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ABSTRACT

There is experimental evidence that the stratospheric reservoir of Pb-210 aerosols is fed from
the troposphere by injections into the stratosphere of its mother nuclide Rn-222. In steady
state conditions, it is possible to calculate, for the tropospheric air penetrating into the
stratosphere, that an Rn-222 concentration of 10 pCi kg~! is necessary to balance the
stratospheric Pb-210 losses. This concentration is not typical of the values usually measured in
the upper troposphere. This supports the idea that the troposphere-to-stratosphere transfers
are discontinuous and occur following a strong tropospheric upward transport.

1. Introduction

It is generally admitted that stratospheric
ozone strongly depends on a large number of
molecules and radicals originating from the
Earth’s surface. Some of them have a rather long
life and are reasonably taken into account by
simple 1D or 2D models. In contrast, it is much
more difficult to parameterize short-lived species
(days or weeks) for which the atmospheric distri-
bution is patchy. Moreover in this case, the
vertical transfer from the ground level toward
the stratosphere becomes a very important
parameter.

In the case of water vapour, Brewer (1949) and
Newell (1981) pointed out that comparing its
stratospheric mixing ratios to the tropopause
temperatures distribution introduces a constraint
in the troposphere-to-stratosphere exchange pro-
cesses. The aim of this paper is to determine what
constraints are introduced in this problem by the
radon-222 measurements. In effect, such an
approach is particularly tempting, because radon
is a noble gas whose isotope 222 has a weli-
known radioactive half-life of 3.8 days and whose
source strength is practically constant and
homogeneous at the surface of the continents.
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2. Vertical distribution of radon-222

The volume mixing ratio of radon in the lower
atmosphere being of the order of 10-2°, it is not
possible to measure it directly or by remote
sensing. All the measurements are made on air
samples after appropriate separations. Rn-222
concentrations have been intensively measured at
ground level, throughout the world over conti-
nents and oceans; see, for instance, the reviews of
Turekian et al. (1977) and Lambert et al. (1982).

The injection of Rn-222 from the soil surface
has been measured in several different ways
(Turekian et al., 1977). Most of the published
values are between 0.5 and 2.5 atoms cm~2 s~! (or
0.3 to 1.4 pCi m~2 s~!), with an average value of
the order of 0.9 atoms cm~2 s~! or 0.5 pCi m—2
s~! (Polian et al., 1989). Moreover, Broecker et
al. (1967), Hoang and Servant (1972) and
Wilkening and Clements (1975) showed that the
outgassing of Rn-222 from the sea surface is
about 100 times less than from continents.

In a first step, radon diffuses within the plan-
etary boundary layer with an eddy diffusion
coefficient depending on the atmospheric vertical
stability, driven by the vertical gradient of tem-
perature and the wind velocity. Near the ground,
the concentration over continents is typically of
the order of 100 pCi kg~! during the day, reach-
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ing up to a few thousands pCi kg~! by tempera-
ture inversion. This concentration decreases with
altitude up to the boundary layer upper limit.
Above open oceans, the concentration generally
is between 1 and 5 pCi kg~! and still less over
Antarctica. Rn-222 is therefore an excellent
tracer of the transport of continental trace species
with a comparable life-time, that is of the order
of 1 week (Lambert et al., 1975; Wilkniss and
Larson, 1984; Polian et al. 1986). Above the
planetary boundary layer, the radon concen-
tration decreases rapidly down to very low values
(Nguyen et al., 1967; Moore et al., 1973; Lambert
et al., 1982; Liu et al., 1984). It is likely that most
of the vertical motions responsible for this distri-
bution occur in convective clouds, as discussed
later.

At least 3 different techniques have been used
to measure Rn-222 versus altitude. The first one
consists of scooping the whole air and then, back
in the laboratory, trapping gaseous radon in a
cold trap with or without a molecular sieve or
charcoal (Machta and Lucas, 1962). A second
technique consists of directly trapping the radon
in a cold trap. In both cases, the Rn-222 activity
is measured in the laboratory by classical nuclear
methods. The principle is rather simple, but one
critical step is certainly transferring the sample
from the cold trap to the measurement device
without contamination by the ambient air which
can contain several thousand times more Rn-222
than the high-altitude sample. This question is of
particular interest whenever an unusually high
concentration is measured (see below). Many
experimental results were obtained by this
method (Wilkening, 1970; Moore et al., 1973).
Most of the published results are summarized,
and analyzed in terms of tropospheric vertical
transport by Liu et al. (1984).

