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- ABSTRACT

, vDuring 1974, af least sevén.one-dimensidnal ;odels‘of Vgrticaifeddy
transport‘and photochémisﬁry have been used to prédicf the reduction of
ozone by nitrogen,oxides from §upersonic traﬁépoffs;, Cﬁang (1974) has
shown that- these predictions are.sensitive té thevassume& valués fof the

vertical eddy &iffusion coefficient Kz.' In this article, an effort is

~made to Calibraté the one-dimensional Kz functions against quantitative

daté‘forythe disSipation of excess carbon-14 from the stfatosphére during

.

the period 1963-70. 'The'data for exqeés carbon-14, following the nuclear

‘bomb test series of 1961-62, were published in 1971 and 1972, and these

data were not used to derive the various K, functioné; “TAbles of data are.
presented in"a'f§£m thaﬁvmay be usefﬁl‘to otheré iﬁ calibrating two-
dimensional ‘and ;hree—dimensionalvmbdels of-strétoSpheric motiqn. In
checkihg thé’one-dimensional models, the direct oBSerVations by balloons
at 30°N are.primarily used, Also, these data are interpreted as a'special
hemispherical avgrage‘(avetaging’along lines parallel to a standard, |
slaping tropbpéusé). The'éarbdn414 data and'étroﬁtium%éo data differ in
m#ny'important respects, and it is judged th#t the carbon-14.data.give'

the better egt;materf air mgﬁion in the s;ratosphe:ef - The seven Kz
models give pfedictions thét strongly differ from one modei td another,
Thé models that giVe é:fairly reaiistic prediction of carbon-14 distri?‘
butioh and‘pgrgistence hrekthqse with minimum Kz‘betwéen 15 and 20 kan

and with ipgreasing Kz from 20 to 50 km. Models with these_featﬁfes, a#
recalculated by Chang (1974),'agree-with each oﬁher.as to ozone reduction
by artifiéial nitrogen oxides.from SSTs. bThese models aré used to predict
the ozone réduction by SSTs accordiﬁg to Grobéckerisf(1974) upper-bound
projection out to’the year 2025. Very iérgg reductidns.of_globai ozone are

indicated - more than a factor of two.
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INTRODUCTION

The catalytic reduction_of_stratospheric-qzone Sy nitrogen onides
from supersonic transport (SST) exhausts waé 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

quantity of Nox expected to be_emitted by future SST fleets was uncertain,

and the photochenicalfatmospheric model was:primitive, though efficient.

_ By the_end of 1974,.these uncertainties have been greatly reduced...Dnring

1974, a substantial number of measurements of NOx in the stratosphere have

been reported .and ere summarized by Herd (1974) . Grobecker (1974) has

- published a projection for the years 1990—2025 of future SST traffic in

the'stratosphere, and he gave an estimate of'the amount of nitrogen oxides.
that would be emitted in the stretosphere at various altitude bands 1f
future SSTs_enit NOx at the same rate as present omnes. Model ealculations
of the natural stratosphere and the stratosphere as perturbed by SSTs have
been made by at least seven different one-dimensional modelers including
verticai ed&y transport and extensive 6, N,iﬂ chemistry (Crutzen, 1974,
Chang, 1974; Stewart,.1973; McElroy 25_21; 1974; Whitten,and Turco, 1974;
Shimazaki and Ogawa, 1974; Hunten, 1974).” Similar calcnlations_have been.

made including two-dimensional motions by at least three‘grouper

_(Hesstvedt, 1974; Vupputuri, 1974; and Widhopf, 1974). One group has

successfully carried out calculations of the SST perturbation problem
with a model of three-dimensional atmospheric motions (Cunnold'et al,
1974). Model calculationa of ozone reduction by injection of NO

at 20 km are given by Figure 1, panel A.



To a considerable extent, these twelve calculations of_the SST -
pefturbatipn (1971—1974) ére in agreement; ten out of twelve agree better
than é faétor of three; but two of them fall far outside this range.
dﬁang (1974) undertook a systematic investigation of the reasons for the
diéérepancies bétween the one~dimensional modelé. ‘He found that Stewart
(model 5) had carried out.integrations of the SST perturbation for |
only 18 months, whéreas af:least 10 years are needed to attéin a stggdy
state; this coxreétion brought model'S into line with ten others. Chang
7 (1974) used his chemicél m§dé1, his set of boundary coﬁditions,‘§nd his
computerxprograﬁ'tobrecalcuiate the predictéd-SST-effect.for the
sevén modelé involvi#g éne-dimen;ional motions, Figure 1, panel B. The
‘ seven veftical eddy diffusion funétiéns, Kz’ afé giveﬁ_in Figufe 2‘andsin
Appendix_TableﬁAl. The maximum rate of insertion of nitrogen qxides in
Figure 1B corresﬁonds to'Groﬁecker's_(1974) Qpper‘bougd_projection for

the year 2025,

The cﬁrves.in Figure 1B differ only with respect to vertical eddy
diffusion func;iqn, Kz. At low values of NO# injection:raté;'there is a
spread of a factor of 6 between model 7 and model 12; and at high rates

of NO* injegtion this spread'is é factor of 3. The purpose of this paper
.is to see if a# independent evaluation can be made to assgess fhé accuracy
of thé seven Kz.fgnétions, and to narrow the spread‘bf predictionsvin _

Figure 1B,

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

62, there was extensive sampling of the stratosphere for ;adioaétive



trasers, insiuding those loaged on soiid psrticles such as Stfbntiuh-90
and thsse as gases such as excess cafbon-14.s Thefé afe‘détailed, zonal-
average, costour‘ﬁaps of obsefveddéxcess*ssrbonfiﬁ 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 fécently published in the form of

Health and szety:Labofatory (HASi) Repdrts of the U.S. Atomic;Energy
Csmmission.,(We obtained HASL reports as microfilm copies:is‘the‘Documents

Library of the Uhiversity of Cslifornia,”ﬁérksleyj. It aﬁpeéfs that none
of ;hé modélle:S‘of the SST perturBation made'detailéd, qﬁantitati&e use

of ‘these extensive data. After the end of the test series in December

1962,‘theré was a cloud‘oflcafbon-l4 covering the northern hemisphere with

| peak'concéntration at about 19 or 20 kilometers and with a fairly narrow

vertical spréad. This case is an appropfiate‘shaldgy for the SST problem.

Is this article, we &evelopvthe.data:in a form that.may bs useful

for tsstingvtws 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 primsry source for festiﬁg the one-dimensional models. However,
we carry out an averaging pfocess over the norfhern hémisphere;.to
suppleﬁent the direct obssrvstiohs at 30°N and, pérﬁaps, to iﬁtefpret what
a:one-dimensiosslimodsl dOss; We'then také an obséfﬁed“distribution of
excess carbon-14 as the initial conditioﬁi.sna we solve>the:tims—

&ependént, oﬁe-dimeﬁsioﬁal,bvertical eddy diffusios equaéishs.for sub-

'sequent distributions of excess éarbon—14, using each of nine Kz

functions (the seven used for the SST problem and two'mdre). Numerous



initial and final states were treated. The merit of a given Kz function
is judged with respect to how well it predicts the magnitude and shape

ofithe carbon-la'profile as'a function of time.

PRIMARY DATA

_An example of 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). The units are 105 atoms of excess carbon-14 per gram
vof air and are proportional to mixing ratio or mole fraction. By multi-
Aolying by 4.82x10-18, one can convert these units to mixing ratio by
volume., The data are from balloons, U-2 aircraft, and ordinary aircraft.
Balloons were launched at 30°N for the period 1963—70 (after 1970 -

balloons were launched at latitudes of 65°N 30°N, 9°N, and 34 S), and the
observed excess carbon-14 is gives 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-l&_was measured at numerous

:ground-level'stations.

