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Long-range transport of continental radon in subantarctic
and antarctic areas

By GEORGES POLIAN* GERARD LAMBERT, BENEDICTE ARDOUIN and ALAIN
JEGOU*, Centre des Faibles Radioactivites, Centre National de la Recherche Scientifique, Gif-sur-Yvette,
91190, France

(Manuscript received October 10, 1985, in final form April 17, 1986)

ABSTRACT

Gaseous Rn-222, a daughter product of U-238, is injected into the atmosphere from the
surface of continents. Its atmospheric cycle is particularly simple since it disappears only by
radioactive decay (half-life 3.8 days). Radon measurements obtained over more than 15 years
in remote stations in Antarctic and Subantarctic areas generally give concentrations as low as
0.1 to 2 pCi-m~3. However, we have shown the existence of sharp increases of concentrations
reaching 3 to 30 pCi-m~3 called “radonic storms”. Owing to the negligible degassing of radon
trom the sea surface, such peaks are accounted for by long-range transport from remote
continents (mainly South Africa) over Southern Indian and Antarctic oceans, with transit
times ranging from 1.5 to 7 days and very low dilution factors of the order of 3 to 7. This air-
mass transport is related to warm sectors of cyclonic systems passing over South Africa and

around the Antarctic continent.

1. Introduction

The concentration of atmospheric trace ele-
ments in remote areas results from their local
production as well as long-range transport from
their major sources. This is particularly true at
Subantarctic islands where most of the trace
elements present in the air can either be produced
locally by the soil of the island or the ocean
surface, as well as transported from remote
continents.

An approach to the long-range transport con-
sists in computing air mass trajectories by using
the classical method of geostrophic winds, or
isobaric, isentropic and actual trajectories as de-
scribed for instance by Danielsen (1961) and
Petersen and Uccellini (1979). Such calculations
are particularly difficult in the Southern Hemi-
sphere where meteorological data are scarce.
Moreover, the hypothesis of adiabatic trajectories
in the lower troposphere is questionable.

For these reasons, the use of continental
tracers, for which sources, transport and dilution

* Also ORSTOM-TAAF, Paris.

could be known, should be particularly fruitful in
Antarctic and Subantarctic areas. During the last
25 years, the radon isotopes 220 and 222 have
been frequently utilized for this purpose (Fontan
et al., 1962; Lambert and Polian, 1963; Nguyen
et al.,, 1967; Lambert et al, 1970 and 1972;
Larson et al., 1972; Wilkniss et al., 1974; Nguyen
et al., 1975; Turekian et al., 1977; Larson and
Bressan, 1978; Rangarajan et al., 1979; Lambert
et al., 1982).

Radon concentration has been monitored at
French Antarctic and Subantarctic stations since
1960 (Fig. 1). The aim of this paper is to relate
the measured radon concentrations to the trans-
port processes of continental materials and spe-
cifically the transit times and dilutions involved.

2. Radon isotopes 222 and 220 in the
atmosphere

The radon isotopes 222 and 220 are decay
products of U-238 and Th-232 respectively. Their
decay series are shown in Fig. 2. Rn-222 is
injected into the atmosphere essentially from the

Tellus 38B (1986), 34
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Fig. 1. Stations in Antarctica and subantarctic areas.
The stations mentioned in the paper are underlined.
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Fig. 2. Rn-222 and 220 decay series.
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surface of continents, at a mean rate of
approximately 0.7 atoms cm?-s~! (Lambert et al.,
1982). In contrast, the degassing rate of the sea
surface is about 100 times less (Broeker et al.,
1967; Hoang and Servant, 1972; Wilkening and
Clements, 1975). Therefore it is clear that Rn-222
is a good tracer of continental materials.

Rn-222 is a noble gas which disappears from
the atmosphere only by radioactive decay with a
3.8 day half-life (5.5 day mean life). Its typical
concentration in the continental atmosphere at
ground level is of the order of 80 to 200 pCi-m~3
(Lambert et al., 1982). This concentration de-
creases over the oceans both by radioactive decay
and by dilution down to values of the order of 0.5
pCi-m~* which are characteristic of a ‘“pure
marine atmosphere”.

