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A B S T R A C T
Terrestrial radon-222 flux density for the Asian continent, integrated over distances of 4500 km, is estimated in
two 20◦ latitudinal bands centred on 48.8◦N and 63.2◦N. The evaluation is based on three years of wintertime
radon measurements at Sado Island, Japan, together with meteorological and trajectory information. A selection of
18% of observations are suitable for evaluation of an analytical expression for the continental surface flux. Various
meteorological assumptions are discussed; it is found that there is a substantial effect of increased complexity of the
formulation on the flux estimates obtained. The distribution of spatially integrated radon flux over the Asian landmass
is reported for the first time. Expressed as geometric means and 1σ -ranges, estimated fluxes are 14.1 mBq m−2 s−1

(1σ -range: 18 mBq m−2 s−1) and 8.4 mBq m−2 s−1 (1σ -range: 10 mBq m−2 s−1) for the lower and higher latitude
bands. These results constitute an annual minimum in flux densities for these regions, and are higher than previously
reported. The existence of a latitudinal gradient in the continental radon source function is confirmed; the present
estimate for Asia (−0.39 mBq m−2 s−1 per degree of latitude) is in agreement with the northern hemisphere terrestrial
radon flux gradient proposed previously.

1. Introduction

Two major factors presently limiting the performance of regional
and global weather/climate models on diurnal to seasonal time
scales are: (1) the representation of transport and mixing pro-
cesses in the lower atmosphere; and (2) detailed knowledge of
the emissions of climatically significant aerosols and greenhouse
gases, both natural and anthropogenic.

The naturally occurring noble gas radon (222Rn) is an effec-
tive tracer for both terrestrial air mass movements (Israël, 1951;
Polian et al., 1986; Kritz, 1990; Balkanski et al., 1992; Perry
et al., 1999) and atmospheric mixing (Wigand and Wenk, 1928;
Jacobi and André, 1963; Guedalia et al., 1974; Liu et al., 1984;
Butterweck et al., 1994; Lee and Larson, 1997), and its unique
physical characteristics have made it a popular tool for the eval-
uation of transport and mixing schemes in weather, climate and
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chemical transport models (Jacob et al., 1997; Dentener et al.,
1999; Rasch et al., 2000; Chevillard et al., 2002; Gupta et al.,
2004; Considine et al., 2005; Forster et al., 2007). Furthermore,
since the terrestrial radon source function is relatively simple
and similar processes control the surface-atmosphere exchange
of radon and certain important greenhouse gases (including CH4,
CO2 and N2O), time-series observations of atmospheric radon
concentrations together with a companion species of interest can
be used to infer regionally integrated emissions of the compan-
ion species on seasonal timescales using the radon-calibrated
flux technique (Gaudry et al., 1990; Schmidt et al., 1996; Biraud
et al., 2000).

Radon is a radioactive gas with a half-life of 3.82 d, compa-
rable to the residence time of key atmospheric pollutants and
the synoptic timescale. Being inert and poorly soluble in water
(Jacob and Prather, 1990; Li and Chang, 1996), radon is not sus-
ceptible to wet or dry atmospheric removal processes. Derived
from the long-lived radium-226, present in most rock and soil
types, radon’s surface flux density is typically between 0.72 and
1.2 atoms cm−2 s−1 (15–25 mBq m−2 s−1) over ice-free terrestrial
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surfaces, and varies mainly geographically as surface soil char-
acteristics change. Over open water bodies, radon emissions are
2–3 orders of magnitude smaller than over land (Turekian et al.,
1977; Lambert et al., 1982; Schery and Huang, 2004).

In contemporary attempts to use radon for evaluation of
numerical transport and mixing schemes, and for constrain-
ing regional inventories of climatically significant species, a
significant source of uncertainty can be attributed to geograph-
ical variations in the terrestrial radon source function (Lee and
Feichter, 1995; Rasch et al., 2000). A number of factors, includ-
ing radium-226 content, soil type, grain size, water content and
ice cover are known to contribute to heterogeneity in the terres-
trial radon flux density (Wilkening et al., 1972; Turekian et al.,
1977; Nazaroff, 1992), necessitating considerable spatial inte-
gration of results in order to derive regionally representative and
robust estimates (Zhuo et al., 2008). While Jacob et al. (1997)
estimated that the commonly adopted radon source function of
1 atoms cm−2 s−1 (20.98 mBq m−2 s−1) is accurate to about
25% globally, a number of investigators have hypothesized that
much of the regional variability is manifest as a latitudinal gra-
dient (e.g. Lee and Feichter, 1995; Schery and Wasiolek, 1998;
Giannakopoulos et al., 1999; Conen and Robertson, 2002). Vari-
ations in the latitude band between 30◦N and 60◦N are of par-
ticular interest, as this band has the highest land/ocean surface
ratio on the globe (Conen and Robertson, 2002) and includes the
important boreal forest biome.

