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ABSTRACT 

The nature of large scale stratospheric circulation is studied using the cosmic ray 
produced isotopes Par, Be", Sa6 and Nas2 as tracers. Supplementary information ob- 
tained from observations of the distribution of the bomb-produced Na** and radon- 
genic Pbp10 is taken into account. The activities of these tracer elements have been 
measured in the stratospheric air, up to altitudes of 20 km, during 1960-64. Data are 
fairly extensive for studying the characteristics of the mean circulation in the strato- 
sphere as well as seasonal changes in patterns of mixing/transport of air in certain 
regions of the stratosphere. 

The interpretation of the data on cosmic ray tracers is based on a comparison of 
their observed activities with the expected production rates due to cosmic rays. For 
this purpose, the work of La1 & Peters is extended to evaluate the variations in the 
relative production rates of the isotopes Par, Be', S" and Nag* in the atmosphere. These 
have to be taken into account when isotope data are compared for different altitudes 
and latitudes in the stratosphere where relative isotope production rates are different 
because of the markedly different prevailing energy spectrum of nucleons. 

The analysis allows us to distinguish three zones in the lower stratosphere (below 
20 km), well separated from the tropopause, having distinct circulation patterns. These 
regions are separately well mixed either vertically or horizontally; the mean time of 
residence of aerosols in these regions differs appreciably too. The most stable region in 
the Stratosphere is found to be 18-20 km region at 0-30" latitude, where apparent re- 
sidence times are of the order of twenty months. Polar regions are observed to exhibit 
an enhanced vertical mixing during November-February. Combining these results with 
the observations of dispersion of bomb-produced Naxz, which appeared in significant 
amounts from early 1962 onwards all over the stratosphere, we deduce that in the 
polar regions, vertical mixing occurs rapidly during November-February so that any 
activity injected in this region a t  20 km or so mixes downwards a t  the rate of about 
1.6 km month-'. It is concluded that the observed spring peaks in the troposphere are 
merely the consequence of this phenomena which is triggered in upper levels (above 20 
km) of the stratosphere during October-November. 

The observations of concentrations of PbP1O in the stratosphere are discussed. The 
analysis reveals that an appreciable gravitational settling of Pb'l0 seems to have oc- 
curred, a t  least during the period over which data were collected, from the stratospheric 
air between 56'-75' latitude. These observations imply that the residence time of air 
in this region of the atmosphere is appreciably higher than that deduced from tracers 
which attach themselves to aerosols. Lastly, the Pbglo data indicate that appreciable 
amounts of tropospheric radon presumably enter the equatorial stratosphere; this con- 
clusion rests on the Observation that Pbz10 concentrations are higher in this region 
compared to that in the surrounding air. 

1. Introduction 

Since the detection in 1955-57 of several cosmic 
ray produced isotopes of half-lives in the range 
of weeks to years (cf. LAL t PETERS, 1962), at- 
tempts have been made to  study features of 
atmospheric circulation using them as tracers. 
With the development of high altitude air 
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sampling techniques for studying the distribu- 
tion of fiaeion products in the atmosphere, it 
became possible to measure systematically the 
activities of all cosmic ray produced isotopes of 
meteorological interest, e.g. Pan (14 days), Pas 
(25 days), Be7 (53 days), Sns (87 days) and Na** 
(2.6 yrs.) in air up to  altitudes of ca. 20 km 
(FRIEND et al., 1961; STEBBINS, 1961). For sam- 



392 N. BHANDARI, D. LAL AND RAMA 

pling air above 20 km, balloon borne samplers 
have to be used; the technique is feasible but has 
not yet led to systematic explorations. RAMA & 
HONDA (1961) and FRIEND et al. (1961) reported 
the first measurements of Be7, Pss and Psz 
activities in tropospheric and stratospheric air. 
The work was soon extended to the two other 
activities, Sa6 and Naga by BHANDARI & RAMA 
(1963). These investigations showed that the 
four isotopes, Psz ,  Pas, Be7 and Sa6 existed in 
near secular equilibrium with their production 
in all stratospheric regions, and that marked 
departures existed only for the long-lived iso- 
tope, Nag*. Essentially, the conclusion till the 
time of these investigations was that only Naez 
could be used for studying time scales of mixing 
in the stratosphere aa the half-lives of other iso- 
topes were too short to reveal any useful infor- 
mation. 

In  this paper, we discuss the results of exten- 
sive measurements1 of the concentrations of 
cosmic ray produced isotopes, Psz, Be7, Ss5 and 
Na22 in the atmosphere, particularly for the 
stratospheric regions. In order to interpret the 
data, we compare their observed concentrations 
with those expected a t  secular equilibrium with 
their production due to cosmic ray interactions. 
Fairly accurate calculations to this end are 
available due to the work of LAL&PETERS 
(1962) for all isotopes except for Nazz for which 
only approximate calculations were made so far. 
We have now estimated the altitude-latitude 
variation of NaZz in the atmosphere. Also, for 
the caae of Be7, P32 and S S 6 ,  we have obtained 
profiles of relative variations in their produc- 
tion rates for all parts of the atmosphere. Curves 
showing this variation for NaP2, Be7 and Pse are 
presented here. 

A comparison of the observed and expected 
isotope concentrations/concentration ratios has 
revealed much useful information regarding the 
general features of stratospheric circulation. The 
picture is supplemented by studies of bomb- 
produced NaZ2 activity which appeared in the 
stratosphere in significant amounts around mid- 
1962. One of the important conclusions of our 
work is that contrary to earlier belief, Be7remains 
an useful tracer for several regions of the strato- 
sphere as it  does not exist in secular equilib- 
rium with production except in the equatorial 
stratosphere at 18-20 km. 

thesis of N. BHANDARI (1965). 
The data presented here form part of the Ph.D. 

To obtain information complimentary to 
above studies, we have also studied the activi- 
ties of Pbz10 in the atmosphere. Our results, 
combined with those of Isotopes Inc. and Health 
and Safety Laboratory (FRIEND et al., 1961; 
FEELY et al., 1963; HARDY et al., 1961) show 
that the equatorial stratosphere presumably 
receives an appreciable supply of radon from 
the troposphere. Furthermore, the data seem 
to be of relevance for studying the possible 
removal of radioactivity from the stratosphere 
by gravitational settling of large-sized aerosols. 
If such aerosols are not continually present in 
the stratosphere, the residence times derived 
in this paper, particularly for the high latitude 
stratospheric air, represent only lower limits. 

