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ABSTRACT . —y-

During11974, at least seven models of vertical eddy.transport and -
photochemistry.have been used to predict the redﬁctibn of ozone by nitrb—
gen oxides from supersonic transports. Chang (1974) has shown that these
predictioné éfe highly sensitive to the model of Veftical eddy.diffusion
coefficient-Ké. In this'articlé, an effort is méde:to calibrate fhe one-
dimensionaivKé‘functions againét quaﬁtitafive da;é_f@r the dissipation
of excess carbon-14 from thé stratosphere during'fhe period 1963470. " The
data for éxcééé cérbon-l4, followihg the nuclea:fﬁoyb test series of
1961—62,=were.publisﬁed in 1971 and 1972, and theée daté apﬁarently wefe
not uéed to dérive the various Kz functions. Taﬁlgé:of data a;é:prg—,.
sentéd in a -form that may be useful to others in éalébrating'tﬁb— |
| dimensionaivénd three-dimensional models of stratpsphéric ﬁofion. -In
checking the one-dimensional mpdels, the direct obServations:by bailoéns
at 30°N:are primarily used, but these data are interéreted as a special
vhemispheri¢al average (averaging along lines éarélléljto a standard,
sloping trobopéése). The carbon-14 data and stroﬁtiﬁé—?O data differ in
many.imporﬁént respects, and it is judged that the carbon-14 data giveyi.v
the beﬁtet e;timate of aif.mofion in fhe stratosﬁhgre. Tﬁe‘seveﬁ Kz |
mﬁdels givé éredictions that strongly‘différ from oge mode1 to ahother;'
The models that give a fairly ;ealistic'predictiépiof carbonfl4 distfihf
bution and persistenéé are thosé with minimuﬁ Kz‘géﬁﬁeen 15 an&-20 km :
and with inq;égéing K from 20 to 50 km. Models Qithithese'féatureé,aé
fécaiculated_by.Chang (1974),.agree with each other.aé to ozone |
reduction by artificiél nitrogen oxides from SSTs. ‘Iheée,m9de1s are Qéedv
to predict the ozone rédﬁction_by SSTs according tQiétobecker'é (1974)

* upper-hound projeétioﬁ O§t to the year 2025.1-Vety?1af88 reductions of

ozone are indicated - more than a factor of two. 5 ff
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INTRODUCTION

The catalytic reduction of stratospheric ozone'by nitrogenvoxides
from supersonic transport (SST) exhausts was calculated by means of a

"box model" and steady-state photochemistry (Johnston,_l971) At that

vtime, the natural background of nitrogen oxides (NO ). was not knownm, . the;

quantity oerO -expected to be emitted by future‘SST«fleets waskuncertain,.

and the photochemlca1—atmospheric model was primltlve, though efficient.

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

1974, a substantial number of measurements of NO ‘in the stratosphere

have'been\reported and are summarized by Hard (1974) Grobecker (1974)
has publishedva'projection for the years 1990—2025 of-future SST traffic
in the stratosphere, and he gave an:estimate of the amount of nltrogen {'
ox1des that would be emitted in the stratosphere 'at various altitude
bands 1f_future'SSTs emit NOx at the same irate as present ones. Modele
calculations.of the natural stratosphere and the stratosphere as
perturbed by.SSTs have been made by -at least seven d1fferent one—‘
d1mens1onal models 1nc1ud1ng vertical eddy transport and extensive O,

N, H chemlstry (Crutzen, 1974; Chang, 1974; Stewart 1973° McElroy et al 51-'
1974; Whltten and Turco, 1974; Shimazaki and Ogawa, 1974 Hunten, 1974)

Similar calculations have been made including two—dimensional motions by

 at least three groups: (Hesstvedt, 1974; Vupputuri,“l924;'and Widhopf

and Taylor, 1974). One“group.has successfully'carried out calculations,l

" of the SST perturbation problem with a model of three-dimensional ' e

atmospheric motions (Cunnold et al, '1974). Model calculations (includ?;
ing only the most recent results reported by each author) of ozone

reduction by injection of NO_ at 20 km are given by Figure l,_paneliA.



To a consiaerable extent, these twelve calculégibns of theiSST
perturbation ki971—1974) are in agreemeﬁt; ten oqudf twelve agree better
than a factor of three; but two of them fall far.qﬁtside this range.
Cﬂaﬁg (1974)-undeft06k a éystemétié investigation §f fhe reasons for the
discrgfanéigs.gétwgeh the one—dimeﬁsional modeis.r ﬁe‘fodnd that Stewart
.(médélfS) hédicérfied out integrations'of the SST éerfﬁrb;tion for
ogly i8 months; whereas ét leaét 10 years‘aré nee&ed,té attain a éteady
staté; this coryection broﬁght model 5 into line Witﬁ.fen othgrs.. Chané
(19%4)‘usedbhisvchemic51 model, his set Qf boundafy con@itions; gnd hisf
computer program to reéal@ﬁléte thé predicted SST efféct for>the>:

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

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

~ Appendix Table Al. 'The maximum rate of insertionquinitrogen oxides in
Figure 1B corrésponds to Grobecker's (1974) upper bdpnd_projection.for
the‘year 2025. -

The curves in Figure 1B differ only with respect.to vertical eddy
diffusion fuhctidn,#Kz. At low values of NOX injeétioh_fate, there'is a

spread of a factor of 6 between model 7 and model 12; and at highﬂrates

of NOx injection this spread is a factor of 3. Tﬁé“purpbse of this paper‘

is to see if an independent evaluation can be made to assess the accuracy
of the seven Kz.functions, and to narrow the,spreadlof predictions in- .

Figure 1B.

During and after the period of massive nqélear'bomb tests of 1961~

62, there was extensive sampling of the stratospheré for radioactive
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tracers, incloding those lodged on solid particles;eoch as strontium—90
and thosevaszgases such as excess carbon-14. There.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 to 1971 (Telegadas -

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

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

’Comm1331on. It 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“c10ud of carbon+l4rnii

covering the northern hemisphere with peak concentration at about 19 or.

20 kilometers and w1th a fairly narrow vertical spread This case is an

~ appropriate analogy for the SST problem.

In this article, we develop the data in a form that may be useful |
for'testingytwo and three dimensional models of stratospheric motion, .~

and tables'are,given in the appendix for thisvpurpose; We take the

data at 30°N as’primary source for testing the one-dimensional models. .
However, we carry out an averaging process over the northern hemisphere,

both tovsupplement*the direct observations at’30°N-and to interpret what

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

excess carbon—l& .as the initial condition, and we solve the time—

_dependent, one—dimensional, vertical_eddy diffusiOn'equations for sub%f:

sequent distributions of excess carbon-14, nsing eachyof‘nine‘Ké
functions'(theyscven'usedﬂfor the SST problem'anditho.more); Numerous

T



initial and final states were treated. The merif'of a given Kz function
is judged withvrespect to how well it predicts thé‘magnitude and shape

of the cafbonrlé profile as a function of time. <

PRIMARY DATA

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

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

3 (Telegadas,‘197l); - The units are 105 atoms”of_excess carbpn—14 per
fgram of'air'aﬁd are pfoporﬁional to mi#ing fatiolbfv@ole fraction. By
mui#ipl&ing by §.82x10—18, one can convert these;@nigs.to mixing ratio
by volume, iﬁe‘data are frém tﬁree sources. Baiiqbns were launphéd at
latiﬁudes near-70°N, 30°N,l10°N, and 50°S; and tﬁé:observed‘excesg'.
carbon-14 is gi§én és\numbers'on Figure 3. Extenéi&é,éampling was done.
by U;Z aircréftlin the.étratbéphere and by‘ofdinéfy'éirgraft in the

troposphere, and carbon-14 was measured at numerous ground-level

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

lines on the figure.

The balloohvmeasurements»at'30°N”f0r'the periéd January 1963 to
January 1966 (Telegadas, 1971) and for Novembef ié?b-(Telegadas.gg:él,
1972) are 1istgd in ‘the Appendix, Table A2. TFrom avsefies of contour
maps similéf‘ﬁd Figufe 3, the mixing ratios were coﬁverted‘to conéenf‘
‘tration of exééss cérbon—lé by use of air déﬁsity d§ta from the Table
of Standard Atmospheres. Vertical profiles were d}aﬁn at each 10
degrees of latitude, and these profiles were reaaiét éach kiloﬁeter

elevatioﬁ to give the values in the Appendix, Tabie“AB. 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 ofdstrohtium-90 for Aprii
1963 is shown in Figure 5 (Telegadas, 1967). lThe units are disintegra—
tions per minute per thousand cubic feet_of'standarddair and'are proporf
tional to mixihé ratio. The elevations for various_Values oflstfbntiﬁﬁ;
90 hiking ratios at 30°N are given‘in the Appendix; Table A4. rfbm o

these data,.prOfiles of strontium-90 mixing ratiosfare readilyhobtainedQ

COMPARISON OF CARBON-14 AND STRONTIUM—9O

~AS TRACERS FOR STRATOSPHERIC AIR MOTIONS

:'JOhnstoh,~Whitten, and Birks (1973) showed thatfthe bulk "resideoce

time" of-carboh;la in the stratosphere (1963—65)’wasftw1ce as long‘a$ ‘

-that for strontium—90 There must be factors that Cause strontium-90 to

have a spurlously short residence time, or that cause carbon—14 to have

(orlappear‘toAhave) a spuriously long residence time,;or both. It is :