With the exception of some studies in China (e.g. Jin et al.,
1998; Zhuo et al., 2008), few direct estimates of the radon source
function exist for continental Asia east of 60◦E and north of
30◦N. The use of direct techniques (e.g. accumulation cham-
bers) over such an extensive and largely inaccessible region
is both impractical and unlikely to yield results representative
of a spatially integrated flux density (Wilkening et al., 1972;
Turekian et al., 1977; Hutter and Knutson, 1998). In terms of
indirect measurements, airborne radon profiles have sometimes
been used to infer regionally integrated surface flux densities
(Malakhov et al., 1966; Kirichenko, 1970; Larson, 1974). How-
ever, such estimates are restricted temporally, are costly to con-
duct, and assume a balance between the local surface flux den-
sity, measured concentrations and decay, which, in practice, is
infrequently met. At larger spatial and temporal scales, regional
radon flux densities have also been inferred from published rates
of 210Pb deposition (e.g. Preiss et al., 1996), although the accu-
racy of such estimates is likewise compromised by difficulties
in justifying the assumptions required.

Based on a combination of direct and indirect methods
(including airborne profile measurements in Europe, Russia
and North America) and 210Pb deposition studies, Conen and
Robertson (2002) estimated a latitudinal gradient in the north-
ern hemisphere terrestrial radon source function that decreased
from 1 atoms cm−2 s−1 at 30◦N to 0.2 atoms cm−2 s−1 at 70◦N.
However, direct measurements throughout China by Zhuo et al.
(2008) indicated that radon flux densities in the vicinity of 43◦N

are almost 30% higher than the value predicted by Conen and
Robertson (2002). With such discrepancies in mind, it is the aim
of this study to better constrain the radon source function across
continental Asia.

In this paper, we exploit a 3-yr dataset of continuous, hourly
radon concentration measurements at a surface site off the East
Asian coastline (Sado Island, Japan). Back-trajectory informa-
tion is used to select subsets of the data representing air masses
arriving at Sado during the winter monsoon period that have tra-
versed Asia in an approximately west to east orientation in two
latitude bands between 30◦N and 70◦N. We use supplementary
meteorological data to identify important transport and mixing
features of the system and to develop assumptions leading to an
analytical expression for estimation of the spatially integrated
radon flux density in the two latitude bands, and subsequently
the latitudinal flux density gradient. We then assess the relative
importance of our assumptions and put our flux density estimates
in the context of relevant results published by others.

2. Selection and characteristics of winter
continental outflow events

2.1. Radon dataset and meteorological input

Hourly atmospheric radon concentrations for 3 yr (2002–2004)
were measured at an Acid Deposition and Oxidant Research
Centre site on the northwest coast of Sado Island, Japan
(38.25◦N, 138.4◦E). Sado was one of four sites in an Asian-
Pacific network of Australian Nuclear Science and Technology
Organisation radon detectors that operated continuously during
this period. A 750-L dual flow loop two-filter detector was used,
with a lower limit of detection of 145 mBq m−3. The average
data recovery rate over this period was 93%. The wider context
of these radon measurements can be found in Zahorowski et al.
(2005) and experimental details are provided in Chambers et al.
(2008).

Since collocated meteorological data were not available at
Sado, hourly meteorological data and daily radiosonde ascents
from the coastal townships of Aikawa (25 km south; 38◦01’N,
138◦23’E) and Wajima (150 km southwest; 37◦23’N, 136◦53’E)
have been used to supplement the radon measurements (see inset
Fig. 1). Daily 09:00 (local standard time) radiosonde soundings
from Wajima were analyzed individually for mixing depth/cloud
base, cloud top and trade-wind inversion height. Little diur-
nal variation is experienced in the height of the mixed layer at
Wajima in winter when the fetch is oceanic. This is confirmed
by inspection of diurnal composite plots of Sado winter radon
concentration, the amplitude of which (0.25 Bq m−3) are an or-
der of magnitude smaller than that observed at an inland site
near Tokyo (2.56 Bq m−3; Hattori and Ichiji, 1998).