The Rn-220 (“Thoron™) half-life is only 54 s.
However its daughter Pb-212 (ThB) has a 10.6 h
half-life and it is therefore possible to trace the
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aerosol particles on which it is fixed. The marine
source of these nuclides can be considered as
totally negligible, consequently the Pb-212
measured on a Subantarctic island cannot be
attributed to any marine or remote continental
source but is only due to the local outgassing from
the island’s soil. Therefore by comparing the Rn-
222 and Pb-212 concentrations at a Subantarctic
station, we can distinguish between variations
accounted for by changes in the local atmos-
pheric eddy diffusion, or in long-range transport
from remote continents. The measurement tech-
nique consists of filtering the atmospheric
aerosols and measuring their alpha radioactivity
versus time. The study of the activity decrease
permits one to distinguish between Rn-222 and
Pb-212 daughters and finally measurement of
both the Rn-222 and 220 concentrations (see
Appendix).

3. Long-range transport of Rn-222 over the
subantarctic ocean

The atmospheric concentration of Rn-222 at
sea level in the 3 stations Crozet, Kerguelen and
Amsterdam Island (see Fig. 1) is generally
between 0.2 and 1.5 pCi-m~3. However, the main
feature of the concentration record is the exis-
tence of rapid and sharp variations that we have
called **Radonic Storms™ (Lambert et al., 1970).
During such an event, the Rn-222 concentration
can increase in about 4 h from less than
1 pCi-m~3 up to 4-10 pCi-m~3 and exceptionally
to 20 pCi-m~3 at Kerguelen and Amsterdam
Island and 40 pCi-m~3 at Crozet Island, and then
decrease again to normal values, 2 to 6 h later
(see Figs. 3, 4).
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Fig. 3. Example of a Rn-222 peak observed at

Kerguelen Island in correlation with Rn-220. Both are
due to local Rn exhausts by very low wind.
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Fig. 4. Example of a Rn-222 peak observed at
Kerguelen Island by strong wind and very low Rn-220
activity. Radon 222. ——— Radon 220.
— 4+ —+— Air temperature. ---ll--- Wind velocity.
-— % — Atmospheric pressure. —@— Water vapor
partial pressure.

Some radonic storms are due to the local
production of radon: they are observed for wind
speed less than 5 m-s~' and meteorological
conditions corresponding to a low atmospheric
eddy diffusion (Fig. 3). The figure also shows the
existence of a peak of Rn-220 (Thoron) which
occurred at the same time, and which was
definitely of local origin. In contrast, a large
number of Rn-222 peaks are observed during
strong winds and associated with low concentra-
tions of Rn-220 (Fig. 4). These can therefore be
ascribed to continental air mass advection
characterized by low dilution and a rather short
transit time. It should be noted that owing to the
strong 3-dimensional eddy diffusion generally
associated with high speed winds prevailing in
Subantarctic latitudes, a relative homogenization
of the atmosphere was expected there, leading to
smooth and small amplitude variations of the
continental Rn-222. On the contrary it is clear
that the sharp variations recorded necessitate a
transport from remote continents, following a
discontinuous injection.

Despite a lack of correlation between continen-
tal Rn-222 peaks and the wind speed, a good

Tellus 38B (1986), 34
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correlation between Rn-222 increases on one
hand, and increases of temperature and water
content of the air, and low atmospheric pressures
on the other hand, was often observed as shown
in Fig. 4. Consequently we have been led to
associate this particular type of Rn-222 transport
with synoptic scale meteorological variations.
Synoptic charts relative to 1000 and 500 mbars
are provided every 12 h by the Bureau of Meteor-
ology of Melbourne (Australia). A given cyclonic
system can be followed throughout the Sub-
antarctic ocean around the Antarctic continent
particularly in winter, as shown for example in
Fig. §.