pointed out below that both of these_possibilitiesacah.be 1dentified..A
Carbon-14 1s formed by a nuclear reaction between a neutron and
14‘

molecular nltrogen The initial product is probably 14C0- not CO2 17

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

or in the troposphere, and they were lifted into the stratosphere by _5

thermal buoyancy. Before rlsing, the fireball cooled to about 6000°K



by emission:ot.radiation and by expansion} The rising fireball was
further cooied largely by entrainment of cold air;:iThe gases trans-
ported into the stratosphere were subjected to a;wide range'of tempera-
tures from‘66005K to ambient. Carbon monoxide_ithurned to carbon
diokide:by_hot;air; and muchiof“the initiaiiiACO'mas'nrobahlyjconverted
N . R _

to 002 in;thehrising fireball. Unfortunateiy,fthe;fraction not con-

verted to COZ

can not be stated with certainty.
-If any 1400 survived the high temperatures of”the fireball to reach
the.stratosphere, it would be converted to carbon_dioxide by hydroxyl

free radicals

HO + CO >~ H + CO2

The rate constant for this»reaction is 1v4x10_13 cm3 moiecule—I:seCfl-
between 200 and 400°K (Garvin and Hampson, 1974) -from a mechanism in4
volv1ng 0, N, . and H chemistry, we calculated the concentration of hy; |
droxyl radicals‘every hour for 24 hours at 30°N, soring equinox;-fThe :
24 hour-average‘conCentrations of»hydroxyl.radicalshare given in

14

Table 1. The half—time to convert 14CO to CO2 1s ln 2/k [HO] anq

these half times 1n months are given in Table 1

The time,-IQCation,.and approximate yield (megatons; MT)'ofkthe '
1961-62 nuclear bomb test series are‘given in'Tab1e12.(reca1culated from.
Seitz.etvall 1968)-i For the reference months of January 1963 January
1964, and January 1965 ‘the elapsed.time from the bomb-explosions is ":a
given. 'If the fraction o of the carbon-14 entered the stratosphere as-f'
1[’CO the remaining fraction after n months is a exp(-n/8), where
8 months is the average lifetime of CO with respect to oxidation by
hydroxyl radicals_between 13 and 23 km‘(?able 1).__The yield—weighted

residualv14C0hatfany_timeiis
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TABLE -1

- THE RATE OF CONVERSION OF CARBON MONOXIDE TO CARBON DIOXIDL IN THE

STRATOSPHERE 24 HOUR AVERAGE VALUES OF HO FREE RADICALS

Elevation . | - [HO)ave _, . CO half-life,
km, o ' ‘ molecules cm IR months -
13 2.9x10 S 6.7

23 T 62x10° A4S

28 . 7sx0° 2.6




TABLE 2

AYPROXIMATE TIMES AND YIELDS (MT) OF NUCLEAR BONMB TESTS IN 1961-62;

MONTHS FROM BOMB EXPLOSION TO VARIOUS LATFR. TIMES.

- Time | “ » ' Locatibn# o . MT '.? méﬁfhs from test until:
mo/yr = o . . ' : ~1/63 1/64 - 1/65

9/61 - P T 9.2 16 28 40

/61 P 90,5 15 27 39.

s/62 T 2 8 20 32

662 T 0 .7 19 o3

62 . T 2 6 18 .30

. 8/62 o P 54 s 1729

9/62 % 4 16 28

‘10762 B, 17 3 15 27

12/62 P 23 -1 13 25

Total: 304

maximum residual 14C_O . 46% . 10% | 2. 2%

x . B ' o o T L
P, polar, USSR; T, tropical, US.or UK. (Seitz et al, 1968)
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,Perceptqlaco =-100 o Z Yie“ni/8

1Yy

where Y is the yield at the month i.

The maximum residual 1 CO occurs if the fraction o is one. By January

1963, the reéidual 14CO was at most 46 percehté b&;ianuary'l964,_the

. 4. 14 - U
~maximum residual ~ CO was 10 percent; and by January 1965, the maximum

residual 14COfvw.as 2 percent. It is possible that.the,carbon—l& data

~during the year 1963 are distorted to some extent by the conversion of

carbon-l4-monoxide to carbon-l4-dioxide. As'can,bé;éeen from Table 1, 5

the distortion is altitude dependent, and also it-would be season- .
dependent. "In any case, the distortion from thig{sdurce becomeS'éﬁali"

after January 1964 and negligible after January 1965. (Combustiongéf

CO in the hot:firebail, of course, reduced this‘effect even more.

2.in the high—pressufe steel”tanks between sampling

Convérsion:of'CO to CO

and analysis would also reduce this problem). .

Strontium¥90 was lodged on solid particles. -Oné:imhediately

‘suspects that the difference in stratospheric residence times~between"

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

gravitational»ééttling. However, Telegadas and List'(1969)'ca1culated E

the settling Velocity of strontium-90 on the basié'qf_estimates and some

measurements of the size of. the solid particles containing the rédiO?’

active tracer;.they concluded that the settling vélbcify w@uld be

slow below 30 km. Their calculations did not‘considér the possibility‘» 
that the radioéctive 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 settlglfaster than the "dry"

particles considered by Telegadas and List. A

In a purely diffusional.process in the vertical dimension, an initial
distribution that 'is narrow and strongly peaked would spread up as well as down.

’

The narrow initial distribution of»bomb—debris bngéen 15 and 25 kilomgCers at
30°N, for exaﬁpie (Figure 4), would spread upwar&é as the peak coﬁcéﬁ-'
trations decféaSed. Thevprofiles of carbon-14 ﬁixiné ratios fof Aﬁfil
1963, January 1964, and Jaﬁuary 1965 aée shown ihxtﬂé middle panel of
FigUré_6. The'hixing.ratibs abee 25vkm increésé:as'fhé péak_at 21 km -
decreaSes‘with'tiﬁe. The top_panel ofTFigufe 6 é1§é§ calculatea' |
'distributionsvof cérbon—14 as a function of time, éiven the bbéerVéd
distributién Af April 1963 as the initial Conditioﬁ&; The lowest paneii
of Figﬁre 6‘givesvébserved'ﬁixing-ratio profiles for.strontium-go ét S
' 30?N:for'A§rii'l963,_Jénuary 1964, and‘January 1965,'the saﬁe 1oca§idn t
and'fiﬁes as for carbon-14 in the ﬁiddle panel. The;écrontium—90 be-
haved qualitafiVely‘different from the excess ﬁargbn;l4. The heiéht:df;
maximum'mixing-ratio and the full width at half—maxiﬁpm_are the same for
 the distributiqns of carbon-14 and strontium-90 iﬁCA§f11_1963}v_In
January 1964>énd January 1965 the carbon-14 Shows;éﬁpgng upward‘spféad;
’ing, the mixing'ratioAat 30 km was gfeatest for Jéﬁhéry 1965, wés v 
 intermediate fdr Jahﬁary 1964, and was least for.Apgil 1963. A; thé .
later timés, thé strontium-90 cloud does not §hdﬁytﬁé,upwafd diffﬁsioﬁif
displayed by>ca;bon—14.. There 1is no "crossover péint". Stfoﬁtium—90:is
less than the ihitial value at all elevations af;fhg_fﬁo.later tigés.‘k.

An explénation of the difference between the observed carbon-14 and




to 27 km,vfor'April 1963, Tables A2 and A4. . TheVpeak'mixing ratio‘at :

bovo4az207794q

11

strontium-90 profiles in Figure 6 is .that there was a significant
gravitational aettling of strontium-90 particles.

Another . test of the hypothesié that étrontinn—90 underwent
gravitational-aettling can be made by comparing the mixing ratiosfof

carbon—14'and5Strontium-90 at fixed locations as'aﬂfunction of time}

For example;'oonSider the mixing ratio of both carbon-14 and strontinm4

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

Table 3. The data are based on local balloonfmeasurements, interpolated

21 km for 903r was 1700 units on_April 1963. The peaL m1x1ng ratio at

21 km for'14C nas 59.4x10-16eon April 1963. The mix1ng ratios at 27 km

- relative to the peak value at 21 kn, for l[‘C'and:_g()S:c were the same on

1]

. April 1963. At later times, however, the relatiyefmiXing_ratio of ~ st
at 27 km deereased much more rapidly than that forfcarbon¥14. By

January-1964.-the relative mikingvratio forIgOSr'ia one third that for

140, and by January 1965 the 908r is only one—tenth“the relative value

for ;QC. It appears very probable that these dlfferences are due to
gravitatlonal settling of 90 f{ It thus appears. thatvthe carbon—l4
data are superlor to the strontium—90 data (and probably to other solid
partlculate, radloactive tracers) for the purpose of calibrating verti—

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

stratospheric motion.



TABLE 3 .

RELATIVE BERAVIOR OF “*c anp °Os, MIXING RATIOS AT 27 K APRIL 1963,

° MIXING RATIOS o AT 27 KM.