Air-flow patterns were derived from 10-d back trajectories.
These were calculated using version 4.6 of NOAA Air Re-
sources Laboratory’s (ARL) HYbrid Single-Particle Lagrangian
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Fig. 1. Asian study region including the lower latitude and higher latitude clusters. Bold lines represent mean trajectories and shaded regions
±1σ latitude variations. Inset shows sites of radon measurement, hourly meteorological data and radiosonde ascents.

Integrated Trajectory (HYSPLIT) model (Draxler and Hess,
1998). HYSPLIT 4.6 has a total of 20 vertical layers spanning
the range 10–11500 m above mean sea level. The meteorolog-
ical data used by HYSPLIT for its back trajectory calculations
are the ARL FNL (‘final’) data archives, which consist of output
from the National Weather Service National Centre for Envi-
ronmental Prediction’s (NCEP) Medium Range Forecast model
converted from a 1◦ × 1◦ grid to hemispheric 129 × 129 polar
stereographic grids.

2.2. Continental outflow events

A climatology and fetch analysis for Sado, presented in
Chambers et al. (2008) for the same 3 yr dataset, identified
September through April as the period of most consistent conti-
nental outflow from Asia, driven by the winter monsoonal circu-
lation. Within this period, mean monthly radon concentrations
were highest from November to February, indicating longer land
fetches and/or more consistent interaction between air masses
and the terrestrial radon source during their passage across Asia.
Hence, in the current study, we focus on these 4 months of each
year.

Back trajectories were used to select hourly events corre-
sponding to air parcels, which, after traversing the continent,
went directly to Sado across the Sea of Japan. The majority of
hourly events in the periods under consideration did not fulfil this
condition. Furthermore, from this reduced dataset two additional
types of event were excluded: (1) where the air after crossing
the East Asian coastline did not continue directly to Sado across

the Sea of Japan (e.g. made an intermediate landfall); and (2)
where, apart from crossing the Sea of Japan, the air mass did
not spend its entire 10-d hind-cast period over continental Asia
(e.g. remained for a period over the Yellow Sea or passed north
of 75◦N). The remaining set of 1845 hourly measurements (out
of a total 8640) corresponded to trajectories with a broad and
relatively even coverage of continental Asia between the lati-
tudes 35◦N and 75◦N, many of which penetrated the continent
to longitudes of between 30◦E and 50◦E.

Associated meteorological quantities extracted from HYS-
PLIT, along with the trajectories themselves, included the transit
time across the Sea of Japan, and vertical profiles of wind speed
and direction at three points of interest: Sado; the trajectory
crossing point on the East Asian coast; and the parcel’s location
24 h prior to the coastal crossing. The average daytime mixing
depth over land was also calculated for each event by identifying
daytime segments in each trajectory using an algorithm based
on geographical position and local time.

2.3. Characteristics of the chosen events

The set of hourly events defined previously was chosen accord-
ing to broad seasonal and geographic criteria to represent the
simplest scenario for evaluation of the continental radon flux
density. Nevertheless, these air masses are still influenced by a
range of meteorological conditions on their way to the station. In
this section we identify the most important of these conditions,
which are then accounted for in our estimation of radon flux
densities.
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The selected trajectories are predominantly oriented west–
east between their endpoints and longitudes of 110◦E to 120◦E,
after which they usually turn southeast across northern China
before entering the Sea of Japan near Vladivostok. A flow pat-
tern of this kind is generated by the northern arc of the conti-
nental anticyclone, often present over Eurasia in the wintertime
(Kajii et al., 1997; Merrill et al., 1997). The trajectories were
subdivided into two clusters for investigation of the latitudinal
dependence of the continental radon flux density. The lower lat-
itude cluster comprised a total of 719 trajectories that spent at
least 70% of their time within the latitude band 35◦N to 54◦N
(centred on 48.8◦N). The higher latitude cluster comprised a
total of 1126 trajectories that spent at least 70% of their time
within the latitude band 54◦N to 75◦N (centred on 63.2◦N).
Figure 1 shows pertinent features of the continental Asian and
Sado regions, as well as average back trajectories in the two
clusters.

