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ABSTRACT -v-

During 1974, at least seven models of vertical eddy transport and 

photochemistry have been used to predict the reduction of ozone by nitro-

gen oxides from supersonic transports. Chang (1974) has shown that these 

predictions are highly sensitive to the model of vertical eddy diffusion 

coefficient Kz. In this article, ari effort is made to calibrate the one­

dimensional Kz. functions against quantitative data for the dissipation 

of excess carbon-14 from the stratosphere during the period 1963-70. The 

data for ~xcess carbon-14, following the nuclear bomb test series of 

1961-62, were published in 1971 and 1972, and these data apparently were 

not used to derive the various K functions. Tables of data are pre­
z 

sented iri a form that may be useful to others in calibrating two-

dimensional and three-dimensional models of stratospheric motion. In 

checking the one-dimensional models, the direct observations by balloons 

at 30°N are primarily used, but these data are interpreted as a special 

hemispherical average (averaging along lines parallel to a standard, 
.· I 

sloping tropopause). The carbon-14 data and strontium-90 data differ in 

many i.mportant respects, and it is judged that the carbon-14 data give 

the better estimate of air motion in the stratosphere. The seven K z 

models give predictions that strongly differ from one model to another. 

The models that give a fairly realistic prediction of carbon-14 d.istri-

bution and persistence are those \-lith minimum K between 15 and 20 km z 

and with increasing K from 20 to 50 km. Models with these features,as 
. z 

recalculated by Chang (1974), agree with each other as to ozone 

reduction by artificial nitrogen oxides from SSTs. These models are used 

to predict the ozone reduction by SSTs according to Grobecker' s (1974) 

upper-h,ound projection out to the year 2025. Very large reductions of 

ozone are indicated - more than a factor of two. 
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INTRODUCTION 

The catalytic reduction of stratospheric ozone by nitrogen oxides 
•' 

from supersonic transport (SST) exhausts was calculated by means of a 

"box model" and steady-state photochemistry (Johnston, 1971). At that 

time, the natural background of nitrogen oxides (NO'} was not known,. the 
. X .. 

quantity of.NOx expected to be emitted by future SST fleets was uncertain, 

and the photochemical-atmospheric model was primitive, though efficient. 

By'the end of 1974, these uncertainties have been :greatly reduced. During 

1974, a substantial number of measurements of NOx 'in the stratosphere·. 

have been, reported and are summarized ·by Hard (1974). Grobecker (1974) 

has published a projection for the years 1990-2025 of.future SST ttaffic 

in the stratosphere, and he gave an estimate of the amount of nitrogen 

oxides that would be emitted in the stratosphere at various altitude 
. 

bands if future SSTs emit NO at the same 'tate as present ones. Model 
X 

calculations of the natural stratosphere and the stratosphere as 

perturbed by SSTs have been made by at least seven different one-

dimensional models including vertical eddy transport and extensive 0, 

N, H chemistry (Crutzen, 1974; Chang, 1974; Stewart, 1973; McElroy et al, 

1974; Hhitten and Turco, 1974; Shimazaki and Ogawa, 1974; Hunten, 1974). 

Similar calcul<:ttions have been made including two-dimensional motions by 

at least three groups (Hesstvedt, 1974; Vupputuri, 19~4; and Widhopf 

and Taylor, 1974). One group has successfully carried out c~lculations. 

of the SST perturbation problem with a model of three-dimensional 

atmospheric motions (Cunnold et al, 1974). Hodel calculations (iriclud-

ing only the most recent results.reported by each author) of ozone 

reduction by injection of NO at 20 km are given by Figure 1, panel A. 
X 
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To a considerable extent, these twelve calculations of the SST 

perturbation (1971-1974) are in agreement; ten out.of twelve agree better 

than a factor of three; but two of them fall far outside this range. 

Chang (1974) undertook a systematic investigation of the reasons for the 

discrepancies between the one-dimensional models. He found that Stewart 

(mod~l.5) h~d carried out integrations of the SST perturbation fdr 

only 18 months, whereas at least 10 years are needed to attain a steady 

state; this correction brought model 5 into line with ten others. Chang 

(1974) used his chemical model, his set of boundary conditions, and his 

computer progr~m to recalculate the predicted SST effect for the 

seven models involving one-dimensional motions, Figure 1,. panel B. The 

seven vertical eddy diffusion functions, Kz, are given in Figure 2 and in 
. 

. A.ppendix Table Al. The maximum rate of insertion of nitrogen oxides jn 

F:lgure lB corresponds to Grobecker's (1974) u_pper bound projection for 

the year 2025. 

The curves in Figure lB differ only with respect to vertical eddy 

diffusion function, K • At low values of NO injecti.on rate, there is .a 
· Z X 

spread of a factor of 6 between model 7 and model 12; a.nd at high rates 

of NOx injection this spread is a factor of 3. The purpose of this paper 

is to see if an independent evaluation cah be made to assess the accuracy 

of the seven K functions, and to narrow the spread of predictions in 
z 

Figure lB. 

During and after the period of massive nuclear bomb tests of 1961-

62, there was extensive sampling of the stratosphere for radioactive 

,,, 

;. 

.. ' 
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tracers, including those lodged on solid particles such as strontium-90 

and those as gases such as excess carbon-14. Th~te are detailed, zonal-

average, contour maps of observed excess carbon-14 in the stratosphere 

and troposphere ·every three months (with a few. exceptions) from 1955 to 

1967 (Telegadas~ 1971) and some further data out t~ 1971 (Telegadas 

et al, 1972). These data were only recently published and in the form 

of Health and Safety Laboratory (HASL) Reports ofthe U.S. Atomic Energy 

Conunission. lt,appears that none of .the modellers of the SST perturbation 

made detailed, quantitative use of these extensive data. After the end 

of the test series in December 1962, there was a cloud of carbon-14 

covering .the northern hemispherewith peak concentration at about 19 or 

20 kilometers and with a fairly narrow vertical spr~ad. This case is an 
I 

appropriate analogy fer the SST pro6lem. 

In this article, we develop the data in a form that may be useful 

for testing two and three dimensional models of stratospheric motion, 

and tables are given in the appendix for this purpose. We take the 

data at 30°N as priinary source for testing the orte~dimensional models. 

However, we carry out an averaging process over the northern hemisphere, 

both to supplement· the direct observations at '30°N and to interpret what 

a one-dimensional model does. We then take an observed distribution of 

excess carbon-14 as the initial condition; and we solve the time-

dependent, one-~imensional, vertical eddy diffusio~ equations for sub-

sequent distributions of excess carbon-14, using each. of nine K 
z 

functions (the seven used _for the SST problem and two more). Numerous 

(: 
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initial and final states were treated. The merit of a given K function 
z 

is judged with respect to how well it predicts the magnitude and shape 

of the carbon:-14 profile as a function of time. 

PRIHARY DATA 

An example 9f the observed distribution of excess carbon-14 from 

the HASL Reports of the U.S. Atomic Energy Commission is shown in Figure 

3 (Telegadas, 1971). 
5 .. 

The units are 10 atoms of excess carbon-14 per 

gram of air artd are proportional to mixing ratio or mole fraction. By 

-18 multiplying by 4.82xl0 , one. can convert these units to mixing ratio 

by volume. The data are from three sources. Balloons were launched at 

carbon-14 is given as numbers on Figure 3. Extensive. sampling was done 

by U-2 aircraft in the .stratosphere and by ordinary aircraft in the 

troposphere, and carbon-14 was m~asured at numerous ground-level 

s.tationR. The aircraft and balloon data were used to locate the contour 

lines on the figure. 

The balloon measur~ments at 30°N for the period January 1963 to 

January 1966 (Telegadas, 1971) and for November 1970 (Telegadas et al, 

1972) are listed in the Appendix, Table A2. From a series of contour 

maps similar to Figure 3, the mixing ratios were converted to concen-
I 

tration .of excess carbon-14 by use of air density data from the TabJ_e 

of Standard Atmospheres. Vertical profiles were drawn at each 10 

degrees ~f latitude, and these profiles were read at each kilometer 

elevatjon to give the values in the Appendix, Table A3. There is a 

• • 

·.... -. 
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separate chart for January 1963, April 1963, July 1963, October 1963, 

January 1964, and January 1965. These data were;replotted as zonal-

average contour maps of excess carbon-14 concentration, five of which 

are given in Figure 4 • 

An example of the observed distribution of strontium-90 for April 

5 

1963 is shown in Figure 5 (Telegadas, 1967). The units are disintegra-

tions per minute per thousand cubic feet of standardair and are propor-

tional to mixing ratio. The elevations for various values of strontium-

90 mixing ratios at 30°N are given in the Appendix~ Table A4. From 

these data, profiles of strontium-90 mixing ratios are readily obtain'ed. 

COMPARISON OF CARBON-14 AND STRONTIUM-90 

AS TRACERS FOR STRATOSPHERIC AIR MOTIONS 

Johnston, Whitten, and Birks (1973) showed that the bulk "residence 

time•• of- carbon-14 in the stratosphere (1963-65) was twice as long as 

that for strontium-90. There must be factors that cause strontium-90 to 

have a spuriously short residence time, or that cause carbon-14 to have 

(or appear to have) a spuri~usly long residence time, or both. It is 

pointed out below that both of these possibilities can be identified. 