Date ' a=14C : ~16'v o ¢-14 9OSR o SR-90
(units of 10 77)  59.4 (units*) .~ 1700

':>lw

| A : ',i;'in
4163 20,2 0.3 600 035  1.03
7763 22,1 037 465 ..50i27 &
10/63 .Q.l,.ze,7 0.45 440 ;~:d;2§, o ,58” "

164k 202 . 0.3 180 0.1 . .32

165 18.0  , 0.30 48 . -  0.028  -.093 -

N

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

cubic feet Qf standardaair.
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ANALYSIS OF THE CARBON=-14 DATA:,'

These‘data are based on a'fairly thin'gridg§b'far as global coverage
is concerned;i There was detailed sampling by aircraft'up”to 22 km, but
there were;onlv widely spaced balloon profiles at higher elevation, com-
pare Figure 3' There were more extensive balloon samples of strontium-
90 than carbon—14, espec1ally in the polar region (Telegadas, 1967);
»these data are useful in assuring the absence of“a'large reservoir of:
‘nuclear debrisdin the polar stratosphere.‘ Seitz et al - (1968) tabulated
each exp1051on of the 1961 62 series (their tables 2 4) with respect to
.date,‘yield, and vertical dlstribution. They pointed out- that the i
observed distributions after the polar tests were:quite differentgfronh
-those calculated'on the basis of previous experience~(l954—58)ffor '
trOpical testsr' If ve assume a uniform distribution.of nuclear;bomb }:'

: )

materials over their quoted vertlcal spread, then only 35 MT out of 304:
MT. of the large bombs was dep051ted above 22 km. .Thus about 88 perccnt
of the nuclear cloud was deposited in the reglon that was densely

, searched by-aircraft and about 12 percent was dep051ted above the air;
craft‘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 thevanount of excess
carbon-14 conpletely outside;thevrangehoffobservations is:very'small;,:
but the two dinensional distribution thmateriallbetneen 22 and 33 kﬁlé

‘which represents about 10 percent of the total is not accurately knoWn;;
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There is a fairly large error of measurementyéséociated with any
one contour map of carbon-14, and no conclusioné}éh§hid be based on minor
features, There was a slow transportvbf_cérboanQ{ftom the northern
hemisphere tQ,tﬁe southern hemisphefe, as s;en iﬁ T;Sle 4. |
This movement of excess carbon-l4 from the-northérn ﬁémisbhére to the.
southern hemiéphere can be treated by a two or avéhxée‘dimensional'ﬁodél
of atmospberi¢ motions. ‘To a one-dimensional mo§é1; hdwever;'this'lass
to the soutﬁe;ﬂ hemiéphere‘maj appea£ as a.fastéf“thénbreél iass to
Vértical trahéporf. - ‘

In spite 6f_the recognized imperfeétions ofithé carbon—14_déta  N:
{a. rafe'of éonvérsion of 14CO to 14C02, b. inéoﬁpléﬁé global”g£id Qf: 
' obseryations, énd c. slow inter-hemisphere transp§ft), these daté_arélﬂ
vaiuabie for ihe calibrati;n,'verification, or réjéétion of models of '
stratosphéfi§ motions, especially for the region Bétween 15 and 30.km.
Sgbjeét fo‘fﬁeuuncertainties recognized here, théiéérbon—l4 data fqrzfﬁg
périddvbétweeﬁjJénuary 1963 and Decemﬁer 1970 aré!@ged to test.nine

models. of vertical eddy»diffusion functions, Tablé'AI;

it was suggested by Seitz et al (1968) thatinﬁciear Bomb debfis be
averaged oyef the northern heﬁisphere,vﬁot at eqﬁéléﬁéighﬁé_ébo#é_tﬁé:;
ground but at equal heights above‘a sloping tr¢p§§auéé. The sloping" 
lines of.cons;égt mixing ratio of carﬁbn-i4 are é&iéept_in Fig#rebj;;a;d
these lines mo;é or less parallel the'tropopause;’:6f”course, fhe?élisiﬁ.
tlne—nnd~p]uée‘vnryiﬁg gap in the tropopause;_'0n1§'year-long basis-iﬁ:is
possible to'defiﬁe and use the concépﬁ of a "stan&é;d‘tropopanse", théh

we take to be: .
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. | I TABLE 4

DISTRIBUTION OF CARBON-14 BETWEEN THE NORTHERN HEMISPHERE AND THE * - .

SOUTHERN HEMISPHERE FROM JANUARY 1963 TO DECEMhER 1970.
Date F.xc.esé-. carbon-14 inventory in stratosphéfe.in’ unité of 1026 éﬁéms'
N  S.H. % N ‘: et
1/63 1310' : 46) Y ,  . '??1"’
163 243 O (58) R ! L
1/64 203 52y ' ;i:$0
7/64 128 (55) a | '? 70
.1/65' 113 (5T s
/65 92 (59) e
1/66 | s (58) | e
7/66 73 (55) s
760 45 (41) 'f : 52
12/70 '12.8 ' o124 o 51 :{;' b.
o va. Telegade;s,' _1971’
v b, Tel_egadas et al, 1972 :
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90°N, 8 km © 40°N, 13 knm

'80°N, 9 kn 30°N, 14 km

“70°N, 10 km :IZO;N, 15 kn | .

60°N, 11 km | 10°N, 16 kn .
._ 50°N, 12 km o 0%, 16 km; | :

The observed concentrations‘in Table A3 of the Apnendix were aVeraged by
the cosine.funetion to give eqnal weight to equal aree over the thfee;: , -;
dimensionei globe along lines at equal heights abovezthis "standardﬂlv" ‘ | o

tropopause".‘.This average over the northern hemienhene'wes assigned‘fo‘30;N »

latitude, the_latitude of mid-area between the-equatof and the pole.'ﬂ"

This ch01ce of tropopause height is besed on- the obserned slope ei: o ' :
with latltudeboL the maximum carbon—14 mixing ratio for a large numbef |
of maps, 'SUCh‘aS Figure 3, durnng the test moratorlum of 1959 1961 and
durlng the perlod 1963- 67 (Telegadas, 1971). Withln ‘the somewhat
coarse grid of the observations and within a fainly“substantial noieeg77
faetorvin the data, the simple linear function (ginen.above) for thel

average slope of lines of constant mixing ratio seemed as good - as anyf*

’other. It wou]d be des1rable to derive this Q1ope from independent .f"
meteoro]og1ca1 con51derations, but such a study is beyond the scope.

of this article., As will be noted below, most conclns10ns of thle  '~;
article are based on actual observations by balloone at 30°N;‘notrthe£;} - .

hemisphere_avetages‘deduced in this way.

The avefege'profiles ascrited to 30°N are listed in Table A5 of -

7

the appendix, and they are plotted in Figure 7, for the periodsbof
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January 196};.April 1963, July 1963, October 1963;’January 1964, and
January 1965;' There are insufficient data to sunport;this detailed
analysis aftet 1965. These averagejconCentratiopé:a;é-converted to
averagefmiking;ratios at 30°N by dividingvby totai,air concentration;_'
These mixing:tatios are listed in TabIe'AG ofvtneiaooendin.

The hemisnhere-average mixing-fatio profiles\(Table A6) are
plotted as 01rcles in Figure 8 and the 30°N local profiles (Table A2)
are.plottedaas‘triangles on the same figure. It can be seen that these
two ptofiles ate very nearly the same. There is somewhat more:scattgrl
in the IocalI&-observed'profiles, but the agreement'oetween the.tno isI

quite good.

The neareldentity of the two sets of profiles 1nvF1gure 8 1s a .
matter of 1nterest in itself: the carbon—14 concentrations averaged
to 30°N aIOngllines eqniQdistant_ab0ve the average? sloping-tropopause
ate very neatly,the same as the actual”éoncentfatiOns at 30°N.:,A one;__
‘dimensional, VertiCal, eddy-diffusion model located?at 30°N_is,nin

this sense, a model for the northern hemisphere.

CALIBRATION OF ONE—DIMTNSIONAL MODELS

AGAINST OBSFRVED CARBON 14 ‘DATA.

The profiies of excess carbon-14 for January,I9§3 werezextendedltoy
the surface‘of.the eatth on the basis of obsefved'Caroon—Ié in the_'IIII
tropoSphere; and it was extended from the observed ooint ofinighest,'
elevatlon to 50 km. by a decreasing exponential function. bThis ex-

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

.

S
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calculations_using the various Kz functions. Theivertical grid was
every kilometerifrom 0 to 50. The lower boundarylcondition wasvthat _
observed at l'kilometer, which remained constant_for’several years near
3x10-'16 mixingﬂratio. The.upper boundary condition'nas that the'mixing
ratio.at 51 hminas one-half that at 50 km. The vertical eddy diffusioni
problem was'set up in terms of first;order differencing;{which'guaranﬁf :
tees conservation of mass even with the non¥continuouS*K"functionS'of
Figure 2. The nroblem was thus one of 50 simultaneous llnear equations_
with constant coefficients The problem was’ solved by the Gear methodiir
>~ (Hindmarsh, 1972) on the Lawrence Berkeley Laboratorles €DC 7600
computer. With the boundary conditions spec1f1ed w1th the initlal
profile spec1fied, and with use of a given K function, 1t was a simple
matter to computekthe prcdicted carbon-l4'distr1bution at any ruture |
time, Typlcally the future profiles were calculated every 3 months for
twovyears and then every year to a»total of 10 years,, These calculated :
profiles, for each Kz function, are then comparedﬁWith‘the observedéiid'i
ones. This procedure was repeated with the initial distribution.taken&i
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 orllater as initial condltion,.since these datahi
Presumably:are noﬁlonger uncertain so far as 1-Z‘CO andol4C02 are;j L
concerned. | |

These calculations were made for the seven K functions shown in “i%
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.forvthe nine_Kz
functions. - Three sets of these plots are given by'Fiéures 9, 10, and
11. Each of these plots is of special interest forbone reason or

~another, and each is discussed below.