Owing to the clockwise circulation around a
South Hemisphere cyclone, it is often observed in
winter that cyclonic systems pass over South
Africa, which implies continental air is being
drawn in towards the southeast, between warm
and cold fronts (Fig. 6). Therefore continental
Rn-222 is injected from South Africa into
Subantarctic areas. In the typical example shown
in Fig. 6, it may be observed that 1 or 2 days after
passing over South Africa, the warm sector
reaches Kerguelen Island and there coincides
with a sharp increase of Rn-222 concentration up
to 18 pCi-m~3, which decreases again at the very
moment when the cold front reaches the island
(Fig. 7). In winter similar situations can be
observed from 1 to 5 times per month at Crozet

S0UTH
AFRICA

AUSTRALIA

SOUTH AHERICA

Fig. 5. Daily position of a front moving from South
America to Indian and then to Pacific oceans. Numbers
from 12 to 29 give the corresponding dates in June
1980. The 1020 mb isobar is shown for June 19. A:
Amsterdam Island, C: Crozet Island. K: Kerguelen
Island, D: Dumont d'Urville (Terre Adélie).

Tellus 38B (1986), 34

and Kerguelen Island, and more rarely at Am-
sterdam Island.

A second type of meteorological situation can
also produce Rn-222 injection into the Sub-
antarctic marine atmosphere. In Fig. 8 a strong
barrier, due to high pressure, prevented the fronts
from passing over South Africa. However the
continental air, highly concentrated in Rn-222,
was drawn in from South America from June 27
to 29 1980. The cyclonic system reached Crozet
Island on July 2, Kerguelen Island on July 3 and
Amsterdam Island on July 4. As observed in Fig.
9, the passage of the system past the station also
coincided here with sharp increases and then
decreases of the Rn-222 concentration. In con-
trast, whenever a depressionary system did not
touch any continent (Fig. 10), the passage of the
fronts past a station did not give significant Rn-
222 variations (Fig. 11). Such a situation was
observed for 25 days in July 1980 (Fig. 12),
resulting in a mean monthly value reduced by
409 relative to the usual value (see Table 1).

In summer, the westerlies are shifted towards
the south and the continental air is no longer
drawn in, except on rare occasions. Conse-
quently, most of the Rn-222 peaks observed in
summer can actually be correlated with Rn-220
maxima, both being of local origin. Despite the
higher frequency of low speed winds in summer,
which gives a higher Rn-220 mean monthly con-
centration (see Fig. 13), this season is
characterized by particularly low Rn-222 mean
monthly values. This seasonal variation, which
agrees with the preceding analysis, shows that
discontinuous advection in the lower troposphere
seems to be a prevalent process for supplying
continental materials to the Subantarctic atmos-
phere. Lockhart (1962) found similar seasonal
variations at Kodiak and Wales (Alaska) with a
deep minimum of Rn-220 in winter, likely due to
the local frozen soil and simultaneously a Rn-222
maximum, which could be ascribed to long-range
transport from mid-latitude continental areas.

4. Transit time and dilution

It is possible from synoptic charts series to
obtain a value for the time lag between the
passage of a warm sector over South America and
the Subantarctic stations (see Fig. 8). Typical
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Fig. 6. Cyclones over South Africa and Subantarctic islands from July 23 to 28, 1968. Cold and warm fronts are
indicated as well as the 1020 mb isobar. A: Amsterdam Island, C: Crozet Island. K: Kerguelen Island, D: Dumont

d’Urville (Terre Adélie).

results are shown in Table 2 which imply mean
travel speeds of the order of 60 to 70 km-h™!,
which are in agreement with normal conditions
in the roaring fourties. The same evaluation

cannot be made for air mass transport from South
Africa to Subantarctic stations since the meteoro-
logical fronts are slanted relatively to the merid-
ians with a variable slope (see Fig. 5). However, a

Tellus 38B (1986), 34



TRANSPORT OF CONTINENTAL RADON

cross-correlation between the radonic storms re-
corded at Crozet and Kerguelen Island gives a
mean transit time of about 22 h between these
stations, corresponding to a mean speed of 68

tpli/m?)

radon 222

25 26 27 28

July 1968
Fig. 7. High peak of Rn-222 observed at Kerguelen
Island on July 25 1968. }: Warm front passage over
the station. §: Cold front passage over the station. H:
High pressure.

e T e

AUSTRALIA

SOUTH AMERICA
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km-h~!, in good agreement with the mean speed
in Table 2. From this last value of 70km -h~', we
calculated the mean transit times between South
Africa and the Subantarctic stations indicated in
Table 3, together with the range of values
corresponding to extreme speeds of 52 and 83
km-h-1.