In  the following we will first discuss the 
source functions of cosmic ray produced iso- 
topes of interest as these are important for an 
evaluation of the data as well for studying the 
suitability/limitations of cosmic ray produced 
isotopes as tracer elements for stratospheric cir- 
culation. 

2. Cosmic ray source functions of Be’, P32, 
S35 and Na22 

The cosmic ray production rate of several 
isotopes have been evaluated for the entire 
atmosphere by LAL & PETERS (1962) using cos- 
mic ray data and directly determined produc- 
tion rates of isotopes in atmospheric nuclei at 
mountain altitudes. This method has yielded a 
fairly precise picture of the altitude-latitude va- 
riation of Be7, Pa2 and Ss6 in the atmosphere. 
In the case of NaZ2 some uncertainty exists in its 
absoh~te production rate because no normalisa- 
tion point exists as yet. 

We will now briefly discuss the results of 
calculations of LAL & PETERS (1962), relevant 
to the present “tracer” studies and then present 
the altitude-latitude variation curves for Na22 

as have been derived by BHANDARI (1965) 
following the st,ar-size and a l p  method devel- 
oped earlier (LAL, 1958). 

2.1. Altitude-latitude variation in the production 
of P a ,  Be’, S 3 6  and Na22 

The results of calcuIations of the altitude- 
latitude variation in the production rates of the 
isotopes Pal, Be7 and NaZe are graphically pre- 
sented later in Section 3 where we discuss their 
experimentally measured concentrations. For 
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example, see Fig. 3 which shows the surfaces of 
iso-production of Be', up to 30 km altitude, for 
a meridional crossection of the atmosphere. The 
production of P** can be estimated from Fig. 4 
(Section 3), which gives the ratio a t  production 
in the atmosphere for Be' and Ps2 isotopes. 
Similar curves for Sa6/Be7 ratios have been 
obtained (BHANDARI, 1965). They are not pre- 
sented here as our data on Ss6 are not very 
extensive, and furthermore, appreciable contri- 
butions due to nuclear weapons existed in the 
case of 5'6 during most of the period of our 
measurements. 

The estimated rate of production of NaB2 is 
presented graphically in Fig. 5 (Section 3). This 
isotope is a high-energy product aa its produc- 
tion threshold (from argon) k -150 MeV, in 
contrast to Be' (Pa*) whose formation from N, 0 
(Ar) requires nucleons of kinetic energy above 
30-40 MeV only. This large difference in the 
production threshold explains why the relative 
production rates of isotopes, e.g. Pat and Na22 
(see Figs. 4 and 6; Section 3) are so different for 
different regions of the atmosphere. 

These variations were not considered earlier 
in the interpretation of observed ratios NaB2/3e7 
(BEANDARI & RAMA, 1963) and Be7/Ps* (FRIEND 
et al., 1961; RAMA & HONDA, 1961) in the strato- 
sphere. 

2.2. Su.ilabit&y of cosmic ray  produced Gotopes 
for studying stratospheric circulation 

The source functions of cosmic ray produced 
isotopes make them ideal tracers for the study 
of several important meteorological processes 
(LAL & PETERS, 1962; BHANDARI, 1965). We 
will discuss here only one aspect of the source 
function which seems to be of relevance to their 
application w tracers for high-altitude circula- 
tion. In  Fig. 1 we have plotted the rates of oc- 
currence of nuclear disintegrations per cubic 
meter (ambient) as well as those occurring in a 
10 cm2 column above a certain height, separately 
for three latitudes lo", 40" and 70". Isotope 
production rates are roughly proportional to the 
disintegration rates given by the curves. For a 
given isotope, the constant of proportionality 
varies somewhat with latitude and altitude in 
the atmosphere as discussed earlier in Section 
2.1. Nevertheless, the curves in Fig. 1 are quite 
adequate to see qualitatively the behaviour in 
the variation of source functions of various 
isotopes in the atmosphere. 

Tellus XVIII (1966), 2 

ul 
z 
2 
a c 
E 
W 
W 
c 
ul 
5 
n 

a 

- 

lr 

W 
J 
V 
3 
z 
LL 
0 

W 
I- 

a 
a 

0.01 

I \ 
I \ 

\ 
\ 
\ 

I I 1  1 1  I 
10 2 0  30 

ALT I T U  D E ( K M )  

FIG. 1. Rates of nuclear disintegrations in the atmos- 
phere at loo, 40" and 70" latitude. The dotted curves 
represent nuclear disintegrations/min. ma air (am- 
bient), while the solid curves give the total number 
of disintegrations occurring in a 10 cm* column of air 
above a given altitude. 

It is seen from Fig. 1 that the total integrated 
production above 25 km is only about 10-15 % 
of that occurring in the stratosphere and thus 
cosmic ray produced isotopes connot serve as 
suitable tracers for seeing the effects of down- 
ward vertical mixing from levels above 25 km. 
In  most stratospheric regions below this alti- 
tude, however, the production is quite appre- 
ciable and they are thus quite suitable. 

It thus becomes clear that for studying verti- 
cal mixing above -25 km, one must rest the 
information on other tracers. Fission debris 
injected at high altitudes is quite suitable for 
such studies, and we do in fact make use of the 
opportunity offered by a rather well defined in- 
jection of Na$* in the stratosphere, as discussed 
later. 

3. Experimental results and discussion 
3.1. Observations on the cosmic ray  produced Pa*, 
Be', 8.6 and Na** 

The concentrations of Pa*, Be7 and Sa6  have 
been measured in the atmosphere during Aug. 
1963-April 1965. (BHANDARI, 1965). Data on 



394 

- 
Lc + 
m - 

R 

E 
L 
al 
a 

E 
a 
U 

a, 
r- 

m 

N. BRANDARI, D. 

0-20 *m I 1  I 
1 

LAL AND RAMA 

I -70. N 

I 0-20 km. 
1 
I x-I5 k m  

.-I2 km.  - 5 -  
I , < , , , \  s , < /  < l % I  

J A 0  D J  M M  J S N  J M  

1963 1964 1965 

FIQ. 2. Observed concentrations of Be7 (d.p.m./lOS ma air S.T.P.) in the stratosphere during 1963-66 at 
latitudes Oo-lO" N, 25"-35" N, 40"-46" N and 70" N. The expected saturation levels are shown by points 
encased in boxes. 