In Flgure 9, the initial profile is that of January 1963 and the
predicted profiles are January 1964. This period is of interest in that
it represents the case of maximum gradients, and the’sharpest initial ‘u
distribution. There was a substantial change in onejyear in'thg.
northern heniSphere profile, and there was relativeiyplittle loss'to.
the southern'henisphere. The different Kz modelsigiue”drasticaliy
~ different predictions, one relative to another. _These differences |
between models;are much larger than uncertainty with;respect.to.

1ACO'. The predictionsvof the models will be discussed*below;

»

In Flgure 10, the'initial profiie is that of'January 1964 and theﬂ
observed p01nts are from the balloon measurements dlrectly observed at )
' 30'N in Januaryvl966. Agaln; there are strong differences in predictlon
' by the 9 modeis; and the sense of the differenCesdié‘the same ianigure-;
10 as ianigure:9. | |

s

In Figure'li the initial profile is that obserred'locally by
balloon in January 1965 and the observed data are those obtained directl&
by balloon in December 1970, On January 1965, 66 percent of the strato—‘
spheric carbon~-14 was in the northern hemisphere and.34 percent uas in'ni
the southern hemisphere, but in December 1970 it was essentially equal in

the two hem;spheres (Table 4). This transport to the southern hemisphere was
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allowed for, as follows: the magnitude of the ihitial condition was
taken to be thé average between the northern and SOchefn hemispheres,

rather than the actual value in the northérn-hemisphere. From consid~ o

eration of:Tablg 4 the actual concentrations of Jénﬁéry 1965 were rénggd
by the factor 0.75.. The observed cafbdﬁ—la in_November 1970 is sprea&
between 20 ahd_35 km, with a maximum mixing rat16:;§ $bout 25‘km. There
were French“éhd‘Chinese atmosphéric tests of nucleér;bombs between 1967
and 1970. ‘Aécofding to Telegadas et al (1972), #hg.%967—70 tes#s‘.
inserted radioéétive debris between 14 and 18 km7ig the northern hemif;
sphere andvbétwéen 15 and 19 km in the éouthefn'ﬁéﬁié}heré, and‘tﬁey;L;_ . : i
stated tha;.the.carbon—lé abo&e 20 km in Decembe;;1970 was brimarily . “ o

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

~The_prediétions of the nine Kz functions afé &Qmpared with’each
other and with observed carbon-14 distributionsviﬁ fiéures 9, 10, ahd;:‘ SR
11. ~Simiiér cdmparisons wefe made with other obsé?&éd~carb§n-l4
distribution§'tékenbas the ;nitial valges'and'wi§h §1i létér obséf?éd f'  ._§
carbon-14 distfibutions taken as compafison for pfédicted_vgrsusiﬂ'i |
' obsérved ﬁxofiles._ The patternbshown by Figureés 9-11 is confirﬁédvﬁyl

all of these comparisonms.

‘DISCUSSION

-

The excessvcarboh~14 cloud, spread over the ﬁofthérn'hemisphere byathe
atmospheric nuclear bomb test series of 1961-62, éppeérs to provide‘athséful
calibration for theories of stratospheric motions. ' The observations of:éarbon-

14 provide direct data for large-scale stratospheric'sweep-oht times'ih '
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the region 15 to 25 kilometers.

The veffiéél eddy-diffusion.functioﬁ,.kz, we%évéerived by the
various authqts from considerations of: {(1) heat‘flui data; (2) verti-
cal profiles of ozone; (3) vertiéal_prdfiles_éf ﬁgghang; (4) radioactive
fall-out fromvﬁuclear bomB teéts, primafily involﬁing.particulate |
tracers such as -strontium-90, tﬁngsten—lSS, eﬁc. kSSipther considera-
tions. It appears that no one made detailed use offthe carbon-14 déta,
Thus this étudy is an independent test of the modéls%f

The niné.ﬁsdels using Vértical edd& diffusién,ébﬁstants Kz_as a

function of height give markedly different predictidhé, one relative to’

another, concerning the dissipation of the carbon—i&véloudVduring the -

period ¥963-70,; The relative and absolute prediction made by the nine"
KZ models is vefy nearly the same for the threevtime intervals of

Figures 9-11

'  ‘Figure - ' Timéiiﬁtgrval
9 © Jan. 1963 - Jan. 1964
0 | Jan. 1964 - Jan. 1966
11 o Jan. .19'6;5 — Nov. 1970.

The médé1 associated with  an investigatorvis offen nqt,the dﬁly
model considefed.by the investigator. 1Fof exampig;VCfutzen has used
several othér K; models; and he‘has-uged avdifferenFQ'preferfed modéivif
in receﬁﬁ calculations, Also, Whit;en has modifiedahis mddel. For the ,

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

they do not rdpfesent the investigators latest, bestfjﬁdgment, beééuse
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these modeis werevused in Chang's (1974) comparati&é study (Figure 1B)

of the.effect of model on‘SST pérturbatién, and if'ié.desifable to com-
pare prediétibns of carbon-14 with those for theTSS%s. Crutzen's model -
used here ié Qéluablelin showing the effect of Kzrépnstént with heiéht

in the stratdéphere;f whittén's mode1 is of'intefééf in showing what a
large différencg.inféfratosphefic sweep-out time:ig caused by differences
in.Kz function, Figure 2. Brasseur's "K-min" shoﬁé'the effeét-qf a.véry
low Kz value high in the stratosphere. McElroy's”qr'Huntén's>m6de1 shows
fhe effect ofué:region of iow Kz iow in the straféééﬁere. vChéng's model

shows the effeét'of a region of lOW'KZ in the mid-stfatbsphere.

The models with large values of KZ at all heights, such'as
Brasseur's K-max or Whitten's function, sweep excess-carbon-14 out of the
stratosphere very much faster than that observed. “This discrepancy is

S0 large'that-these models should be discarded, and line 7 should be

dropped from Figure 1B. S -

Chaﬁg's model has minimum K at 30 km and Braéééﬁr's "K~-min" has
minimhﬁ K, at 37 km. These mddels sweep out ;he‘régiﬁn 17 to 21 km at
much too fast a.rate, but these models build up :elétivelyllarge mixing'
.ratios near 35 k@ over a long period of time. Chéhgfé peak mixing
rafio at 35 km/in.Figure 11 agrees with‘the_obser?éd‘carbon—14, but
Brasseur's 'K mi_.n" retains too much carbon-14 at 35 km.

EXcept-for‘the diécoﬁtinuity at 1Q km in the.troposphere, Crutzen's
K, function is cohétant.with height. It sweeps oﬁifﬁﬁe région around

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




Go0wo042077 10

23
(Figure 11) éf.a shape rather different from that éﬁéerved. Abchange of
the absolﬁﬁévyalue of K, can give abproXimateiyrébrfect-swéep—out times
near 26 km,:Bﬁt the shape 6f the'préfiié is not_iﬁbroved.

Four éuﬁc&ions (s, Stewaftg 6, McElroy; 8,‘Shimazaki, and 12,
Hunteq) are,qualitatively'similar: large Kz inﬂghe £r6posphere, mini-
mum KZ in thé_lower stratosphere, and ihcreasing Ké with heigﬁt from
lower to upper.stratosphere. Théy.differ largely.éé to-height of
tropopause, helght of minimum K , and magnitude of K at the minimum.
The relatively small differences in these K functlons (Figure 2) lead
pé substantlal dlfferences in predicted history ofjcarbon-14 in the
stratospheré{: The height of Shimazaki's region éfvémall K is too low’
(noté,thé iow«élevation of peak carbon-14 in Figufgé 9 and 10), and the.
averége valge:of his Kz aﬁpears to Eeﬂtoo large kﬁéfe the almost tptally

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

‘repreSentatioh'of the shape of the carbon-14 profileaand very nearly the

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

magnitude of his Kz function between 15 and 25 km; aﬁpears to be too

large, because_it always predicts too 1itt1efcarbpﬁ;14 in the sfrato—
sphere. McElroy's function gives mahy prediction§ ih.approximate agree-
ment“with,obsefvations (his function is best fér the interval January
1964 to Januér&‘1965)§ but the,tropopauge is aboaf‘Z:kilometers toq high;
and this K; function appears to be too large on tﬁé’ayerage since it has
swept too muéh carbon-14 out ofvphe.stfatosphere dvgr the-long‘perioé

of time (Figure 11).