It is‘important to emphasize that the numerical data points written

S in on Figure 3 are all the carbon-14 data observed for this time oeriod

(except for'ground-based measurements)l The only observations above 22

km are the:balloon soundings at 30°N. It might appear that the contour

~ lines abovev22 km are largely the product of.imagination on the part of
the authors of the report, but suchlan appearance is not quite correct.i
More extensive data were obtained by balloon for other radioactive species,
-and these data were some guide to where bomb debris did and did not go,

Data were obtained every 3 months~before and after this period, and ~



continuity>betﬁeen one period and another was of some guidance in drawing

the eontour linest Also the total stratospheric burden of carbon-14 was

known.: The bombs of high total yield (above 10 MT) had a_Smaller fraction

‘of ‘fission yield relative to tote}‘yield'than_emaller_bombs. One bomb with abeut
60 MT tdtal ydeld was fired at 75°ﬁ in dctober 1961, and it may constitute

a hidden reservoit of‘carbon-14veteve\35 ot 40Ikm. ‘The subsequent analysis

of date depends'primafily on the direct oﬁserVations at 30°N, and these

' data are supplementediby a hemisphericel average that is significant enly

below 22 km. |

The balloon measurements of 14,

C at 30 N (actually 31 °N) for the period
vJanuary 1963 to January 1966 (Telegadas, 1971) and for November 1970
(Telegadas_gg;gl, 1972) are listed.in the Appendix, Table A2. "From a
series of contour maps similar to Fignre 3, the mixing ratios were con-
verted to concentration of exeess:carbon-14 by use of air density data
from the Table of Stendard Atmospheree.' Vertical prefiiee were drawn at
each 10 degrees of latitude, and these profiles were read at each kilo-
meter elevation to give the values in the Appendix,.Table A3. 'ThiS'analysis

‘was carried out for January 1963, April 1963, July 1963, October 1963,

| January 1964, and January'1965; These ‘data were replotted as zonal-
aﬁefege contour maps of excess carbon-14 concentration, five of which are

given in Figurer4.‘

An example of the observed distribution of strontium—90 for April
1963 is shown in Figure 5 (Telegadas, 1967) The units are disintegra—
tions per minute per thousand cubic feet of standard air and are

’proportional_to mixing ratio. The'elevatipns forhvarious values of

iy



 strontium-90 mixing ratios at 30°N are given in the Appendix, Table A4.
From these data, profiies of strontium-90 mixing ratios are readily

-obtained.

COMPARISON OF CARBON-14 AND STRONTIUM-90 , S

AS TRACERS FOR STRATOSPHERIC AIR MOTIONS

Johﬁsfbﬁ, Whitten, and Birks (1973) showgdithat the bulk "residence
‘time" of-cafboﬁ-14 in the stratosphere (1963-65) wasvtwice as long as that 
for strontium-90. There must be factors that cause strontium—90.to have
‘Aavspuriously short rééidencé time, br that Caﬁse’éarbon-ld to hévé (or
appear to have) a spuriouslf léng residence time, or bbth.

Carbbﬁ-i4‘is formed by_é nuclear reaction Between a neutrOn.and
.mdiecular_nitrogeh. Tﬁe initigl produét is prqbaBly 1l‘CO, ﬁot 14C02.
The‘nﬁclear bombs of the 1961-62 test series were fired on the surface
."'or in the troposphere, and thé fireball was‘liftéd into the stratosphefe '
by»ﬁhermal‘buqyanéy. Before rising, the firgba11'¢o§1ed to about 6000°Kv.
by emiséion'of fadiatidn’and by éxpansion. The fising fireball'was_

. further codled largély'bydentfainment of cold air. - The gases trapsported
into the.stratosphgre were subjected to a wide range of temperatdres»

ffom 6000°Kvto ambient. Carbon monoxide 15 burned t§ carbon.dibxide-b§ . .
‘hot air. Measurements by Hagemann et al (1965) showed that much less |

than 1 percent of the carbon-l4 was in the form of carbon monoxide and at
least.99 percent was carbon-14 dioxide.

 Strontium?90 was lodged on solid particies. One immediately spspectsb.
that the diffgrence in stratospheric residence times between carbon-14

~ and strontium-90 is that'particulate.strontium-QO_underwenc gravitational



settling. However, Telegadas and List (1969) calculated’ ‘the settling
velocity of strontium—90 on the basis of estimates’ and some measuréments
of the size of the solid particles containing the radioactive tracer; they
concluded_that the;settling‘velocity would he slow below 30 km. Theitr
calculations‘did not consider the possibility that'the_radioactivef
particles would ionize the surroundingbair:and act as condensation'nuclei
for aqueous sulfuric acid in the‘stratosphere; Such enlarged particles
would settle faster than the "dry" particles considered by Telegadas and

- List,

lhe carbon-14 and strbntiumr96;clouds at 30°Nlare'direct1y compared -

with each other in Figure 6, using the data in Tables A2 and A4, and A6,
For strontium-90 the maximum mixing ratio in April 1963 was 1700 ‘units
of Table A4. All strontium—90 mixing ratios for April 1963 and later
‘times were divided by 1700 to'normalize all observations to the maximum
asvof April 1963. For carbon-1l4 the.maximum miXing ratio in April 1963
was 74.27units of Table A.6, and all‘carbon-léfmixing ratios were normalized
by this value. The curves in Figure 6 are'the.normalized strontiumeQO
mixing ratios forYApril 1963;‘January 1964, January 1965, aneranuary
1966, ' The circles in Figure:6 are normalized, average carbonflh miiing
ratios (Table.A6);ano'the triangles'are normalized, directlyiohserved
‘carhon—lé mixing ratios (TahlewAZ) for:the same times-as the'strontium-90

curves.

In April 1963 the. relative carbon-14 and strontium-90 profiles are
very nearly the same above 14 km (StrontiumsQO is washed out by rain in
the troposphere, carbon-14 is'not, and the differences between C-14 and

'sr-90 in the troposphere is due to this feature). The agreement in’



relative mixing ratios is good both above and below the point.of maximum
‘nixing ratios - for the April 1963 data. However, above 30 km strontinn-90v
his\less than carbon-14. 1In January 1964 the carbon-14 and strontium-90

- clouds agree fairlvaell below the maximum (15 to 20 km), bot theirelative
mixing ratio of strontium-90 is‘substantially less than that of carbon—la'
in the range 23 to 30 km. By January 1965, the strontium—90 is less than
the carbon-14 over the range 18 to 30 km, and they are together 15 to 18
_:km. ABy January 1966, the relative mixing ratio-of strontium-90 is at least

'.a'factor of two less than that of carbon-14 at all elevationms.

TheISeparation of the strontium-90 and carbon-14 clouds in Figure.6

‘ appears to be due to gravitational settling. However,»Chang (1975) offers
~an alternate explanation. Most of the tests of the 1961-62 series were
at the polar USSR_station, Table 1. fThe bomb debris deposited in the
polar stratosphere would.require tine to_appear at 30°N. The largest test
twas'a'60 MT bomb, Qctober 1961, which had an unusually small fission yield
(strontium-90) but normal carbon-14 yield.v This large bomb probably rose
high in the stratosphere.> As this‘debris_was transported downwards, its
high C/'OSrvratio_would cause an apparent separation ot the carbon-14
and strontium-90 clonds.,,This explanation concerns a region of the
r_stratosphere where no observations were made. We believe that the

‘difference between the C-14 and Sr-90 profiles in Figure 6 is too great to

be explained quantitatively by this mechanism.

