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ABSTRACT

Following French nuclear tests on Mururoa Atoll in the south Pacific (test site, 21° S,
138° W) during the northern summers of 1966-68, a high level of surface-air radioac-
tivity was measured at stations in both the hemispheres. In particular, the effect of
the 1968 French test was detected in the northern hemisphere up to a latitude of about
50° N. Relevant data for a few stations are presented. Available meteorological data
for 1968 are examined to determine the air currents by which radioactive debris from
the tests carried out during this year drifted to the northern hemisphere. South Pa-
cific data appear to rule out the possibility that the debris from the test site was trans-
ported to the equator and beyond exclusively by the lower-tropospheric trade wind
circulation. On the basis of global tropospheric cirulation data presented it is suggested
that the interhemispheric transport was effected by the trade wind circulation after
the debris had been transported by the tropical westerlies to latitudes nearer the
equator by lateral diffusion. Available data suggest that the lateral diffusion coeffi-
cient of the tropical westerlies of the southern hemisphere may be of the order of 108
m? sec~! or more. In the west Indian Ocean the trade winds near the equator have
strong meridional components, hence when the debris arrives by way of the tropical
westerlies it is rapidly transported across the equator by the trade wind circulation.
The study appears to support qualitatively earlier work in respect of transequatorial
fluxes of air in the lower troposphere in the west Indian Ocean during the summer
monsoon season and suggest generally that large transequatorial fluxes should occur
in such regions where the intertropical convergence zone (ITCZ) lies well away from
the equator in the opposite hemisphere. Meridional motion associated with ITCZ
may transport the debris equatorward or poleward depending upon its location within
a hemisphere.

In case of poleward transport, the debris may arrive at a latitude from where the
westerlies can spread it to higher latitudes.

1. Introduction

The last two-and-a-half decades have wit-
nessed a large number of nuclear tests in the
atmosphere. Till 1966, these tests were mostly
confined to the northern hemisphere and car-
ried out at various latitudes ranging from the
arctic to the equator. Numerous studies have
been made of the atmospheric transport of
radioactive debris from these tests and the
general finding has been that zonal transport
as well as lateral mixing is very rapid in high
and middle latitudes but, coming to low lati-
tudes, these processes slow down considerably.
However, radioactive debris from quite a few
of these tests drifted to the southern hemi-
sphere (Staley, 1963; Woodward, 1966). Staley
(1963) who noted the difference in the rate of

interhemispheric drift between the 1961 Rus-
sian tests in Siberia and the arctic (test sites,
52°N, 78°E and 75° N, 55° E) and the 1962
American test on Christmas Island (test site,
2° N, 157° W) remarked that the rate of inter-
hemispheric drift depends crucially upon where
exactly within the hemisphere the debris is
concentrated. Junge (1962) had indicated a
possibility that interhemispheric drift through
monsoon circulation might be very rapid. Be-
tween 1966 and 1968 the French exploded a
series of nuclear bombs in the southern hemi-
sphere (test site, 21° S, 138° W) details of which
are given in Table 1. Following these tests, large
increases in surface-air radioactivity were de-
tected not only at southern hemispheric sta-
tions but also at stations in the northern hemi-
sphere. Rangarajan et al. (1969a, b) have re-
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Fig. 1. Measured values of Zirconium-95 concentration in surface air at Bombay (19° N, 73° E), Pretoria
(26° 8, 28° E) and Aspendale (38° S, 145° E), June through November, 1966. Unit: pCi/l1 000 m3. Vertical

arrow-heads on baseline indicate test dates.

ported that the effect of the French tests was
detected at a number of monitoring stations in
India in all three years (1966-68). The effect
of the 1968 French tests was detected at Hong-
kong (22° N, 115° E) during the week 19-26
August, at Gibraltar (35° N, 5° W) two weeks
later, and in the UK by the end of September
(Cambray et al., 1968) and at a number of sta-
tions in America, e.g. Fort worth (33°N) by
early August and Argonne (42° N) and Inter-
national Falls (48° N) later (Gustafson et al.,
1968). Rangarajan et al. (1969b) have, however,
pointed out that the 1968 French test debris
was detected earlier and in significantly larger
quantities in India than in other areas of the
northern hemisphere.