Carbon-14 is formed by a nuclear reaction between a neutron and 

molecular nitrogen. 
-- 14 - 14 

The initial product is probably CO, not c9
2

• 

The nuclear bombs of the 1961-62 test series were fired on the surface 

or in tl1e troposphere, and they were lifted into the stratosphere by 

thermal buoynncy. Before rising, the fireball cooled to about 6000°K 



by emission of radiation and by expansion. The rising fireball was 

further cooled largely by entrainment of cold air. The gases trans-· 

ported into the stratosphere were subjected to a wide range of tempera-

tures from 6000°K to ambient. Carbon monoxide is burned to carbon 
. .. . .. ·14 

dioxide ·by hot air, and much of the initial CO was probably converted 

to 14co2 in the rising fireball. Unfortunately, the fraction not con­

verted to co2 can not be.stated with certainty. 

6 

14 . 
If any CO survived the high temperatures of the f.ireball to reach 

the stratosphere, it would be converted to carbon dioxide by hydroxyl 

free radicals 

HO + CO ~ H + C0
2 

-13 3 . -1 -1 The rate constant for this ;reaction is 1.4x10 ~m molecule sec 

between 200 and 400°K (Garvin and Hampson, 1974). From a mechanism in-

volving 0, N, .. and H chemistry, we calculated the concentration of hy-

droxyl rc:tdicals every hour for 24 hours at 30°N, spring equinox. The 

24 hour average concentrations of hydroxyl radicals are given in 

Table 1. The half-time to convert 14co to 14co2 is 

these half-times in months are given in Table 1. 

lri 2/k [HO] . . · ave. 

The time, locat.ion, and approximate yield (megatons, MT) of the 

and 

1961.;.62 nuclear bomb test series are given in"Tabl~·2 (recalculated froiil. 

Seitz et al, 1968)~ For the reference months of January 1963, January 

1964, and January 1965, the elapsed time from the pomb explosions is 

given. If the fraction ex of the carbon-14 entered the stratosphere as 

14co, the remaining fraction after n months is ex exp(~ri/8), where 

8 months is the a~erage lifetime of CO with respect to oxidation by 

hydroxyl radicals between 13 and 23 km (Table 1). The yield-\>7eighted 

14 .· 
residual co at any time is 

• • 
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TABLE 1 

THE RATE OF CONVERSION OF CARB.ON HONOXIDE TO CARBON DIOXIDE IN THE 

STRATOSPHERE. 24 HOUR AVERAGE VALUES OF HO FREE RADICALS. 

Elevation [HOlave -3 CO half-life, 
km. molecules em months 

13 2.9xl0 5 6.7 

lS 3.0xl0 5 6.3 

23 4. 2xl05 · 4.5 

28 7.5xl0 5 2.6 

7 

·, .'<' 
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TABLE 2 

Al'PROXH1ATE TU1ES AND YIELDS (MT) OF NUCLEAR Bmm TESTS IN 1961-62; 

HONTHS FJWH B0!-1B EXPLOSION TO VARIOUS LATERTIMES. 
iY 

Time Location* HT months from test until: 
mo/yr 1/63 1/64 1/65 .. ;.,..· 

9/61 p 9. 2, 16 28 40 

10/61 p 90.5 15 27 . 39 .· 

5/62 T 2 8 20 32 

6/62 T 10 7 19 31 

7/62 T 2 6 18 30 

8/62 p 54 5 17 29 

9/62 p 96 4 16 28 

10/62 P,T 17 3 15 27 

12/62 p 23 . 1 13 25 

Total: 304 

maximum residual 14co 46% 10% 2% 

* P, polar, USSR; T, tropical, US or UK. (Seitz eft' a1, 1968) 
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100 a L Yie-ni/B 

I Yi . 

where Y is the yield at the month i~ 

The maximum residual 14co occurs if the fraction ais one. By January 

1963, the residual 14co was at most 46 percent; by January 1964, the 

· maximum residual 
14

co was 10 percent; arid hy January 1965, the maximum 

residual 14cowas 2 percent. It is.possible that the carbon-14 data 

during the year 1963 are distorted to.soine extent. by the conversion of 

carbon-14-monoxide to carbon-14-dioxide. As can be seen from Table 1,· 

the distortion is altitude dependent, and alsp itwould be season-

dependent. ,In any case, the distortion from this source becomes small 

after January 1964 and negligible after January 1965~ (Combustion of 

CO in the hot .fireball, of course, reduced this effect even more. 

Conversion of CO to co2 in the high-pressure steel tanks between sampling 

and analysis would also reduce this problem). 

Strontium-90 was lodged on so;J-id particles. One immediately 

suspects that the difference in stratospheric residence times between 

carbon-14 and strontium-90 is that particulate strontium-90 underwent 

gravitational"settling. However, Telegadas and List (1969) calculated 

the settling velocity of strontium-90 on the basis of estimates and some · 

measurements of the size of the solid particles containing tha radio~ 

active tracer; they concluded that the settling velocity would be 

slow below 30 km. · Their calculations did not. consider the possibility· 

that the radioactive particles would ionize the surrounding air and 
. . 

act as condensation nuclei for aqueous sulfuric acid in the 

.• 
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stratosphere. Such enlarged particles would settle faster than the "dry" 

particles considered by Telegadas and List. 

In a purely diffusional process in the vertical dimension, an initial 

distribution that is narrow and strongly peaked would spread up as well as doll.'tl. 

The narro\oT initial distribution of bomb-debris between 15 and 25 kilometers at 

30°N, for example (Figure 4), would spread upwards as the peak concen­

trations decreased. The profiles of carbon-14 mixing ratios for April 

1963, January 1964, and January 1965 are shown in the middle panel of 

Figure 6. The mixing ratios above 25 km increase as the peak at 21 krn 

decreases with time. The top panel of Figure 6 g'ives calculated 

distributions of carbon-14 as a function of time, given the observed 

distribution of April 1963 as the initial condition. The lowest panel 

of Figure 6 gives observed mixing-ratio profiles for strontium-90 at 

30°,N for April 19.63, January 1964, and January 1965, the same location 

and times as for carbon-14 in the middle panel. The. strontium-90 be-

haved qualitatively different from the excess carbon-14. The height of 

maximum ·mixing ratio and the full width at half-maximum are the same for 

the distributions of carbon-14, and strontium-90 in April 1963. In 

January 1964 and January.l965 the carbon-14 shows strong upward spread-

ing, the mixing- ratio at 30 km was greatest for January 1965, was 

intermediate for January 1964, and was least for April 1963. At the 

later times, the strontium-90 cloud does not show the upward diffusion 

displayed by carbon-14. There is no "crossover point". Strontium-90 is 

less than the initial value at all elevations at the two later times. 

An explanation bf the difference between the observed carbon-14 and 

... :,...· 

\ i 
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strontium-90 profiles in Figure 6 is that there was a significant 

gravitational settling of strontium-90 particles. 

Another test of the hypothesis that strontium-90 underwent 

' 
gravitational settling can be'made by comparing the mixing ratios of 

carbon-14 and strontium-90 at fixed locations as a function of time. 

For example, consider the mixing ratio of both carbon-14 and strontium-

90 at 27 lan relative to the maximum mixing ratios of each at 21 km, 

Table 3. The data are based on local balloon measurements, interpolated 

to 27 km, for April 1963, Tables A2 and A4. The peak mixing rat.io at 

21 km for 

21 km for 

90sr \lias 1700 units on April 1963. 

14 -16 . C was 59.4xl0 ·on April 1963. 

The. peak mixing ratio at 

The n;ixing ratios at 27 kin, 

relative to the peak value at 21 km, for 14c and· 90s:r were the same on 

April 1963. 
90 At later times, however, the relative mixing ratio of Sr 

at 27 krn decreased much more rapidly than that for·carbon-14. By 

January 1964, the relative mixing ratio for 90sr is one third that for 

14c, and by January 1965 the 90sr is only one-tenth the relative value 

14 for C. It appears very probable that these differences are due to 

gravitational settling of 
90

sr. It thus appears that the carbon-14 

data are superior to the strontium-90 data (and probably to other solid, 

particulate, radioactive tracers) for the purpose of calibrating verti-

cal eddy diffusion functions or two and three-dimensional models of 

stratospheric motion. 



TABLE 3 

14 90 . 
RELATIVE BEHAVIOR OF C AND SR MIXING RATIOS AT 27 KN APRIL 1963, 

Date 

4/63 

7/63 

10/63 

1/61 .. 