. If. the separationgof'clouds in Figure 6 is due to particulate settling
by the strontium~90, then the carbon—14 data would be superior to.the
strontium-90 data (and probably to other solid, particulate, radioactive

~tracers) for the purpose of calibrating models of stratospheric motion.
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APPROXIMATE TIMES AND YIELDS (MT) OF NUCLFAR BOMB TESTS IN 1961-62;

TABLE 1

MONTHS FROM BOMB.EXPLOSiON TO‘VARIOUS LATER TIMES.

© Time. Location* . .MT.
mo/yr ~
,_9/61 _ P 9.2
10/61 P éo.s
5/62._ T'. _ o 2
662 T | 10
/62 r
| _6/62 I = ‘,,_54
19]62 P | Y
10/62 % S 7
- 12/62 P - 23
o ‘Total: 304

Weighted averége agé of

| debris (mo.)

1/63
16

15

1/64

28

27

20

19

s
17
16
15

13

" 20

.'monthS'from test until:

1/65

40
39
32
31
30
29
28
27 .

25

32

* , ' : . ,
P, polar, USSR; T, tropical, US or UK. (Seitz et al, 1968)
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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 was_only one balloon profile of carbon-14 at higher elevation until
.1970’ coﬁégée Figufe 3. Thererwere more extensive balibon saﬁples of .
"strontiumr§0 than carbon-14, especially in thé polar region (Teiegadas,
1967). Seitz et al (1968).tabuiated'each.e#plﬁsibn of‘the 1961e62'sefiés
(their_tablesl2f4) with teépgdt toidate,'yield, aﬁd vertical diétribution.
Seitz_ég;él pointed out that the.observed,distributiéns afterrthevpolar
tests were qﬁité different from those calcul#ted on the_Basié of previous o
:experience (1954-58) £or’tropica1'tésts. If we assume a uniform distri4v
bution of nuclear boﬁb materials 6ver'their quoted vertical spread, then
only.35 MT out of 304 MT of the large bombs was &eposited abb&e‘izlkm,
thatlis, about 88 perégnt of the nuclear cloud was deposited in thé region
thaﬁ wasldenseii‘seafcﬁed by airéraft, According to tﬁe tables by |
Séitz et al, the éortion of nucléar'debris above 33 km (thg ﬁppé; 1imif"
of the balloon measurements) was 4 MT out of 304 MT. If Seitz és;il'are
correct, the amount of exceés carbon-14 compiéfely outside-the.fange of
.Qbservations was not large; but Fhe two diménsionél distfibution of
material between 22 gnd 35'kﬁ, is.not éccurately known. *

There isvavIafge error of measurement aésociatéd with any one contour =

'-map“ofjcarﬁonf14, ahd no conclusions should bé bééed on minor features.

There was a slow transport of carbon-14 from the northern hemisphere to



00004207742

11

the‘southern hemisphere, as seen in Tablé 2. This movement of

carbon-ié from the ?orthern hemisphere #o the southern hemisphere can be
treated by a two orja three dimehsiénai modél of atmospheric motions. To
a one-dimensional model; howevgr;wthis,loss to the éoutﬁern hemisphere may

appear as a faster than real loss to vertical tranmsport.

Itvwas suggested by Seitz'ggﬁgl (1968) ﬁhat.nuclear bomb debrié be -
.averaged ovér.the northern hemisphere; nét ét equal heights éBoVe tﬁe
' groundvbuf at_eqﬁallheighté ébdve a slqpingvtropopause; >The'slo§ing lines
“of éons;ant nixing fatio of'carbon—l4 are e;ident in Figﬁre'B, and these
lines more or less parallel the tropopause.' of coufse,-there is a-time—
and-piacé vérying gap in thé tropopause. On a year-long basils it_ié '
possible toidéfine aﬁd use thé.concept of a "standard tropop#use",_which

we take to be:

'90°N, 8 km  40°N, 13 km
80°N, 9 km ' 30°N, 14 km
70°N, 10 km " 20°N, 15 kn
60°N, 11 km '10°N, 16 km
50°N, 12 km 0°, 16 km

The observed concentrations in Table A3 of the Appendix were averagedvby
thevCOSine functioh to give équal weight fd_equal area over the three-
dimensional globe along lines at equal heighté above this "standard
tropopause". This average over the northern hemisphere was assigned to

30°N latitude, the latitude Qf'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 allarge number of mapé,
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TABLE 2

-'DISTRIBUTION OF CARBON-14 BETWEEN THE NORTHERN HEMISPHERE AND THE

SOUTHERN HFMISPHERE FROM JANUARY 1963 TO DECEMBER 1970.

Date Carbon=14 inventory in stratosphere in units of 1026 atoms

CN.H. . S.H. : % N.H. Ref.
1/63 310 o (46) - &7 - a
763 w3 (8  om
164 203 ) 80
7764 128 o (55) - 70
1/65 113 6D 66
65 o2 | NG 61
1/66 88 8 61
7766 13 (55) o

7/69 - 45 (1) | 52

‘a. Telegadas, 1971
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such as figure 3, during the-test moratoriun of'1959—1§bl,'and duriné the
period 1963-67 (Telegadas, l97l)."Within'the sonewhatﬁcoarseigrideoi the
observations and within a fairly substantial'noiseifactof'in'the‘data, the
simple linear function_(givennabove) for the average slope‘ofllinés of -
constant mixing\ratio seemed_as'good as.any-other. It would be desirable
to derive an appropriate‘slope fron independent meteorological considera-
tions, but such a study is beyond the scope of this article. Most
.conclusions of this article are based on actual observations by balloons

at 30 N, not the hemisphere averages deduced in this way.

_The-average_profiles ascribed to 30°N are listedvin Tabl?AAs_Qf_the
_‘appendix,‘and they are plottedpin Eigureu7, for the periods of January
‘.1963 April 1963 July 1963 October 1963 January 1964 and January 1965
‘There are insufficient data to support this detailed analysis after 1965.
‘Thesevaverage—concentrations are_converted tovaverage—mixing—ratios»at

30°N by dividing by total air concentration; ,These mixing ratios_arevlisted

in Table A6 of the appendix.

The hemisphere-average mixing-ratio profiles (Table A6)Aare'plotted
as circles in Figure 8 and the 30°N local profiles (Table A2)=are plotted
as trianéles on the same figure. vGomparisonsibetween these .two profiles
are interesting only below 22 km, where aircraft carried out measurements
at different latitudes (above 22 km;»allxdata‘are based on‘balloons
operated at onlyone latitude withﬁinterpolation,tO‘aircraft méasurements
at lower elevations). It can be seen that these two profiles are similar.

The similarity of the two sets of profiles in“FigureHS‘is a matter

of interest in itself: the carbon-14 conceéntrations averaged to 30°N
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‘along lines equi-distant above the standard, sloping tropopause are very _
nearly the same as the actual concentrations at 30°N. A one-dimensionsl,
.Euertical, eddy-diffusion model located at 30°N is, in this sense, an

'"approximete model for the northern hemisphere.i

* CALIBRATION OF'ONEADIMENSiONAL'MODELS

AGAINST OBSERVED CARBON-14 DATA.