As can be seen in Fig. 1, the selected air masses spend most
of their time over the continent (9 d of the 10-d trajectory, on
average). This is sufficient time for radon in the atmospheric
column to equilibrate with the (downwind-weighted) average
surface source (Malakhov et al., 1966). Under the influence of
the Asian winter anticyclone, much of the region experiences
large-scale subsidence. In addition, as most of the continent
north of 35◦N is snow covered during the winter months, the
continental boundary layer is likely to have a persistent stable or
neutral stratification. Evidence of predominantly stably stratified
conditions in the land boundary layer can be seen by the low
depth of the mixed layer over land (mean around 450 m) and
its narrow distribution, shown in black in Fig. 2. Under these
conditions, most of the radon emitted from the Asian surface
is expected to remain within the mixed layer, except when it is

Fig. 2. Histograms of selected heights (z) from HYSPLIT trajectories
(Land) and sonde profiles (Sado), for low and high latitude (LoLat /
HiLat) trajectory clusters. ML = mixed layer; CB = cloud base; CT =
cloud top; Trade = trade wind inversion.

Fig. 3. Fraction of HYSPLIT trajectories in the lower and higher
latitude clusters that spend at least 50% of their time above a given
altitude.

perturbed by occasional passing frontal systems with associated
moist convection.

Many of the HYSPLIT trajectories arriving at Sado have spent
a significant fraction of their over-land time in a layer directly
above the daytime mixed layer but below 4000 m (Fig. 3). As
only a few percent of trajectories penetrate above 4000 m, we
take this level as a natural top for our study domain over land.
The air in the ‘upper’ layer is expected to have very different
(much lower) radon concentrations to that of the mixed layer
below, and it is therefore important that the impact of radon
dilution by mixing between the two layers prior to arrival at
Sado be considered in our flux analysis. An important parameter
distinguishing the two layers, apart from their depths, is the
layer-averaged wind speed. This is illustrated in Fig. 4, which

Fig. 4. Histograms of layer-averaged along-trajectory wind
components (ubl mixed layer; uupp ‘upper’ layer) at the point of coastal
crossing, from HYSPLIT-derived data along trajectories in the lower
and higher latitude clusters.

Tellus 61B (2009), 5
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shows histograms of the vertically integrated HYSPLIT along-
trajectory (u-) wind component at the coast. It can be seen that
the average u-wind component over land is: (1) significantly
(about 5 ms−1) larger in the ‘upper’ layer than in the mixed
layer; and (2) not significantly different between the lower and
higher latitude bands.

Although the time taken by air masses to traverse the Sea
of Japan is typically less than 24 h, the trajectory air column
is subjected to very different meteorological conditions during
this period than in the preceding 9 d over land. It is important to
represent these conditions properly, as they directly affect radon
concentrations measured close to the sea surface at Sado. There
are four major effects to consider:

(1) As trajectories cross the East Asian coastline en route to
Sado, radon from both the land boundary layer and the ‘upper’
layer is incorporated into the convective marine boundary layer
(MBL) that forms over the comparatively warm Sea of Japan.
The change in depth of the boundary layer is significant, as
can be seen by comparing relevant height histograms in Fig. 2.
There is a clear separation between the histogram peaks for the
daytime mixed layer height over land (zML), typically 450 m, and
the mixed layer/cloud base height over Sado (zML/CB), around
1000 m.

(2) As the MBL over the Sea of Japan during continental
cold air outflow events is strongly convective and humid, it is
frequently topped with a significant coupled cloud layer. Ac-
cording to a cloud survey covering the years 1952–1981 by
Warren et al. (1988) over the Sea of Japan near Sado in win-
ter, the frequency of cumuloform cloud occurrence is 40% with
average cloud coverage of 26%, while the frequency of strato-
form clouds is 56% with coverage of 48%. Cloud top heights
(zCT) can often reach 2500 m or higher (Fig. 2). As there can
be significant vertical transport of radon in coupled cloud layers
(Williams et al., 2008), it is important to consider the effects of
the entire layer up to cloud top when clouds are present.
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Fig. 5. Schematic of generalized box-model
(see text for details).

(3) Although the cloud top height over Sado is highly vari-
able, it rarely extends beyond 4000 m (Fig. 2). This coincides
with the peak in the distribution of the upper (trade wind) in-
version height above Sado (zTrade in Fig. 2) and also our chosen
domain top over land.