1/65 

MIXING RATIOS a AT 27 KH. 

a 14c a c-14 
(units of 10-16 ) 59.4 

90 
SR 

(units*) 

A 

20.2 0.34 600 

.22 .1 0.37 465 

26.7 0.45 440 

20.2 0.34 180 

18.0 0.30 48 

a SR-90 · 
1700 

B 

0.35 

0.27 

0.26 

0.11 

0.028 

B 
A 

1.03 

.73 

.58 

.32 

.093 

12 

* 90 The units for SR mixing ratio are disintegrations per minute per 1000 

cubic feet of standard.air. 
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ANALYSIS OF THE CARBON'-14 DATA 

These data are based on a fairly thin·grid so far as global coverage 

is concerned •. There was detailed sampling by aircraft up to 22 km, but 

there were only widely spaced balloon profiles at higher elevation, com-

pare Figur'e.3. · There were more extensive balloon samples of strontium-

90 than carbon-14, especially in the polar region (Telegadas, 1967); 

these data ar'e useful in assuring the absence of a large reservoir of 

nuclear debris in the polar stratosphere. Seitz ~t al (1968) tabulated 

each explosion of the 1961~62 series (their table$ 2-4) with respect to 

date, yield, and vertical distribution. They pointed out that the 

observed distributions after the polar tests were quite different from 

those calculated on the basis of previous experience (1954-58) for 

tropical tests. If we assume a uniform distribution of nuclear bomb 

materials over their quoted vertical spread, then only 35 MT out of 304 

MT.of the large bombs was deposited above 22 km. Thus about 88 percent 

of the nuclear cloud was deposited in the region that·was densely 

searched by ~ircraft, and about 12 percent was deposited above the air-

crcl'ft ceiling. According to the tables by Seitz et al, the portion of 

nuclear debris above 33 km (the upper limit of the balloon measurements) 

was 4 MT out of 304 MT. It thus appears that the amount of excess 

carbon-14 completely outside the range of observations is very small;·. 

but the two dimensional distribution of material between 22 and 33 km, ·•· 

which represents about 10 percent of the total is hot accurately knoWI1 •. 
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Th~re is a fairly large error of measurement. associated with any 

one contour map of carbon-14, and no conclusions should be based on minor 

features. There was a slow transport of carbon-14'from the northern 

hemisphere to the southern hemisphere, as seen in Table 4. 

This movement .of excess carbon-14 from the northern hemisphere to the 

southern hemisphere can be treated by a two or a three dimensional model 

of atmospheric motions. To a one-dimensional model,. however~ this loss 

to the southern hemisphere may appear as a faster than real loss to 

v~rtical transport. 

In spite of the recognized imperfections of the carbon-14 data 

(a. rate of conversion of 14co to 14co2 , b. incomplete global grid of 

observations~ and c. slow inter-hemisphere transport), these data are. 

valuable for i..he calibration, verification, or rejection of models of 

stratospheric motions, especially for thP region between 15 and 30 km. 

Subject to the uncertainties recognized here, the carbon-14 data for the 

period between·January 1963 and December 1970 are used to test.nirte 

models of ver~ical eddy diffusion function~, Table Al~ 

It was suggested by Seitz et al (1968) that nuclear bomb debris be 

averaged over the northern hemisphere, not at equal heights above th~ 

ground but at equal heights above a sloping tropopause. The sloping 

lines of consl:ant mixing ratio of carbon-14 are evident in Figure 3, and 

these lines 100re or less parallel the.tropopause. Of course, there is a. 

tlme-;tntl-pJa ... ~e varying gap in the tropopause. On a year-long basis it is 

possible to define and use the concept of a "standard tropopause", which 

1o1e take to be: 

\ 
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.. TABLE 4 

DISTRIBUTION OF CARBON-14 BETWEEN THE NORTHERN HENI SPHERE AND THE ·· 

SOUTHERN HIDfiSPHERE FROM JANUARY 1963 TO DECEMBER 1970. 

Date Excess carbon-14 inventory in stratosphere in units of 1026 . · atoms 

N.H. S.H. % N.H. Ref. 

1/63 310 (46) 87 a. 

7/63 243 (58) 81 

1/64 203 (52) 80 

7/64 128 (55) 70 

1/65 ··113 . (57) 66 

7/65 92 (59) 61 

1/66 88 (58) 61 

7/66 73 (55) 57 

7/69 45 (41) 52 

12/70 12.8 12.4 51 b. 

. a • Telegadas, 1971 

b • Telegadas et al, 1972 

.. 
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90°N, 8 km 40°N, 13 km 

80°N, 9 km 30°N, 14 km 

70°N, 10 km 20°N, lS km 

60°N, 11 km l0°N, 16 km 

S0°N, 12 km oo, 16 km. 

The observed concentrations in Table A3 of the Appendix were averaged by 

tl1e cosine function to give equal weight to equal area over the three­

dimensional globe along lines at equal heights above this "standard. 

tropopause". This average over the northern hemisphere was assigned to 30°N 

latitude, the latitude of mid-area between the equator and the pole. 

This choice of tropopause height is based on·. the observed slope 

with latitude of the maximum carbon-14 mixing ratio for a large number 

of maps, such as Figure 3, during the test moratorium of 19S9-1961, and 

during the period 1963-67 (Telegadas, 1971). Withiri the somewhat 

coarse gri.d of the observations and within a fairly substantial noise 

factor in the data, the simple linear function (given above) for the 

average slope of lines of constant mixing ratio seemed as good as any 

other. It would be desirable to derive this slope from independent 

meteorological considerations, but such a study is beyond the scope 

of this article. As will be noted below, most conclusions of this 

article are based on actual observations by balloons a:t 30°N, not the 

hemisphere averages deduced in this way. 

The average profiles ascrH:ed to 30°N are listed in Table .AS of 

the appendix, and they are plotted in Figur~ 7, for the period~ of 

) 

if" 

.. 
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January 19G3, April 1963, July 1963, October 1963, January 1964, and 

January 1965. There are insufficient data to support this detailed 

analysis after 1965. These average-concentrations are converted to 

average-mixing;..ratios at 30°N by dividing by total <lir concentration. 

These mixfng ratios are listed in Table A6 of the appendix. 

17 

The hemisphere-average mixing-ratio profiles (Table A6) are 

plotted as circles in Figure 8 and the 30°N local piofiles (Table A2) 

are plotted a,s· triangles on the same figure. It can be seen that these 

two profiles are very nearly the same. There is somewhat more scatter 

in the locally observed profiles, but the agreement between the two is 

quite good. 

The ner~r-identity of t;he two sets of profiles in Figure 8 is a 

matter of interest in itself: the carbon-14 concentrations averaged 

to 30°N along lines equi_;distant above the average, sloping tropopause 

are very nearly the same as the actual ·concentrations at 30°N. A one~ 

dimensional~ vertical, eddy-diffusion model locatedat 30°N is, in 

this sense, a model for the northern hemisphere. 

CALIBRATION OF ONE-DIMENSIONAL MODELS. 

AGAINST OBSERVED CARBflN-14 DATA. 

The profiles of excess carbon-14 for January 1963 were exterided to 

the surface of the earth on the basis of observed carbon-1:4 in the 

troposphere, and it was extended from the observed point of highest 

elevation to 50 km. by a decreasing exponential function. This ex-

- tended mixing ratio profile was used as the initial condition for 



calculations using the various K functions. The vertical grid was 
z 

every kilometer from 0 to 50. The lower boundary c6ndition was that 
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observed at 1 kilometer, which remained constant for several years near 

-16 3xl0 mixing ratio. The upper boundary conditionwas that the mixing 

ratio at 51 km was one-half that at 50 km. The vertical eddy diffusion 

problem was set up in terms of first-order differencing, which guaran-

tees conservation of mass even with the non-continuous K · functions of z 

Figure 2. The problem was thus one of 50 simultaneous linear equations 

with constant coefficients The problem was solved by the Gear method· 

'(Hindmarsh, 1972) on the Lawrence Berkeley Laboratories CDC 7600 

computer. With the boundary conditions specified, with the initial 

profile specified, and with use of a given K function, it was a simple 
z . . . . 

matter to corr.putc the predicted carbon-14 distribution at any future 
r 

time. Typically the future profiles were calculated every 3 months for 

two years and then every year to a total of 10 years. These calculated· 

profiles, for each K function, are then compared with the observed 
z 

ones. This procedure was repeated with the initial distribution taken · 

to be April 1963 instead of January 1963, also July 1963, January 1964 · 

and January 1965. Particular emphasis is given to the calculations 

that took January 1964 or later as ini~ial condition, since these data 

14 .. 14 
presumably.are no longer uncertain so far as CO and CO are 

2 

concerned. ~ 

These calculations were made for the seven K functions shown in 
z 

Figure 2 and . for Brasseur's (1972) "K-max" and "K-min", . all of which 

are listed in Table Al of the appendix. We have made a large number of 
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plots of calculated profiles and observed profiles for the nine K 
z 

functions. Three sets of these plots are given by Figures 9, 10, and 

11. Each of thes~ plots is of special interest for one reason or 

another, and each is discussed below. 

In Figure 9, the ,initial profile is that of January 1963 and the 
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predicted profiles are January 1964. This period is of interest in that 

it represents the case of maximum gradients, and the sharpest initial 

distribution. There was a substantial change in one year in the 

northern hemisphere profile, and there was relatively little loss to 

the southern hemisphere. The different K models give drastically z 

different predictions, one relative to another. Th~se differences 

between models are much larger than uncertainty with respect to 

14co. The predictions of the models will be discussed below. 

In Figure 10, the initial profile is that of January 1964 and the 

observed points are from the balloon measurements directly observed at 
'--

30°N in January 1966. Again, there are strong differences in prediction 

by the 9 models; and the_sense of the differences is the same in Figure 

10 as in Figure 9. 