Hunten‘s_model of K, gives a reasonably correct prediction of the

shape, elevatiqn of the mayimum, and magnitude of the carbon-14 cloud
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for all tésted-initial and final profiles. It aﬁpeérs to be superior to

all the othéf models tested here. Howéver, even tﬁisvmode1 somewhat

underestimates the persistence of carbon-14 after eight years, Figure 11. _ o
We have.explored the effects of introdgéiqg ;mél1 cﬁangés in.sohe

of the models. The long-term predictions of the'Kz functions are very

Sensitive to small pérturbations of the model.. The predictions are

strongly dependent on both the shape and the magnithde of the Kz
function, The.iong—term, carbon-14, pgak—concentfation near 20 km
(Figure 10, for example) appearsvto:require the quélitative features of

McElroy's or Hunten's model, that is, low values'betWeen 15 and 20 km

and rapidly increasing values above 25 kn.
In view of the considerable success of Hunteh'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 OTtOTSO km, these pre-

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

‘January 1973, that is, 1, 3, 6, and 10 yearé afﬁer the end of the fést
séries, Figure 12, The lower boundary value waé téken to be 2.8#10—16
at all tiﬁési :The upper boundary vaiue is that fhe mixing fatié at 51
km is half that at 50 km (this is very nearly tﬁé sense as éssuming zero
concentration at 51 kﬁ). The vertical spread éné 1ohg persistenpe of
the carboﬁ—lﬂ in‘the straﬁosphere are noteﬁorthyélnThese éalcﬁlations

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

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

'gxpected for NOx in the troposphere., Above 20 km, there was very little

/
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difference after lor 3 yearé and about -a 20 pereeﬁtireduction at.20 km
after 6 yearsL The calculated curve after 10 yeareors labelled A in
Figure 12; :Tﬁere is a noticeable difference in:the.lower stratosphere
but a surprieingly small difference in the middie'eud upper stratosphere.
There:iska strong’correlation‘betweeo the'eorreetness of_predicting
the carbon-14 profile in Figures 9 and lb (but not so much so for the
longéterm’eaee of Figure 11) and the megnitude of the reduetion of ozone
by the SST perturbatlon, Figure 1B. 1In Figures 9 and 10, the bestv
‘ predlctlonq of carbon—14 are made by Hunten, Stewart, and McElroy, and -
in Flgure 1B these predlct the three largest reductlons of ozone by SSTs;:
Crutzen, Cﬁang, and Shimezaki:giVe comparableopredietions of carbon—l&i
: in.FigurespQ_eud“lO, and\tﬁey give‘about the‘sameiﬁaénitude'oonzone B
depletion;‘uhioh is about a factor of two less theu the Hunten—McElrop;
Stewart group} "As steted above,‘Whitten's'modeltgivee,unrealistic.‘
accouots'ofvcarbqn—lé and it should be dropped from}Figure IB._p
'It'is_of'intereSt to consider tue redudtionfoffoZOne_as a function-’
of added'NO ,'ueing Huuten's K, function Chang?e edlculatiohAWito |
Hunten's K function (Figure 1B), and Grobecker s (1974) prOJected :
injection»of NO (This prOJection is an upper bound it applies if there ;
is no reduction‘of.the NOx_emlssion index from_eupersonie transports).
Grobecker'e projected upper-b*ound.NOx injeétions'at ooth.17»km (15'to 18)
and at 20 kmv(io to 21) are given in Table s.p cfpsegker'é (1974) aﬁééf
.bound NOX, Chang's (1974) one-dimensional photochemieal model with
Hunten's (1974) Kz function? give very large reduetéons.of ozoue, sub-

stantially greater than a factor of two'efter the'yearv2010'(Tab1e'5).
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NOqur—l) AT

UPPER BOUND PROJECTIONS OF NO INSERTION (UNITS OF 10
- ; X ; -

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

Year

_;BY CHANG (1974) USING HUNTEN'S K FUNCTION_(19742

NO -‘insertion .
N X

Per cent ozone depletion from NO inserted at:

1990
1996
2000

2006

2010
2015
2020

2025

17 km 20 km
A5 ,22
60 1.3
.70 3.0
1.0 6.5
1.1    9.0
1.2 12

1.5 20

1.6 27

17 km
3.0
4.0
4.5
6.2
6.7
7.2
8.7

9.2

THZO.km
2.5
1

23

37

43

e
52

60

P.Y

v'lTotal

5.5
17

33

. 49

.61

]69
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TITLES TO FIGURES

Calculated percentage reduction of the average global ozone column as a
function of the mass of NO inserted at 20 km,
A. Most recent results available for each of twelve different groups.

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

were recalculated on-a uniform basis by Chang (1974) The upper limit>cf :

NO insertion is the upper bound prOJected by Grobecker (1974) for the

year 2025,
The modelers are identified by the number code: i(l) Johnston, 1971;
(2) Crutzen, 1974; (3) Hesstvedt, 1974, 2D model; (4) Chang, 1974;

(5) Stewart, 1974; (6) McElroy et al,.lQ74; (7) Whitten and Turco, 1974;:

(8) Shimazaki and Ogawa, 1974; (9) Vupputuri, 1974, 2D model; (lO)‘Widhdpf'

31

~and Taylor, 1974, 2D model; (11) Cunnold et al, 1974;'3D“mode1; (lZ);Hunten,r

19745

‘vVertical;eddy‘diffusiQn functions, Kz, for seven one-dimensional modelers}j

m et e - o ), Crutzen
— ——— (4), Chang"
— - e — e~ ' 5, Stewert

(6), McElroy

. . - (D), Wh'itt_en'

(8), Shimazaki

- (12), Hunten

:fRelative mixing ratios (105 atoms of excess carbOn-lAlper gram of air) of -

“‘excess carbon-14 as measured by balloons and U-2 aircraft; The ballOOn
- soundings are indiceted by numbers on the figure. -Thefdata were taken’
during the period March - May l°63 and - are referred to- as April 1963

Telegadas, 1971



Concentration of excess carbon-14 (units of 103 ﬁolecules cm-3) for the’
indicated times., These zonal-average maps of 14C'Concentration were

derived from mixing ratio maps such as Figure 3.

Relative mixing ratios (disintegrations per minuté per 1000 cubic feet of

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

Relative mixing ratioe at 30°N for carbon—l& and‘strentium—éo at three
times: April 1963 January 1964, and January 1965. . The top panelvrepre-
sents the observed .carbon-14 distributlon on Aprll 1963 and the calculated
distrlbutlon at the two later times., The middle_pahel represents three_
observed profiles of carbon-l4; note the upward airfﬁeion of ebServed
carbon—14 in agreement with the theoretical modele; -The IOwer panel repre-
sents three observed profiles of strontium-90; note the great differehee>in
pattern above 20:km betheen carbon-14 and stroﬁtiﬁm—gd._VThe quaiitatire
aspect - of the_eifferehce between carbqn—14 and atrehtipm—90 is that the
latter underwehr'aignificant gravitatiénal settlihé-ever the periodS'

covered here.

Northern hem1spher1ca1 average (see text) concentratlon of excess carbon-14

as a function of height between January 1963 and January 1965 These_'”'

32

averages are ascribed to the geographical average of the northern hemisphere,

namely 30°N.

Comparison of average (Figure 7) mixing ratios and.ldcally observed (ba1§
loon soundings)'mixing.ratios of excess carboh—14'atJ3O°N.-
C) , hemispherical average

‘ Zﬁﬁ;-local observation at 30°N,

Comparison of average observed excess carbon-14 on'Januaryr1964»with.that
calculated by nine models of K, (Figure 2, Table Al) for January 1964. The

initial distribution for calculation was the observedjdistribution for

January 1963. Both initial and final conditions cdrrespond to(:)in'Figure 8.
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Comparison of directly observed excess carbon-14 on Jénuaryvl966 with
that calculated by nine models of K for January 1966. The initial distri-

bution for each computation was the observed dlstrlbution on Januarv 1964,
(In terms of Figure 8: (O, 1964; /\, 1966).
Comparison of dlrcctly obeerved carbon-14 mlxing ratlos on November 1970

with that calculated by nine models of Kz for January.l97l. The inlt;al
distribution.for{ééch éomputationFWas thé global aQeragé, observed,distribution on
January 1965; vA§éording to Telegadas_ggﬁél.(l972), tﬁié ekcess éaern~14-

was left4oye: froa the.196lﬁ62 test series, and it Wasiﬁot a part of the

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

thevstratosphefe bétween'lé and 18 km. (In terms.offFighre 8: Zﬁl, 1965;

/\ , 1970.

Calculated spread of excess carbon-14 for ten'years-oh'the basis of Hunteﬁfs '

model for KZ.-‘The initial distribution was the obsérved distfibttibn'for

" January 1963. Curve A is a "rain-out" model after lOgyéars, with zero

excess-carbon-14 at the lower boundary (1 km).



~ .

REDUCTION OF VERTICAL OZONE COLUMN IN TERMS OF RATE OF NOy ADDITION AT 20 km
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105 ATOMS OF EXCESS CARBON-14 PER GRAM OF AIR
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STRONTIUM-90

DISINTEGRATIONS PER MINUTE PER 1000 CUBIC FEET 3
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Kilometers
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o CALCULATED SPREAD OF EXCESS CARBON-14
FOR TEN YEARS (HUNTEN MODEL OF K, )
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APPENDIX

Tables Al, A2, A3, A4, A5, A6




12
‘11
21
‘31
41

100.