The object of the present study is to examine
with the aid of available meteorological data
those aspects of tropical circulation which
were responsible for the transport of the radio-
active debris across the equator following the
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1966-68 French tests. Possible mechanism for
penetration of the 1968 test debris deep into
the northern hemisphere is also examined.
Meteorological data for the year 1968 are se-
lected for detailed study.

2. Radioactivity data

Cambray et al. (1966, 1967, 1968) have given
daily and weekly averages of the concentra-
tion of short-lived radio-nuclides in surface air,
such as Ba-140 (half-life =12.8 days), Zr-95
(half-life =65 days) ete., at Pretoria (26°8S,
28° E) and Aspendale (38°8S, 145° E) in the
southern hemisphere and Hongkong and Gi-
braltar in the northern hemisphere, and Ranga-
rajan et al. (1969a) have given the correspond-
ing values for Bombay (19° N, 73° E) and other
Indian stations. From these and from magni-
tudes of such ratios as Ba-140/Zr-95 or Zr-95/
Cs-137, they have estimated the times of travel
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Fig. 2. As for Fig. 1, 1967.

of the debris to the monitoring stations. The
details in respect of Bombay, Pretoria and As-
pendale, adapted from their reports are included
in Table I. Figs. 1 through 3 give the level of
concentration of Zr-95 in surface air at these
stations during June through November in the
individual years. It may be noted that of the
two series of tests carried out during 1966, the
first during July is only feebly detected at
Bombay whereas the second during Sept.-
Oct. although of higher yield, is hardly detect-
able at the station. At the hemispheric stations
Pretoria and Aspendale, however, both the
test series were clearly detectable. The 1967
and 1968 tests were clearly detected at Bom-
bay but the effect of the 1968 test was much
more pronounced. The distinctive features of
the effects of the French tests in regard to both
hemispheric and interhemispheric transports
are shown in Fig. 4 which gives the monthly
concentration of gross gamma radiation at the
HASL network stations along the 80° W meri-

dian during period 1965 through 1968 (Volchok
et al., 1969). The following features of Fig. 4
would seem to be noteworthy:

(a) The background radioactivity in both
hemispheres was low during June through
October, 1965, when there was no nuclear test.

(b) Two separate series of nuclear tests dur-
ing 1966, one during July and the other during
Sept.—Oct. are well testified by two periods of
peak concentrations.

(¢) The hill station, Chacaltaya (5220 m)
shows consistently higher values of radioactiv-
ity than neighbouring low-level stations. Data
at Portillo (2 850 m) were available during
1966 only and appear to exhibit similar higher
value.

(d) The maximum concentration appears to
be confined to within a few degrees of the test
latitude, apparently signifying that the mean
transport of the debris cloud is predominantly
zonal although there is considerable lateral dis-
persion of the debris material.
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Fig. 3. As for Fig. 1, 1968,

(¢} During 1966 and 1967, the radioactive
debris extended only slightly north of the
equator. During 1968, the penetration is
much deeper.

The above features are also exhibited by
values of monthly concentrations of short-
lived radionuclides, Ce-141, Sr-89, and Zr-95,
along the 80° W meridian. These values are
not presented for lack of space.