Be7 and Ps2 are also available for the period 
1959-1961 due to the work of RAMA & HONDA 
(1961), FRIEND et al. (1961) and FEELY et al. 
(1963). It has been discussed that except during 
late 1961 to early 1963, both Be7 and Ps2 
activities were principally of a cosmic ray origin 
(BHANDARI, 1965; DREVINSKY et al., 1964). 

In  the case of NaP2, only the data available 
during Nov. 1960-Aug. 1961 are considered to 
represent natural cosmic ray levels (BHANDARI 
& RAMA, 1963; BHANDARI, 1965). Subsequently 

particularly from early 1962 onwards, Na22 con- 
centrations shot up rapidly in the stratosphere. 
All measurements made in our laboratory on 
Na** concentrations in air samples collected till 
the end of 1964 (BHANDARI, 1965; BRANDAFS, 
BHAT and KRARKAR, 1966) are discussed later 
in this Section. 

By late 1962, the concentration of Na22 
reached values two orders of magnitude higher 
than the natural cosmic ray levels. How and 
when exactly such large amounts of Nae* were 
introduced is not clear at the moment. In  the 
caae of Ss6, data which can be considered to 

represent natural levels are few. We will not 
discuss them in this paper as the conclusions 
based on their studies are similar to those de- 
rived from comparable half-life isotope, Be', for 
which data are extensive. 

The salient features of the various data on the 
cosmogenic activities and on Na** which was 
injected by nuclear weapon testing are sum- 
marised below: 

(a)  Absolute Be7 and Psa concentrations. At  a 
level of 20 km the observed Be7 concentrations 
(Fig. 2) at latitudes, 0"-10" and 25"-35", are 
close to the expected secular equilibrium values. 
(The errors in the measurements of Be7 activity 
are about 2 10 y,; another source of error due 
to uncertainties in the amount of air sampled, 
which may partly be systematic in nature, has 
to be taken into account while considering ab- 
solute concentration of Be7.) Similar data for 
high latitudes a t  the 20 km level (Fig. 2) show 
that the observed concentrations are signif i- 
cantly lower than those expected for secular 
equilibrium. Both at 40"-45" and 70°,  large 
departures occur; at 70" N where data are 
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FIQ. 3. Mean profile of Be7 concentrations (d.p.m./ms S.T.P.) in the atmosphere. (Sources of data are given 
in the text.) Figures within parenthesis denote the number of samples on which the values are based. 
Solid lines represent surfaces of equal production rate of Be7; numbers on these curves give the expected 
secular equilibrium concentrationa (d.p.m./ms air S.T.P.). The dotted curves show the mean tropopause 
height. 

extensive with respect to time, marked seasonal 
fluctuations are seen to occur. 

The concentrations of Be7 at 12,15, and 20 km 
levels a t  70" N show features expected to arise 
from a fairly good vertical mixing during 
October-February, and it is only during mid- 
months of the year when concentrations at 
different levels show some trend of an increase 
with altitude. Throughout the year, the 20 km 
level remains undersaturated by about a factor 
of 1.5 or more. The Ps2 data which are not pre- 
sented here show similar features at 70" N 
(BRANDARI, 1965) indicating that mixing oc- 
curs fairly rapidly. 

The annual global distribution of cosmogenic 
Be7, obtained by combining these data with 
those available due to the work of RAMA& 
HONDA (1961), FRIEND et al. (1961) and FEELY 
et at?., 1963, is shown in a north-south crow- 
section of the atmosphere in Fig. 3. The data 
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indicate that the concentrations of Be7 are 
fairly uniform in the stratosphere at latitudes 
greater than 30". Similar features are exhibited 
by the P** data (BHANDARI, 1965). 

( b )  Be7/Ps2 ratios: The observed activity ra- 
tios, Be7/P** in the Stratosphere vary between 
about 55 and 95 (Fig. 4). High ratios are ob- 
served in the equatorial stratosphere at 18-20 
km altitude. According to LAL t PETERS (1962), 
the expected ratio at secular equilibrium values 
should range between 100 and 120. It is obvious 
that any information derived using Be7 con- 
centrations, or the activity ratios, Be7/Paa, de- 
pends very sensitively on the accuracy with 
which the expected secular equilibrium values 
are known. An error of 20 % in the production 
estimates can lead to entirely different conclu- 
sions aa the half-lives of these isotopes are 
short. We will therefore only use the calculated 
relative variation and estimate from the data 
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FIG. 5.  Observed NaZZ concentrations in the atmosphere (d.p.m./103 ms.air S.T.P.) during November 
1960-August 1961. Figures within parenthesis denote the number of samples on which the values are 
based. Solid lines represent surfaces of equal production rate of Naaz; numbers on these curves give the 
expected secular equilibrium concentrations (d.p.m./lOs ms air S.T.P.). The thin curves show the mean 
tropopause height. 

Tellus XVII I  (1966), 2 



STRATOSPHERIC CIRCULATION STUDIES BASED ON TRACER ELEMENTS 397 

1 I I I I I I I I l l l l l l l l l l  
90' 7 0' 50' 3 0' I 0' 10' 38 50. 70' SO' 

North South 
GEOMAGNETIC LATITUDE 

FIQ. 6. Observed Na22/Be' activity ratios in the atmosphere during 1960-61. Figures within parenthesis 
denote the number of samples on which the values are based. Solid lines represent surfaces of identical 
relative production rates of Naae and Be7; the numbers on these curves give the expected secular equilib- 
rium activity ratio, NaZ2!Be7. The thin curves show the mean tropopause height. 

themselves what secular equilibrium concentra- 
tion or ratio values are expected. 

( c )  Naaz activities before Sept.  1961 (pre-bomb 
period): The absolute concentrations of Na2s 
are considerably below the secular equilibrium 
vahes in all parts of the stratosphere (Fig. 5). 
In  the equatorial regions a t  levels of 20 km, its 
activity attains only about 30 % of the satura- 
tion value; in all other regions the extent of 
saturation is only about 15-17 %. The degree 
of saturation of Na22/Be7 ratios in all regions 
of the stratosphere, well separated from the tro- 
popause, ranges from 25 to 30 % (Fig. 6). 

Unlike the case of Be7 (Pa2), any small un- 
certainty in the production estimates of Na2* 
does not cause serious errors in evaluation of 
time scales of mixing since its activity is con- 
siderably undersaturated. 