The profiles of excess carbon-14 for January 1963 were‘extended to
‘the surface of the earth on.the basis of observed'carbon-lé in the '
troposphere, and it was extended from the observed point of highest
elevation to 50 km by a decreasing exponential function. This extended
mixing ratio profiie was used as the initial condition for calculations»
using the various‘Kz functions. 'The vertical grid was every kilbmeter
from 0 to 50. The lowervboundary condition was that observed at l‘kilo-.
meter, which remained_constant for seyeral years near>3x10—16 mixing”d
' ratio. The upper boundary condition was that the concentration 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 guarantees conservation of.
mass even with.the non-continuous Kz functions of Figure 2. The problem_d
was thus one of 50 simultaneous linearAequations witb constant coefficients.
The problem was solved by the Gear method (Hindmarsh;t1§72) on the‘
' Lewrence Berkeley Laboratories CDC 7600 computer.v With the boundnry
conditions specified with the initial profile specified, and with use of
a given K function, it was a simple matter to compute the predicted
carbon-14 distribution at any future time. Typically the future profiles

were calculated eVery 3 months for two years and then every year to a
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“total of 10_years; vThese calculdted profiles, for each Kz function, are
'then‘dompared with the observed 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.

Tﬁese éalcﬁiatibns were ma&e fdr“tﬁe'seveﬁ.K; fuﬁction§ sﬂown in
Figure 2 and'férrBrasseur'é.(1972) "Krma#“ and fK—min"; all of which are-
listed in Tablé Al 6f thé.appéh&ix. _We hayé made ailarge ﬁumbe: of plots
'of“calddlé;éd>profilés and:obsérveérprdfileé for the nine Kz fﬁnétions.
.Féﬁr sets of.fﬁeée ploté are given.by Flgéfésv9, 10, 11 and 12. Eééh of

thesé plots is of speciai intefeéﬁ fof"oﬁe reason ér another, And eacﬁ is
: discuSsé& Béloﬁ. | |

 JIp:Fig§ré 9,.the initigl\érofile ié ﬁﬁat éf'January 1963 and the
tpredictéd‘pgofilgs are January 1964. This periodtis of interest in‘that
it_représeﬁts'thé casé §f ma%iﬁum gradienfs, and‘the sharpest ipitial |
distgibution.v Ihere waé a substa#tial.éhange-1n.oné jear in the northern.
hemisphere ffofile, and there Qas relativély 1it;lekloss to the southern
ﬁemisphere. The differenth; modelsvgive strongiy differeﬁt predictions,
onévrelétivé tb anotﬁef. The predicfidns of the ﬁodeié will be discuésed
'beiow; ‘ | | - |

" In F;égre 10, the initi#l ﬁrofiie isvtﬁat'of'January:l964 and the
obsérved points are‘ffoﬁ the bailooﬁ_measu?;ﬁeﬁts’diréc;;yvébserved at
30°N‘in:Jgnuéf§ 1966. Agaip, ;hefe'are'sttOng diffgrences in prediétion
-by tﬁe 9 ﬁédéls;:énd the éense_of the'differéhces‘is the same in Figure

10 as in Figure 9.

In Figure_ll, the initial profile is that observed locally by

balloon in January 1965 and the observed data are those obtained directly
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a.by balloon in December 1970. On January 1965, 66.percent.of the strato-
;;épheric carbon-14 was in the‘northerm hemisphere and 34 percent was in
'the southern hemisphere, but in December 1970'it was eesentially equal in
the two hemispheresr(Tabie 2). This transport_to the southern.hemisphere
was allowed for, as follows: the magnitude of.the_imitial condition was
taken to‘be_the average between the northern and southern hemispheres,
‘rather than the actual value in the northern hemisphere. From considera-
.. tion of Table 2 the actuai concentrations of January 1965iwere reduced by
mthe factor 0.75. The observed carbon-14 in November 1970 is spread
'between_ZO and 3Svkm, with a maximum mixing ratio at.abootAZS km,_ There
were French and Chineseratmospheric tests of nuclear bombs between 1967
end“1970t According to:Telegedas‘EE;gl,(1972), tme 1967-70 tests iméerted
radioactive debris between,lé amd418_km inrthe northern;hemisphere:and ‘
between 15 and 19 km in the southern hemisphere .and they stated that the |
.,carbon-14 above 20 km in December 1970 was. primarily contributed by. the

bomb-test series that ended in December 1962.

" The predictions»of the nine Kz functions are compared with each other
.amd with observed carbon-14_distributions in Figures,9, 1Q;‘and 11.
Similar comparisons were made with other observed.cerbon-IA distributions
taken as the initial values and with all later observed carbon-14 distri—
butions taken as comparison for predicted versus observed.profiles. The
pattern shown by Figures 9-11 is confirmed by all of these comparisons,
A..but Figure 12 gives the example that departs the most from the general
pattern.{ This figure givee the poorestqagreement,between observed - ¢

profiles and those calculated by Hunten's model.
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DISCUSSION

' The.excess_qérbon—l4 cloud, épread overvthe northern hemispheré by
thé atmospheric nuclear bomb test éeries of 1961—62,‘appears to.proviﬂe a
useful calibration for theories of_sératospheric ﬁotions. }The oﬁservations
of'carbon;14.prp§ide direct data %or 1arge-sca1e stratoépheric sweep-out

times in the region 15 to 25 kilometers.

Tﬁe‘vértical eddy-diffusion functions, Kz,‘werg,derived by thg:various;
authors from considerations of: (1) heat flux data; (2) vertical profiles
of.ozone; 3) verfical profiles,qfﬁmethage;_(é) radioactive fall-out from
puélear bomb teéts, primafily involving particulate trécers suchvgs
stroﬁtiqm—90,:tungstén-lSS,vetc. (5)_o£her conéidergtions. . It appears.

. that no.bne made detailed use of ‘the garbon—l& data. Thus thié stﬁdyvis'

an indepéhdéﬁt test of the models.

The ﬁiné models using vertical eddy diffusion constants Kz aé a
'funcéion of height give markedly different predictions, one relative to
another, concerning the dissipation of the ca;bon-l& cloud during the
- period 1963~70. The relative and absolute predictions made by the nine

Kz models éreVVery nearly the same for the four time intervals of Figures

9-12,
Figure ' ' "~ Time intervai |
9 Jan. 1963 - Jan. 1964
0 ‘Jan. 1964 - Jan. 1966
o Jan. 1965 - Nov. 1970
12 | April 1963 - Jan. 1965

- The model associated with an investigator is oftéﬁ(not the only model

considered by the investigator. For éXample, Crutzen has used Séveral_
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other Kz models; and he has used a différént, préferred model in fecénc’
calculatioﬁs. The model associated with Whitten is an early one that he
considergd and rejected; it is retainéd here as an extreme example not as
\a test of Whitten's recent work. Fof the present purpose, it is necessaty.
.td adhere to these models, even if they do not represent the investigators
1gtest, best judgment, because these models were used in Chapg's (1974)
comparative study (Figure 1B) of the effect of model on.SST perturbation,

- and it is desirable fo cdmpare predictiops of éarbon-14.with those forfthe_
SSTs. C;utzen’é model uéed'hefe_is valuable in showing the effect. of Kz
conétant with heighf in tﬁe stratosphere. Whitten's model is of intérest
‘in showing what a large différencé in straﬁOSpheric sﬁeép-out t1me is‘v
caused by.differences in K, function, Figure 2. Brasséur's “Krminﬁ_shéws
the effect of a'vgry low Kz value high in the stratosphere. chElroy's

or Hunten's model shows the effect of a région of loﬁ K, low in the
stratosphgre. VChang's model shows the effect of a region of low Kz in the

mid stratosphere.

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 disc:epaﬁcy‘is s0 large that

line 7 should be dropped from Figure 1B in any realistic discussion of

SSTs.