3. Meteorological data and atmospheric
circulation

Since the French tests were in the low- and
medium-yield ranges (except the last two of
the 1968 series which were in the megaton
range), it is likely that bulk of the radioactive
material which is contained in the mushroom
cloud was confined to the middle and upper
troposphere and drifted with the tropospheric
winds (Kellogg et al., 1957). As mentioned
earlier, meteorological data for 1968 only will
be examined in the present paper for detailed
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study. Fig. 5 which is a mean meridional cross-
section through the mid-Pacific (Mean meridian
about 160° W) shows the vertical distribution
of mean zonal components of prevailing winds
during July, 1968. Similar meridional cross-
sections for four other regions of the global
tropics, viz. (a) 60°-80° W, (b) 15°-30° E, (c)
75°-90° E, and (d) 140° E are shown in Fig. 6.
Briefly, each of these cross-sections brings out
the major salient features of the tropical gen-
eral circulation, viz two broad belts of
westerlies, one in each hemisphere, separated
by a broad belt of easterlies, but there are im-
portant regional differences. Fig. 5 and section
(a) of Fig. 6 show that the belt of upper tropo-
spheric westerlies of the southern hemisphere
above about 250 mb level extend across the
equator to about 10°-15° N. Sections (b), (c)
and (d) of Fig. 6 show a belt of low level wester-
lies near the equator in place of the easterlies.
Equatorial westerlies appear most prominently
in the regional cross-section (c¢) through the
Indian Ocean where they extend at surface
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Fig. 4. Monthly values of Gross gamma concentration in surface air during April through October, 1965-68,
along 80° W meridian. Unit: Thousand Photons/min/1 000 standard m3,

from near 25°N to about 5°8, their depth
gradually increasing towards the south and at-
taining about 6 km a.s.]. near the equator. In
the African and Australian regions, the equa-
torial westerlies are mostly confined below 700
mb level. Another major feature revealed by
Figs. 5 and 6 is the small depth of the layer of
the trade wind easterlies (~1.5 km a.s.l.) at
the test site compared with the depth of the
overlying westerlies which cover practically
the whole troposphere and extend even beyond
the 100 mb level. This difference in the depths
of the two aircurrents forms an important con-
sideration in the discussion of the transport of
the debris from the test site. Fig. 7 presents the
mean streamlines at 850 mb level during July
1968 over the Pacific and the Indian Ocean
region. The distribution of the zonal and meri-
dional components of the streamlines shown

in Fig. 7 along the equator and four other lati-
tudes (10° and 20°, N and 8) are presented in
Fig. 8. These show that the meridional compo-
nents of the lower tropospheric trade wind cir-
culation are the strongest near the equator in
the west Indian Ocean. Strong meridional com-
ponents of winds near surface in the west In-
dian Ocean may also be seen in a synoptic map
at time 12Z on 12 July 1968, presented in Fig. 9.

4. Hemispheric transport and lateral dif-
fusion

Meteorological data presented in the previous
section leave little doubt that after formation
at the test site, the bulk of the mushroom-
shaped debris cloud which contains most of
the radioactive material comes under the in-
fluence of the upper westerlies. Figs. 5 and 6
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Fig. 5. Vertical distribution of mean zonal components of winds, surface to 100 mb level, between 30° N
and 30° 8, along meridian 160° W, (Pacific Ocean) during July, 1968. Shaded area = westerlies. Speed in
m/sec negative for easterlies. Test site latitude is shown by a vertical arrow head on base line.

Table 1. Details of French nuclear tests at Mururoa Atoll (21° 8, 138° W) during 1966-68 and
approximate dates of arrival of debris at Bombay (19° N, 73° E), Pretoria (26° S, 28° E) and Aspendale
(38° 8, 145° E) as estimated from short-lived radionuclides in surface air at the stations

Adapted from Cambray et al., 1966, 1967, 1968 and Rangarajan et al., 1969.