(d )  Naee activities during 1962-64 (bomb- 
period): A fairly steep rise in the Concentrations 
of Nae2 occurred in early 1962 a t  all latitudes 
at 20 km (Figs. 7 and 8), leading to concentra- 
tions during most part of June 1962-June 1963 
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which are higher by about two orders of magni- 
tude compared to those observed in 1960-61. 
The resulting levels were essentially similar at 
high and mid-latitudes, but lower by a factor of 
about eight at equatorial latitudes. 

A well-defined peak in NaeZ concentrations 
occurred at all latitudes during October-Novem- 
ber 1963, the increase being the highest at high 
latitudes. 

Most of the Naza data mentioned above refer 
to 20 km altitude; concentrations at lower alti- 
tudes have been measured only a t  60"-70" 
latitudes (Fig. 8). Throughout late 1963, Naee 
concentrations at 12-20 km are markedly 
higher a t  higher altitudes. During 1964, this 
holds good only for a few months, June- 
August. At all other times, large fluctuations are 
observed. There occur rather well defined peaks 
in Naez concentrations which occur successively 
later at the lower levels, with the tropospheric 
concentrations (at 4.5 km) reaching a maximum 
around June-July, 1964. 
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FIG. 7. Observed NaPZ concentrations (d.p.m./lO8 m3 air S.T.P.) during 1962-64 at the 20 km level a t  
three latitude regions, O"-lOo N, 20"-36" N and 40'-45" N. All values are decay corrected to 1st September, 
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FIG. 8. Observed Na22 concentrations (d.p.m./lO* ma air S.T.P.) during 1962-64 at 60'-70' latitude at 
four levels, 4.5, 12, 15 and 20 km. All values are decay corrected to 1st September, 1961. 
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FIQ. 9. Mean concentrations of PbP'O (,d.p.m./lO' S.C.F. air; 1 S.C.F. =0.028 ma S.T.P.) in certain zones in 
the atmosphere. (Sources of data are given in the text.) Figures within parenthesis denote the number of 
samples on which the values are based. The thick curves show the mean tropopause height. 

3.2. PbP10 concentrations in the stratosphere 

Extensive data on the concentrations of Pbalo 
in the atmosphere are available (FRIEND et al., 
1961; HARDY et al., 1961; RAMA 85 HONDA, 1961; 
RRANDARI, 1965). The results have been ana- 
lysed from the point of view of studying the 
global fallout of Pb"0 by BHANDARI, LAL & 
RAMA (1966). We present here the data on the 
mean concentrations of Pbalo in certain atmos- 
pheric zones (Fig. 9). The experimental errors 
on individual measurements on which the 
mean values are based are of the order of 
10-15 %. Therefore, aside from any errors arising 
from pooling together results from various la- 
boratories, or due to errors in ascertaining 
volume of air sampled, the mean concentration 
values shown in Fig. 9 are certainly accurate 
within 5 %. The observed scatter in the con- 
centrations in any given zone leads to the con- 
clusion that the error on the mean values is 
about or less than 10 %. 

The Pbs10 data presented in Fig. 9 refer 
primarily to the period 1959-61. No evidence 
exists for an appreciable production of Pb"o by 
nuclear weapons during this period. The ob- 
served distribution, in particular the absence of 
any excess values at high or mid-latitudes, sup- 
ports such a conclusion in any case and we as- 
sume henceforth th& the atmospheric Pb*lc con- 
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centrations presented in Fig. 9 arise solely aa a 
result of leakage of radon from the earth's crust. 

The most significant features of the data 
shown in this figure are that, (a) the strato- 
spheric air at 55O-75" latitude is lower1 in its 
Pb*lO content (0.28 d.p.m./lOa S.C.F.) compared 
to the "surrounding" regions, (0.35-0.45 d.p.m.1 
10' S.C.F.) and (b) the region of highest Pbs'O 
concentration is presumably the equatorial 
stratosphere where the mean concentration is 
0.49 d.p.m./1000 S.C.F. It is difficult to aacer- 
tain whether the errors in measurements ob- 
viate the conclusion (b). Further work will be 
necessary to confirm the validity of such a 
distribution occurring in the stratosphere. We 
will, however, assume in further discussions 
that the data are reliable and evaluate their 
implications. 

4. Interpretation of data 

We have just discussed the salient features 
of the observed distribution of radioisotopes of 
diverse origins in the atmosphere. We will now 
assess some features of large scale stratospheric 

It may also be noted that the Pb"O concentrs- 
tion in the "gap" region is 0.35 (82 measurements) 
compared to the value of 0.45 (68 measurements) 
for the 25"-75" tropospheric air. 
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circulation from the observed time and space 
changes in the concentrations of these tracers. 
No attempts will be made to integrate the in- 
formation with that available from conven- 
tional meteorological measurements; thus the 
emphasis will be laid on what happens, and as 
to what are the time scales of significant pro- 
cesses rather than on how the processes are 
brought about. Tracer studies provide an in- 
tegrated picture of the “net” transport and 
mixing processes and to seek further details one 
has to resort to information available from 
other studies. 

Most data discussed under Section 3 refer to 
a sampling period of about four years during 
1960-64. We are aware that several features, 
besides the seasonal effects as found for the 
polar stratosphere may not reproduce in time 
and intensity over successive years. Thus, cer- 
tain unique effects observed, e.g. the sharp 
transients in the bomb-produced Na22 in the 
stratosphere during October-November 1963 
may not recur in the manner observed for such 
later injections, if any, These facts have to be 
borne in mind in generalising the picture of 
stratospheric circulation to be discussed below. 

4.1. Inferences based on observations of Psz,  Be7 
and NaZ2 

For convenience, we will separate the discus- 
sions of Pb210 observations as this tracer is 
injected in the stratosphere from the tropo- 
sphere. The interpretations based on observation 
of the tracers Ps2, Be’ and Nae2 which are 
produced in situ in the stratosphere, and the 
bomb-produced Na22 which was placed at very 
high levels, will be discussed first for their 
implications to the upper and lower stratosphe- 
ric circulations: 

(i) Upper-stratospheric circulation: It was 
pointed out in Section 2.2 that, considering 
their source functions, the cosmic ray produced 
isotopes are not well suited for the study of 
high-stratospheric circulation ( > 25 km). The 
characteristics of this circulation in the present 
work emerge only from the observations of 
bomb-produced Naz2, primarily during 1963. 
Further, as the highest sampling altitude in 
present investigations is 20 km, our conclusions 
are limited to what one sees in way of time 
changes in the distribution of NaZ2 due to its 
downward mixing from very high altitudes, 
around 50 km or even higher. (The observed 

increases during early part of 1962 probably 
represent the direct injections in the lower 
stratosphere.) It has not yet been possible t,o 
ascertain whether NaZZ was also injected by the 
major test-series carried out during 1962 (see 
Figs. 7, 8 in which the time of principal air- 
detonations has been marked). However, since 
the transients in the Nae2 concentrations are 
observed to occur around November 1963, it is 
clear that this NaZ2 activity represents the part 
that was placed one or even two years earlier at 
high altitudes. 