In Figure 11, the initial profile is that observed locally by 

balloon in January 1965 and the observed data are those obtained directly 

by balloon in December 1970. On January 1965, 66 percent of the strata-

spheric carbon-14 was in the northern hemisphere and .34 percent was in 

the southern hemisphere, but in December 1970 it was essentially equal in 

the two he1ilispheres (Table 4). This transport to the southern hemisphere was 



allowed for, as follows: the magnitude of the initial condition was 

taken to be the average between the northern and southern hemispheres, 

rather than the actual value in the northernhemisphere. From consid-

eration of Table 4 the actual concentrations of January 1965 were reduced 

by the factor 0.75. The observed carbon-14 in November 1970 is spread 

between 20 and 35 km, with a maximum mixing ratio at about 25 km. There 

were French and Chinese atmospheric tests of nuclear bombs between 1967 

and 1970. According to Telegadas et al (1972), the 1967-70 tests 

inserted radioactive debris between 14 and 18 km in the northern hemi.;.. 

sphere and between 15 and 19 km in the southern hemisphere, and they 

stated that the carbon-14 above 20 km in December.l970 was primarily 

contributed by the bomb-test series that ended in December 1962. 

The predictions of the nine K functions are compared with each z 

other and with observed carbon-14 distributions in Figures 9, 10, and · 

11. Similar comparisons t~ere made with other observed carbon-14 

distributions taken as the initial values and with all later observed 
I 

carbon-14 distributions taken as comparison for predicted versus · 

observed profiles. The pattern shown by Figures 9-11 is confirmed by· 

all of these comparisons. 

DISCUSSION 

The excess carbon-14 cloud, spread over the northern hemisphere bythe 

atmospheric nuclear bomb test series of 1961-62, appears to provide a ~seful 

calibration for theories of stratospheric motions. The observations of carbon-

14 provide direct data for large-scale stratospheric sw~ep-out times in 
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the region 15 to 25 kilometers. 

The vertical eddy-diffusion function, Kz, were derived by the 

various authors from considerations of: (1) heat flux data; (2) verti-

cal profiles of ozone; (3) vertical profiles of rnethan~; (4) radioactive 

fall-out from nuclear bomb tests, primarily involving particulate 

tracers such as strontium-90, tungsten-185, etc. (5) other considera-

tions. It appears that no one made detailed use of the carbon-14 data. 

Thus this study is an independent test of the models •. 

The nine models using vertical eddy diffusion constants K as a 
z 

function of height give markedly different predictioris, one relative to 

another, concerning the dissipation of the carbon-i4 tloud during the 

period 1963-70. The relative and absolute prediction made by the nine 

K models is very nearly the same for the three time intervals of z 

Figures 9-11 

Figure Time interval 

9 Jan. 1963 - Jan. 1964 

10 Jan. 1964 - Jan. 1966 

11 Jan. 1965 - Nov. 1970 

The model associated with an investigator is often not the only 

model considered by the investigator. For example, Crutzen has used 

several other K models; and he has used a different, preferred model 
z 

in recent calculations. Also, lJhitten has modified his model. For the 

present purpose, it is necessary to adhere to these models, even if 

they do not represent the investigators latest, best judgment, because 
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these models were used in Chang's (1974) comparative study (Figure lB) 

of the eff~ct of model on SST perturbation, and it is desirable to com-

pare predictions of carbon-14 with those for the SSTs. Crutzen's model 

used hl!re is valuable in showing the effect of Kz constant with height 

in the stratosphere·.. Whit ten's model is of interest in showing what a 

large difference in stratospheric sweep-out time is caused by differences 

in K function, Figure 2. Brasseur's "K-min" shows the effect of a very 
z 

low K value high in the stratosphere. McElroy's or Hunten's model shows 
z 

the effect of a region of lm-1 K low in the stratosphere. Chang's model 
. z 

shows the effect of a region of low K in the mid stratosphere. 
z 

The models with large values of K at all heights, such as 
z 

Brasseur's K-max or Whitten's function, sweep excesscarbon-14 out of the 

stratosphere very niuch faster than that observed. Th:i.s discrepancy is 

so large that these models should be discarded, ~nd line 7 should be 

dropped from Figure lB. 

Chang's model has minimum K at 30 Y.m and Brasseur's "K-min" has 
z 

minimum K at 37 km. These models sweep out the region 17 to 21 km at z 

much too fast a rate, but these models build up relatively large mixing 

ratios near 35 Y~ over a long period of time. Chang's peak mixing 

ratio at 35 kl1l,in Figure 11 agrees with the observed carbon-14, but 

Brasseur's "K min" retains too much carbon-14 at 35.km. 

Except for the discontinuity at 10 km in the troposphere, Crutzen's 

K function is constant with height. It sweeps out the region around z 

20 km much faster than was observed, and it gives a long-term profile 

-··--;··-
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(Figure 11) of a shape rather different from that observed. A change of 

the absolute value of Kz can give approximately c'orrect sweep-out times 
'-

near 20 krn, but the shape of the profile is not improved. 

Four functions (5, Stewart; 6, McElroy; 8, Shimazaki, and 12, 

Bunten) are qualitatively similar: large Kz in the troposphere, mini­

mum K in the lower stratosphere, and increasing K with height from z . z 

lower to upper stratosphere. They differ largely as to height of 

tropopause, height of minimum K , and magnitude of K at the minimum. 
z z 

The relatively small differences in these Kz functions (Figure 2) lead 

to substantial differentes in predicted history of ~arbon-14 in the 

stratosphere. The height of Shimazaki's region of small K is too low 
z 

(note the low elevation of peak carbon-14 in Figur-es 9 and 10), and the 

average value of his K appears to be too large (note the ~lmost totally 
z 

swept out stratosphere by 1970). Stewart's model gives a fairly good 

representation of the shape of the carbon-14 profile and very nearly the 

correct height of maximum carbon-14 in the various comparisons; but the 

magnitude of his Kz function between-15 and 25 krn. appears to be too 

large, because it always predicts too little 'carbon-14 in the strata-

sphere. McElroy's function gives many predictions in approximate agree-

ment with observations (his function is best for the interval January 

1964 to January 1965); but the tropopause is about 2 kilometers too high; 

and this K function appears to be too large on th~ average since it has z 
-, 

swept too much carbon-14 out of the stratosphere over the long period 

of time (Figure 11). 

l~nten's ~odel of K gives a reasonably corr~c~ prediction of the 
z 

shape, elevation of the maximum, and magnitude of the carbon-14 cloud 
·.• 
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for aJl tested initial and final profile~. It appears to be superior to 

all the other models tested here. However, even this model somewhat 

underestimates the persistence of carbon-14 after eight years, Figure 11. 

We have explored the effects of introducing small changes in some 

of the models. The long-term predictions of the K functions are very z 

sensitive to small perturbations of the modeL· The predictions are 

strongly dependent on both the shape and the magnitude of the K z 

function. The long-term, carbon-14, p~ak-concentration near 20 km 

(Figure 10, for example) appears to require the qualitative features of 

11cElroy's or. Hunten's model, that is, low values between 15 and 20 ~m 

and rapidly increasing values above 25 km. 

In view o£ the consi~erable success of Bunten's model in describing 

the carbon-14 data, it is of interest to examine the full predictions of 

his model for a ten year period, taking the initial distribution as of 

January 1963. In terms of mixing ratios from o:to .50 km, these pre-

dictions are given for January 1964, January 1966, January 1969, and 

January 1973, that is, 1, 3, 6, and 10 years after the end of the test 

series, Figure 12. -16 The lower boundary value was taken to be 2.8xl0 

at all times. The upper boundary value is that the mixing ratio at 51 

km is half that at 50 km (this is very nearly the sense as assuming zero 

concentration at 51 km). The vertical spread and long persistence of 

the carbon-14 in the stratosphere are noteworthy •. These calculations 

were repeated with the lower bouncary condition set to zero concentra-

tion of excess carbon-14, to simulate a rapid rain-out such as would be 

expected for NO in the troposphere, Above 20 km, there was very little 
X 
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difference after 1 or 3 years and about-a 20 percent reduction at 20 k.m 

after 6 y~ars. The calculated curve after 10 years is labelled A in 

Figure 12. There is a noticeable difference in the lm.;er stratosphere 

but a surprising·ly small difference in the middle and upper stratosphere. 

There is a strong correlation between the correctness of predicting 

the carbon-14 profile in Figu~es 9 and 10 (but not so much so for the 

long-term case of Figure 11) and the magnitude of the reduction of ozone 

by the SST perturbation, Figure lB. In Figures 9 and 10, the best 

predictions of carbon-14 are made by Hunten, Stew,art, and McElroy; and 

in Figure lB these predict the three largest reductions of ozone by SSTs. 

Crutzen, Chang, and Shimazaki give comparable predictions of carbon-14 

in Figures 9 and 10, and they give about the same mag~Hude of ozone 

depletion, which is about a factor of two less than the Hunten-McElroy-

Stewart group. As stated above, "~itten's model gives unrealistic 

accounts of carbon-14 and it should be dropped from Figure lB. 

It is of interest to consider the reduction of ozone as a function 

of added NO , using Hunt en 1 s K function, Chang 1 s ca·lculation with X Z . . 