(4) There are no significant differences between the his-
tograms of the two latitudinal trajectory clusters for any of the
heights in Fig. 2, indicating that the latitudinal differences in
air-mass source do not influence the boundary layer height char-
acteristics at Sado.

3. Estimation of continental surface radon
flux density

3.1. General description

Our identification in the previous section of the most significant
meteorological effects influencing air parcels travelling to Sado
along the chosen trajectories leads naturally to the conceptual-
ization of a box model illustrated schematically in Fig. 5. The
entire vertical column up to the model top (htop) is assumed to
follow the same trajectory with negligible sideways divergence
or mixing. This assumption seems reasonable provided that our
choice for htop limits the vertical extent of the box model to the
lower troposphere, and is tested further using trajectory wind in-
formation (see next section). Two horizontal path segments are
considered following each trajectory: the first longer one being
over land with a constant surface radon flux density Fsfce, fol-
lowed by a second shorter segment (usually around 24 h) over
sea with a surface radon flux density Fsea, ending at the Sado
measurement site.

Over land, the column up to htop is split vertically into
two boxes representing (1) the main daytime/residual boundary
layer, with a top at height hbl, and (2) the upper layer directly
above with height hupp = htop – hbl. Any terrestrial diurnal radon
cycle (build-up of radon in a shallow nocturnal boundary layer,

Tellus 61B (2009), 5



ESTIMATING THE ASIAN RADON FLUX DENSITY 737

followed by a morning dilution as the radon mixes up to the top
of the new daytime mixed layer) is assumed to be irrelevant to
the current problem, as we consider the integrated effect over
10-d trajectories. Radon concentrations over land are assumed
to be defined by the balance of flux densities into and out of
each box, and the radioactive decay of radon within the box.
As we are considering wintertime events only, the amount of
radon vented from the top of the land boundary layer (Fvent)
is expected to be small (but not negligible), and only a frac-
tion of this is permanently removed from the top of the model
(Fout). Therefore, the majority of the radon released from the
surface over land is ultimately ‘channelled’ to the air above
Sado.

Once the air column reaches the coast, it encounters a rel-
atively warm sea surface. We assume that the two layers that
existed over land are mixed into a marine boundary layer that
may be topped by active cumulus or stratocumulus clouds and
exhibits no diurnal variability. It is further assumed that, while
over sea, no radon is lost out of the top of the column and that
the flux density out of the sea surface is negligible. Hence, the
only assumed change of the total radon within the column as it
travels over the sea to the measurement site is due to radioactive
decay.

3.2. Budget equations

The vertically-integrated radon budget equation for a column
[z1, z2] of constant depth h = z2 – z1, aligned with a trajectory
and assuming no vertical mean motion, can be written:

∂R

∂t
= F − λR −

∫ z2

z1

u
∂c

∂x
dz (1)

where R = ∫ z2
z1

c(z)dz ≡ h〈c〉 is the total radon (per unit area)
in the column, c(z) is the radon concentration at height z, λ =
2.0982 × 10−6 s−1 is the radioactive decay constant of radon,
u is the along-trajectory horizontal wind component, and F =
F(z1) – F(z2) is the balance of radon flux densities into the col-
umn. Away from the coastal transition, the radon concentration at
any given height in the column is expected to change very slowly
along the trajectory (over land the column is near-equilibrium,
and over sea only decay acts upon the concentration), and we
therefore assume the horizontal advection term (3rd term on
right-hand side) to be negligible. Equation (1) then has the ana-
lytical solution:

R = F

λ
+

(
R0 − F

λ

)
e−λ(t−t0) (2)

where R0 = R(t0). Assuming equilibrium over land and Fsea =
0 we can write equations for the total radon in the three model
layers of interest (see Fig. 5):

Rbl ≡ hbl 〈c〉bl = Fsfce − Fvent

λ
(3)

Rupp ≡ hupp 〈c〉upp = Fvent − Fout

λ
(4)

Rsea ≡ htop 〈c〉sea = R0e
−λtsea (5)

where t0 = 0 is set to be the time at which the trajectory crosses
the coast, and tsea is the travel time over the sea surface to the
measurement point. R0 is found by integrating (1), including
the advection term, horizontally over a small interval [−δx, δx]
centred on the coast assuming linear variations in c and u, and
then taking the limit δx → 0. With the additional continuity
constraint along a trajectory, ∂