The sharp increases observed around October- 
November 1963 at all latitudes at the 20 km 
level after such an elapse of time seems to be a 
very significant observation. A feature of this 
type has not been reported previously. It could 
have been missed in earlier investigations be- 
cause of lack of sufficient sampling in these 
months; alternatively it could be a non-recur- 
ring phenomena. In  any case, our observations 
during 1963 can only be interpreted as being 
due to an enhanced vertical mixing between 
the 20 km level and higher levels (during 
October-November) at all latitudes (at least 
over the entire latitude belt 20”-70”, where the 
observed Nae2 concentrations are identical dur- 
ing October-November 1963-see Figs. 7 and 8). 
We can rule out that the debris first mixed 
down to the 20 km level at the high latitude 
region and then reached other latitudes by 
horizontal mixing primarily because of the fol- 
lowing consideration. The transitions in con - 
centrations occur within about a month’s in- 
terval throughout the stratosphere. Any rapid 
horizontal mixing assumed to achieve the ob- 
served effects throughout the stratosphere, fol- 
lowing a principal injection at 20 km level at 
high latitudes, would destroy the observed well- 
defined gradients in the activities of the cosmic 
ray produced activities Be7 and NaZa (Figs. 2,3 
and 5) .  

Thus, we observe a time delay of 1-2 yrs. 
between the placement of NaZ2 at high altitudes 
and its appearance a t  the 20 km level. The 
observations suggest that following an earlier 
dispersion and rather uniform mixing at high 
levels, the activity appeared at the 20 km level 
by fairly rapid vertical mixing processes (of the 
order of 1 month) during months of October-- 
November. The vertical mixing either ceases or 
is quite complete within a period of about 2 
months thereafter. The observed magnitude of 
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the increase at equatorial latitudes suggests that 
the extent of vertical mixing a t  high latitude 
regions is considerably greater than at equa- 
torial latitudes. 

(ii) Lower-stratospheric circulation: For evalu- 
ating features of this circulation, we have 
available to us the extensive cosmic ray tracer 
data, as well as that on the bomb-produced 
Naaa and radongenic P b * x O  activities (these ob- 
servations have been summarised in Section 3). 

The pre-bomb Naaa data have been discussed 
earlier by BHANDARI & RAMA (1963). They took 
a mean value of 110 x for the ratio of pro- 
duction of Naza and Be7 isotopes. Fig. 6 shows 
that there exists a significant variation a t  pro- 
duction in the stratosphere and that the expec- 
ted secular equilibrium activity ratios lie in the 
range (100-130) x 10-6. The value of 110 x 

used by BHANDARI & RAMA (1963) happens to 
be coincidentally close to that expected from 
detailed calculations (Section 2.1) because they 
adopted values lower by about a factor of 
two1 for the production of both Nazz and Be7. 
Their interpretations which are baaed on the 
measured concentrations of either of these iso- 
topes are therefore in error. We therefore find 
it necessary to reconsider the implications of 
Naaa data published by BHANDARI & RAMA 
(1963). Also several new measurements have 
now been added (Figs. 5,  6) due to the work 
of BHANDARI (1965) and HONDA (1965). In  the 
case of Be7, the discussions so far have been 
based on rather limited number of measure- 
ments; data were particularly scanty for the 
equatorial regions. The present data allow one 
to estimate the ratio of Be7/PSa at production 
precisely and thus study even small departures 
from equilibrium. Thus, we are able to use Be7 
as a stratospheric tracer, in contrast to the work 
carried out so far where one had to be satisfied 
with the statement that Be7 exists in near se- 
cular equilibrium in the stratosphere (cf. RAMA 

The calculations of BHANDARI (1965) yield that 
the stratospheric production of Naz2 is higher by 
about a factor of two compared to  the values used 
by BHANDARI & RAMA (1963). In the case of Be7, 
they assumed its production to be 65 % of the values 
calculated by LAL & PETERS (1962), considering the 
observation (RAMA & HONDA, 1961) that all stra- 
tospheric measurements which were available till 
then were 0.65 times the vaIues predicted by LAL t 
PETERS (1962), and assuming that the Be’ con- 
centrations were at secular equilibrium in the stra- 
tosphere. 

& HONDA, 1961), except in regions close to the 
tropopause. 

As discussed in Section 3.1, large departures 
from secular equilibrium exist for Nags and 
measurable differences exist even for Be’. These 
departures are indicative of the time scales of 
movement of air within the stratosphere. 
Wherever two isotopes of such different half- 
lives show departures in the Stratosphere one 
can check on the validity of the mixing/trans- 
port model adopted, and thus very meaningful 
time scales of circulation can be deduced. One 
can consider two principal cases of mixing/ 
transport of air; (1) air mixes by eddy diffusion, 
and (2) air moves by advection. In  principle, the 
true situation is very complex and the circula- 
tion is not “pure”; varying proportions of the 
two modes being operative. In  studies based on 
cosmic ray tracers, where cosmic ray production 
occurs in all regions of the atmosphere, though 
in a latitude-altitude dependant manner, it be- 
comes difficult to resolve the role of the first two 
processes, and even to resolve the direction of 
advection because there exist, for instance, 
several directions of positive gradients a t  produc- 
tion and depending on how the air is assumed to 
move, different time scales are obtained. Use 
of isotopes of different half-lives can resolve the 
situation to some extent, but this does not work 
out in practice as measurements are not avail- 
able with the required degree of precision. 
Furthermore, large and small scale eddy diffu- 
sion processes do play an important role com- 
plicating the situation. 