To avoid the above-mentioned contamination
risks, Lambert et al. (1982) utilized a completely
different method which consisted of filtering the
air and counting, during and immediately after
the sampling, the short-lived Rn-222 decay prod-
ucts which are fixed on aerosol particles. The
balloon-borne apparatus comprised a high flow
rate pump (40 kg of air per hour), one filter and a
28 cm? a scintillation counter, with an anticosmic
device, just facing the filtration area. The back-
ground ranged between 0.1 cpm at ground level
and 3 cpm at 100 mb. The counting efficiency,

determined by comparison between a and f
activities of radon daughters, was 17%. Four
flights have been made from Aire-sur-I’Adour
(France), according to this method (Table 1). In
order to considerably increase the number of
measurements on both sides of the tropopause, a
similar method was used on board the NASA
C-141 aircraft, over the Eastern Pacific off
California and between Hawaii and the USA
(Kritz et al., 1990).

Comparing the results obtained by different
authors using different devices in various
countries is a matter of faith. More particularly,
the sampling and counting efficiencies are not
really known with the desirable accuracy.
However, on the whole, the results are in agree-
ment and the profiles observed can be considered
as valid: this is the basic assumption of this
paper. Focusing attention on data obtained above
7 km, two main features are observable.

First of all, although Rn-222 concentrations
normally measured near the ground are usually
close to 100 pCi kg™!, they are extremely variable
in the high troposphere: for example, from <1 to
32.7 in the C-141 measurements shown in Kritz

Table 1. Radon-222 concentration versus altitude
obtained during 4 balloon-borne experiment flights

Flight 1 Flight 2
23 October 1977 2 November 1978
H=9.1km H=14km
8.7km 25+5pCikg™! 7.2km 1.8+1.0pCikg!
11.6km <2.6pCikg™! 8.2km 1.0+0.8pCikg!
16km <0.5pCikg! 9.2km 1.3+0.7pCikg™!
10.5km 1.1+0.7pCikg!
11.4km 1.1+0.7pCikg!
11.9km 2.5+09pCikg!
Flight 3 Flight 4
8 March 1979 27 April 1980
H=9.6km H=10.3km
7.3km 1.2+0.6pCikg=! 5.8km 1.2+0.8pCikg™!
8.3km 1.2+0.5pCikg~! 7.0km 1.0+0.4pCikg!

9.4km 2.5+0.6pCikg™!
9.9km 0.9+0.3pCikg™!
12.4km <0.2pCikg™!

8.2km 0.6+0.3pCikg™!
9.5km 1.2+0.3pCikg™!
10.3km 7.0+2.5pCikg™!
11.8km <0.2pCikg™!
13.2km <0.6pCikg™!

H = tropopause altitude (km) (Lambert et al., 1982).
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et al. (1990). Following the analyzes presented by
Gidel (1983), Dikerson et al. (1987), and Kritz et
al. (1990), the variations observed can be
attributed both to eddy diffusion coefficient
changes, especially with the altitude and season,
and to advective transports connected to cumulus
clouds. Several groups are now modeling radon
transport (Brost and Chatfield, 1989; Zimmer-
mann et al., 1990; Heiman et al., 1990; Jacob,
1990). It is worthwhile noting in some profiles
that the Rn-222 concentration can be higher
immediately beneath the tropopause than in the
middle troposphere, which can be attributed to a
previous ascent of that Rn-222 in another
location, followed by a horizontal advection of
aloft air. Regarding the smallest values, they
could be interpreted as typical of injections of
stratospheric air into the troposhere. Liu et al.
(1984) drew from the profiles they analyzed mean
vertical profiles characteristic of the season.
However, even though the general trend is an
exponential decay with altitude, the deviations
are important and not inconsistent with the high
variability mentioned above. Moreover, it can be
guessed that most of the profiles were obtained
when the flight conditions were acceptable, and
therefore are not representative of the average
atmospheric transport. These conditions were less
critical for the measurements made on board the
C-141, which is a large aircraft which flew above
the weather. This remark can account for the
particularly great variability observed, especially
by Kritz et al. (1990) and shown in Fig. 1.

The second feature is that the concentration
vertical gradients are extremely sharp across the
tropopause, as much as a factor 20 per km. This
is not surprising, taking into account the weak-
ness generally expected for the troposphere-to-
stratosphere exchanges. In effect, similar obser-
vations were made by Cronn and Robinson
(1979) for ethane, and by Rudolph et al. (1981)
and Ehhalt et al. (1985) for propane and ethane,
which have life-times of the order of 1 week and
1 month, respectively.