Chang's.model has minimum K, at 30 km and Brasseuris "K~min" has
minimum Kz at 37 km. These models sweep out thg region 17 to 21 km at much
too fast ﬁ rate, but these models build up relatively large pixing ratios
near 35 km over a long pgriod of time. Chang's peak mixing ratio at 35 km

~in Figure 11 agrees with the. observed carbon-14, but Brasseur's “K-min"
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retains too much carbon-14 at 35 km. If there was a large hidden source
of carbén-14 above 35 km in 1963, theﬁ Chang's model would greatly over-

predict the amount of carbon-1l4 at 35 km in November 1970 (Figure 11).

Except'forﬁthe discontinuity at 10‘km iﬁ the-tropospheré, Crutzen's
Kz function 1s constant with ‘height. It sweeps out the.region around
20 km much faster than was ‘observed, and it gives a‘long=term profile
(Figure-ll) of a sPapé rathér‘different from'that-observed. A'éhange of
the absalutevvalue of K can give apprbximatély correct sweep-out times

near 20 km, bﬁt'thé shape of the profile is not: improved.'

Fouf functiﬁns (5,_Stewart; 6, McElroy; 8, Shimazaki, and 12;'H§nten)
aré qualitatively similar: largeVKzriﬁ:the troposphere, minimum szin the
ioﬁer stratosphére, and increasing Ké,with height  from lower to upper
stratospﬁere. They differ-largeiy as ta heighf of trobbpause;=height of
. minimum Kz,'gpd magnitude of Kz at the minimum. The relatively small
differences invthése Kz functions (Figure 2) lead to substantial
differences in pfedicted history of Cafbon-l4 in the stratosphere. The
| height of Shiﬁazaki's region of small K. 1is too low (note the low elevation
of peakrgérbonfld in Figures 9 and 10), and the average vélﬁe of his Kz

appears to be too large (note the almost totally swept qut strdtosphere

by 1970). Stewaff's model gives a fairly gbod‘répresentation of the shape
Of.the carbon-14 pfofile and very nearly the correct height pf»maxiﬁuﬁ
carbon-14 in the various comparisons; but the magnitude of his»Kz function
between.15 and 25 km appears to bg.toovlarge, because it always predicts
_too little cafboﬁ-14 in the stra;ospheré. McElroy's function gives many
p:edictions in approximate agreement with observations (his function is

best for the interval January 1964 to January 1965); but the tropopause
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is gbout 2 kilometers too high; and this Kz function appears to be too
large on the average since it has swept too much carbon-14 out of the

stra;qspheté over the long period of time (Figure 11).

,?ﬁdﬁten's model of K gi§és a reasonably correct prediction of the
shape; elevation of the maxiﬁum, and magnitﬁde of the carBon;lélcloud for
all tested initial and final profiles. Figure 12 gives the_worét bre— o
dictions found.using Hunten'é model. Thié model appears to be éuperior
to 6ther'models‘tested here. However, even this médel somewhat under-

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

We have explored the effects of introducing small changesvin-some of
the models. The long-term predictions.of.the carbon-14 distribution are
very sensitive to small perturbations of assuﬁedez. The predictions are
Stroﬁgly &ependent on both thé.sﬁape'gnd the magnitude of ;hg_KZIfunctioﬁ.
The 1ong—term, carbon-lé, peak-concentration near 20 km (Figufé 10,vf§r
éxample) appears to require the qualitafive features of McElroy's-dr
Hunten's model,‘that is, low ﬁalues betwéen 15 and 20 km and rapidly

increasing values above 25 km.

" In view of the considerable success of-ﬁunten's model'in déséribing
the carbon-14 data, it is of interest to examine the fuil predictions of:
rhisvmodei for the eight year period, taking the initial distribution as
vof January 1963. In terms of mixing ratios from 0 to 50 kﬁ, these |
predictions are given for'ianuary 1964, January 1965, January‘1966, and
Nﬁvgmber 1970, Figure 13. Thé lower boundary value was taken to be

16

2.8x10 ~ at all times. The upper boundary value is that the concentration

at 51 km is half that at 50 km. For each calculated profile, the initial

\
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'-distribqtion of January 1963 was reduced‘to correct for subsequent trans-
port of carbon-14 to the southern heﬁispherg. For eXample, thg initial

. distribution of Janﬁary 1963 was reduced by the factor -.66/.87 for the
calculated curve f;r January'1965 (note the column in Table 2, %:N;H.).V
Thevtriangles are direct'obgervations-ét'30°N and thé'circlés are tﬂé
specially defined northefn hemisphere average. This Kz function is fairly
successful iq-predicting'the history of the carbon-14 over the eight-
year periqd; The terminal prediétionAfor November 1970 is very similar
for Januér§‘1963 aé-initialAstate.(Figure 12) as for January 1965 as.
iﬁitial condition (Figure 11). This agreement of terminal prediction,
regardless of initial time, is regarded as evidénce égaiﬁst a large
pocket of carbon-14 above the polar region causing the separation of

carbon—14 and strontium—90 in Figure 6. » : I

Theré is a strong correlation between the correctness of pfedicting
the carbon-14 profile in Figures 9 aﬁd 101($ut'ﬁot so much so for the
lohg%term case of Figure 11) and the’magnitudevof-tﬁé.reducfion of ozone
by the SSf pertﬁrbation, Figure 1B. In Flgures 9 and 10, the best
predictions of carbon-14 are made By Hunten, Stewart, and McElroy; and
in Figure 1B ﬁhesevpredict the three largest reductions of ozone by SSTs.
Crutzen, Chang, and Shimazaki give comparable predictiéqs of carbon-14
in Figures 9 and 10, and they give aboﬁt the same ﬁaénitude of .ozone
depletion, which is about a factor of two less than the Hunten-McElroy-
Stewart group. However, the predicted ozone reduction by SSTs ié less

sensitive to the Kz function than is the sweep-out of the cloud of carbon-14.
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"~ Finally, it is of interest to consider the reduction of ozone as a'

function of added No_, using Hunten's K function, Chang's calculation

o

ﬂ§ith Hunten's Kz function (Figure 1B), and Grobeckerfs (1974).projeote
injection of NOx,(This projection applies if there is no reduction of
the NOx enission index from supersonic transports). Grobecker's
projeeteo upper bound NO_x injections at both 17 km (15 to 18) and at ‘“
26 km (18 to 21) are given in Table 3. Grobecker's:(1974),upper'bound
NO- and Chang's (1974) one-dimensional photochemical model.with Hunten'si
(1974) K function give very large reductions of global ozone, sub- -

stantially greater than a factor of two after the year 2010 (Table 3)
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TABLE 3

GLOBAL PROJECTIONS OF NO _INSERTION (UNITS OF 1012 ¢ No. yr™l) AT

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

'BY CHANG (1974) USING HUNTEN'S ‘K= FUNCTION (1974)

Yéar -NOA insertion Per cent dzone_dqpletion from NOA'insertgd at:

17 km 20 km 17 km 20 km ,1l . Total

1990 . .45 .22 a0 s o 5.5
1996 .60 1.3 40 . 1 | »h Y,
2000 .70 3.0 - bs 23 27
2006 1.0 6.5 6.2 T 33
2000 1.1 - 9.0 67 43 | 49
2015 1.2 12 7.2 o ow . s4
2020 1.5 26 | _ 8.7 '_ N 52 ) . 61
2025 1.6 27 o2 e 69
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TABLE Al

VERTICAL EDDY DIFFUSION- FUNCTION K‘

(IN UNITS OF 10 cmz sec__l)

Kiloneters )

1 2 3 4 5 6 7 8 9
n 12 13 14 15 16 17 18 19
21 22 23 24 25 26 27 28 29
31 32 33 34 s 36 37 38 39
41 42 43 'y 45 46 47 48 49

Hunten .

