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ABSTRACT

Global atmospheric transport models are frequently tested by using >*?Rn as a tracer. Generally
this tracer is assumed to be emitted at a uniform rate (1 atom cm~2s~!) from all ice-free land
surfaces. The analysis of published data suggests a strong decrease from 30°N northwards to

0.2 atom cm

~2571 at 70°N. This could be a result of increasing water tables and proportions

of organic soils as indicated by larger proportions of wetlands in northern latitudes.

1. Introduction

The natural radioactive noble gas *Rn is pro-
duced by the decay of 2*°Ra, a trace element
present in all mineral soils. Its emission from ice-
free land surfaces is assumed to be relatively
uniform. Ice cover inhibits its emission. Oceans,
where 2?°Ra is in solution, emit about two orders
of magnitude less ??’Rn than continents. This
source distribution and its short half-life (t;, =
3.82 d) make ?*’Rn a useful tracer in atmospheric
transport studies, an application first proposed by
Israél (1951). It is often used in validating global
atmospheric transport models (Genthon and
Armengaud, 1995; Li and Chang, 1996; Jacob
et al., 1997; Stockwell et al., 1998; Dentener et al.,
1999; Stockwell and Chipperfield, 1999; Rasch
et al, 2000). For this purpose, its large-scale
emission rate needs to be known.

By inverse modelling of longitudinal variations
in 21°Pb flux in the northern (15-55°N) and
southern (15-55°S) hemispheres, Turekian et al.
(1977) estimated ??*Rn flux from continents to be
1.2 atomem~2?s~ ! Later, Lambert et al. (1982)
used a global inventory of 22Rn and its daughter
products based on 20 yr of measurements and
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derived an 22Rn  flux of 0.72
atomcm %s”

In model validations, *?*Rn flux is generally
assumed to be spatially uniform and around
latomcecm ™ 2s~!. However, Lee and Feichter
(1995) concluded that a non-uniform distribution
of the emission rate of ?*?Rn over land would
improve predictions of global transport and
deposition of 2'°Pb. They demonstrated this by
comparing calculations using a constant emission
rate with calculations using a simple distribution
of latitudinal changes in the emission rates. A
similar assumption was made in a comparison of
scavenging and deposition processes in global
models at the WCRP Cambridge Workshop 1995
(Rasch et al., 2000).

We use this empirical indication of ?*’Rn flux
changing with latitude as a hypothesis in
re-assessing published data and in evaluating
possible implications of own flux measurements

on different soils in northern Britain.

average
1

2. Radon-222 flux measurements and
estimates
2.1. Direct ?*’Rn flux measurements

Radon-222 flux can be directly measured by
accumulator methods. In principle, they involve
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the interception of gas flux between soil and the
atmosphere by an inverted box (chamber) placed
onto the soil surface. In a closed, or static system,
this results in a usually linear increase in gas
concentrations within the chamber. Flux is calcu-
lated from the observed concentration change over
time, the average chamber height and the gas
density. In an open, or dynamic system, outside
air is continuously flushed through the chamber
and concentration differences between incoming
and outgoing air are measured. Flux is then a
function of this concentration difference between
in-flowing and out-flowing air, flow rate, chamber
area, and gas density. Reviews of direct measure-
ments of ?*’Rn flux can be found in Wilkening
et al. (1975) and Turekian et al. (1977). They
generally show a large variability among different
sites and between seasons. Apart from genuine
differences in flux, differences in measurement
techniques and apparatus also need to be consid-
ered. Hutter and Knutson (1998) found a coeffi-
cient of variation of 34% for ?*>Rn flux measured
at the same location by nine different groups.
Since the last review of which we are aware
[ Turekian et al. (1977)], many more 2*’Rn flux
measurements from natural soils have been
reported (Table 1). Some of this work specifically
focussed on the determination of ?*?Rn flux from
larger areas (e.g. Schery et al., 1989; Whittlestone
et al., 1998; Nielson et al., 1996). In some of the
other studies, 2?2Rn flux measurements were lim-
ited to a few locations, or part of an experiment
with a different focus. These directly measured
fluxes show a similar average flux and variability,
as previous flux measurements reported. Given
the large variability of the data, there is no clear
indication of a trend in 22?Rn flux across latitudes.