∂x

∫ htop

0 udz = 0, we obtain:

R0 = αblRbl + αuppRupp (6)

where

αbl = 1

2

(
1 + 〈u〉bl

usea

)
and αupp = 1

2

(
1 + 〈u〉upp

usea

)

with usea = 〈u〉bl hbl + 〈u〉upp hupp

htop

(7)

We note that if 〈u〉bl = 〈u〉upp, then αbl = αupp = 1 and R0 =
Rbl + Rupp. If we express the flux densities across the top of the
boundary layer and the upper layer as fractions of the surface
flux density:

Fvent = γvFsfce and Fout = γ0Fvent = γ0γvFsfce (8)

then:

Fsfce = λ 〈c〉sea htope
λtsea

αbl (1 − γv) + αuppγv (1 − γ0)
(9)

In the above, the venting parameter γ v corresponds to the
trajectory-integrated fraction of the surface flux density removed
from the land boundary layer into the upper layer, and γ 0 corre-
sponds to the fraction of Fvent lost from the upper layer out of the
model top. As discussed previously, in wintertime anti-cyclonic
conditions the boundary layer is expected to be stably strati-
fied much of the time (Fvent negligible), interspersed with brief
periods of activity corresponding to the passage of fronts and
moist convection associated with extra-tropical cyclones (Fvent

large). The net effect of these processes is expressed via γ v and
modelled as:

γv ≡ Fvent

Fsfce
≈ fcycwcyc

(〈c〉bl − 〈c〉upp

)
Fsfce

= fcycwcyc

hbl

(
λ + fcycwcyc

(
1

hbl
+ 1 − γ0

hupp

))−1
(10)

where fcyc is the fraction of time spent within the venting portion
of an extra-tropical cyclone. We equate fcyc with the fraction of
the over-land trajectory segment spent above z = htop. The mass
flux out of the boundary layer due to an extra-tropical cyclone,
expressed as a velocity (wcyc), can be approximated using the
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results of Cotton et al. (1995):

wcyc = mass flux

area × air density

≈ 2.33 × 1010 kg s−1

1.40 × 1012 m2 × 1.225 kg m−3
= 0.014 m s−1 (11)

The majority of vertical transport in extra-tropical cyclone sys-
tems can be regarded as outflow from a collection of individual
deep convection cells of varying heights and maturity. In such
situations, a large number of shallow clouds coexist with the
deep cumulonimbus clouds but detrain into the lower tropo-
sphere above cloud base (our upper layer). This process has
been simulated in cumulus ensemble models, for example Yanai
et al. (1973) who tuned their simulation to match observed large-
scale heat and moisture budgets over an area containing a trop-
ical oceanic cloud cluster. Their derived vertical profiles for
cloud detrainment and entrainment (see their Fig. 14) indicated
that about 50% of the air entering the cloud system at cloud
base (hbl) was detrained into the environment above up to about
650 hPa (4000 m). The rest of the air was transported with little
further loss up to the tropopause where it was detrained in its
entirety. This idealized picture of the detrainment pattern of deep
convection systems is consistent with our Fig. 3, which shows
that the fraction of trajectories spending significant time above a
given height reduces smoothly with height up to 3000–4000 m,
but then stays relatively constant above. We thus approximate
γ 0 = 0.5 in our model. As the uncertainty associated with this
value is difficult to characterise, we will consider the impact of
a large range of γ 0 values from 0.3 to 0.7 in the discussion of
our results.

Expressing 〈c〉sea by the radon concentrations measured at the
surface in Sado (cmeas) requires integration over radon vertical
profiles in the marine boundary layer. Recent high-resolution air-
craft measurements of vertical radon profiles in the daytime con-
vective boundary layer (CBL) over land (Williams et al., 2008)
have revealed radically different radon concentration profiles in
clear and cloudy conditions. In clear sky convective conditions,
radon profile shapes vary depending on the strength of mixing
(entrainment) across the top of the CBL. Weak entrainment pro-
duces profiles that are nearly constant with height, whilst strong
entrainment leads to profiles that exhibit significantly reduced
radon concentrations in the upper mixed layer. Above the CBL
top, radon concentrations drop quickly to low ‘background’ val-
ues that can be as much as two orders of magnitude smaller than
in the middle of the mixed layer. In contrast, when the CBL is
topped by active cumulus, the cloud-enhanced venting process
leads to significant radon concentrations observed in the cloud

layer. Under these conditions, radon profiles typically decrease
linearly from the surface up to cloud top.

