .52 <20 .15 .1 .14 .04
50-708 .07 .02 .17 07 .14 .09 .03 .01

70-90S 0 0 01 0 0 0 0 0




- 58 -

Table A-5¢. Fractional deposition (x 100) for injection of debris during Jun-Aug
into the Lower Polar Stratosphere (9-17 km).

Ist yr 2nd yr

June~  Sept«  Dee- Mar- June-  Sept-  Dec- Mar-
Latitude Aug Nov Feb May Aug Nov Peb May
70~96N .18 .19 .18 .21 .38 .03 .04 04
50-70N 1.89 1.79 343 6.42 358 .63 .91 1.2}
30~50N 3.26 6.79 12,99 17.51 2,79 .70 97 3.31
10~30N 1.01 248 476 596 1.28 .42 .65 1.i3
168-10N .15 .24 .53 +53 25 .18 37 .10
10-308 .19 15 .29 A1 .18 .12 04 .02
30~508 .05 .07 .14 34 .30 10 05 06
§0-708 .03 02 .03 .16 .07 .02 .0l O
70-90S 0 0 0 01 .01 0 1] 0

——

Table A-5d. Fracticnal deposition (x 100) for injection of debris during Sep-Nov
into the Lower Polar Stratosphere (9-17 km}.

Ist yr 2nd yr

Sept- Dee- Mar- June-  Sept- Dec~ Mar- June-
Latitude Nov Feb May aug Nov Feb Mey Aug
70~-90N .23 .21 .24 43 .04 .07 .10 .06
§0~70N 240 3.93 7.34 4.09 .81 .70 .58 .30
3JC-50N 415 1490 20.01 319 90 1.00 1.11 28
10-30N 1.28 5.46 6.81 1.46 .54 .78 .82 W25
105-16N .19 .63 .61 .28 .23 44 .24 05
10-308 .24 .33 .13 20 .15 05 02 .01
30~508 .06 .16 .39 .34 A8 .06 .02 .01
50-708 .04 .04 .18 .08 .08 .01 .01 01

70~903 ] 0 Gl 01 0 i} 0 i}
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Table A-6a. Fractional deposition (x 100) for infection of debris during Dec-Feb into the
Upper Poler Stratasphere (17-50 km).
1st yr 2nd yr ard yit 4th yr

Dec~ Mar- June- Sept- Deec~ Mar~ June- Se, Dec~ Mar- June~ Sept- Dee- Mar
Latitude Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May
T0-90N .02 w06 .6 06 JA3 A9 20 05 09 22 .13 .03 .05 .08
50-70N .07 .58 150 114 1,50 1.81 1.89 .90 I.p0 I1.14 119 .57 .65 .72
30-50N8 20 218 1.8 1.27 258 688 t.48 1.00 1.63 433 .93 .63 1.02 273
10-30K L5 SL 54 J8 174 166 68 £33 149 L84 47 a8 £9 £8
105-16N 0 {03 05 17 0 20 10 W08 15 08 .06 08 .10 0§ {04
10-308 0 .01 06 .23 .12 .08 .32 53 .15 08 .20 34 .10 05
30-508 0 02 02 66 W27 .11 .86 157 .34 .01 55 99 .21 .13
50-708 0 [} A5 24 34 06 23 .58 43 06 .14 36 2T .04
70-508 0 0 0 01 04 01 43 02 05 01 D2 01 .03 .01
Teble A-6b. Fractional deposition (x 100) for Injection of debris during Mar-May into the

Upper Polar Siratosphere (17-50 km).
1st yr 2nd yr 3rd yr 4th yr

Mar- June- Sept- Dee- Mar- June- Sept- Dec- Mar June- Sept~ Dee— Mar- June-
Latitude May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug
70-90N .08 01 04 .10 .13 04 {06 07 .08 02 04 .04 .05 01
50-TON .14 .11 S L74 4.07 35 .64 137 2.58 .22 40 .86 1.B] 14
30-50N .30 42 1.01 339 11.08 1.33 1.28 2.67 6.98 .82 .80 1.68 4.40 52
19-30N .08 .13 41 191 3.77 41 .51 1.21 2.38 .26 32 .76 1.50 .16
103-14N 0 01 0% 08 .18 04 11 07 .13 .03 07 04 .08 {02
10-30S 0 .02 1 D7 07 .23 57 .17 .08 .21 36 .10 05 .13
30 508 0 H6 33 A5 01 61 167 36 .14 58 .05 .23 W09 .37
50-708 ] 01 .12 .19 .0 06 .61 46 .12 15 .39 .29 .08 .09
70-908 0 0 0 02 01 02 .02 .05 01 02 .01 03 0 01
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Table A-6c. Fraetional deposition (x 100) for injeetion of debris during Jun-Aug into the
Upper Polar Stratosphere (17-50 km),