2.2. Indirect **>Rn flux estimates

Indirect flux estimates from measurement of
atmospheric 22?Rn profiles and the assumption of
steady-state conditions between flux and decay
have the advantage of integrating over large areas.
Unlike direct measurements, they are not subject
to small-scale variations in soil properties.
However, for a near equilibrium between flux and
decay to establish, air masses have to be in contact
with a land surface for over a week. Indirect flux
estimates of this kind have been made in the mid-
latitudes of the northern hemisphere in France
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(Servant, 1964, cited in Wilkening et al., 1975),
the former USSR (Kirichenko, 1970) and in the
USA (Anderson and Larson, 1974; Wilkening
et al, 1975). When plotted against latitude, they
exhibit a decreasing trend with increasing latitude
(Fig. 1). The same data plotted against longitude
did not exhibit any trend.

Indirect estimation of 222Rn flux is also possible
from measurements of *'°Pb flux. Decay of ***Rn
in the atmosphere results in the formation of 2!°Pb
(t12 =22.3 yr) which attaches to submicron-sized
aerosols. The mean residence time of these par-
ticles in the atmosphere is around 6.5 d (Lambert
et al.,, 1982) before they are scavenged by precipita-
tion or deposited dry. While emission of the parent
element 2*?Rn is almost exclusively from contin-
ents, the daughter product 2!°Pb is deposited on
continents and oceans likewise. In order to esti-
mate the average *?*Rn flux from continents in
a certain latitudinal band, we might therefore
divide the average 2!°Pb deposition flux by the
proportion of ice free continental area within
this band.

Such an estimate is based on several assump-
tions. Firstly, that the number of ?'°Pb atoms
deposited is equal to the number of 2?*Rn atoms
emitted. This is very likely to be true because of
the principal of continuity (Turekian et al., 1977)
and the absence of any significant other sources
of 21°Pb (Lambert et al., 1982). Secondly, that
within a certain latitudinal band there is no bias
in the allocation of *'°Pb measurement sites to
areas with particularily low or high *'°Pb depos-
ition fluxes. This seems correct for the latitudes
north of 30°N, where 2!°Pb flux has been measured
at a large number of sites in America, Europe and
Japan, including continental, coastal and maritime
sites. However, south of 30°N, 2'°Pb flux measure-
ments are more sparse and are concentrated in
a few regions, rendering this assumption less
likely. The third assumption is that transfer of air
masses from one latitudinal band into another is
negligible. This is supported by the prevailing
atmospheric circulation being either from west
to east (30-60°N), or from east to west (10-30°S).
Nevertheless, some loss or entrainment of '°Pb
from one latitudinal band into another is possible
and might lead to an under- or over-estimation of
222Rn flux.

To estimate 2?*Rn flux based on this approach
we can use the average values of 21°Pb flux for
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Table 1. Reported ???Rn flux from natural soils since review by Turekian et al. (1977)

No. of
different
222Rn flux No. of sites

Country  Latitude (atomcm~2s”!) samples sampled Temporal scale Reference
Canada 54°N 0.54 8 2 Jul + Aug Ussler et al. (1994)
Canada S50°N 0.33 51 51 Aug + Sept Kuhlmann et al. (1998)
Germany S50°N 0.08-0.19 11 6 2) Keller and Schiitz (1988)
Germany 49°N 0.88 2) @) Annual average Dorr et al. (1983)
Germany 49°N 0.75 > 1000 5 8 year average SchiiBler (1996); cited in

Levin et al. (1999)
Romania 46°N 0.95 9 3 Oct, Nov + Mar Cosma et al. (1996)
Spain 37°N 0.60 235 4 Jan, Feb, Jun + Oct Duenas et al. (1997)
Japan 36°N 0.48 9 2 Jul-Oct Uchida et al. (1997)
Japan 35°N 0.48 ) 13 Annual average Tojo (1989); cited in