100. 100. 100. 100. 100. 100. 100. 100, 100.
30. 30. 30. 2.3 2.3 2.7 3.0 3.3 3.7
4.5 5.2 5.6 6.4 7.2 8.0 9.0 10, -11.
13. 15. 16. 18. 20. 22, 24, 28. 30.
38, 41, 4. s2. 59. 63. 72. BO. 90.

Chang ]

300. 300. 300. 300. 300. 300. 300. 300. 300.
23, .18, 15. 12, 1. 9.7 8.6 1.4 . 6.6
5.3 5.0 . 4.5 4.2 4.0 3.9 3.7- 3.7 3.7
3.8 3.9 4.0 4.2 4.5 5.0 5.4 6.1 7.0,
9.2 1. 13. 15. 18, 22, .- 2. 33. 42,

Stewart. )

300. 300. 300. 300. 270. 220. 150. 90. 42.
13. 8.2 6.0 5.1 5.0 5.1 5.2 S.4 5.6
6.2 6.6 7.0 7.3 7.8 8.2 8.9 9.1 9.9
12, 13, ‘14, 15. 16. 18, 20. 22, 26.
33. 40. 45. 56. 66. 78. 93. 120. 140.

Whitten

100. 100. 100. - 100. - 100, *100. 100. 100. 100.
42, 40. 38, 35. 34. 32, 1. 28, 27.
25.° 23, 22, 21, 20. 19. 18, 17. 16.
15, 14, 14, 14. 14, - 14, 15. 16. -17.

- 20, 22, 25, 3.0 35, 42, 56. ‘75, 100.

s, ] " 'Shimazaky

100. 100. 100. 100, 100. 100.  100. 100. 100.
7.0 7.5 8.1 8.9 9.2 10. 11. 12. 13.
14, 15, 16. 17. 18. 20. 23, . 24, 25.
29, 31, 3. 3s. 39. 42, 4k, 48, S1.
6.0 63. 69. 73, 80. 85. 9, 99, 110.

. McElroy '

300. 300. ©  300. 300. 300. 300. 300, 300, 300. -

300. . 300, 300. 300. 300. " 2.0 2,0° 2.0 4.0
9.0 12, 15. 19. 22, . 25, 30. 35, 40.°
52. 59. 65. 7.2 81, '90. 9.9 110. 120.

140, 150. 160. 170. 180. 200, 220, - 230. 240, .

] Crutzen )

300. 300. 300. 300. 300. 300. 300. 300, 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.

Brags Min.

190. 180, 170. 150. 140. 130 120. 98. ‘82.
s8. 45, 38. 31. 25. - 21, 18. 14, - 12,
8.1 6.5 5.5 4.3 3.4 2.8 2.3 1.9 1.5
1.2 .80 .75 .62 .54 .51 .51 .52 .54

.65 W74 83 .95 1.1 1.2 1.4 1.7 2.0
. Brass Max, h

190. 180. 170, 160 150 145 140 13 '

124, 120. 115. 110. 98, 91. B4, 78. 1;3.
60. 33. 48, 43 38. 34, 30. 26, 23.
2. . 15 1.5 14, 14. 14, 14.5 15,

: 18. a. 22. 23 25. 28. 2, .

28

10
20
30
40
50

30.
4.2
12.
34,
" 100.

30

Sowoed
R sl
=N -]

23,
6.0
11.
30.
160.

44,
26.
15.
18.
130.

6.4
14,
27.
55.

120.

300.
7.0
45. -

130.

260.

300.
10.
10.
10,
10.

70.
10,
1.3
.58
2.2

127,
64.
2.
16.
38;



36

35

34

33

32

30

27

26

25

24

22

© 21

20 .

19

18

- 15

12

4
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MIXING RATIOS (V/V) OF EXCESS CABRON-14 AT 30°N

(MULTIPLES OF,lof'l6

1/63 463 7/63 . 10/63  1/64
f
20.6 . i8.5_ 16.9
7.58 9.55
24,0 23.8  19.2
| 20.2 221 267  20.2
9.60 '
10.0 33.6 YR
| S350 398 30,7
7.1  59.4 46.8 551 40.4
73.0 o 43.8
5.7 40.2 336 30.9 "31,7;
 20.8 9.84  5.23 848 7.54
s 1.3 302 3.3 3.98
292 379 3.2 2.98 . 3.60
2.98 5.12 . 2.93  2.83 __3.65

2,10 © 2.91 - 2,77 - 2.84

)., BASED ON-DIRECTLY OBSERVED LOCAL VALUES.

1/65

12.1

21.4

18.0

22,4

24.9

18.3

14.3

4'85 .
3.93

317

2.93

2,75

29

- 1/66

14.3

14,1

14.1

16.7

15.0

14,2



TABLE A2.B

AND HEIGHTS (MULTIPLES OF 10-;6), JANUARY 1966 - -

4.5

8.5

12.0

14.8

18.0
19.0

19.5

L 2.84. -
'2.80
2.99
313

3.90

4.58

. 4.63

32.8

30°N .
@

4.5 3.18
8.3 - 2.99
11.8  3.42
15.0  4.34
162 117

17.8 - 13.4

- 18.8  .17.1

19.0  14.2

19.5  15.0

26,0 16.7

27.2 . 14.1

: 30;0 14.1v

31.0 15.6

5 14.3

CARBON-14 MIXING RATIOS o AS OBSERVED AT VARIOUS LATITUDES

70°N
kmn )
1.0 3.18
43 3.08
7.5 3.8
11.9 7.04
15.6‘ '13.0 f.
7.8 16.1 .
18.5.. 15.3
18.8  19.4
19.2-  18.4
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TABLE A2.C

1
Y
44

31

CARBON~14 MIXING RATIOS o OBSERVED BY BALLOON AND CONTOUR LINES AS INFERRED

16). NOVEMBER 1970.

FROM BALLOON PLUS AIRCRAFT SAMPLING (MULTIPLES OF 10~

9°N ST 30°N e

ki o SR km a : . fem o
20.8 3,71 . 19.6 . 5.30 .. 19.6 " 5.78
21.0 3.8 20.3 5.78 20.9 6.03
21.4 ° 4,34 21,0 6.51 -21.3 6.27
22.0  4.82 21,2 6.17 233 6.75
.23.0 5.30 - 22.2 6.27 26,0  6.89
23.7°  5.78 23.9  6.84 +  27.2  6.75
27,27 5.35 243 - 6.75 274 6.65
30,6 5.30 S 244 670 30.8  6.46
31,57 5,11 26.5  6.75 - 3.5 6.27
| | 27.2 6.31 36.0  6.03
km 34°9 " . 27.6' _6..84A . .
20,0  5.78. '31.2 - 6.27 o 5
20,9 5.74 32,50 559 20.3  6.27.
21.1  .6.17 - 32.8 6,17 22.3 . 6.75
21,7 6.27 33.0 6.27 26,0 6.70
23.9  6.27 34.0 78 269 6.80
2.2 6.51 355 >+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
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TABLE A3.A