1st yr 2nd yr 3rd yr 4thyr
June- Sepi~ Dec~ Mar- June- Sept- Dec- Mar- June- Sept- Dec- Mar June- Sept-
Latitude Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov

70-90N 41 01 S 09 28 04 06 07 A8 02 04 05 .1 01
50-TON A4 11 70 284 2.7 34 .88 223 1.68 .22 .56 141 LO6 .14
30-50N .15 41 266 773 208 1.30 3.35 6.09 1.31 .82 11 383 .BZ .52
10-38N 43 .15 .87 263 95 AT 123 207 &0 300 77 131 A8 .18
10S-10KR 0 Q1 0 06 A3 ) H5 05 33 08 24 D4 08 W05 .03
10-305 0 L3 04 07 24 31 19 A7 30 .29 .12 .10 .19 .18
30-508 i} A2 08 .02 .36 1.27 41 .28 45 1.20 .26 .17 .28 .76
50-705 0 03 .0 .11 33 .33 .52 .25 .42 .32 .33 .16 .2T .20
70-9068 0 0 01 0] J6 04 06 01 .10 03 04 01 05 .02

Table A-6d.  Fractional deposition {x 100) for injection of debris during Sep-Nov inta the
Upper Polar Stratosphere (17-50 km)

ist yr 2nd yr 3rd yr 4th yr
Sept- Deec- Mear- June- Sept- Dee- Mar- June- Sept- Dec- Mar- June- Sept- Dee-
Latitude Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb

70-30N H2 03 08 23 04 06 08 1B 02 04 05 .12 .01 .02
50-708 06 .29 1.84 222 .74 .82 232 L74 47 .58 l4s 110 .29 .37
3I0-5DR +17 111 502 193 B2 350 633 136 .52 220 3.8 .86 .33 1.39
10-30N L4 41 71 9 50 1,28 215 .62 31 .81 L& .39 .20 .51
108-10N 0 dz .08 08 .2 07 2 07 0 05 W07 D05 W06 03
10-308 0 01 .02 .13 .48 .07 .13 .31 61 A7 08 19 38 .4
30-508 0 02 07 .29 141 23 .33 68 1.78 .21 .21 43 L1200 .13
50-702 0 A1 83 .15 52 .06 .16 .35 .65 W06 A0 .22 .41 .04
70-905 0 0 0 01 Jd2 01 02 03 .02 .01 01 .02 .01 .01




Table A~7a.  F {x 100} for injection of debris during Mar-Rug into the High Polar
Atmosphere (above 50 km).
Istyr nd yr Jed yr 4th yr Sthyr 6thyr

Mar~ June- Sept- Dec- Mar- June= Sept- Dec~ Mars Junce- Sept- Doe- Mar- June- Sept~ Dec- Mar- June- Sept- Dec- Mar June- Sept- Dec-
Latitude May Aug Nov Fedb May Aug Nov Fob May Auw Nov Fen May Avg Nov Fedb May Aug Nov Feb May Aug Nov Feb
70-30N ] 0 a 0 0 0 ¢ .01 03 0% 03 05 07 a9 03 P4 04 Jd2 00 02 03 08 .M .02
S0-20N 0 0 [ 0 [} Qa 0 08 61 84 o0 74 2,03 1.66 9 4t 128 105 w31 «29 81 &7 «20 .18
A0-50N 1] [ 9 L) ° g ¢ A28 165 65 .42 281 552 130 53 17 34T 82 33 L1219 2 1 M
10-30N 9 Q 0 a 0 0 0 W11 560 .29 24 01 188 59 ) £4 118 AT 09 40 M4 23 2 25
105-10N 0 [ [} 1] [ L] [ ] Q01 04 05 08 B3l .12 «09 Jde 07 .08 06 Q06 04 <05 04 <04 .03
10-31S [ [} [ [4 14 47 24 05 L3 64 L1937 .19 M40 75 .23 .12 W25 47 15 W08 06 a0 .09
30-50S [} [ 0 [ 0 A8 700 330 .23 L7 A48 B2 .33 L2 219 81 21 .71 39 33 13 45 .87 2]
50-705 [} [} L] Q [} 05 28 42 22 47 1.2 10§ Al 20 81 67 «20 A9 <51 “@2 13 -12 33 27
70-908 0 ] 9 S 9 EJ} 01 ETI Y 4 84 AT 062 63 063 67 01 W81 01 s 01 01 W01 W03