However, in the case of Rn-222, some rare
stratospheric values are much higher than usual,
reaching up 15 pCi kg1, i.e., quasi-tropospheric
figures: see Fig. 2 comparing results from Moore
et al. (1973) and Lambert et al. (1982).

In conclusion, although the Rn-222 profiles
“are by far the most extensive data compiled for
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Fig. 1. Radon activity distributions in the upper tropo-
sphere (following Kritz et al., 1990).

>16

a tropospheric tracer with simple chemistry” as
pointed out by Liu et al. (1984), and despite
calculations of mean seasonal vertical profiles by
these authors, because of radon’s short life-time
and the stochastic nature of the vertical transport
process, one cannot specify a single radon con-
centration value as characteristic of the upper
troposphere. What is certain however, is that, in
view of the vanishingly small concentrations of
radon observed in the stratosphere, significant
exchanges of radon across the tropopause must
occur only in an upward direction.

3. Radon-222 and lead-210 balance

A very special feature of Rn-222 is that ‘about
30 min after its disintegration, it gives rlse to a
20-year half-life radio nuclide, Pb-210, which is
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Fig. 2. Radon activity distributions in the lower
stratosphere.

fixed on the acrosol particles. From the review by
Lambert et al. (1982), the Pb-210 concentration
at ground level varies from 20 x 10~3 over
continents to 0.5 x 10~3 pCi kg~! over open
ocean. The activity ratios Pb-210/Rn-222 are
accounted for by an aerosol residence time close
to 7 days, in agreement with many authors’
measurements through different methods. As a
consequence, Pb-210 aerosols have also been used
as continental tracers, especially by Graustein
and Turekian (1983), and Lambert et al. (1990).
Measuring the vertical distribution of Pb-210 is
significantly easier than that of Rn-222 for
several reasons. First, Pb-210 is present as

aerosol, and large volumes of air can be filtered
either by balloon-borne devices, or from aircraft
equipped with isokinetic sampler. Then the half-
life of Pb-210 is long and there is practically no
decay between its sampling and its subsequent
measurement in the laboratory. Moreover, the
counting efficiency can be accurately measured.
However careful precautions must be taken in
order to avoid a contamination of the filters near
the soil by dusts or by low-altitude aerosols. After
the exploratory measurements of Burton and
Stewart (1960) made during 1954-1956, Peirson
et al. (1966) have measured the Pb-210 concen-
tration at 4 levels: the ground, 1.3 km, 7.6 km
and 14.3km. Rama and Honda (1961) have
measured 3 x 1073 pCi/SCM (or 2.3 x 1073
pCikg™'), 1 km below a 16-km high tropopause.
Moore et al. (1973) have obtained 12 profiles over
USA between the mid-troposphere and the low-
stratosphere with a mean concentration of
1.5 x 1073 pCi/SCM (or 1.1 x 1073 pCi kg!)
immediately beneath the tropopause, at about
11 km height. These values do not show signifi-
cant seasonal variations and are confirmed by
vertical profiles over the USSR from 1966 to 1968
(Nazarov et al, 1970) and by one balloon
horizontal flight over France in 1976 (Lambert et
al., 1979). On the basis of these observations, a
good mean concentration immediately beneath
the tropopause can be taken to be of the order of
2 x 1073 pCi kg~!, with an uncertainty of about
50%.

A very large number of Pb-210 measurements
have been made in the stratosphere by Krey
(1967, 1969 and 1975) and were summarized by
Lambert et al. (1982): see Fig. 3. They are in
agreement with the results of Peirson et al.
(1966), Moore et al. (1973) and Lambert et al.
(1979). The best mean value of the concentration
of this nuclide between the tropopause and
15 km height is 9.2 x 10~3 pCi/SCM or 7 x 1073
pCikg!.

Even though the Pb-210 concentrations on
both sides of the tropopause are not known with
an accuracy better than 509, it is clear that they
are about 4 times greater in the lower strato-
sphere than in the upper troposphere, contrary to
all trace species originating from the soil surface,
and consequently the Pb-210 net exchanges
across the tropopause must be going down. Now,
the residence time of aerosols in the lower strato-
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Fig. 3. Pb-210 budget in the stratosphere (in 10~3 pCi kg~!) according to Lambert et al. (1982) from measurements

by Krey (1967, 1969, 1975).

sphere being several months, which is much
shorter than the Pb-210 half-life, we must have a
balance, on this time basis, between the input
and the output of stratospheric Pb-210 atoms.
This balance can only result from the up transfer
of tropospheric Rn-222 atoms, according to an
early idea of Bandhary et al. (1966).