CONCENTRATION OF EXCESS CARBON-14 (].03 MOLECULES CH-B)_

Jhnuatz 1963

1. 80°N 70°R '60°N 50°N 40°N 30°N 20°N 10°N 0°N 10°s 20°s 30°s

29 ' : " 0.3 0.3 0.3

28 : , 0.6 0.3 o.sl_ 0.5 0.4

27 v S - ‘ 0.4 0.6 0.6 0.6 0.6 0.6 0.4
26 S 0.6 0.6 0.8 0.8 0.8 0.8 . 0.8 0.6
25 IR 0.8 0.8 0.8 1.0 1.4 1.2 1.0 0.8 0.8
2% 0.9 1.0 12 10 1.6 . 2.8 3.0 1.6 1.2 1.0 0.8
23 1.2 1.2 4 1.6 2.0 5.6 X a2 1.8 1.2 1.0 1.0
2 1.8 1.8 2.8 44 9.4 1L6  10.4 4.4 1.8 1.4 L2 10
21 . 3.8 56 102 120 158 168 12,2 o 1.8 1.6 1.2 1.0
20 "12.6°  13.4  16.4 18,4 © 8.2 16.4 12.6 3.6 1.6 1.4 L2 1.2
19 19.4 20,6  20.8 214  18.6  16.0  1l.4 3.0 i4 1.4 1.4 1.2
18 25.0 252 24,8 228 1.0 148 6.8 2.2 12 12 1.4 1.2
7 3.4 28.6  27.0 2.2 15.2 122 5.8 1.4 1.2 1.0 1.4 1.2
16 . 336 30.6  25.0  19.2  13.0 9.2. 50 1.2  .1.0 I.0 1.4 1.4
15 32.8  28.2  22.0 . 16.4  10.8 7.4 4.2 1.0 0.8 0.8 1.2 1.2
14 28.8 238  18.0  12.0 8.8 6.4 3.6 ' 12 12
13 2.4 16,0 12.6 9.2 6.2 5.4 1.2
12 14,0 11.6 9.8 6.2 3.6

u o u.s 9.8 4.6 3.4

10 9.8 7.6 4.0

9 8.0 4.2 .
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January 1964
KM, 80°N
29 »
28
27
26
25
2
23
22 4.2
21 5.4
20 7.2
19 9.0
» 18 "11.4
‘17 13.0
16 14,2
15 . . 14.8
‘14 15.2
13 1.6
13.0
1 1i.2
10 9.6
9 7.6
8 5.8

70°N

3.2

. 4l

6.0

7.6

9.0

12,0

10.4

7.0

5.4

60°N

2.6
3.6

4.8

646

8.2

16.0

11.2 -

9.2

11.4

50°N

2.1

‘2.8

3.8

- 10.2

6.8

7.8 -

40°N

2.2

3.2

4.4,
5.6

7.8
8.6

9.4

9.6

9.0

10.4

30°N

1.2
1.6
2,4
3.2
4,6

6.0

1.4

3.4

3.4

2.6

20°N

1.0

1.2

1.8

2.4
3.4
4.6
5.6
6.4
6.6
6.4
5.4

3.2

L2.3

1.9

1.8

w0°8

0.9

2.0

3.4

©3.8

3.6
3.4
2.8
2.4
2.0
1.7 -

1.6

0.9

0.9

1.0

1.3

1.6

1.7

1.8

1.9
1.9
‘1.8

1.8

1.8

1.7

1.6

10°S

0.9

0.9

1.0

1.0

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

1.0

1.0
1.2

1.3

30°s

0.8
0.8

0.9

1.1
1.0

1.0

Y

1.1

1.2



January 1965

" EM. ' 80°N

29

28

27

26

25

24

23

22 3.0

21 3.4
20 4.0
19 4.6
18 5.4
17 6.0
16 6;3
15 6.3
1% 6.0
13 5.7
12 5.4 -
1 5.0
10 4.6
9 ,'q.z
8 4,0

70°N.

2.4
2.8

3.3

‘3.8

4.6

5.4

5.8 .

6.0
6.0
6.0
4.8
4.4
4.0

3.8

3.4

60°N

2,0 .

2.4

2.9

3.4

4.0

4.8

. 5.6

5.9
5.8
5.8

5.2

4.0
3.6
3.4
3.2

' s0°N

2.0

2.2

2.7
3.2

3.6

4.2

5.2
5.8
5.4

5.2

- 4.0

2.6 .

2.4

2.6

_ TABLE A3.C

40N

1.5
1.8

2.2
2.6 °
3.2 .

3.8
4.4

5.0 .

5.0
4.4
3.4
2.6
2.2.
2.1

2.2

30°N

1.6
1.8
2.1
2.4
2.8
3.4
3.9
4.4
4.6
3.8

3.0

1.8

1.4

1.6

1.7

20°N

1.2
1.4
1.8
2.0
2.4

2.8

3.2

3.8

3.8 -

3.4

2.6

1.6
1.4

1.2,

1.2

10°N

0.9
1.0

1.2

1.4
1.7

2.0

2.4

2,6

C 2.7

2.6
2.6
1.2
1.0
1.0

1.1

o.

0.5

0.6

0.8

1.0
1.2
1.4
1.7
2.0
2.4
2.6

2.3

1.4

0.8

0.9

1.

10°s
0.5.
0.6
0.8
1.0
1.2

1.4

1.7
2.0
2.2
2.4
2.2
1.4
0.9

1.0

1.2 -

.20°s

0.5

0.6

0.8

10

1.2
1.5
1.8
2.0
2.2
2.3
1.8
1.3
1.0

1.0

1.0

34

30°s

0.7
0.8

0.9

1.0

1.2
1.4
1.7
1.9
2.0
1.8
1.6

1.4

12

1.0

1.0



: * '
-RELATIVE MIXING RATIO OF STRONTIUM-90 AT 30°N

TABLE a4

1965

Jan. 1966

E April 1963_‘ July 1963 October 1963 Jan. 1964 ~Jan.
e 0y w0, KM 0. o Osp w0 o 0y
30.3 200 29.0 300 32.0 200 29.5 100 30.3 30 32.5 10
28,0 500 28.0 400 | 28.5 - 300 26.5 200 26.8 50 29.8 20
24.3 1000 - -26;5'-_500_- | ~26.5. - 500 25.2 300 1 25.2 1100 28.2 30
23.2 1500 | 23.9 1000 23.7 - 1000 23.6 500 21.8 200" 27.0 4o
21.8 1700 22.8 1500 21.9 1200 22.4 800 - 21.4 300 " 26.0 50
19.3 1700 21.8 1700 21.2 1500 21.6 900 20,9 350 2.6 100
18.5 1500 19.2 1700 19.4 - 1500 20.6 1000 S 19.2 3500 22.2 150
17.7 1000 18.6 1500 19.1 = 1200 19.2 1000 17.9 300 20.0° 150 -
116.2 500 17.8 1000 18.5 1000 '18.7 - 900 16.7 200 18.3 130
14.0 200 16.5 500 ~17.2 500 . 18.3 800 16.2 - 100 17.8 100
10.8 100 16.0 200 16.2 300 7.2 500 15.8 50 17.0 50
9.5 50 15.5 100 - 15.8 200 16.2 300 - 14.0. 10 12.0° 10
7.3, 26 14.9 50 15.6 100 15.7 200 | -
6.0 14 4.1 10 15.2 50 13.5 100
45 7 | 14.0 10 12.0 50
| 10.5 22

—

% » _ ' "
In Units of Disintegrations per Minute per 1000 Cubic Feet of Standard Air. -

Se

vS//0zp0000



27

26
25
24
23
22
21
20

19

18

17

16

15

14
13

AVERAGE CONCENTRATION "OF EXCESS CARBONélaAAI 30°N

TABLE A.5.

1/63.