Table A-Tb. {onel deposition {x 100) for injection of debria during Sep-Feb Into the High Polar
Atmosphare (above 50 km).
st yr 2nd yr 3d yr Athyr 6th yr &th yr

Sept- Dec- Mac~ June- Sept- Dec- Mar~ June- Sept- Dec- Mar June- Sept- Dec- Mar~ June- Sept- Dee= . Mar- June- Sept- Dec- Mar- June-
Latitude Nov Feb May Aug Nov Feb May Aug Nov Fedb May Aug Nov Feb May Aug Nov Feb May Aug Nov Feb May Aug
70-90N L) 0 0 0 » 01 ) 09 03 06 .08 .2¢ 04 04 035 05 03 03 03 W09 N1 0 01 .05
S0~T0N 1] ) 0 0 ] DB 52 84 44 93 257 210 63 .59 182 133 .40 37 L0204 25 24 65 .53
30-50N 0 0 [ 0 0 35 180 65 47 54 656 1.64 67 223 438 1,02 43 14l 277 65 .27 .89 1.4 4]
10=30N 0 0 [ 0 0 A3 48 26 W27 L28 237 .13 39 .80 14§ 4T .24 W51 94 .29 6 32 60 49
105-10N L] 0 0 -0 0 0 21 04 05 08 L) .12 Dy a0 07T 08 W06 06 W04 05 04 d4 D3
10-305 [] 1) g [} 2 0 [] 05 «28 1% o2 S 94 28 5 232 -1 S ] 09 .20 37 o1l 08 .13
JD—SDS‘ 0 [] 3 o 0 0 0 14 43 k] 21 141 237 65 .27 .89 174 41 07 58 L1026 1 38
SD-T08 0 0 0 [ 0 0 0 043 42 .20 .37 02 B3 25 23 64 W53 LI5S L1541 33 LD .09
70-908 1] 0 0 L] [} 0 L] L2 0} <05 0 {02 .03 08 01 02 02 06 Q1 £l Q1 £¢ W01 o1

- 19 -



As noted in Peterson (1970), to extend the deposition tables beyond the
tabulated values, muitiply the last seasonal entries by the following faetors to

obtain values 1 year later:

Table

2a-d
3a-d
4a-b
Sa-d
6~—d
78-b

Factor

0.35
071
0.63
0,19
0.63
0.63

- G2 -

i @

b Tr
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APPENDIX B (GLODEPZ USERS GUIDE)

A CRAY-1 controliee, GLODEP2, is a CIVIC compilation and load of the
LALTRAN souce file glodep2a. The FORTLIB and TVS8OCRAY libraries are used in
the loader.

The eontrollee is executed by typing

glodep2 / time value
and then the user will be asked if input is from file or tty. If from tty, the code

operates in a conversational mode asking for input when required.
If the user speeifies that the input is from a file, then the ¢ode asks for the disk
file name. The input file may be ereated using the TRIX routines &nd is described

below.

If file input, then the deck is made up of lines:

nloc rough

format (12,£5.2)

nloe-n¢ of speeilic locations for dose, < 5
rough is roughness faetor (=0.7 from Glasstone)

hl latl raini h2 lat2 rain2 h3 lat3 rain3 hd lat4 raind h5 lat5 rain

format (5{1x,a1,£5.2,18.2))

hi=a or s for Northern or Southern Hemisphere, i=1,2,...,nloe
lati=degrees of latitude, 0.< lati < 90, i=1,2,...,,nloc
raini=average rainfall, mm/yr, i=1,2...,nloe

ngstart ngexp tropst Iplf Ipld lenf tand jwi
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format (i6, 1x, i6,e10.2,5(1x,i1))
nqstart is gtr to start dose exposure (.g>0)
ngexp is nr of gtrs for dose exposure {.g>0)
tropst is fraction of quarter for troposphere deposition
Iplf=1 if plot latitude deposition fractions, =0 otherwise
Ipld=1 if plot latitude doses, =0 otherwise
lenf=] if plot deposition fraction contours, =0 otherwise
lend=1 if plot dose eontours, =0 otherwise
jwi=l if -1.2 weapons decay law
jwil=2 if 1-Mton decay curve from Chester & Chester