Hunten's K function (Figure lB), and Grobecker's (1974) projected 
z 

injection of NO (This projection is an upper bound; it applies if there 
X 

is no reduction of the NO emission index from supersonic transports). 
X 

Grobecker's projected upper bound NOx injections at both 17 km (15 to 18) 

and at 20 krn (18 to 21) are given in Table 5. Grobecker's (1974) upper 

bound NO , Chang's (1974) one-dimensional photochemical model with 
X 

Hunten's (1974) Kz function, give very large reduct~ons of ozone, sub­

stantially greater than a factor of two after the year 2010 (Table 5). 
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TABLE 5 

UPPER BOUND PROJECTIONS OF NO:x- INSERTION (UNITS OF.1012 
g N0 2 yr-1) AT· 

17 KH AND AT 20 KH (GROBECKER, 1974) AND OZONE REDUCTION AS CALCULATED 

BY CP.ANG (1974) USING HUNTEN 1 S K FUNCTION (1974) 

Year 

1990 

1996 

2000 

2006 

2010 

2015 

2020 

2025 

NO insertion 
--x---

17 km 20 km 

.45 . 22 

• 60 1. 3 

.70 3.0 

1.0 6.5 

1.1 9.0 

1.2 12 

1. 5 20 

l. 6 27 

Per cent ozone depleiion from NO iriserted at: 
X 

17 km 20 km Total 

3.0 2.5 5.5 

4.0 13 17 

4.5 23 27 

6.2 37 33 

6.7 43 49 

7.2 47 54 

8.7 52 61 

9.2 . 60 69 

- ; 
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TITLES TO FIGURES 

l. Calculated percentage reduction of the average global ozone column as a 

function of the mass of NO inserted at 20 km. 
X 

A. Most recent results available for each of twelve different groups. 

B. Seven one-dimensional models of vertical eddy diffusion function K . z 

were recalculated On·a uniform basis by thang (1974), The Upper limit of 

NO insertion is the upper bound projected by Grobecker .(1974) for the 
X 

year 2025. 

The modelers are identified by the number code: (1) Johnston, 1971; 

(2) Crutzen, 1974; (3) Hesstvedt, 1974, 2D model; (4) Chang, 1974; 

(5) Stewart, 1974; (6) McElroy et al, 19,74; (7) Whitten. and Turco, 1974; 

(8) Shimazaki and Ogawa, 1974; (9) Vupputuri, 1974, 2D model; (10) Widhopf 

and Taylor, 1974, .2D model; (11) Cunnold et al, 1974, 3D model; (12) Hunten, 

1974. 

2. Vertical eddy diffusion functions, K , for seven one.,-di,mensional modelers: 
z 

(2)' Crutzen 

------ (4) , Chang 

(5) Stewart 
' 

- ,, - -·- .. - .. -
(6) ' McElroy 

...:__._ . -- . _.___ . ·-. -. (7)' Whitten 

(8) ' Shimazaki 

(12), Bunten 

5 3. .·Relative mixing ratios (10 atoms of excess carbon-14 per gram of air) of 

excess carbon-14 as measured by balloons and U-2 aircraft. The b~l1oon 

soundings are indicated by numbers on the figure. Thedata wer~ taken 

during the period Harch - May 1963 and are referred to as April 1963. 

Te.legadas, 1971. 
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Concentration of excess carbon-14 (units of 10 molecules em ) for the 
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j ndicated times. These zonal-average maps of 14c c.oncentration were 

derived from mixing ratio maps tiUCh as Figure 3. 

5. Relative mixing ratios (disintegrations per minut~ per 1000 cubic feet of 

standard air) of strontium-90 for April 1963. Telegadas, 1967. 

6. Relative mixing ratios at 30°N for carbon-1·4 and s.trontium-90 at three 

times: April 1963, January 1964, and January 1965. The top panel repre-

sents the obseived carbon-14 distribution on April 1963 and the calculated 

distribution at the two later times. The middle panel represents three 

observed profiles of carbon-14; note the upward diffusion of observed 

carbon-14 in agreement with the theoretical models. The lower panel repre-

sents three observed profiles of strontium-90; note the great difference in 

pattern above 20 km between carbon-14 arid strontium-90. The qualitative 

aspect of the difference between carbon-14 and strontium-90 is that th~ 

latter underwent significant gravit~tidnal settling ov~r the periods 

covered here. 

7. Northern hemispherical average (see text) concentration of excess carbon-14 

as a function of height between January 1963 and Jan~ary 1965. These 

averages are ascrib~d to the geographical average of the northern hemisphere, 

namely 30°N. 

8. Comparison of average (Figure 7) mixing ratios and locally observed (hal~ 

loon soundings) mixing ratios of excess carbon-14 at 30°N. 

() , hemispherical average 

~, local observation at 30°N. 

9. Comparison of average observed excess carbon-14 on January 1964 with that 

calculated by nine models of K (Figure 2, Table A1) for January 1964. The 
.· . z 

initial distribution for calculation was the obserVed ~istribution for 

January 1963. Both initial and final condHions correspond to Q in Figure 8. 
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10. Comparison of dire~tly observed excess carbon-14 on January 1966 with 

that calculated by nine models of K for January 1966. Tl1e initial distri­
z 

bution for each computation was the observed distribution on Januarv 196'•· 

0 
A . • 

(In terms of Figure 8: , 1964; L~,, 1966). 
11. Compnrison of directly observed carbon-14 mixing ratios on November 1970 

with that calculated.' by nine models of K for January 1971. The initial . z 

33 

distribution for .each computation·'was the global average, observed distribution on 

12. 

January 1965. According to Telegadas et al (1972), this excess carbon-14 

was left over from the 1961--62 test series, and it was not a part of the 

1967-70 series of relatively small bombs, which deposited their debris in 

the stratosphere between 14 and 18 k.m. 

6 ' 1970. 

(In terms o{ Figure 8: 6, 1965; 

. . 
Calculated sptead of e~cess carbon-14 for ten years ori the basis of Hunten's 

model for K . TI1e initial distribUtion was the obs~tved dist~ibution for 
z 

· January 1963. Curve A is a "rain-out11 model after 10. years, with zero 

excess-carbon-14 at the lower boundary (1 km)~ 
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EXCESS CARBON-14 EIGHT YEARS AFTER END OF 1961-62 NUCLEAR BOMB TEST SERIES 
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APPENDIX 

Tables Al, A2, A3, A4, AS, A6 



0 0 0 0 4 ~ 0 I 7 2 2 

TABLE A1 

VERTICAl. EDDY DIFFUSION FUNCTION K 
47 

(IN UNITS OF 103 em 2 -1 sec ) 

Kilometers 

1 2 3 4 ,5 6 7 8 9 10 
11 12 13 14 15 16 17 18 19 20 
21 22 ,23 24 25 26 27 28 29 30 
31 3"2 33 34 35 36 37 38 39 40 
41 '42 43 44 45 46 47 ·. 48 49 50 

Hunt en 

100. 100. 100. 100. 100 •. 100. 100. 100. 100. 30. 
30. 30. 30. 2.3 2.3 2.7 3.0 3.3 3.7 4.2 
4~5 5.2 5.6 6.4 7.2 8.0 9.0 10. 11. 12. 

13. 15. 16. 18. 20. 22. 24. 28. 30. 34. 
38. 41. 47. 52. 59. 63. 72. 80. 90. 100. 

Chang 

300~ 300. 300. 300. 300. 300. 300. 300. 300. .JQO. 
23. 18. 15. 12. 11. 9.7 8.6 . 7.4 6.6 6.0 
5.3 5.0 ' ·4.5 4.2 4.0 3.9 .3. 7 3.7 3.7 3.7 
3.8 3.9 4.0 4.2 4.5 5.0 5.4 6.1 7.0 8 .• 0 
9.2 1~. 13. 15. 18. 22. 26. 33. 42. 54. 

, ·stewart 

300. 300. 300. 300. 270. 220. 150. 90. 42. 23. 
13. 8,2 6.0 5.1 5.0 5.1 5.2 5.4 5.6 6.0 
6.2 6.6 7.0 7.3 7.8 8.2 8.9 9.1 9.9 11. 

12. 13. 14. 15. 16.- 18. 20. 22. 26. 30. 
33. 40. 45. 56. 66. 7S. 93. . · 120. 140. 160 • 

Whitten 

100. 100. 100. 100. 100. 100. 100. 100. 100.' 44. 
42. 40. 38. 35. 34. 32. 31. 28. 27. 26. 
25. 23. 22. 21. 20. 19. 18 •.. 17. 16. 15. 
15. 14. 14. 14. 14. 14. 15. 16. 17. 18. 
20. 22. 25. 3.0 35. 42. 56. 75. 100. 130. 

· · Shimazaki 

100. 100. 100. 100. 100. 100. 100. 100. 100. 6.4 
7.0 7.5 8.1 8.9 9.2 10. 11. 12. 13. 14. 

14. 15. 16. 17. 18. 20. 23. 24. 25. ' 27. 
29. 31. 33 •. 35. 39. 42. 44. 48. 51. 55. 
6.0 63. 69. 73. so. 85. 91. 99. 110. . ' 120. 