Bombay Pretoria Aspendale

Date of Travel time Date of Travel time Date of Travel time
Test dates Test yield first arrival (days) first arrival (days) first arrival (days)

1966
2 July 25 kilotons 3 August 16-32 11-14 July 9-12 19 July 17
19 July 75 kilotons 28 July 9
11 Sept. 120 kilotons 5 November 31-55 24 Sept. 13 29 Sept. 18
24 Sept. 150 kilotons 7 Oct. 13
4 Oct. 300 kilotons 19 Oct. 14
1967
6 June Low 23 July 21-47 12-19 June 6-13 19-26 June 13-20
27 June Low 17-24 July 15-27 17-24 July 15-27
2 July Low
1968
8 July Medium 25 July 17 15-22 July 7-14 15-22 7-14

15 July Medium
3 Aug. Medium (exptl.
device)
24 Aug. H-Bomb (2 MT)
8 Sept. H-Bomb (2 MT)
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show that the speed of the westerlies at 300 mb
level varies latitudinally with a value of about
20-30 m/sec over the test altitude and higher
values to the south up to about 35° 8. The
strong westerlies move the debris cloud rapidly
towards the east. However, it is well known that
the tropical westerlies are baroclinically un-
stable and the large-amplitude wave motion
that develops in them produces large scale
lateral diffusion. Staley (1963) who studied the
lateral diffusion of debris from the 1961 Soviet
tests estimated that the lateral diffusion coef-
ficient of the northern hemispheric middle-
latitude westerlies was of the order of 108 m?
sec™! or even higher. It is reasonable to expect
that similar values may be found for the wes-
terlies of the southern hemisphere. A qualita-
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tive evidence of this may be found in Fig. 4
which shows wide meridional dispersion of the
debris in the course of the hemispheric flow.
One may follow Staley (1963) to compute the
lateral diffusion coefficient from Fig. 4 by
using the approximate diffusion relation, y?
(t) =2 kt, where ¥ is the latitudinal gain in time
(t) and k is the diffusion constant. A somewhat
rough estimate may, however, be obtained
from the approximate times of travel of the
debris to Aspendale which lies about 17 de-
grees south of the test latitude. Table 1 shows
that the average travel time for the first arrival
of the debris in the 3 years 1966/1968 was about
14 days. This would give a minimum lateral
diffusion coefficient of 2.8 x 108 m? sec™! ap-
proximately for the westerlies.
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C, cyclonic; 4, anticyclonic; E, equatorial eddy.

5. Interhemispheric transport

If the debris cloud is carried from the test
site by the hemispheric westerlies, what,
then, is the mechanism for interhemispheric
transport? It is suggested that transport across
the equator in the lower troposphere is effected
by the trade-wind circulation in such regions
where it has a large meridional component into
the opposite hemisphere when by lateral diffu-
sion the tropical westerlies bring the debris to
a latitude somewhat close to the equator. It is
to be expected that during the course of diffu-
sion, part of the debris cloud would descend to
the level of the trade-wind circulation and be
transported by this air current. But what are
those regions round the globe which have large
transequatorial fluxes of air in the lower tropo-
sphere? An answer to this question, perhaps,
involves consideration of the position of the
intertropical convergence zone (ITCZ) in rela-
tion to the equator. Fig. 10 shows the mean
surface positions of the ITCZ during the two
mean monsoon months, February and August.

It may be seen that, during August, the ITCZ
is located north of the equator practically in
all the areas, with maximum displacement in
the Afro-Asian monsoon region. During Feb-
ruary, the ITCZ is located south of the equator
in the Indian Ocean and the western Pacific
Ocean but elsewhere it continues to lie north
of the equator. Now, if the ITCZ signifies a
zone in which air masses from both the hemi-
spheres converge in the lower troposphere, rise,
and then diverge in the upper troposphere and
stratosphere, then it would seem that its posi-
tion relative to the equator at any time is im-
portant not only for transequatorial flux of
radioactive debris, but also for the extent to
which the debris can penetrate into the hemi-
sphere. In this sense, the Afro-Asian monsoon
region would facilitate maximum interhemi-
spheric penetration. However, if the debris lies
in the upper troposphere or stratosphere, the
diverging meridional motion may bring it
either towards or away from the equator. If it
is caught in the poleward drift, it may be
carried to the westerly belt where it can dif-
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Fig. 10. Mean surface positions of the intertropical convergence zone during February and August.