0.61
0.89
1.72
3.69

176
- 11.9°

14.6

- 15.7

14.8

10.1 -

7.7
6.25 ..
4,59

3.25

3,73

(UNITS OF 10° ArOMS'CM73)
4/63 7/63 10/63
1.38 " 2.09 2,14
2,08 2.52 2,84
3.11 3.42 3.75
4.65 4,71 4.87
6.77 6.45 6.19
9.91  8.71 7,75

11,90 9.98 8.92
12.6. 10.0 . 9.37
11,4 9.07 - 9.12 .
10.1 8.07 8.02
9.10 7.95 6.73
8.44 7.30 5.19
7.85 6.16 4.50 .
6.00 4.77 3.71
4,47

3.17.

1/64

1.58°
2.05

2.80

3.70

4.81
6.11
7.13

7.70
- 7.85.

7.76
6.88
6.00

5.40

3.86

2‘87 )

1/65

1.48

1.70

- 2.07

2.85

3.89

4.28

4,03

3.35
2.28
. 1.96
. 1.90
1.94

36



27
26
25
24

22
21
20
19

18 -
17
6

15

%

13

re

GO0 00U 4

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

207 7

TABLE A.6

siaw

5 5

(MULTIPLES OFYlO_l6)J BASED ON AVERAGE VALUES FROM TABLE AS.

10.2

12.5
2007
38.3
67.0

- 87.6

90,9 ¢

82.8
66.3

49.8

32.9

1/63 .

216
14.9.
9.4
5.8

" 4/63

22.9
©29.3
"37.4
484
58.5
72.6

74.2

66.5
51.3

38.4
29.5

23,4
. 18.7
12.3

8.0 -

7763

345
35.6
41.1
49.0
55.7.
63.8
62.0
53.1
40.5
30.7
25.8
20.2
1.7
. 9.8
6.6

10/63

35.4

4001

45,0

50.6 -

53.4
56.7
55.4
49.3
40,8
" 30.5
21.8

4.4,

10.7 -
7.6
5.6

1/64 .

26.2
28.9
33.6 -

38. 4

41.6

44,7 |
44.3

40.6
35.1
29.5

22.3

16.6

12.8

7.9
5.1

- 1/65

24,4
24,0

24,8

24,9
24.6

24.6

24,1
22,7

19.1

15.3
10.8
6.3

k.6

3.9
34

37
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TITLES TO. FIGURES

Calculated percentage reduction of the average global ozone column

as a function of the mass of NOx inserted at 20 km.

" A. Results available for each of tﬁelve different groups.

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

Kz were recaiculated,on a uniform basis by Chang (1974). The upper

| limit of NOx insertion is the upper bound projected by Grobecker

(1974) for the year 2025.

The modelers are identified by the number code: (1) Johnston,
1971; (2) Crutzen, 1974; (3) Hesstvédt, 1974, 2D model; (4) Chang,

19743 (5) Stewart, 1973; (6) McElroy et al, 1974; (7) Whitten and

" Turco, 1974; (8) ‘Shimazaki and Ogawa,-l974; (9) Vupputuri, 1974,
2D model; (10) Widhopf, 1974, 2D model; (11) Cunnold et al, 1974,

3D model; (12) Hunten, 1974.

“Vertical eddy diffusion functionms, Kz, for seven one-~dimensional -

modelers: Numbered as in Figure 1. (A, B) Brasseur, 1972.

. Relative mixing ratios'(lo5 atoms of excess_carbon—14'per'gram of -

aif) of excess carbon-14 as measured by balloons and U—2.aircfaft;
The data were taken during the period Mafch—Mh§-1963iand are referred

to as April 1963. Telegadas, 1971.

Concentration of excess carbon-14 (units'of 10? molecules cm_S) for
the indicated times. These zonal-avérage maps of 14C cohcentration

were derived from mixing ratio maps such as Figure 3.

Relative mixing ratios (disintegrations per. minute per 1000 cubic
feet of standard air) of strontium-90 fbr-April 1963. Telegadas,

1967.
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10.

11.

39
TITLES TO FIGURES (CONTINUED)

Comparison of observed strontium-90 (solid line) and excess carbon-l4

" mixing ratios normalized to 21 km, April 1963.

Nbrthern_hemispherical average (see téxt) concentration of excess

~carbon-14 as a function of height between Januaryv1963 énd'January

1965. These averages are ascribed to the geographical average of

the northern hemisphere, namely 30°N. .

Comparison of average (Figure 7) mixing ratios and locally observed

‘(balloon ‘soundings) mixing ratios of excess carbon-14 at 30°N.

- (:), hemisphefical:average
ZCS, local observation at 30°N

Comparison of average observed excess cargon-ld on JﬁnUary 1964 with -
.that_éalculatéd by nine models of Kz (Figure 2; Tablé Al) for January
1964, The initial distribution for Calculation_was the observed ;
distribution for January 1963, Both initial and final conditions

correspond to O in Figure 8.

Comparison of_directly obsérved excess cgrﬁon-IA on January 1966vwith.
that calculated by nine models of Kz for Jan;ary 1966. The initial
distributién for'each.éoﬁpufation‘was the observed distribution on
Jénuér§.1964. '(In'térms of Figure‘é:<:>; 1964 ; Zﬁ&, 1966).
Comparison of directlj observed carbon;14 mixing rgtios on November
1970 with that calculated by nine quélsvof Kz for January 1971.

The initial distribution for each computation was the global average,

observed distribution on January 1965. According to Telegadas et al
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TITLES TO FIGURES (CONTINUED)

(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 km. (In terms of Figure 8:&,‘ 1965; A, 1970. -

Comparison of average observed excess carbon-14 on July 1963,
October 1963, and January 1965 with initial conditions based on

April 1963,

Calculated and observed excess carbon-l14 mixing ratios in the
stratosphere one, two, three, and eight years after January 1963
(correeted for transport to southern he'misphere).‘ The curves were
calculated by Hunten s model. O ‘ northern hemisphere average,

A ‘ direct observation at 30°N.



_ Reduction of Ozone Column (%)

REDUCTION OF VERTICAL OZONE COLUMN IN TERMS OF RATE OF NOy ADDITION AT 20 km
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. FIGURE 3
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Concentration of Excess Carbon-14 (Units of IO3 Molecules cm,'?’)

I

LI

T T T T T

A

Jan. 19

N
Q

S

- Elevation, km

o

n
o . 3

0

i

20

m——— ———_N

ﬁ-—ls)
%

r—

Jan. 19

63

i

1 A

{

0
North
Pole

1
60°N

Y

|
30°N 0
- Equator

| - |
30°S-  60°S

{
South
Pole

© XBL 741-5462



Bo0w04207759

: 45
- STRONTIUM-90 -
~DISINTEGRATIONS PER MINUTE PER 1000 CUBIC FEET
OF STANDARD AIR
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OBSERVED STRONTIUM-90 AND EXCESS CARBON-14 -
MIXING RATIOS NORMALIZED TO 21 KM, APRIL 1963

AC-14 at 30°N; OC-14 Northern Hemisphere Average ;
— QObserved SR=90 at 30°N..
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EXCESS CARBON-14 EIGHT YEARS AFTER END OF 1961-62 NUCLEAR BOMB TEST SERIES
(Initial Condition For Calculations, Jan. 1965; Observations, Nov. 1970) -
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Calculated and Observed Carbon-14 in the Stratosphere One, Two, Three,

and Eight Years After January 1963. (Corrected for transport to

southern hemisphere.) Calculated by Hunten's model; o,e northern -
hemisphere average; A,a direct observations at 30°N.
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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 Energy Research and Development Administration, nor any of
their émponees, 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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