With the above considerations in mind, our 
general approach will be not to resolve the 
mode of circulation. We will only deduce from 
the isotope data what is the dominant effective 
circulation pattern, and evaluate the mean time 
scale for mixing/transport. These time scales 
will be designated as “apparent”. The term thus 
implies an ignorance of the details of the mixing 
processes: this parameter is, however, quite use- 
ful meteorologically as it signifies the degree of 
stability of the region. 

The “apparent” ages for any zone in the 
stratosphere can be deduced in two ways, as- 
suming in either of the cases that the environ- 
mental air which exchanges with this zone has 
a zero or a negligible concentration of the isotope 
under study, i.e. the concentrations build up in 
the zone essentially due to direct cosmic ray 
production in the zone. This assumption holds 
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good, for example, in the polar stratosphere 
where isotope concentrations are considerably 
higher than those in the surrounding regions, 
equatorial stratosphere or the polar troposphere. 
Similarly, it also applies for the case of the 
equatorial stratosphere if a Brewer-Dobson cir- 
culation exists or if the horizontal equatorward 
mixing/transport is slow. With this basic as- 
sumption, we write down the relation between 
apparent "ages", t and the measured degree of 
saturation of isotope concentrations for two 
cases discussed below: 

or 

1 
1 

ta = -In 1 / (1 -S)  

with S = A/A, ,  (3) 

where A ,  and A are the expected secular and 
the observed isotope concentrations respec- 
tively, and 3, is the disintegration constant of the 
isotope. S as defined by equation (3) represents 
the degree of saturation of activity in the zone 
with respect to secular equilibrium conditions. 

Equation (1) applies to the simplest case 
which is analogous to the case of target irradia- 
tion in the laboratory, the apparent age, ta, 

signifying the time required to build up activity 
of an isotope, under constant rate of irradiation 
starting with a "clean" air parcel a t  time t = O .  
In  the second case, tb gives the apparent age 
on a box-model concept (LAL & PETERS, 1962); 
the activity of an isotope is assumed to be in a 
steady state in the zone as a result of balance 
between decay, removal and production. Con- 
stant irradiation is again assumed. For small 
values of S ,  t a ~ t b .  However, when the activity 
has built up to a sufficient extent, i.e. S - 1, equa- 
tion (1) underestimates the apparent age con- 
siderably, as in its derivation no account is taken 
of the depletion of the concentration due to 
mixing of environmental air. We will adopt the 
box-model concept in our treatment of data as 
it  seems to yield more meaningful apparent 
"ages". In  the case when apparent ages are 
based on the ratios of activities, tb is given by 

where S(R)  is the degree of saturation of the 
activity ratio of two isotopes having disintegra- 
tion constants, I ,  and A2. 

Before discussing the stability of the various 
stratospheric regions, based on the above con- 
cepts, we will firs$ evaluate the ratio Be7/&'" 
at production from the observed data. (The 
values given in Fig. 4 should only be taken for 
considerations of relative values, as even a 10 % 
error can cause serious errors in the values of 
residence times. ) 

The most stable region of the lower strato- 
sphere is found to be the 1 9 + l  km level a t  
0"-30" latitude, based on the pre-bomb Na** 
data. Considering the values of tb (discussed 
later) for this region, as also the data in the 
troposphere and rains (BHANDARI, 1965), we 
deduce that the Be7/Ps* values given in Fig. 3 
should be multiplied by 0.80 (with an estimated 
uncertainty of + 7  x). It seems difficult from 
the available data to deduce whether the un- 
certainty in the production ratio, Be7/Paa, arises 
from wholly or partly in estimation of the 
production rates of Be7 and/or Ps*. We will 
therefore keep this in mind in evaluating 
time scales based on Be7 alone; data on its 
absolute concentration will be only used to see 
relative gradients with respect to production. 

From the preceding discussions of observa- 
tions of cosmic ray tracer data (Section 3.1), we 
first  distinguish three zones in the stratosphere 
having distinct circulation patterns: 

(A) 0"-30", 18-20 km 

(B) 30"-70", 18-20 km 

(C) 30"-70", 12-18 km 

The Naen/Be7 ratios are identical in the zones 
(A) and (B); however, the absolute concentra- 
tions of both NaZ2 and Be7 (Pan) are markedly 
different, being higher for the high latitude 
region. Zones (B) and (C) have fairly identical 
Be7 and Na** concentrations. The cosmic ray 
source function is such that, based on the abso- 
lute concentrations alone, one cannot deduce 
whether this arises as a result of vertical or hori- 
zontal mixing (Figs. 3 and 5). However, if one 
considers the Na*g/Be7 ratio data, (pre-bomb 
Na** measurements), it  becomes apparent that 
they are indeed distinct zones, with horizontal 
mixing being important for zone (B) and vertical 
in the case of zone (C). The Na**/Be7 ratios are 
significantly higher in zone (B) than in zone (C). 
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TABLE 1 

Na**/Be7) 
Na** concentrations activity ratios 
P J  Mean 

Stratospheric zone S tb (months) S ( R )  tb (months) T b  (months) 

(A) 0°-30”, 18-20km 0.32 21 0.33 18 20 
(B) 30”-70”, 18-20 km 0.17 9 0.30 16 12 
(C) 30”-70°, 12-18 km 0.16 8 0.26 11 10 

We have listed in Table 1, the values of S and 
S ( R )  for Naa* and Na”/Be7 ratios. The cal- 
culated values of tb are also given in this table. 

The uncertainty in the calculated values of 
‘cb are estimated to be +_ 20 % or less, considering 
the experimental errors alone; and error of 20 % 
in the production estimates of Na** and Be7 will 
lead to a systematic error of i 25 % in T ~ .  As can 
be seen from Table 1, apparent “ages” estimated 
on the basis of S ( R )  seem to be higher than 
those based on 8. However, as discussed earlier, 
the production rate of Be7 may have been over- 
estimated by upto about 20 %. I f  we take this 
into account, the degree of saturation, S(R) 
reduces and the values of rb based on S( R )  agree 
closer with those based on S. The values of the 
mean apparent “ages” which we adopt are 
listed in Table 1. It is seen that zones A, B, and 
C constitute successively lesser stable regions. 
These regions are well separated from the tro- 
popause or the “break” a t  mid-latitudes, where 
both the isotope activities and ratios are con- 
siderably undersaturated and the correspond- 
ing values of T~ are considerably smaller. 