'McElroy 

300. 300. 300. 300. 300. 300. 300. 300. 300. 300. 
300. 3tl0. ' 300. 300. 300. 2.0 2.0 2.0 4.0 7.0 

9.0 12. 15. 19. 22. 25. 30. 35. 40. 45. 
52. 59. 65. 7.2 81. 90. '9.9 110. 120. 130. 

140. 150. 160. 170. 180. 200. 22.0. 230. 240. 260. 



Kilometers 48 

1 2 ·3 4 5 6 7 8 9 10 
11 12 13 14 15 16 17 18 19 20 
21 22 23 24 25 126 27 28 29 30 
31 32 33 34 35 36 37 38 39 40 
41 42 43 44 45 46 47 48 49 50 

Crutzen· 

300. 300. -300. 300. 300. 300. 300. 300. 3oo. 300. 
10. 10. . 10. 10. 10. 10. 10. 10. 10 •. · 10 • "' 
10. 10. 10. 10. 10. 10. 10. 10. 10. 10. 
10. 10. 10. 10. 10. 10. 10. . 10. 10. 10. 
10. 10. 10. 10. 10. 10. 10. 10. 10. 10. 

Brass Min. 

190. 180. 170. 150. 140. 130. 120 •. 98. 82 •. ·· .. 70. 
58. 45. 38. 31. 25. 21. 18. 14. 12. . .. 10. 
8.1 6.5 5.5 4.3 3.4 2.8 2.j 1.9 1.5 1.3 
1.1 .so .75 .62 .54 .51 .51 .52 .54 .sa 

.65 .74 .83 .95 1.1 1.2 1.4 1.:7 2.0 .. 2. 2 

Brass Max. 

190. 180. 170.' 160. 150. 145. 140. ·. 135. · no. . 127. 
124. 120. 115. 110. 98. 91. 84. 78~ 71. 64. 

60. 53. 48. 43. 38. 34. 30~ 26. .23. . .22. 
20. 17. ·15. 14.5 1~. . . 14. 14. 14.5 ·ls . ~.· 16. 
17. 18. 21. 22. 23. 25. 28. 32. 34. 38. 



0 a- 0 0 ~~ ? Q -y I 2 
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TAllLE A2 .A 

· MlXING RATIOS (V/V) OF EXCESS CARBON-14~AT 30°N 49 

OJULTIPLES OF. 10-16)' BASED ON DIRECTLY OBSERVED LOCAL VALUES. 

KN 1/63 4/63 .7/63 10/63 1/64 1/65 

36 

35 

- 34 . 

33 20.6 18.5 16.9 12.1 

32 7.58 9.55 

30 24.0 23.8 19.2 21.4 

27 20.2 22.1 26.7 20.2 18.0 

26 9.60 

25 10.0 33.6 44.6 

,24 ,. 35.5 39.8 30.7 ·. 22.4 

22 

21 

20 77.1 59.4 46.8 55.1 40.4. 24.9 

19 73.0 43.8 18.3 

18 55.7 40.2 33.6 30.9 31.7 14.3 

15 20.8 9.84 5.23 8.48 7.54 4.85 

12 5.81 11.3 3.02 3.36 3.98 3.93 

8 2.92 3.79 3.12 2.98 3.60 3.17 

4 '2.98 . ~.12 2.93 2.93 3.65 2.93 

0 2.10 2.91 2. 77 2.84 2.75 



TABLE A2.B 

50 

CARDON-14 IHXJNG RATIOS Ct AS OBSERVED BY BALLOON AS VARIOUS LATITUDES 

AND.HETGHTS (HULTIPLES OF 10-16), JANUARY 1966 

9°N 30°N 70°N 
km a km a km a 

4.5 2.84 4.5 3.18 1.0 3.18 

8.5 2.80 8.3 2.99 . 4.3 3.08 
-.. 

12.0 2.99 11.8 3.42 7.5 3.18 

14.8 3.13 15.0 4·.34 11.9 7.04 

18.0 3.90 16.2 11.7 15.0 13.0 'l 

19.0 4.58 17.8 13.4 17.8 16~1 

19.5 4.63 18.8 17.1 18.5 15.3 

19.0 14.2 18.8. 19.4 

19.5 15.0 .19. 2 18.4. 

24.0 16.7 . 
27.2 14.1 

30.0 14.1 

31.0 . 15.8 

32.8 14.3 



0 0 0 0 4 2 0 I 7 2 4 

TABLE A2.C 

CARBON-14 f-llXING PATIOS a OBSERVED BY BALLOON AND CONTOUR LINES AS INFF.RRED 

-16 
Flt01'1 BALLOON PLUS AIRCRAFT SM1PLING (MULTIPLES OF 10 .. ) •. NOVEr.lBER 1970. 

9°N 30°N 42°N 
km a km a km a 

20.8 3. 71 19.6 5.30 . 19.6 5.78 

21.0 3.86 20.3 5.78 20.9 6.03 

21.11 4.34. 21.0 6.51 ·. 21.3 6.27 

22.0 4.82 21.2 6.17 23.3 6.75 

23.0 5.30 22.2 6.27 24.0 6.89 

23.7 5. 78. 23.9 6.84 27.2 6.75 

27.2 5.35 24.3 6.75 . 27.4 6.65 

30.6 5.30 24.4 6.70 30.8 6.46 

31.5 5.11 26.5 6.75 31.5 6.27 

27.2 6.31 36.0 6.03 
34°S 27.6 6.84 

km a 
65°N 31.2 6.27 20.0 5.78 ·. km a 

20.9 5.74 32.5 5.59 ... 

20.3 6.27 

21.1 6.17 32.8 6.17 22.3 6.75 . 
21.7 6.27 33.0 6.27 

24.0 6.70 

23.9 6.27 34.0 5.78 26.9 6.80 

24.2 6.51 35.5 5.30 
27.0 6.75 

27.0 6.46 36.3 4.63 30.0 6.27 

27.2 6.27 .31.0 5.78 

27.3 5.78 

32.3 5.78 

51 



. lAl:'LL 1\j. i\ 

CONCENTRATION OF EXCESS CAF.EON-14 (103 i':OLECULES CH-J) 

Januaryl963 

IC1. 80°N 70°N 60°N 50°N 40°N 30°N 20°N l0°N 0°N 

29 0.3 0.3 

28 o.4 0.5 0.5 

27 0.4 0.6 0.6 0.6 

26 0.6 0.6 0.8 0.8 0.8 

25 0.8 0.8 0.8 1.0 1.4 1.2 

24 0.9 1.0 1.2 1.0 1:4 2.8 3.0 1.6 

23 1.2 1.2 1.4 1.6 2.0 5.6 6.4 4.2 1.8 

22 1.8 1.8 2.8 4.4 9.4 11.6 10.4 4.4 1.8 

21 3.8 5.6 10.2 12.0 15.8 14.8 12.2 4.2 1.8 

20 12.6 13.4 16.4 18.4 18.2 16.4 12.6 3.6 1.6 

19 19.4 20.6 20.8 21.4 18.6 16.0 11.4 3.0 1.4 

18 25.0 25.2 24.8 22.8 17.0 14.8 6.8 i. 2 1.2 

17 30.4 28.6 27.0 21.2 15.2 12.2 5.8 1.4 1.2 

16 33.6 30.6 25.0 19.2 13.0 9.2 5.0 1.2 1.0 

15 32.8 28.2 22.0 .16.4 10.8 7.4 4.2 1.0 0.8 

14 28.8 23.8 18.0 12.0 8.8 6.4 3.6 

---- -· --------· •-'--------~- -~------ -·~---:·----.-··-:"··~~---

l0°S 20°S 

0.3 

o. 5 .. 0.4 

0.6 0.6 

0.8 0.8 

1.0 0.8 

1.2 1.0 

1.2 1.0 

1.4 1.2 

1.6 . 1.2 

1.4 1.2 

1.4 1.4 

1.2 1.4 

1.0 1.4 

1.0 1.4 

0.8 1.2 

1.2 

30°S 

0.4 

0.6 

0.8 

0.8 

1.0 

1.0 

1.0 

1.2 

1.2 

. 1.2 

1.2 

1.4 

1.2 

1.2 

<.11 
N 



January 1963 

KH • 80°N 70°N 

.. . 13 21.4 16.0 

12 14.0 11.6 

11 11.4 . 9.8 

10 9.8 7.6 

9 8.0 4.2 

8 4.4 

TABLE A3.A 

CONCENTRATION OF EXCESS ~..AJIJ)ON-14 (103' MOLECULES CM-3) 

(Continued) 