30.
4.5

13, .
- 38,

300.
13.

6.2

12,
33.

100,
42,
25.
15.

100.

7.0

14.
29.

6.0

300.
300, .
9.0

52.

140 L]

20.

12
22
32
T 42

100,
30.
5.2

15, .-

41.

300.
18.
5.0

3.9

1]: .

300.

8.2

6.6
13,
40.

100.

400
23,
14.
22.

4.

300.
6.0

14,

23
33
4.

100,

30.
5.6
16.

300.

- 15,

. 4,5
4.0

13.

45,

100,
38.

122,

14,

25, .

- 100,
8.1

16.
33.;

69,

300..

300.
15.
65.

160,

TABLE AL

VERTICAL, EDDY DIFFUSION FUNCTION X

4

24
34
44

100.
2.3
6.4

18,
’ 52{

300,

-12,

4,2
4.2
15,

300.

5.1

7.3
15.
56.

100.

21.
14,
3.0

. 100.

8.9
17.
35.
73.

. 300.

300.
19.

7.2

170.

B4

(IN UNITS OF 10° cm? sec™ly

Kilometers

is 6
15 16
25 26
35 . 36
45 46
Hunten
100. - 100.
2.3 2.7
7.2 8.0
'20. 22-
59. 63.
Chang
300. - 300.
11. .

" 1 ‘Stewart

270. 220.
5.0 5.1
7.8 8.2
16, 18,
66. 78.

" ‘Whitten |

100. 100,
34. 32.
20, 19,
14. 14.
3s. 42,

" Shimazaki

100. ~ -100.
9.2 - 10.
18. 20.
39. . 42,
80. 8s5.

300. 300.

300, 2.0

: 22. 250

81. 90.

180, 200.

100. .©

31.
18,

15.
56,

100,

11.

23, -

44 .
91.

300,
2.0

30.

‘9.9 .
- 220, .-

100.

3.3
10.
‘28,

- 80.

75.

100.

12.
2,
48.

.99,

2‘0
35,
110.

230,

9 -
19

29

39
49

42,
5.6

. 9.9

26,

140. ¢

100.
. 27. ‘
16.‘

100.

'1000'v‘

13.

S 25,

51'-

110.

© 300.

4.0
40.
120.
240,

120,

47

10
20

40
50

'30.
160.

44,
26.

. 15.
‘18.

130.

6.4
14,
27,

300.

7.0
45..

130.

260.
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Kilometers

1 2 3 4 s 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 32 33 34 35 3% 32 . 38 39 40
41 42 43 44 &5 46 47 48 49 50

' Crutzen: _ _

300. 300. 300, © 300, 300. .. 300, 300.-. - . 300. 300.  300.
10, - - 10. - 10. 10. 10, - 10, 0. 010, .10, 7. 010,
10. 10. - 10, 10. 10. 10, 100 .10, -~ 10.° - 10, -
10. 10, . 10. 10. 10. 10, 1000 . 10, - 7100 - 10,
10. - 10,  10. .10, 10, 10, -~ 10, 10 100 - 10.

- Brass Min.

190. 180. 170.- . 150. 140, 130. 120, - - 98, . 82, - 70. .
158, 45, 38, . 31, 25. 21, 18, . <. 14, <0120 000100
8.1 6.5 5.5 4,3 3.4 0 2.8 2.3 0 1.9 1.5 - 1.3
1.1 . .80 o .75 .62 .54 55 S ) S .52 .54 .. .58
. .65 74 © .83 .95 1.1 1.2 1.4 1.2 2,000 2.2

Brass Max.

- 190. 180. ©170.: - 160. 150, - 145. o 140.° - 135, 130, ..127.
124.. - 120, 115, . 110. 98, . 91, 84, - 780 . . T10 . 6.
60. © 53, . 48, 43, 38. ! T 30.-. . .. 26. L2300 022,

- 20, 17. o154 14.5 14, 14, . Yh. . 14.5 5. 16y
RS Y 18. .21, 22, 23, 25, 28. - ‘. 32. . 34, .. 38,




KM
36
35
34
33

32

.30

27

26

25
24
22
21
2
19
-fls

15

12 -

000U0az207 723
- o TABLE A2.A

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

(MULTIPLES OF'10_16), BASED ON DIRECTLY OBSERVED LOCAL VALUFS.

1/63 - 4/63 7163 10/63 1/64 . 1/65

 20.6 -‘113.5 16,9 f;f; 12.1
7.58 . 9.55 o P
24.0 23.8  19.2 . 21.4
%rgd.z - 22,1 | 26,7-' 20.2,‘;_, 18.0
o0 B
10.0 _3?.6 | - 44,6

35,5 39.8 30,7 22.4

g 77.1 f_J59.4 4.8 ss.1 | 40.4[  :: 24,9
300 43.8 - T
557 40.2 336 309 317 143
208 9.8 5.23 8.48 7.5    . 4.85
$5.81 1.3 3.2 3.36  3.98 f:“:'3.93-
292 3.79 s12 0 2.0 3.60 317
2.98 »'" $.12 | 293, 2.93  3.65  2.93

2.0 2,91 2,77 2.84 2,75

49



TABLE A2.B

CARBON-14 MIXING RATIOS « AS OBSERVED BY BALLOON AS VARIOUS LATITUDES

égp_ﬂnlchs (MULTIPLES OF 10'16), JANUARY 1966

12.0
'14.8

18.0

19.0

19.5

4,63

2.84

2.80

2.99
13,90

4.58

- 30°N

km

. 4.5

8.3

11.8

15.0
16.2
17.8

18.8
19.6'-

19.5

24.0

1 27.2

30.0

31.0

32.8

,3.18;v‘

2;9§,  :

3)42 “__‘
v.4;34f'

11.7

13.4
:17;1
14.2
15.0
~ 16.7
141
14.1
15.8

143

:.bkjkm
R

43
S
;fjis;o |
s
‘lfﬁiB.s'
';;;is,af

9.2

70°N

3.18

7.04‘._ o

13.0

s
L1004

18.4

38

'16%11.w Vvh

50
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TABLE A2.C

CARBON-14 MIXING RATIOS o OBSERVED BY BALLOON AND CONTOUR LINES AS INFFRRED

FROM BALLOON PLUS ATRCRAFT SAMPLING (MULTIPLES OF 10” %Y. NOVEMBER 1970.

7
9°N 30°N S 42ow

km o km a T km S
20,8  3.71 19.6  5.30 - 19.6  5.78
21.0 3,86 20.3 5.78 S 2049 6.03
21,6 434 21.0 - 6.51 U213 6.27
22.0 4.82 21.2 6.17 23,3 6.75
23.0 5.30 B 22.2 . 6.27 - ~24,o 6.89
23.7  5.78 23.9  6.84 . 27.2  6.75
27.2 5.35 2.3 6.75 - 274 6.65
30.6  5.30 - 244 6.700 - 30.8  6.46
31.5 5.11 26,5 6.75 31,5 6.27

| B 27.2 6.31 . 36.0 6.03

=35 a6 684 O T

20.0 5.78 32 627 - km o
20,9 5.74 S35 3.9 120.3 6.27
21,1 . 6.17 32.8 6.17 223 6.75

917 6.27 - 33.0 6.27 B _ 24.0 6.70
23.9 - 6.27 3400578 269 6.80
6.2 6.51 35 530 27.0 6.75
27.0  6.46 3630 463 3000 6.27
27.2 . 6,27 . s 5.8

273 sa8e | o o
32.3 . 5.78




S ALARLE A AT

CONCENTRATION OF EXCESS CARRON-14 (10° MOLECULES )

January 1963

K1 80N 70°N  60°N  50°N 40°N  30°N  20°N  10°N . O°N  10°S  20°s  30°S
29 I - o 0.3 0.3 0.3

28 . L ' j'5 IR i '“j>-  o0 0.5 0.5 :_ 0.4

27  f'*"7'  o 0w 0.6 0.6 0.6 o 0.6 04
26 - - | 0.6 0.6 0.8 0.8 0.8 0.8 0.8 0.6
25 . - 0.8 0.8 0.8 1.0 1.4 1.2 1.0 0.8 0.8
24 0.9 1.0 1.2 1.0 1l 2.8 3.0 1.6 1.2 1.0 0.8
23 1.2 1.2 L4 1.6 2.0 5.6 6.4 4.2 1.8 1.2 1.0 1.0
22 1.8 1.8 2.8 4.4 9.4  11.6  10.4 4“4 18 1.4 1.2 1.0
21 3.8 5.6 102 12.0  15.8 o 148 12.2 4.2 1.8 1.6 L2 1.0
200 12,6 13.4 164 18.4 18,2 164 126 3.6 1.6 1.4 1.2 1.2
19 19.4 2006 208 214 18,6 16,0 1L.4 3.0 1.4 .y 1.4 14 L2
18 25.0 0 252 248 228 170 148 f 68 3.2 12 12 14 12
17 30.4 28.6 27.0 21,2 15.2  12.2 5.8 1;4 1.2 1.0 1.4 1.2
16 33.6  30.6  25.0  19.2  13.0 9.2 5.0 1.2 1.0 1.0 1.6 1.4
15 32.8  28.2  22.0 = 16.4 j'1b.é 7.4 42 1.0 0 0.8 0.8 1.2 1.2

1 28.8  23.8  18.0 . 12.0 8.8 6.4 3.6 . . 1.2 1.2

AT
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" CONCENTRATION OF EXCESS CARBON-14 (10° MOLECULES c¥ >)

O 60°N
1é§6_ 
9.8
e

4.0

SO°N.