Moriizumi et al. (1996)
Japan 35°N 0.41 b 1 Oct, Dec + Jan Koarashi et al. (2000)
USA 26-31°N 0.70 882 882 Apr + Jun Nielson et al. (1996)
India 15°N 1.43 13 13 @) Somashekarappa et al. (1996)
Brazil 3°S 0.38 20 8 April + May Trumbore et al. (1990)
Australia  11-39°S 1.05 - - Seasonally adjusted  Schery et al. (1989)

annual average
1.20 78 78 Jun + Jul

Tasmania 41-44°S 1.10 74 37 Feb + Jan Whittlestone et al. (1998)

2 Data not given in reference
® Continuous measurement.

Only the arithmetic mean is indicated for locations where more than one value was given in the same reference

(i.e. measurements at different times or different soils).
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Fig. 1. Indirect measurements of *??Rn flux in the mid-
latitudes of the northern hemisphere. The decreasing
trend with increasing latitude is supported by estimates
derived from 2'°Pb deposition flux (horizontal bars indi-
cate the latitudes over which this flux is integrated).
M, Servant (1964); @, Kirichenko (1970); A, Anderson
and Larson (1974); A, Wilkening et al. (1975);
O, derived from 2'°Pb fluxes in Preiss et al. (1996).
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different latitudinal bands as reported in Preiss
et al. (1996). This gives us 2?*Rn flux values of
0.75atomecm~2s~! for the latitudinal band
30-60°N, and 0.18 atomcm ?s~! for 60—80°N.
These values will probably only have a small error
because the discussed assumptions are most likely
for these two latitudinal bands. They support the
trend indicated by the atmospheric >*?Rn profiles
in the same latitudes (Fig. 1). Consequently, the
222Rn flux distribution based on indirect estimates
suggests a linear decrease from 1atomcm 25!
at 30°N to 0.2 atom cm~*s~ ! at 70°N.
Radon-222 flux derived from *'°Pb deposition
flux in the 10-30°N band gives a value of
1.8 atomcm~2s~!. This is certainly an over-
estimate resulting from the concentration of 2'°Pb
flux measurements in monsoon-influenced regions,
where fluxes are expected to be much larger than
in drier regions, such as the Sahara or Arabia
(Rasch et al.,, 2000), from where there are no
reported 21°Pb flux measurements. Lack of 2!°Pb
flux data from the equatorial regions precludes a
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similar estimate between 10°N and 10°S. The
210pp-based estimate between 10 and 30°S
(0.93 atom cm ~? s~ !) is very similar to the average
of 1.05 atom cm 2 s~ ! for the Australian continent
(11-39°S) measured directly by Schery et al
(1989). However, lack of 2'°Pb flux values from
southern Africa and South America reduces the
confidence, we might put into the *'°Pb-based
estimate for these latitudes. For the more southern

latitudes (30-50°S), the 2!°Pb-derived 2?*Rn
flux seems again unreasonably high (2.8
atom cm~2s~1). Entrainment of small quantities

F. CONEN AND L. B. ROBERTSON

of 21°Pb into these latitudes from further north
could result in a large over-estimate because of
the small proportion of ice free continental area
(0.06) in these latitudes.

3. Possible relations between latitude and
22Rn flux

While the evidence for decreasing *’Rn flux in
northern latitudes is strong, it remains open which
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Fig. 2. (a) Radon-222 flux from February to June 2001 at three sites in Britain differing in the proportion of the
humic layer in the soil profile. As (b) water tables decrease, (c) fluxes increase relative to respective site average.
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factors or processes are causing this. One possibil-
ity could be wetter, and more organic, soils and
shallower water tables in increasingly northern
latitudes. Such a trend is indicated in the increas-
ing proportion of peat bogs and other wetlands
per unit land area with increasing latitude in the
northern hemisphere (Stillwell-Soller et al., 1995).
Compared to mineral soils, organic soils or peat
have orders of magnitude lower concentrations of
226Ra. This would result in reduced ?**Rn fluxes
from humic soils, since 2?2Rn flux is proportional
to soil 2*°Ra content, if all other factors are equal.
Further, shallow water tables in wetlands reduce
the thickness of the soil profile from which ?*Rn
can escape into air spaces and diffuse into the
atmosphere, as ?*Rn produced below the water
table is unlikely to enter air space before its decay.
Higher soil moisture contents associated with
shallower water tables further reduces soil gas
diffusivity and ??*Rn flux. This results in increased
retention times of 222Rn within the soil pore space
and a larger proportion of it decaying before
escape into the atmosphere (D6rr and Miinnich,
1990).