Knowledge of the transit time between the
continental source of Rn-222 and the Sub-
antarctic stations permits the calculation of the
radioactive decay of this nuclide during trans-
port. Consequently, the comparison between the
continental Rn-222 concentration and the con-
centration actually measured at a station, after
decay correction, should give the dilution factor
of the continental air mass during the advection
process. Unfortunately, the Rn-222 initial
content of the air mass over the continent is
generally unknown. However, it may be pointed
out that most of the variations of Rn-222 ob-
served over continents at ground level are mainly

Tty 2 e
0 UHT ——
12 GAT «—+

Tautw
NAFRICA ;
3
N

[_b

Wad

SOUTH AMERICA

Fig. 8. Cyclones from South America to East Indian ocean. The high pressures (H) prevent the cyclones from
passing over South Africa from June 28 to July 2. Fronts and 1020 mb isobar are indicated. A: Amsterdam Island,
C: Crozet Island. K: Kerguelen Island, D: Dumont d'Urville (Terre Adélie).

Table 1. Radon deficit in the 3 austral stations during winter 1980

June July. August September
(pCi/m?) (pCi/m?) (pCi/m?) (pCi/m?)
Stations average 1980 average 1980 * average 1980 average 1980
Crozet 2. 1.85 2.0 1.25 0.7 1.6 1.35 1.3 1.0
Kerguelen 1.5 1.4 1.55 09 0.8 1.35 0.9 1.1 0.95
Amsterdam 1.6 1.65 1.6 1.45 1.1 1.35 1.2 1.1 0.7

* July 1980 calculated without the 3 days (28, 29, 30) during which the anticyclonic barrier was widely open.

Tellus 38B (1986), 34
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due to changes in the vertical eddy diffusion,
when the total amount of this nuclide between 0
and 2 km height is rather constant in time and
from place to place (Lambert et al., 1982). These
authors showed that the mean equivalent
concentration of Rn-222 in this layer is about 80

Legend
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Fig. 9. Rn-222 peaks observed at Crozet and Kerguelen
Islands on July 3. The corresponding synoptic charts
are shown in Fig. 8.

pCi-m~3 (for a typical concentration of 125
pCi-m~3 at ground level). We can therefore
calculate the dilution factor, for each radonic
storm observed, by the expression:

d= —82exp (—At),
4

where d is the dilution factor, ¢ the maximum
Rn-222 concentration measured, 4 the Rn-222
radioactive constant, and ¢ the transit time
corresponding to this peak.

The results are shown in Table 4. It is worth
noting that in these calculations, we assumed that
the vertical distribution of the Rn-222 was
approximately homogeneous over the Sub-
antarctic stations. The high values obtained for
the injections from South America are due to the
long distance travelled by the air masses. These
values are slightly overestimated due to the
narrowness of South America, south of 40°S,
which prevents Rn-222 from reaching its conti-
nental equilibrium concentration.

July 11,1980

SQUTH
AFRITA

SOUTH AMERILA

AUSTRALIA

Fig. 10. Example of purely oceanic fronts circulation from July 1 to 6 1980. The thick lines correspond to the 1020
mb isobar. A: Amsterdam Island, C: Crozet Island. K : Kerguelen Island, D: Dumont d’Urville (Terre Adélie).

Table 2. Transit times between South America, Subantarctic Islands and

the longitude of Dumont d’Urville (Antarctica)

Transit times (days)

From South Distance Mean speed
America to (km) average range (km h™!)
Crozet ~ 10,000 59 5-8 70
Kerguelen ~ 11,500 6.8 6-9 70.8
Meridian 140°E 16,000 10.7 9-12.5 62.4

Tellus 38B (1986), 34
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Fig. 11. Rn-222 concentration recorded at 3 stations
from July 4 to 8 1980, and showing only low figures.
The corresponding synoptic charts are shown in Fig.
10.