yminf ymexf

format (2{1x,e9.2))

this card is read only if 1plf=1

I you wish to scale the plot, input ymin and ymax

If you wish to plot to be self-scaled, input both values as zero

xmind xmexd ymind ymaxd

format (4(1x,e9.2))

this card is read only if 1pld=1

If you wish to scale the plot, input xmin, xmax, ymin and ymax
if you wish the plot to be self-scaled, input all values as zero

nqtri nentrf nrqtrppf

format (3i5}

this card is read only if lenf=1

nqtef is the number of quarters for each contour plot
nentrf is the number of ecntours to plot (< 25)

ngtrppf is the number of quarters for each frame of plot

e o i+
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ngtrd nentrd ngtrppd

format (3i5)

this card is read only if lend=1

ngtrd is the number of quarters for each contour plot
nentrd is the number of contours to plot (< 25)

ngtrppd is the number of qQuerters for each frame of plot

ngs iyears

format (il,1x,i4)
ngs is the start quarter for first injection
=] for Dee-Feb
=2 for MarMay
=3 for Junm-Aug
=4 for Sep~Nov

iyears is the calendar year to start injection, e.g. 1985 or 2000

ntest ty ff hob nf nnf detl

format (a4,3(1x,e9.2),3(1x,i9), {ix,29.2))

ntest is a key word indicator, this card repeats for the eurrent

injection quarter until ntest=endq

The next injection quarter is started and repeated, -.c.
until ntest=endi, end of injections, then & computation

is done.

ntest is then read to determine if to end the run or to

return for a new set of injections

ntest=equt if this injection is equatorial
=polr if this injection is polar
=endq if completed this quarters injections



- 66 -

=endi if completed all injections
=next if to go back for new stert quarter and year
=endr if runis to be terminated
{note: there must be at least one card with ntest=equt or polar followed Ly either
ntest=endq or endi, then by ntest=endr)
ty=yield in Mtons for weagon
tf=fission fraction for weapon
hob=height of burst for weapon
twh=total number of wespons for this burst
nf =0 if only weepons on this burst
=1 if attack on reprocessing plant, 10-yr high level storage
=2 if attack on 30~day spent fuel storage
=3 if attack on 3600 MW{th) LWR, (steady state)
=4 if ettack on 10~yr spent fuel storage at reactor
nff=number of the above nuclear facilities under attack with this burst if nf = 0
detl=latitude of detonation, 0. < detl < 30 (only northern latitudes may be used).

The computation will then proceed. The high-speed printer file will be named
hii111111 or if a file by this name exists, a -ow file name {incremented by 1) will be
created. The graphies output will be in a standard F3yyyyOx file where yyyy is
randomly chosen by the computer gperating system.

The following example input deck is the same as .he U.S.5.R. portion of the
exchange used in Section 4.2

by o ————



Sample input deck of eard images

50.70
nd5 68 156000 n51.48
0 200 0.33
1.8e~7 .00
1.00 100200

24 lo 24

225 10 22
1 1985
polr 0.90 0.50
polr 0,90 0.50
polr 090 0.50
polr 0,90 0.50
poir .90 0.50
polr 20.66 0.50
polr 0.7% 0.50
polr 0.75 0.50
polr 20.00 0.50
eolr 4,55 4.50
polr 1.00 0.50
polr 1.00 0.30
polr 029 2,50
endi
endr
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583,00 533,87 1200,00 n45.47
11112
0.10 1000.00
0.00 916
0.00 41
R 42
D.40 1
1500.00 1000
£.00 85
¢.0a 30
1000.00 30
3000,00 3
1000.00 000
1560.00 160
0.00 G0
1000.00 21

OO PO~ RO

970,00 n3& 72

100
100

ocooooDoocoo

701.11

38.00
39.00
39,00
39.00
39.00
39.00
39.06
39.00
39.00
39.00
39,00
39.00
38,00

The current GLODEPZ eontrollee requires 443201 (octal) words. The drop-file
reguires 405400 (octal) words, about 14% of core on the Cray-1 computer. The run
time of the code is dependent an the number of injections, the number of times &
nuclear facility is attacked, and the number of speeific tocations at which to

compute dose.

The sample esleulation for Section 4.2 using an input deck with 9 additional
injections 1o simulate the U.S. attack at 50 degrees latitude required 1.36 minutes

of run-time,

0226G