60°N 50°N 40°N. · 30°N- 20°N l0°N . 0°N 

12..6. 9.2 _6.2 5.4 

9.8 6.2 3.6 

4.6 3·. 4 

4.0 

l0°S. 20°5. 30°5 

1.2 

t.., 
w 

·o 

0 

0 

~-

·-~ 

:1'""· ....., 

,, 
~ 

N 
t ~ .. 
v,~ 



TAF·LF. !\3 • B 

Aoril 1963 

:-~1. 80°N 70°N 60°N 50°N 40°N 30°N 20°N l0°N oo 10°5 20°S 30°5 

29 0.7 0.7 0.6 

28 1.0 0.8 1.0 . 0. 6 0.4 

27 1.1 1.4 1.4 1.3 o.6 o.4 0.4 

26 1.3 1.6 2.0 2.4 1.7 0.6 0.4 0.4 

25 1.7 2.0 2.2 3.0 4.0 2.2 0.6 0.5 0.4 

24 2.2 2.6 3.2 3.6 4.6 5.2 2.6 0.7 0.5 0.5 
-

23 3.0 3.4 3.8 .4.8 5.4 7.2 6.0 2.8 0.9 0.8 0.5 

22 4.2 5.0 5.4 6.2 7.2 9.4 9.2 5.2 2.5 1.3 1.1 0.8 

21 6.4 7.6 . 7.8 9.0 11.0 9.8 9.4 3.8 2.2 1.5 1.5 1.0 

20 9.6 10.6 11.0 12.8 13.8 12.8 8.0 3.5 2.2 1.5 1.6 1.3 

19 12.2 14.2 16.8 16.4 15.2 11.6 5.2 3.0 1.9 1.4 1.4 1.2 

18 16.2 18.4 21.0 . 18~0 14.4· 9.8 4.0 2.0 1.6 1.3 1.3 1.2 

17 21.4 22.6 21.0 17.0 12.8 8.;2 2.6 1.6 ·1.4 1.0 1.1· 1.1 

16 24.4 22.8 19.2 15.4 .· 11.6 5.8 2.2 1.2 1.0 0.8 1.0 1.0 

15 24.0 21.4 18.2 14.0 12.6 4.6 2.0 1.0 0.8 0.8 1.0 1.0 

14 23.2 20.2 17.6. •15.4 . 13.8 6.8. 2.4 0.9 0.9 

13 22.2 19.4 17.0 15.6 13.6 8.2 0.9 
< :.'. 

(,1'1 
~ 



April 1963 (Continued) 
~ 

101. 80°N 70°!J 60°N ' 

12 "21. 4 18.4 16.4 

11 20.0 16.6 8.4 

10 11.8 8.4 5.8 

9 8.2 6.4. 

8 6.6 

·.·. 

TABLF ;\3. P 

50°N 40°N 30°N 20°N l0°N 0°N 10°5 

9-.2 6.8 

5.2 

20°5 30°5 

U1 
U1 

0 

c 

0 

"'· -~~ 

·-f\,~ 

c 
',{ 

'4~ 

.........: 

lJ>..•, 
•IV 

0'• 



TABLE A3.C 

Ju1v 1963 

KN. 80°N 70°N 60°N 50°N 40°N 30°N 

29 

28 

27 .·. ·. 1.6 

26 2.0 2.1 

25 2.2 2.0 2.4 2.7 3.0 

2'4 2.7 2.8 3.2 3.4 3.8 4.2 

-
23 3.3 3.6 4.2 4.4 5.2 5.9 

22 4.8 4.8 5.6 6.2 7.2 8.3 

21 6.6 6.8 7.6 9.0 10.6 10.2 

20 8.8 9.8 11.0. 12.4 12.0 . 10.7 

19 12.8 13.0. 14.8 13.2 12.4 9.5 

18 15.8 15.8 16.8 13.3 11.6 9.2 

17 18.4 17.6 15.2 10.4 8.8 9.8 

16 20.2 17.4 .11.4 7.2 7.2 7.8 

15 17.8 14.2 9.4 6.6 6.0 3.3 

14 17.0 13.2· . 10.2 7.3 5.2 2.6 

13 15.6 14.1 11.8 8.6 4.4 .·.·· 2.1 

20°N l0°N oo 

1.0 1.0 

1.3 1.3 1.2 

1.7 1.6 1.4 

2.2 2.0 1.6 

3.2 2.7 2.0 

4.4 3.6 2.5 

6.0 4.4 3.0 

7.0 5.0 3.6 

7.3 5.1 4.3 

7.4 5.0 4.5 

7.7 4.8 4.0 

8. 2 4.3 3.1 

6.4 3.6 1.9 

3.8 1.8 1.3 

1.7 1.4 1.3 

1.8 

10°S 

1.0 

1.2 

1.4 

1.7 

2.1 

2.4 

2.6 

2.7 

2.6 

2.4 

2.1 

1.8 

1.5' 

1.3 

1.2 

20°S 

1.0 

1.1 

1.2 

1.4 

1.5 

1.6 

1.5 

1.2 

1.2 

30°S 

1.4 
.. 

1.3 

()'1 
m 

r 



·July 1963'· (Continued) 

:K:-1. 80°N 70°N 60°N 50°N 

12 15.4 14.4 12.8 7.9 

11 15.8 14.8 11.6 6.4 

10 16.0 13.0 8.2 

9 11.4 9.2 

8 8~0 

.. 
TA?,LE A3 .C 

40°N 30°N 20°N l0°N oo 10°S 20°S 30°S 

3.8 

(]1 
""'-! 

.o 
0 

c 
0 

...ft.t 

'{\) 

c 
. ........., 

'-r 
'""' 

""''· '"" 
'..! 



TAP.LF A3. D 

October 1963 

101. 80°N 70°N 60°N 50°N 40°N 30°N 20°N l0°N oo l0°S 20°S 30°S 

29 1.0 0.9 0.9 

28 1.4 1.3 1.1 1.0 0.4 

27 :..6 1.8 1.7 .1.4 1.1 o.s 0.4 

26 . 2. 2 2~3 2.6 2.0 1.6 1~·3 0. 7 0.5 

25 . 2.8 3.2 3.2 3.6 2.3 2.0 1.6 0.8 0.6 

24 3.7 3.8 4.2 4.4 4.6 3.1 2.4 1.8 0.9 0.7 

23 4.6 5.0 5.2 5.6 5;8 5.7 3.8 2.8 2.0 1.1 0.9 

22 5.9 6.0 5.9 6.6 7.2 7.9 6.8 4.4 . 3. 3 2.2 1.2 1.0 

'21 7.4 7.5 7.9 8.2 9.1 9.6 7.7 4.9 3.6 2.2 1.4 1.2 
-·- -

20 9.4 9.7 10.3 10.5 10.8 9.8 7.8 5.1 3.7 2.2 1.7 1.4 
.. 

19 12.0 12.1 ·. 12.4 11.9 11.4 9.0 7.2 5.0 3.2 2.2 1.9 1.7 

18 14.4 14.2 13.6 12.6 10.4 8.1 5.6 4.0 2.5 .2.2 1.9 1.7 
·' 

' ' 

14~4 . 4.5: 3.9 ' 2.0 · :L2 17 16.0 15.5 12.9 5.4 2.8 2.2 '1.6 

16 17.2 15.2 14.5 13.3 5.0 4.0 3.0 1.6 1.6 1.6 1.6 1.5 

15 15.2 12.8 13.0 14.1 4.8 3.6 1.8 1.4 1.4 1.4 1.4 1.4 

14 14.0 10.9 ' 8.9.. 8.0 · .. 4~5 ' 3.1 1.7 1.5 1.5 

13 11.2 9.3 .·. · .. · 8~0 6.~5 4.2 2.3 ·. 
., . 

.. ~~ ~- . . ·": ·· .... ' .... ~ ", .. 

CJ1 
('? 

.... . 



October 1963 (Continued) 

KM. 80°N 70°N 60°N 50°N 40°N 

12 10.2 8.6 7.6 3.4 3.6 

11 9.7 8.4 7.2 4.9 

10 9.0 8.0 6.3 

9 7.9 6.4 

8 6.8 

T.\l'J T ,\3. n 

30°N 20°N l0°N 
·~ 

oo l0°S 20°S 30°S 

(J1 

1.0 

0 

0· 

c 
C.,, ... 

.JQ, 

·~ 

C ', 
' ' 

-~ 

"-J 

1\.:; 

C) 



T1-\RL:~ 1\3. T' 

January 1964 

101. 80°N 70°N 60°N 50°N 40°N 30°N 

29 

28 

27 1.2 

26 1.6 1.6 

25 2.1 2.2 2.4 

24 2.6 2.8 3.2 3". 2 

23 3.2 3.6 3.8 4.4 4.6 

22 4.2 4.4 4.8 5.2 . 5. 6 6.0 

21 5.4 6.0 6.6 7.0 7.8 7.4 

20 7.2 7.6 8.2 8.6 8.6 8.2 

19 9.0 9.0 10.0 9.4 9.4 8.8 

18 11.4 10.8. 11.0 10.2 10.0 8.2 

17 13.0 12.0 11.2 11.0 9.6 7.2 

16 14.2 12.2 . 9. 2 10.2 9.0 4.8 

15 14.8 13.0 11.4 6.8 9.0 3 .• 4 

14 15.2 13.8. 
.. 

12.6 7.8 10.4. 3.4 

" 

20°N 10°N oo 

0.9 0.9 

l.Q 1.0 0.9 

1.2 1.1 1.0 

1.8 1.2 1.3 

2.4 1.5 1.6 

3.4 2.0 1.7 

4.6 3.4 1.8 

5.6 3.8 1.9 

6.4 3.6 1.9 

6.6 3.4 1.8 

6.4 2.8 1.8 

5.4 2.4 1.8 

3.2 2.0 1.7 

2.3 1.7 1.6 

1.9 1.6. 1.6 

1.8 

l0°S 

0.9 

0.9 

1.0 

.1.0 

1.2 

1.4 

1.6 

1.6 

1.6 

1.6 

1.4 

1.4 

1.4 

1.4 

1.4 

. . 