Similar apparent “age” calculations baaed on 
observed Be7 and Pa* activities are possible 
only for the 30”-70” latitudes, and here too they 
are less reliable because the value of “S” for 
these isotopes are close to 1; nevertheless the 
results are quite consistent with those listed 
in Table 1. 

The only other observation relevant to the 
lower stratospheric circulations is that on the 
depletion of the inventory of bomb-produced 
NaZa in the 60”-70” latitude region. We estimate 
from the data given in Fig. 8, that the mean 
time of depletion of the polar stratospheric 
inventory is 9 2 1.6 months, when considered on 
an annual basis. This figure is in excellent agree- 
ment with that baaed on cosmogenic tracer data 
(Table 1). 
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4.2 Radongenic P b Z l o  

Here we will consider the implications of the 
two significant features observed in the distri- 
bution of Pb910 in the northern stratosphere, 
namely, (i) the stratospheric air at  55”-75” 
latitude, 12-20 km is lower in its Pb*lo contents 
compared to that in the surrounding regions, 
and (ii) the highest Pbalo concentrations occur 
in the equatorial stratosphere (see Section 3.2). 

4.2 (i) Qravitational settling effects 

It seems difficult to attain a Pb*’O distribu- 
tion as mentioned under (i) above, unless some 
fraction of it is removed by gravitational settling 
from the region under consideration. The half- 
life of PbPlo is sufficiently long compared to the 
residence times of air as estimated in Section 
4.1, so that no measurable gradients are expec- 
ted to occur within the stratosphere as a whole 
(note that except in a narrow latitude interval 
of 10” at the equator, the concentrations of 
Pbalo in the troposphere range between 0.35 and 
0.45, and these results are baaed on rather large 
number of measurements). The observed lower 
PbslO concentrations can be accounted for if the 
mean time of removal of aerosols by gravita- 
tional settling is of the order of 36 ( k 9) months. 

An immediate conclusion of this is that the 
residence time of air in the polar region is 
considerably longer than the estimates given 
in Table 1, which are the apparent values of the 
residence time of aerosols, as Na** and Be7 
activities are expected to be attached onto them. 
The mean residence time of air in zone C, for 
example is then expected to be 1/(1/1&1/36) = 

14 months, i.e. about forty per cent higher than 
that deduced on the basis of radioactive tracer 
data. 
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4.2 (ii) Possible intrusions of tropospheric radon 
in the equatorial stratosphere 

It is tempting to find an explanation for the 
observed marginal excess Pbalo concentrations 
in the equatorial stratosphere. As wash-out 
processes are operative in the troposphere for 
Pbalo only and not for RnZzz (BHANDARI & RAMA, 
1963), it  is conceivable to have higher Pb210 
Concentrations in the stratosphere than in the 
tropospheric air. Such a situation will hold if air 
containing appreciable RnzZz entered the strato- 
sphere. The highest concentrations of RnzzZ 
occur in the continental ground level air which 
has about 0.2 d.p.m. Rnazz/g air (BIIANDARI, 
LAL & RAMA, 1966). The average tropospheric 
concentrations of Rnzzz is not known, values of 
(2-8) x d.p.m. RnZzz/g air may suitably 
indicate the range (JACOBI & ANDRE, 1963; 
MOSES, STEHNEY & LUCAS, 1960). Decay of 
this much radon will lead to a concentration of 
about 0.4-1.5 d.p.m. Pbz'O/lOOO S.C.F. air. If 
one considers that the excess Pb2l0 in the 
equatorial stratosphere is derived due to intru- 
sions (sporadic or continuous) of tropospheric 
air having RnZez in such concentrations, then 
it does seem possible to explain the observed 
excess Pb2l0 concentration in the equatorial 
stratosphere. 

The mechanisms for such intrusions may well 
be the highly turbulent vertical mixing in the 
troposphere associated with thunderstorms. 
Mixing across the tropopause under normal 
conditions is inadequate as the RnzZz concentra- 
tions of upper tropospheric air are expected to 
be of the order of 2 x d.p.m. RnZze/g air, 
which cannot provide enough PbZ10. 

5 .  Conclusions 

The salient features of the present investiga- 
tions based on radioactive tracers can be sum- 
marised as follows: 

(1)  The high-level placed Naze activity, fol- 
lowing the nuclear weapon test series in 1961 
(1962 contributions may be important), de- 
scended rapidly to the 20 km level during Octo- 
ber-November 1963 at all latitudes. 

(2) In the polar regions, further downward 
mixing of the bomb-produced NaZ2 continued 
to lower levels up to the tropopause, at a, well- 
defined rate-about 1.5 km month-'. It seems 
that vertical disturbances start annually around 

October a t  high-levels in the stratosphere and 
this is the trigger or the earliest phase of devel- 
opment in the sequence of events that cause 
the well-known spring maxima observed in the 
troposphere. 

(3)  The most stable region in the lower stra- 
tosphere (w.r.t. mixing/transport) is situated a t  
20-18 km at 0"-30" latitude. In  the polar strato- 
sphere (30"-70"), the 20-18 and 18-12 kilo- 
met,er regions constitute two well mixed zones, 
with horizontal and vertical mixing being the 
respective dominant processes operative for 
their mixing. The apparent "ages" of air in the 
upper and lower polar zones are estimated to be 
12 and 10 months respectively. The isotope 
data do not allow us to decide uniquely on the 
mechanisms of transport or mixing in this region. 
Irrespective of the details of transport, the esti- 
mates of apparent ages cannot be in much error, 
however. 

(4) The 12-20 km levels at 60"-70" latitude 
show seasonal changes in the tracer concentra- 
tions. Highly disturbed conditions prevail dur- 
ing October-February (or March) as shown by 
cosmogenic tracers and bomb-produced Naxz. 
The vertical mixing in the 12-18 km levels 
seems to be fairly complete, even on the time 
scales of mean-life of Psx. 

( 5 )  Gravitational settling of radioactivity 
occurs from the stratosphere at 55"-75" lati- 
tudes. This evidence rests on the study of the 
radongenic tracer PbZ1O, which alone provides 
suitable boundary conditions to observe such 
effects. The partial rate of removal due to 
gravitational settling is of the order of 36 
months; this appreciably reduces the residence 
time of aerosols in this region. 