Fig. 12. Typical synoptic chart observed in July 1980.
The 1020 mb isobar prevents cyclones from passing
over continents. A: Amsterdam Island, C: Crozet Is-
land. K : Kerguelen Island, D: Dumont d’Urville (Terre
Adélie).

Table 3. Transit times between South Africa and
Subantarctic Islands

Transit times (days)

From South Distance

Africa to (km) average range
Crozet = 2,800 1.7 1.4-2.2
Kerguelen 4,200 2.5 2.1-34
Amsterdam % 5,000 3 2.54

5. Radon transport to the Antarctic east
coast

Rn-222 and 220 have also been monitored
since 1960 at the French station Dumont
d’Urville (Terre Adelie) on the east coast of the

Tellus 38B (1986), 34
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Fig. 13. Seasonal variations of (a) Rn-222 at Crozet,
Kerguelen, and Amsterdam islands, and (b) Rn-220 at
Crozet and Kerguelen Islands.

Antarctic continent (see Fig. 1). Because almost
all this continent is ice covered, there is practi-
cally no local emission of these nuclides into the
atmosphere. This is particularly notable for Rn-
220 whose concentration is very low, generally
less than our detection limit of 0.01 pCi-m~3.
Consequently the Rn-222 measured at Dumont
d’Urville can be considered as transported there
from remote continental sources.

Radonic storms were observed at Dumont
d'Urville, very similar to those of the Sub-
antarctic stations (Polian and Lambert, 1968). In
winter, some of these radonic storms occurred in
the same meteorological conditions as previously
described, that is when a warm sector having
passed over Australia arrived in the vicinity of
the station (see Fig. 14). During the winter
months, from March to October, the Rn-222
mean concentration at Dumont d’Urville is of the
order of 0.65 pCi-m~3 (Fig. 15), which is lower
than in subantarctic areas (1.4 to 2.3 pCi-m~3).
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Table 4. Dilution rates between southern continents and

subantarctic islands

From South Africa

From South America

Stations mean range mean range
Crozet 3 1.5-9 7.3 3-14.3
Kerguelen 6 3-19 7.4 3.5-15
Amsterdam 5 3-17 7.2 4.7-13.3

Humaty (%!
Rn 222 tpls m Yl

iy 1980

Fig. 14. Example of records of Rn-222, air temperature
and relative humidity at Dumont d'Urville (Terre
Adélie Antarctica). §: Warm front passage near by the
station (at North). Air temperature.
Humidity.

These values agree with the general pattern of an
advective transport through the lower tropo-
sphere. In contrast, the mean monthly concentra-
tion of Rn-222 is particularly high in summer at
Dumont d'Urville. Therefore the seasonal
variations are exactly in opposition between the
Subantarctic areas and the east Antarctic coast.
The Rn-222 mean concentration in summer is
of the order of 1.8 pCi-m~3 at Dumont d’Urville
(Fig. 15) instead of the 1 pCi-m~3 found in
Subantarctic areas at the same time. These val-
ues, higher on the Antarctic coast than in
Subantarctic latitudes, are confirmed by the lati-
tudinal profiles of Rn-222 obtained on board
ships between Hobart (Tasmania) and Dumont
d’Urville. Fig. 16 shows the concentrations
measured in December, from 1963 to 1966. This
is in agreement with Wilgain et al. (1968). Such
observations rule out the possibility of south-
wards transports of this nuclide at sea level. The
summer maximum at Dumont d'Urville is not
accounted for either by air circulation around or
across the Antarctic continent because at most of
the Antarctic stations the values measured are

20
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Fig. 15. Rn-222 seasonal variations at Dumont
d'Urville (Terre Adélie Antarctica) and Mawson
(Antarctica).
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Fig. 16. Rn-222 latitudinal profile at sea level between
Hobart Tasmania (Australia) and Dumont d’Urville
(Terre Adélie Antarctica).

significantly lower: 04 to 0.5 pCi-m~? at
Mawson where the seasonal variations are
however identical to those of Dumont d’Urville
(Fig. 15) and 0.6 at Molodejnaya (Polian, 1984);
0.25 at Roi Beaudouin (Wilgain et al., 1968); 0.4
at the South Pole (Lockhart et al., 1966). In fact,

Tellus 38B (1986), 3-4
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Fig. 17. Fission products latitudinal profile at sea level
between Tasmania (Australia) and Terre Adélie
(Antarctica). Average of 4 profiles from December 1963
to 1966.
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Fig. 18. Mean Pb-210 latitudinal profile at sea level
between Tasmania (Australia) and Terre Adélie
(Antarctica).

similar observations can be made about the lati-
tudinal repartition of fission products and Pb-210
as shown in Figs. 17 and 18, also confirmed by
Lambert et al. (1965) and Sanak (1983).