fuse to higher latitudes. Staley (1963) is of the
view that the rapid escape of the debris of the
April 1962 high-yield American test on Christ-
mas Island to the southern hemisphere occur-
red through the southward meridional motion
in the upper troposphere and stratosphere.
Observational data showing the meridional
wind components at standard pressure levels
upto 100 mb level along a few selected meridians
in the Indian Ocean region at a single maptime
in July 1963 have been presented by Saha
(1968).

Transequatorial flux of the 1966-68 French
test debris through monsoon circulation has
been suggested by a number of workers (e.g.
Cambray et al., 1968; Rangarajan et al., 1969a).

6. Quantitative estimates of transequatorial
flux

Pisharoty (1965) who studied water vapour
budget over the Arabian Sea computed the net
northward flux of water vapour across an
equatorial vertical section extending from 42° E
to 75° E and from surface to 450 mb level and
found the value to be 2.20 x10¥ tons/day
during July, 1964. He considered this value to
be quite small compared with the value of net
eastward flux across a similar vertical section
along the west coast of India and concluded
that the Indian SW monsoon was primarily a
northern hemispheric trade wind system with
little drawal of water vapour from the southern
hemisphere. In a recent article (Saha, 1970)
the author hasg carried out a fresh computation
of equatorial fluxes of air and water vapour
using Pisharoty’s equatorial section but more
representative data and shown that the net
northward fluxes of air and water vapour
across the equator during July, 1964 were
5.02 x10'* tons/day and 4.43 x10¥9 tons/day
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respectively. Findlater (1969) using an equa-
torial vertical section extending from 35° E to
75° B and from surface to 600 mb level and
strong low level meridional winds across east
Africa reported by him has computed the net
fluxes of air across the equator during both
summer and winter. His value of the net north-
ward flux of the air during July is 7.68 x 1012
tons/day.

7. Conclusion

The radioactivity and meteorological data
discussed in the paper appear to suggest that
meridional circulation constitutes the main
mechanism to effect interhemispheric transport
of radioactive debris in low latitudes. However,
the role of the hemispheric westerlies in diffus-
ing the debris cloud laterally to latitudes whence
the meridional circulation can effectively move
the debris is emphasized. Some quantitative
estimates are given of the magnitudes of trans-
equatorial fluxes of air in the western Indian
Ocean during northern summer. Transport to
higher latitudes in both the hemispheres is
possibly effected by westerlies that lie poleward
of the meridional circulation cell.
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OBMEH PAINOAKTUBHBIMU SATPASHEHUAMUN MEXIY IIOJYCOPEPAMU U
NUPRYJIANNA B TPOIMKAX