To investigate these assumptions, we made
direct measurements in the north of Britain at
sites between 55 and 57°N contrasting in the
thickness of their humic layer and at times of
different water table depth. Volumetric soil water
content was on average around 35% and rarely
below 25%. The soil was never frozen when the
measurements were made. The underlying mat-
erial at all sites is of sedimentary origin. Fluxes
were measured with four replicate closed chambers
and samples (1 litre) were analysed in an ionisation
chamber. Radon-222 flux decreased in the order:
mineral soil, no humic layer > mineral soil with
15 cm humic top layer > humic soil (peat) (Fig. 2).
We also found that fluxes increase with decreasing
water table. It is unlikely that temperature had a
significant effect on the observed changes in 222Rn
flux, since 2?*Rn emanation and transport pro-
cesses in soils are only very weakly affected by
temperature, if at all (Schery et al., 1989; Nazaroff,
1992). These results support the assumption that
an increasing proportion of more organic soils
and water tables closer to the soil surface would
decrease ?*?Rn flux in northern latitudes.

Another possible cause for decreased 2**Rn flux
with increasing latitudes could be differences in
226Ra content in mineral soils. Evidence pointing
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in this direction has been found in China, where
concentrations of 28U (a source of **°Ra) in soils
have been found to decrease from south to north
(Xu et al., 1993). This trend has been attributed
to the pattern of geochemical weathering and the
effect of leaching on soil development.

4. Proposed ***Rn flux distribution across
latitudes

Starting from the assumption of a uniform ***Rn
flux of 1 atom cm~2s~! from ice-free continental
areas, we might now apply the constraint of
linearly decreasing ?*?Rn flux with increasing
latitude from latomcm~™?s™' at 30°N to
0.2 atomcm ™~ 2s~ ! at 70°N. From 30°N into the
equatorial region, measurements are sparse, but
reported direct flux measurements are generally
in the same range as at 30°N (Table 1), supporting
the assumption of 1 atom cm ™2 s~ ! for these latit-
udes. The area-weighed average for the northern
hemisphere based on this distribution would be
0.7 atom cm ™2 s~ !, which is in accordance with
the estimate of 0.72 atomcm ™ 2s~! by Lambert
et al. (1982). Constraining flux distribution for the
southern hemisphere is limited by low data den-
sity. Nevertheless, directly measured fluxes in
Australia agree well with an indirectly derived
222Rn flux estimate for the 10-30°S latitudinal
band and support the general assumption of
1 atom cm 2 s~ ! for these latitudes. The southern-
most reported flux measurements are from
Tasmania (41-44°S) and are in a similar range
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Fig. 3. Distribution of 22?Rn flux from ice-free land sur-

faces across latitudes as used in modelling studies and
as proposed in this study.
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(Whittlestone et al., 1998). In absence of informa-
tion on ???Rn flux in lower latitudes, we might
extrapolate the value of 1 atom cm ™% s™! to other
ice-free land surfaces further south. As a result of
the very low proportion of ice-free land surface in
this region, the potential error of this extrapolation
is only of minor significance. The global average
222Rn flux for ice-free land surfaces based on this
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distribution (Fig. 3) would be 0.8 atom cm 25~ 1.

Compared to 2??Rn flux distributions used in the
modelling studies by Lee and Feichter (1995) and
Rasch et al. (2000), the distribution proposed here
differs mainly in its lower values between
30°N-60°N. This finding could be of importance
in model validations, as it concerns the latitudinal
band with the highest land/ocean ratio.
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