20°S 

0.8 

0.8 

0.8 

0.9 

0.9 

1.0 

1.1 

1.2 

1.1 

1.1 

1.0 

1.0 

1.2 

1.3 

1.5 

30°S 

0.7 

0.8 

0.8 

0.9 

. o. 9 

1.0 

1.1 

1.1 

1.0 

1.0 

1.0 

1.1 

1.2 

1.4 

0'1 
0 



• 

January 19c4 (Continued) 

KH. 80"!; 70°N 60°N 50°N 

13 14J, 13.0 11.6 8.2 

12 13.0 12.0 8;8 2.4 

11 11.2 10.4 6.2 3.0 

10 9.6 7.0 4.4 

9 7.6 5.4 

8 5.8 

T.M'·LF A3. E 

40°N 30°N 20°N 

8.4 2.6 

4.0 

l0°N oo l0°S 

. 
' 

20°S 30°5 

0"1 __, 

0 

c 
c 
c 
.JJ., 

i\:: 

c 

'l 

-.....z· 

S\:; 

..0 



Januarv 1965 (Continued) 

101. 80°N 70°N 60°N 

14 6.0 6.0 5 • 2 

13 5.7 4.8 4.0 

12 5.4 4.4 3.6 

11 5.0 4.0 3.4 

10 4.6 3.8 3.2 

9 4.2 3.4 

8 4,0 

.. 

T.AEU~ l'J. r 

50°N 40°N 30°N 

2.6 2.2 1.6 

2.5 2.1 1.7 

2.4 2.2 

2.6 

··-· 

20°N l0°N oo. 10°5 

. 1.2 

20°5 

1.0 

30°5 

1.0 

1.0 

0"1 
N 



';) 

TAB~Jf A3. F 

January 1965 

KM. 80°N 70°N 60°N 50°N 40°N 30°N 20°N 

29 

28 1.2 

27 1.6 1.4 

26 1.5 1.8 1.8 

25 2.0 1.8 2.1 2.0 

-
24 2.0 2.2 2.2 2.4 2.4 

23 2.4 2.4 2.7 2.6 2.8 2.8 

22 3.0 2.8 2.9 3.2 3.2 3.4 3.2 

21 3.4 3.3 3.4 3.6 3.8 3.9 3.8 

20 4.0 3.8 4.0 4.2 4.4 4.4 3.8 

19 4.6 4.6 4.8 5 .• 2 5.0 4.4 3.4 

'18 5A 5~4 s. 6 . 5.8 5.0 3.8 . 2. 6 

17 6.0 5.8 5.9 5.4 4.4 3.0 1.6 

16 6.3 6.0 5.8 5.2 3.4 1.8 1.4 

15 6.3 6.0 . s. 8 4.0 2.6 1.'4 1.2 

' . •' 

/ 

l0°N oo l0°S 

0.9 0.5 0.5 

1.0 0.6 0.6. 

1.2 0.8 0.8 

1.4 1.0 1.0 

1.7 1.2 1.2 

2.0 1.4 1.4 

2.4 1.7 1.7 

2.6 2.0 . 2.0 

2.7 2.4 2.2 

2.6 2.6 2.4 

2.6 2.3 2.2 

1.2 1.4 1.4 

1.0 0.8 0.9 

1.0 0.9 1.0 

1.1 1.1 1.2 

20°S 30°S 

0.5 

0.6 0.7 

0.8 0.8 

1.0 0.9 

1.2 1.0 

1.5 1.2 

1.8 1.4 

2.0 1.7 

2.2 1.9 

2.3 2.0 

1.'8 1.8 .. 

1.3 1.6 

1.0 1.4 

1.0 1.2 

C) 

w 

0 

CJ: 

c.:: 

o· 
-!h 
.::.~ 

1\:· . 
c 
,, 

""· 
~; 

-c.,..;; 

C• 



TABLE A4 

* RELATIVE HIXING P../I_TIO OF STRONTIL'H-90 AT 30°N 

I April 1963 ; July 1963 I October 1963 Jan. 1964 I -; 

I 
I 90,.. 90s 90s 90SR KH KH I . KM KM .::R I 

R R 

30.3 200 29.0 300 32.0 200 29.5 100 

28.0 500 28.0 400 28.5 300 26.5 200 

24.3 1000 26.5 500 I 26.5 500 25.2 300 

23.2' 1500 23.9 1000 . 23.7 1000 23.6 500 

21.8 1700 22.8 1500 21.9 1200 22.4 800 

19.3 1700 21.8 1700 21.2 1500 21.6 900 

18.5 1500 19.2 1700 19.4 1500 20.6 1000 

17.7 1000 18.6 1500 19.1 1200 -~ 19.2 1000 

16.2 500 17.8 1000 18.5 1000 18.7 900 

14.0 200 16.5 500 i7.2 500 18.3 800 

10.8 100 16.0 200 16.2 300 17.2 500 

9.5 50 15.5 100 15.8 200 16.2 300 

7:3 26 14.9 50 15.6 100 15.7 200 I ' 

6.0 14 14.1 10 15.2 50 13.5 100 I 
4.5 7 . >14.0 10 12.0 50 . 

.. 1o.·5 22 

* In Units of Disintegrations perMinute per 1000 Cubic Feet of Standard Air. 

~· 

L -.~- •••,_:_._ --• • ------

Jan. 1965 

KM 90~ CR 

. -
30.3 30 

26.8 so. 
25.2 100 

21.8 200 

21.4 300 

20.9 350 

19.2 350 

17.9 300 

16.7 200 

16.2 100 

15.8 50 

14.0 10 

t .,J 

! 
i 
I 

! 

Jan. 1966 

lC1 90s 
R 

32.5 10 

29.8 20 

28.2 30 

27.0 40 

26.0 50 

24.6 100 

22.2 150 

. 20.0 150 

18.3 130 

17.8 100 

17.0 50 

12.0 10 

~ 
..r;::. 



0 0 0 0 ?~ I 

• 

.. 





.. --··-,---··-

.. > .> • . . . 
MIXING RATIOS (V/V) OF F~CF.SS CARBON-14 AT 30°N 

lMULTIPLES OF 10-16) 

Height Jan. 1963 April 1963 July 1963 Oct. 1963 Jan. 1964 Jan. 1965 Dec. 1970 

KM. Local Ave. Local Ave. Local Ave. Local Ave. Local Ave. Local Ave. Local 

36 4.6 ·o 
0 

35 5.3 

34 5.8 
0 

33 20.6 18.5 16.9 12.1 6.0 & 

32 7.58 9.55 6.2 r-.; 

30" 24.0 23.8 19.2 21.4 c 
'~~~! 

27 12.4 20.2 24.2 22.1 38.0 26.7 38.2 20.2 30.2 18.0 26.6 6.5 
~ 

26 9.60 14.5 29.2 38.4 ~1.8 31.4 26.2 6.7 (AI 

25 10.0 20.6 .33.6 35.6 42.6 44.6 45.8 34.8 27.4 N 

24 34.0 35.5 44.6 39.8 48.4 49.8 30.7 38.0 22.4 27.2 6.7 

23 60.8 54.4 55.6 . 53.2 41.2 . 27.4 

22 79.6 67.4 62.4 ·56.2 44.o· 27.6 ·6.3 

-
21 82.8 68.8 66.4 60.6 54.8 43.4 27.4 6.3 

.. 
20 77.i 75.6 59.4 62.6 46.8 53.0 55.1 49.6 40.4 39.8 24.9 26.0 5.8. 

19 78.0 61.2 48.4 43.8 41.6 41.6 34.2 18.3 22.6 .5.3 

18 55.7 46.6 40.2 36.4 33.6 32.0 . 30.9 31.8 31.7 28.6 14.3 18.4 

17 31.4 27.8 26.6. 23.2 21.8 13.2 
0\ 

16 21.0 21.8 20.4 15.;5. 16.4 7.62 "' 



Height Jan. 1963 

KM. Local Ave. 

15 '20.8 14.7 

14 9.62 

13 6.22 

12 5.81 

8 2.92' 

4 2.98 

0 

. ~ ..... 

_.') 

MIXING RATIOS (V/V) OF EXCESS CARBON-14 AT 30°N 

(MULTIPLES OF 10-16) (Continued) 

April 1963 July 1963 Oct. 1963 Jan. 1964 

Local Ave. Local Ave. Local Ave. Local Ave~ 

9.84. 17 .6. 5.23 14.2 8.48 11.5 • 7.54 ·13.0 

12.0 9.74 8.22 8.56 

7.94 7.00 6.34 ·. 6.00 

11.3 3.02 3.36 3.98 

. 3. 79 3.12 2.98 3.60 

3.12 2.93 2 •. 93 3.65 . 
( ·-

2.10 2.91 ·. 2~ 77 2.84 . 

I 

.~. . .i. : : . ,· 

.-!: 

. . . . 

~ 

Jan. 1965 

Local 

4.85 
....... 

3.93 

3.17 

2.93 

2.75 

Ave. 

5.38 

4.52 

~.10 

' . 

Dec. 1970 

Local 

0\ 
Q 
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..---------LEGAL NOTICE---------...... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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