6.2

3.4

L 40°N_ - 30°N-

3.6

5.

'(Continued)

A

720°N

10N

10°s

1.

- 30°s"

2

L/ 02b 00 n

&
Pt



April 1963

M.

29

28

27

»ﬂzé
25
24
23
22

21

20

19

.18

:_ii
16
15
14

13

80°N

4.2
6.4
9.6

12.2

16.2

214

24,4

254.0

23,2

22,2

70°N

3.0
5.0

7.6

10.6_
14.2
186
22,6

22.8

21.4

202

19.4._i{

60°N

2.2

3.4
5.4
7.8
11.0

16.8

21,00

21.0

19.2.

18.2

 117g6  :

17.0

50°N -

1.7

2.6

3.8

6.2

9.0 -

12.8

16.4

f18J0‘v'
‘1700
‘:15.4
14.0
fi5;4' 'V

f15?63 f

TAFLE_A3.B

40°N

1{3f
2.0
3.2
4.8
7.2
11.0
13.8

15.2

5_14;4: ,3_
128
“11.6°
12.6 __‘
'13;8‘-'H

S13.6

30°N

1;1_”,_

1.6

2.2
3.6
5.4

9.4

12.8

11.6

20°N .

1.0

1.4

2.0

3.0

46

7.2

9.2

9.4

8.0

5.2
v'-4;0 }-
..h é;6f 
2.2
2.0

2.6

10°N

0.7
0.8

14

2.4

4.0

5.2

6.0
5.2

3.8

3.5

3.0

2.0

11j6~.7

1.2

1.0

0.7
1.0
1.3

1.7

2.2

2.6

2.8

2.5

2,2_[,
2.2
i.9 .
1.6
1
1.0

0.8

10°s

0.6

0.6

0.6

0.6

0.7

0‘9

1.3

1.5

1.4

1.0 .
0.8

0.8

20°S

1.1

1.5

1.6

1.4

1.3

1.0

0.9

30°S

0.4

0.4

0.5
0.5
0.8
110
1.3

1.2

1.1
1.0

1.0

0.9

0.9

0.4

1.2

148



‘April 1963 (Contined) =

CKM. . 80°N - o70°n

12 721.4 'f
11 200
0 18
9 82

8 6.6

18.4
- 16.6
8.4

N

16.4

8.4

5.8

60°N

50°N

9.2

5.2

TARLE A3.R

40°N . 30°N

6.8

20°N

10°N

0°N

10°S

20°S

30°s

gs -



July 1963

KM.

29

28

v27f?

'25 -

25
24
23
22
21
20

19

18-

17

- 16

15
14

13

80°N

2.7.
3.3

4.8

6.6

8.8
12.8
15.8

1844

20.2

©17.8
17.0

15,6

70°N

2.2

2.8

3.6

4.8
6.8
9.8
13.0
'  1§;8  -
17.6
17.4
14.2
13.2

60°N

2-0
3.2

4.2

5.6

7.6

11.0

14.8

,16;8'
152
11.4
9;4._
102

11.8

50°N

2.4

3.4
hot
6.2

_9;0 :

12.4

’Ii3.2_
133
;id,i ;
92
6.6
- 7.3

i'8;6' '

40°N

2.0

2.7
3.8
5.2
7.2

10.6

12.0

12.4

116

7.2

6.0
s

‘: 4;4 f:’;

TABLZ A3.C
30°N

o L6

2.1
3.0
4.2

5.9

8.3
'10.2

- 10,7

9.5

119;23

9.8

7.8

3.3
2.6

2.1

20°N

1.3

1.7

2.2

3.2

4.4

6.0

7.0

7.3

7.4

7.7

8.2

3.8

1.7

- 1.8

10°N
1.0

1.3

1.6
2.0

2.7

3.6

4.4

5.0

5.1

5.0
4.8
. 4;3 

360

1.8

1.4

00

1.2
1.4

1.6

2.0

2.5

3.0
3.6 -
4.3
4.5
4.0
'.3f;
1.9
1.3

1.3

10°S

1.0

1.2

1.7
2.1

2.4

2.6

2.7

2.6

2.4

2.1
ooLs

1.3

1.2

20°S
16

1.0

1.1

1.2

1.4

- 1.5

1.6

vl;S,nL
1.2

1.2

30°s

99



K.

12

1

10

. 80°N

15.4

15.8

11.4

8.0 .

| July 1963 (Contimied) -
' 70°N |
"14.4
14.8
-16;0;_ ;113;0;

60°N "

12.8 ©
11.6

8.2 7

50°N

6.4

40N

3.8

30°N

20°N

10°N .

OO

10°S

20°s

30°s

. '_LS‘ '



October 1963

K.

29

28

27

80°N

26

25

24
23
22

21

20 -

19

18

16
15
'_'14

13

2.9

7.4

9.4
12.0°
144

16,0

17.2

15.2

14,0

11.2

70N

4.6

6.0

7.5

o9

12,1
2
s
152

12.8

210.9

3.7
5.0

5-9' S

10.3

3,Q]Qg8;9._zj;;

60°N.

7;9v

12,4
136
lﬂiiéii£ 

};4;5“

'13.0

8;011

 S0°N

2.8
3.8
5.2

6.6

8.2

10.5

'-llgé:

126
';fiz;éﬂnfi
-_313;3:

~ 14.1

8.0

o 40°N

S22

3.2

4.2

5.6

7.2
9.1

10.8

11.4
S 10.4 -
5.4

5.0

4.8

s

:A{Zfﬂ

" TARIF A3.D

©30°N

”‘,lgﬁ'

2.3

3.2
4.4

5:8

7.9

9.6

9.8
9.0
8.1
Cas
4.0

 3.6  w

20°N

1.4
,il,s‘

2.6

3.6

v4g6

5.7

6.8

7.7

7.8

7.2
5.6
,3;9; 6;W
30
1.8

L7

10°N

1.0

1.3

1.7
2.0

2.3

3.1

3.8

4.4

4.9

| 5.1
5.0

1.6

L6

00

0.9

1.1

14

2.0

2.4

. 2.8
33
3.6
ER
3.2
A]z,ﬁ*'
2
1.6

1.4

10°Ss

0.9

1.0
1.1

13
1.6

~1.8.

2.0

2.2

2.2°

2.2.

2.2
S22
1.6

1.4

20°S

1.7

1.9

19
f'é{zf"”
L6
| 1}4 _

C 1.5

30°S

1.7

1.7

1.6

1.5

1.4

1.5



KM,

12

11

80°XN

- 10.2

;.9.‘7

9.0
7.9 -

6.8

70°1

8.6

8.4

8.0

6.4

October l963v(éoﬁ£inﬁed).'

| 60°N
7.6

:' 7.2

6.3

50°N
T 3.4

4.9

40°N -

3.6

TAPLE A3.D

30°N  20°N . 10°N

:_00

10°S

65 -



January 1964‘

M.
29

28

7

26
25
24
23
22
21

20

18

17
16
15

14

80°N

4,2
5.4

7.2

9.0
'11ﬁ4
13.0
4.2
14.8

15.2

70°N

3.2

4.4

6.0

7.6

 _9.0 |
: le;8-}.
12.0
12,2
13.0

'13.87

60°N

2.6

3.6

4.8
6.6
8.2
100
 11’01‘F:
11.2
9.2
:51114-  E

-12;6 -

50°N

2.1

2.8

3.8

5.2

7.0

. 8.6
9.4
,10;2> ';

11,0

10.2

6.8

7.8

40°N

1.6

2.2

3.2

4.4

5.6

7.8

8.6

'9.4 
10;0- 
9.6
9.0
9.0 =

10.4

TARLT A3.T

30°N

1.2
1.6
2.4
5.2
4.6
6.0
7.4

8.2

. 8.8

7.2
4.8
3.4

3.

20°N

1.2

1.8

2.4

3.4
4.6

5.6

6.4

6.6

6.4

;5-41:;

3.2

- 2.3
1.9 .

"1;8 

10°N

0.9

10

1.1

1.5

2.0

3.4

3.8

3.6
3.4

2.8

2.0
1.7

1.6

00

0.9

0.9

1.0

1.3
1.6
1.7

1.8

1.9

1.9

1.8

1.8

 1§8 7
1.7

1.6

1.6

10°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

1.2

1.1
1.1

1.0

1.2

1.3

o . 1.5

30°s

6.7

0.8

0.8

0.9

- 0.9

1.0

1.1

1.1

1.0

1.0

1.1

1.2

c 1.4

1.0

09



Januarf 19€4 (Coptinued)
R
13
12

Soar

10

80°u

14.%

13.0

“11.2-

9.6
7.6

5.8

70°N

13.0

12,0
10.4

7.0

5.4

60°N
11.6
- 8.8

6.2

A

TARLE A3.E

"30°N

2.6

50°N 40°N
8.2 8.4
3.0 |

20°N

10°N

Oo

10°s

PRy

20°s

30°S

19



TABLE A3.T

Januarv 1965 (Continued)

K, BO°N  70°N  60°N "505N  ‘ so°n 30°N - 20°N  10°N 0% 10°S 20°s
14 6.0 6.0 | 5.2 2.6 2.2 1.6 1.2 | 1.0
13 57 4.8 40 2.5 . 2.1 1.7 |

12 s 44 36 2.4 22
11 5.0 4.0 34 2.6 |

10 s6 38 32

9 4.2 3.4 |

8 4,0

29



January 1965

KM‘.