Let F be the mean flux of air (in kg s')
exchanged between troposphere and strato-
sphere, which is obviously the same in both
directions, and Cy; and Cj, the mean concen-
trations of Pb-210 (in atoms kg~!) respectively in
the high troposphere going up and in the low
stratosphere going down.

The Rn-222 flux to the stratosphere ¢y, (in
atoms per second) necesssary to balance the
Pb-210 flux is given by:

¢RnT= F(CSJ,_ CTt)Pb-

Assuming that the stratospheric radon concen-
tration is negligible, an acceptable value of the
Rn-222 mean concentration in the high tropo-
sphere Cy,;, should therefore be:

Crat= T =(Cs,— Cropws

or in radioactivity units, for the activities ag,, as
and a;:
Ao (a5 —ar)
gy = Ay Cra = TR 7S T
A’Ph

0.18:(7—2)-10"3
IR 950105 o
' (for Pb-210: in pCi kg~1)]
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the radioactive constants of Rn-222 and Pb-210,
being, respectively 0.18 d-! and 9.5 x 10=5 d~1.
Finally:

ag, =10 pCikg~1.

This value is by no means an average value of
the Rn-222 concentration in the upper tropo-
sphere, but it is the mean concentration of that
air which is penetrating into the stratosphere.

A comparison of this figure and the Rn-222
concentrations reviewed in Section 2 shows that
such a value is not usual in the mid-latitude upper
troposphere (see Fig. 1). We can therefore ascer-
tain that the troposphere-to-stratosphere transfers
of Rn-222 occur only in particular meteorological
conditions, for which the Rn-222 is unusually
enriched in the upper troposphere, that is follow-
ing a rapid vertical advective transfer of this
nuclide from the lower layers of the atmosphere.
Moreover, it is also remarkable that such Rn-222
concentrations were rarely observed within the
stratosphere. Consequently, it seems that the
troposphere-to-stratosphere exchanges should be
very discontinuous, so that the chances of
sampling Rn-222 immediately after its entry into
the stratosphere are very weak.

4. Conclusion
Although the source of the atmospheric Rn-222

can be considered to be continuous and almost
homogeneously spread out throughout the con-
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tinents, the concentrations of this nuclide
measured in the upper troposphere vary by more
than one order of magnitude. This observation is
well accounted for by the variations with space
and time of the tropospheric vertical transport.
Even though the average concentration decreases
with altitude and is well fitted by an exponential
law (with different coefficients from season to
season), it is impossible to directly evaluate a
mean Rn-222 concentration which could charac-
terize the high troposphere. It is therefore also
impossible to parametrize a simple model assum-
ing continuous exchanges of this nuclide across
the tropopause.

However, the existence of a Rn-222 long-lived
decay product, Pb-210, enables one to determine
some constraints for the troposphere-to-strato-
sphere exchanges. They are necessarily discon-
tinuous in space and time, and seem to occur
following an advection of air from the lower to
the upper troposphere, with an equivalent mean
Rn-222 concentration of the order of 10 pCi kg~!.
These discontinuous transfers are generally not
visible in the stratosphere, but could account for
rare unusual high Rn-222 concentrations, which
were actually observed, always during the months
of April or May.

One consequence of this analysis is that model-
ing the troposphere-to-stratosphere transfers of
short-lived trace species necessitates a good
understanding of the transfer processes involved
and an evaluation of their occurrence frequency.

G. LAMBERT, J.-C. LE ROULLEY AND M. KRITZ

In the very special case of Rn-222, the integral’
calculation of these transfers has been obtained
through the Pb-210 budget. Lambert et al. (1982)
estimated a transfer of 77 to 164 x 10!8 atoms per
minute of Rn-222 to balance the losses of the
Pb-210 stratospheric reservoir. This corresponds
to 2 to 5x107 Ci per year, which at the
concentration of 10 pCi kg~! derived earlier, and
a lower stratospheric air mass (between the
tropopause and 15 km) of 5 x 10!8 kg, implies a
residence time of the order of 4 months for the
Pb-210 aerosols in the lower stratosphere. This
small value is in agreement with the results of
Krey and Krajewski (1970) and Leifer et al.
(1984), who calculated from different radio-
nuclide inventories, stratopheric half-residence
times of 9 and 6.5 months, respectively.
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