(6)  Whereas the tracer data discussed in this 
paper do not lead to a delineation of the im- 
portance of the role of the Brewer-Dobson cir- 
culation, it seems that appreciable amounts of 
tropospheric air probably enter via the equa- 
torial tropopause to produce the highest ob- 
served Pb2l0 concentrations in the equatorial 
stratosphere; such intrusions, if they occur, 
must take place only during violent vertical 
disturbances in the troposphere. 
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M3YqEHBE CTPATOCQEPHOB IJMPKYJIHIJllB C n O M O u b I o  ECTECTBEHHMX ki 
MCCKYCTBEHHbIX MEYEHbIX ATOMOB 

6b1na npoponmeHa p a 6 o ~ a  La1 u Peters’a p n ~  

POCTH 0 6 p a a o s a ~ a ~  B aTMoc@epe siaoTonoB Prr, 

Hmanncb BO BHaMaHae npn ncnonbaoBaHnn 

BbIqHCJIeHElR UaMepeHMH OTHOCUTeJIbHOfi CKO- 

Be7, s8S NdS. n0JIyqeHHbIe Peaj’JIbTaTbI npu- 

UaOTOnHbIX AaHHbIX Ha PaaJIHqHbIX UIWpOTaX W 
BbICOTaX B CTpaTOC@epe, rpe OTHOCHTeJIbHaR 
CKOpOCTb 06paaOBaHHH UaOTOIIOB paaJIHYHa 
Ha-aa aaMeTHoro paanmarr aHepreTmecKoro 
cneKTpa KocMmecKoro uanyseaaii. npose- 

cTpaToc@epe (Hame 20 K M )  T ~ U  xopouro OT- 
peneHHMx OT TpononayaM aoHM c paanuwmuu 

Hoe BepTaKamHoe nepeMeurasaHue, a cpepHee 
Bpem HaxompeHnn aapoaonel B HUX paanwwio. 

o6-be~e onpepenixeTcH K a H  OTHoueHae KOJIH- 

AeHHbIfi aHaJIIia IfOaBOnHJI BbIHeJIMTb B HIimHefi 

MeXaHAaMaMB qUpKyJIffqEii. B KampOa H a  ZITWX 
06nac~efi CyrrleCTByeT XOpOIIIee l’OpH8OHTaJIb- 

(Bpet.fR HaXOmpeHIlR aZIpO8OJIefi B KaKOM-nn60 

’IeCTBa qaCTHq B ZITOM o61.e~e K n0nHOMy nOTOKJ’ 
EIX B aTOT o6-be~.) HalpeHo, 9TO ~au6onee  
J’CTOfiWiBOfi 06naCTbIO B CTpaTOC@€!pe RBJIReTCH 
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3 0 H a  M e W A y  18-20 KM no BbICOTe 11 0-30" It0 
IUHpOTe.  H a B n w ~ a s ~ ~ e e c ~  B p e M H  H a X O x A e H H H  
a~po3onefi B H e f i  m e e T  n o p R g o K  20 M e c R q e e .  B 
n o n n p H o f i  06nac~li B T e q e H M e  HOH6pH-@?BpanH 
Ha6J IH)naJ IOCb YCUJIeHI le  B e p T H K a J I b H O r O  nepe- 
MeluHBaHkiH.  K O M 6 H H H p y H  3 T H  p e 3 y J I b T a T b I  C 
H a 6 n H ) A e H M R M H  p a c c e 1 1 B a H H H  Na", IIOHBMBIUe- 

HbIX H C n b I T a H l l f i  C H a q a J l a  1962 r. B 3 H a ' l A T e J I b -  
HbIX K O n H q e C T B a X  p a H b l u e  A p y r H X  B30TOIIOR, 
MOWHO 3aKJIH)YHTb,  YTO B IIOJIHpHOfi  O ~ J I ~ C T M  B 
T e q e H I i e  H O R 6 p H - @ e B p a J I H  H M W T  MeCTO 6b1c~poe 

3 H e p r H 3 3 ,  B B e g e H H a R  B 3 T y  0 6 n a C T b  H a  BbICOTe 

POCTbH) I I O p H A K a  1-5 KM/MeCHq. 113 3 T O r O  
3aKJIH)9aeM,  YTO Ha6~110AaeMbIb  BeCeHHHf i  M a K -  

r o w  BO B c e l t  c T p a T o c @ e p e  B p e 3 y n b ~ a ~ e  H a e p -  

B e p T m a n b H o e  nepememmamie. IIpn v e M  n1o6an 

OKOJIO 20 KM, p a c n p o c T p a m e T c H  ~ ~ 1 1 3  co CKO- 

CHMYM B T p o n o c + e p e  R B n R e T c H  n p o c T o  pac- 

I I p O C T p a H e H H e M  B O a M e U e H H H ,  KOTOpOe  B 0 3 -  
6 y m n a e ~ c ~  D B e p X H k i X  CJlORX (OKOJIO 20 KM) B 
O K T R 6 p e - H O R 6 p e .  

O 6 c y m ~ a m ~ c f i  A a H H b I e  H ~ ~ J I I o R ~ H H H  KOH- 

6 p a H H b I X  H a H H b I X  n O K a 3 b I B a e T ,  YTO I l M e e T  MeCTO 

75' C. IU. 3 T M  Ha6JIH)@HHH I IOKa3bIBa lOT,  ' I T 0  
B p e M H  0 6 H O B J I e H H H  BO3AJ'Xa B 3 T H X  0 6 n a c ~ ~ x  

IIOMOU(bH) M e q e H b I X  BTOMOB, KOTOPbIe  n p k i C O e -  

6onee BbICOKOP K O H q e H T P a q H A  Pb"0 B 3 K B a -  
T O p H a J I b H O f i  C T p a T O C @ e p e  no CpaBHeH11H) C 
O K P Y W a l o U H M  B03AYXOM C J l e A y e T ,  q T 0 ,  no- 

p a A O H a  BXOAHT B 3 T y  0 6 J I a C T b .  

q e H T p a q m  Pb 210 B c T p a T o c @ e p e .  A ~ a n k i 3  co- 

o c a m g e H H e  113 m p a T o c @ e p M  Pbzlo M e m a y  55" n 

a T n r o c @ e p b r  ~ ~ M ~ T H O  6onblue q e M  n o n y y e H H o e  c 

RMHHIOTCH K a a p o 3 o n ~ ~ .  113 H a 6 n H ) ~ a B I U e t i C H  

BMAHMOMY, 3 a ~ e ~ ~ a ~  B e n a w i H a  T p o n o c Q l e p H o r o  
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