Sanak et al. (1985) have deduced from the
study of cosmogenic nuclides (Be-7 and P-32) that
the stratosphere-troposphere exchange is particu-
larly important over the Antarctic coast. Since
the Rn-222 cannot be transported through the
stratosphere due to its short half-life, it seems
likely that the high concentrations of Rn-222 at
Dumont d'Urville result from the strong summer
convection over the southern continents followed
by southward advection in the mid, and/or possi-
bly upper troposphere and by subsidence over
Antarctica. This idea was already suggested by
Hogan et al. (1982) working on total aerosols and
Aitken nuclei over the South Pole, and agrees
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with the CO, air borne measurements of Bischof
(personal communication, 1985). Such an inter-
pretation is supported by the vertical profiles of
Rn-222 over Kerguelen Island and Dumont
d’Urville shown in Figs. 19 and 20 where a
concentration maximum is frequently observed at
altitudes from 1 to more than 3 km. This
conclusion is in agreement with Liu et al. (1984)
who analysed Rn-222 vertical profiles obtained in
May and August above the American continent
by Moore et al. (1973).

6. Conclusion
The study of Rn-222 and 220 has shown, at

least in Subantarctic areas, the existence of conti-
nental air mass advection, in the lower layer of
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the troposphere, which is related to the warm
sector of cyclonic systems. During these well
individualized events, all of the atmospheric
tracers present in the continental air are trans-
ported over thousands of kilometers above the
oceans with little dilution, generally less than a
factor 10. Their concentration in the air mass
concerned is, therefore, essentially limited by
their own specific removal process. In the case of
Rn-222, it is only removed by radioactive decay
with a mean life of 5.5 days. The concentration at
a given station of an atmospheric trace constitu-
ent for which sources, sinks and life time would
be similar to those of Rn-222 may be calculated
from its continental value by using, with minor
adjustments, the ratio of the Rn-222 concentra-
tions over continents and at the station. That is
particularly the case for submicronic aerosols as
well as various gaseous species such as propane.
The existence in Subantarctic latitudes of a
clear maximum of Rn-222 in summer shows that,
on the whole, these low altitude advections are
the major process of injection of continental
materials at these latitudes. However this process
seems to be less active in bringing continental
materials to Antarctica. In this case, the trans-
port of continental materials results mainly from
advections which occur in the mid and/or upper
part of the troposphere particularly in December
and January. During the summer season, and at
the latitude of the Antarctic coast, the meridian
transfer, as detected at sea level, is northward
instead of the southward shift generally accepted.
This observation could account for the delay and
the fading observed at Subantarctic stations rela-
tive to Antarctic ones in the variations of very

different atmospheric tracers as fission products
or CO,.

7. Appendix

Far enough from the continental sources, it can
be assumed that Rn-222 and 220 are in radioac-
tive equilibrium with their short-lived decay pro-
ducts. These are present in the air as aerosols and
can be sampled by filtration. The filter utilized
(Poelmann Schneider blue) is a large circular
filter fixed on a rotating disc. Every other hour,
the part of the filter that has been collecting the
aerosols is automatically switched over to an
alpha scintillation counter. The alpha measure-
ments give a very low background of 2 counts/h.
These are practically specific for Radon daugh-
ters. However, the counting efficiency of the
filter, which is not a thin source of alpha rays, is
determined relative to a beta counting, by com-
paring the alpha and beta activities of Rn-222
short-lived daughters in radioactive equilibrium
collected on the same kind of filter. This alpha
counting efficiency is about 259 It is reproduc-
ible within 2%,. With an air flow of 12 m3-h-!,
the detection limit is as low as 0.01 pCi-m3,
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