29

28

27
26,

25

24
23

22

21

20

18

17
16

15

80°N'

3.0
3.4
4.0
k 4.§‘
S

6.0

6.3

6.3

70°N

2.4

2.8

3.3

- 3.8
4
f.5;4-tv 
7”5;8
" 6.0

6.0

- 60°N

2.0

2.4

2.9

3.4

4.0

4.8
5.6
5.9
5.8

- 5.8

50°N

2.0

2.2
2.7
3.2f”
3.6
4.2
-:5,2_U
f5:8, f
5.4
5.2

4.0

40°N

1.5 -

1.8

2.2

2.6

. 3.2

3.8

b4

5.0
5.0

4.4

3.4

2.6

30°N

1.6
1.8

2.1

2.8

3.

3.9

4.4

b

3.8
3.0

1.8

TR

20°N

1.2

1.4

1.8

2.0

2.4

2.8

- 3.8

3.8

3.4 -
S2.6

1.6

1.4

1.2

10°N

0.9

1.0 -

1.2

1.4
1.7
2.0

2.4

2.6

2.7

2.6

2.6
1.2 -

" 1.0

1.0

1.1

0°

0.5

0.6

0.8

1.0

1.2

1.4

1.7

2.0

2.4

2.6
22.3
"1;41;.-

0.8

0.9

- 1.1

10°s

0.5

0.6

0.8

1.0

1.2

2.2

2.
1.

0.

1.4
1.7

2.0

2.4
2 -

4

9

1.0

1,

2

20°S

0.5
0.6

0.8

1.0

1.2

1.5

1.8

. 2'0

2.2

2.3
18
1.3

;1;6_

1.0

30°S

0.8
0.9
1.0
1.2
1.4
1.7

1.9

1.6
1.4

1.2

0.7

1.8

€9

0 a



TABLE A4 -

~

: % : -
RELATIVE MIXING PATIO  OF STRONTIUM-90 AT 30°N

April 1063 ~July 1963 | October 1963 “Tan. 1964 Jan. 1965 Tan. 1966
i V% K 90sR IR . _'  9OSR o 0 o Vs K 90sR
30.3 200 29.0 300 | 32.0 200 ©29.5 100 30.3 300 .| 325 10
28.0 500 28.0 400 . | 28.5 300 | - 26.5 200 |  26.8 .50 . | 29.8 20
24,3 1600 - | 26.5 500 . | 26.5 500 .| - 25.2 30 | 25.2 100 . | 28.2 30
23,2 1500 23.9 1000 | 23.7 - 1000 236 500 | 21.8 200 | 27.0 40
21.8 1700 22,8 1500 | 21.9 1200 22.4 800 |  21.4 300 26.0 50
119.3 1700 ©21.8 1700 21.2 1500 21.6° 900 20,9 350 | 24.6 100
18.5 1500 19.2 1700 | 19.4 1500 ~20.6 1000 19.2 350 22.2 150
17.7 1000 18.6 1500 - | “19.1 1200 £19.2 1000 - | 17.9 300 120.0 150
16.2 500 |  17.8 1000 18.5 1000 18.7 900 16.7. 200 . 18.3 130
14.0 200 16,5 500 7.2 500 18.3 800 16.2 100 | 17.8 100
10.8 100 16.0 200 | 16.2 300 | 17.2. 500 | 15,8 50 | 17.0 50
9.5 50 15,5 100 | 15.8 200 16.2 300 1.0 10 - | 12.0 10
7.3 2 | 14,9 50 - 15.6 100 15.7 . 200
6.0 14 4.1 10 | 15.2 50 13.5 100 _
457 1 b0 10 | 12000 500

In Units of Disintegrations per Minute per 1000 Cubic Feet of Standard Air,

9



27
26
25
24

23

22
21
20
19
18
17
16

.15
14

13

O i} §3 g ) 2 1 7 ;;v:ﬁ i'

L]

TABLF, A.5

AVERAGE CONCENTRATTON OF FXCESS CARBON-14 AT 30°N

1/63
0.619
0.892

1,728
3,692

7.757

11.97

14,65
15.72

14.84
13.10

10.16

7,783

6.257

4,596
3.257

(UNITS OF 103;AT0MS.CM’3)
4/63 7/63 . 10/63
1.389  2.091 2.146
2,080 2,526 2,845
3.118 3.426 - 3.754
4,659 4,713 4.870
6.775 6.458 ' 6.190
9.911 .  8.710 7,753
11.95 9.985 8.924
12.63 . 10.09 9.370
11,47 9.070  '9.125
10.10 8,072 8.023
9,109 7.952 6.732
8.449  7.306  5.197
7.859 6.165 - 4.504
6.001 - 4.777 3.716
4,473 3,732 .. 3.176
,

/64
11.587
2,056
2,807

3,700
4,819
6.113

7.134

7.709 -
7.855
7.765
6.888"

'6.000

5,400
3.860
2,874

- 1/65

1.480

1.704
- 2.070 .

2.403
2.850
3.360

3,891
4.311

4,282

4,031
3,351

2,281

1.965
11.903
1,941



27
26
25
24
23
22
21
20
19
18

17

16
15

14
13

TABLE A.6

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

(MULTIPLES OF 10

~-16

), BASED ON AVERAGE VALUES FROM TABLE AS..

1/63

10;235
12,578
20.739
38. 386
67:021
87}692'
90,944
82.824
66 398
49:848
32,966
21,619
©14.933
9.476
5,837

4

22,
29.

37

48,
58.
72.

74
66
51
38
29

23

18
12

/63

966
329
422
440
536

224
544

.320
432

.555
469
.757

373

608

7/63

34,
35.
41.
49,
55.
63.
62.

573
618

119

002
797
810

019
53.161
40,
30.
25.
20,
14.

-9,

582
715

801

294

7114
849

8.016 . 6.688

10/63

35,483

40.116

45.055

50.634

" 53,482
56.799
55,429
49.368
40.828

30.529

21.843

14.436
10.749

7.662

" 1/64

26.240

28,990

33.685

38,470
41,636
44784
44,311

40.616

©35.145 -
29,547

122,349

162667
12,888
0 7.959
5,151

1/65

24,471
24.027
24,844

24,984
24.624

24,615
24,168

22.713

©19.159

15.339

10.873

©6.336
4690

3,924
3,478

66




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

 (MULTIPLES OF 10 -®) .

‘July 1963

15.5

'16.4

Height  Jan. 1963 April 1963 Oct. 1963 '_Jgn.\1964 | Jan. 1965 Dec. 1970
M.  Local Ave. Local Ave. Local Ave. Local Ave. Local Ave.. Local Ave. . Local
N | | RN - | e

35 5.3

T3 5.8
33 20,6 18.5 16.9 12.1 6.0
2 7.58 9.55 | | | 6.2
30 $24.0 23.8 19.2 21.4
27 12.4 20.2 262 22.1  38.0 26.7 38.2  20.2 0.2 18.0  26.6 6.5
26 9.60  14.5 9.2 8. 41.8 31.4 26.2 6.7
25 10.0  20.6 33.6  35.6 42.6 44,6  45.8 348 214

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‘_ S54.4 55.6 - . 53.2 41,2 27,4 -

o _—   €79;6 f': :  :.57;4ﬁ‘};_  “762;47 s 156;2:x    44.0:,.' -. 27.6- i   f6;3'
21  82.8 '.’_68.8  66.4  60.6 54,8 43.6 27.4 6.3
20 771 75.6 9.4  62.6 46.8 = 53.0 55.1 - 49.6 40.4 398 l24.9 26,0 5.8
19 78,0  6L.2 48.4 43.8  41.6 41,6 3.2 18:3 .”}22.6 » 5.3
18 55.7  46.6 40.2 35;4_ 33.6  32.0 - 30.9 318 3.7 28.6 16.3 18.4
w N 27.8 v26.6‘ 23.2 21.8 13.2
16 10 21.8 20.4 7.62

19



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

~ (MULTIPLES OF 10™16) (Continued)

Height 'Jgn.'1§655“ﬁh  A§£ii”i§63 _' JQ1; i963f:._  6¢:;71§83   Jan. 1964 Jan. 1965 Dec. 1970
KM, Local A\)e'._ Loca‘]..v.f“Ave. ‘Local Ave. Lbé#l Ave, Local  Ave. " Local Avé. . Local
15 '20.8 14,7 ;_ 9.84 17.6  5.23 14.2 8.43 ‘11,5 ‘~7;54_~713;o 485 5.38

Cw o s 120 e 822 sse o as

12 se 0 w3 3;02  T R T S X - R
4 2.8 3;12f” 2093 2.9 o '3.65_i' C 2,93 .

0 o230 L 291 o217 284 2,75

89
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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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