Ilocne ¢paHnyscKUX AfEepHBIX HCHBITAHUN HA
aronne Mypypoa B omkuoit uactm Tuxoro
okeana (21° 10. ur., 138° 3, m.) B mepuonH Jera B
CeBepHOM Nonymapuu B 196668 rr. 6e1u usme-
PeHHl BHICOKHME YPOBHU PAfHOAKTUBHOCTH IIPH-
3eMHOTO BO3/yXa Ha CTAHOMAX B 00OMX HOJY-
mapuax. B uacrtHocTH, s¢PeKTH uUCHBITAHMI
1968 r. Oblui 0GHADPYKEHBI B CEBEPHOM MOJY-
mapud BIOJOTH [0 LIKMPOTH HopAgKa 50° c. I
IIpencraBastorca aaHHBe muA pAAa craHouit. G
1leJbI0 oNpejesleHsA BOSAYIIHEIX IOTOKOB, Iepe-
HOCHBIUMX PajUOAKTHBHEE SarpA3HeHUA B ce-
BEpHOE moayniapue B 1968 r., mpoanmanmusupo-
BaHEl MOCTYIIHHIE METeOpOJOIMUecKne JaHHHE
3a aror rof. [lawHble mo lokHOM wacTm Tuxoro
OKeaHa, IIO-BHANMOMY, WCKJIIOYAIOT BO3MOMK-
HOCTb, YTO 3arpfAsHeHMA C MeCTa HCIHTAHUN
TIepeHOCHIINCh K BKBATOPY M 33 HETo Iocpef-
CTBOM JIMIIb IIACCATHON IUPKYJIANUN HIKHeH
Tponocdeps. Ha ocHOBe mpencTaBiIeHHHX JaH-
HHX 0 ri1o6anbHON TpomocdepHON MUPKYIALNK
TNPeJNoJIOKEeHO, YTO HepeHOC M3 OJXHOTO IOoJy-
mapusg B Jpyroe ObUI IOABep:KeH BIMAHUIO
TaccaTHON IMPKYJIALNN IOCJIe TOro, KakK 3a-
rpA3HeHMA OBIN IepeHeCeHH TPONNYECKUMHU
OKBATOPUAJBHBIMH BeTPaMH [0 3KBATOPHATL-
HLIX ITUPOT NyTeM IOIepeYyHOi TOPHU3OHTANB-
Holt auddysnu. Vmewmpecs JaHHbE TO3BONAIOT

OIleHUTD, 4TO KodPPuIUenT monepedHonn aud-
dysun QIS TPONMYECKHX BANAZHEIX BeTPOB
0HOT0 HOAYMAPUA mopAgKa 108 m2 cex~! wum
0osee. B samammon wacru Mupguitckoro okeana
naccatsl BOJU3M BHKBaTOpa HUMENT GOJbUIYIO
MepUANOHANLHYI0 KOMIIOHEHTY, I0ATOMY, KOTAA
3arpA3HeHNA MOCTYNAOT CIOAA ¢ MOMOINBI0 TPO-
NUYecKNX B3aMaJHBIX BETPOB, OHHM OGBICTPO Iepe-
HOCATCA 4Yepe3 DKBATOP MMACCATHON INMPKYIIA-
nueii. IlpencraBasercda, uro pmamHas pa6ota
KAaueCcTBeHHO IoATBep:KaaeT 0ojlee paHHee MC-
CIIe0OBAHME B OTHOIIEHMU TIIOTOKOB BO3LYyXa
yepes DKBATOP B HIUKHelt Tpomocdepe B 3amajn-
Hoit yactu Hpuiickoro oKeaHa B EPUOJ JTETHUX
MYCCOHOB M II03BOJISIET CHeJaTh OOUUA BHIBOJ,
4TO0 GOJBbINME NMOTOKUM BO3AYyXa uepe3 BKBATOD
HOJIKHBI MPOMCXOQUTb B TeX 00JIACTAX, I'fie 30HA
MEeXIYTPOMUYECKON KOHBEPTEHIMH HAXOIUTCA
B AOCTATOYHOM YHAJIEHMH OT YKBATOpa B IIPO-
THBOIOJIOKHOM mnojgymapun. MepuguoHalbHEe
OBHM{EHUHA, CBA3AHHEIE C B9TON 30HOI KOHBEpreH-
I[MM, IIePEeHOCAT 3arPA3HEHUA B HANPABIEHMHN K
HKBATOPY MJIM K IMOJIOCY B 3aBHCUMOCTH OT ee
TMOJIOMEHUA BHYTpPH TNoJdymapusa. B cayuae
mepeHoca K I0JNIOCY 3arpfasHeHUA MOTYT [0-
CTHYb INMPOTHl, OT KOTOPOIl BamajgHble BETPHI
MOTYT MX PacceATb A0 0ojee BHICOKUX IIHMPOT.

Tellus XXII (1970), 6