h
top

h
ct

h
mix

c
bg

c
measConcentration

Altitude

Fig. 6. Assumed vertical profiles for radon in the maritime boundary
layer under clear sky (full lines) and cloudy (dotted lines) conditions.
hmix = mixed layer top; hct = cloud top; htop = model top; cbg =
background concentration; cmeas = measured concentration.

In the present study, the maritime boundary layer under clear
skies is likely to have reached an equilibrium depth by the time
it reaches Sado, so that entrainment is expected to be small. We
therefore postulate a uniformly mixed layer adjacent to the sur-
face, with a decoupled layer immediately above. Our assumed
radon profile under clear sky conditions over Sado is thus con-
stant (and equal to the surface value) throughout the mixed layer,
with a small background value (cbg) above, parameterized as a
decayed land upper layer value:

cbg ≈ 〈c〉upp e−λtsea (12)

As discussed previously, in cloudy conditions we expect a strong
coupling between the sub-cloud and cloud layers in the MBL.
Hence, we specify a linear decrease for radon from the sur-
face up to cloud top. The assumed vertical profiles for radon in
the maritime boundary layer over the Sea of Japan are shown
diagrammatically in Fig. 6.

The assumptions discussed above result in the following ex-
pression for 〈c〉sea:

〈c〉sea =
{

cmeas
hmix
htop

+ cbg
htop−hmix

htop
(clear)

1
2 cmeas

hct
htop

(cloudy)
(13)

where hmix is the mixed layer top in clear conditions and hct

is the cloud top height in cloudy conditions over Sado. Final
equations for Fsfce are then written as follows:

Fsfce = λcmeasheλtsea

αbl (1 − γv) + αuppγv (1 − γ0)
fadj (14)

where :

⎧⎨
⎩ h = hmix; fadj =

(
1 − htop−hmix

hupp

γv(1−γ0)
αbl(1−γv)+αuppγv(1−γ0)

)−1
(clear)

h = hct ; fadj = 1
2 (cloudy)

We note that in clear cases a negligible background (cbg = 0) is
equivalent to setting fadj = 1 in the above equation. In the special
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case of negligible vertical flux out of the continental boundary
layer (γ v = γ 0 = 0), negligible wind profile effects (αbl =
αupp = 1) and no radon transport in the cloud layer over Sado,
Eq. (14) reduces to:

F0 = λcmeashmixe
λtsea (15)

For our flux calculations we equated hbl with the HYSPLIT day-
time mixed layer heights over land. The Sado mixed layer/cloud
base and cloud top heights obtained from the radiosonde data
were used for hmix and hct, respectively. The top of the model
we set to a constant htop = 4000 m, corresponding to both the
average trade wind inversion height and the maximum cloud top
height over Sado. As can be seen in Fig. 3, most trajectories
spend a significant fraction of their time below 4000 m (98% for
the lower and 96% for the higher latitude cluster).

The layer-averaged wind components 〈u〉bl and 〈u〉upp at the
point where the trajectories cross the coast were obtained by
vertically integrating coastal wind profiles extracted from HYS-
PLIT, and then rotating onto the local trajectory direction. In
practice, αbl and αupp calculations performed using individual
trajectories contain large uncertainties that significantly degrade
the quality of the final flux density estimations. For this reason,
constant values for αbl and αupp are employed in the model,
calculated as average values across the whole dataset:

αbl = 0.85; αupp = 1.02 (16)

The across-trajectory (v-) wind component, obtained simulta-
neously with the u-component, was also used to test the ‘no
sideways divergence’ assumption of the flux estimation. In the
final model computations, events were excluded for which (at
the coast):

〈u〉bl,upp < 0 and/or
∣∣〈v〉bl,upp

∣∣ > 5 ms−1 (17)

These latter checks reduced the dataset used in the final flux com-
putations by a further 18% (16%) for the lower (higher) latitude
cluster, to a total number of 588 (950) events.

4. Results

4.1. Observed Sado surface radon concentrations

Histograms of the measured surface radon concentrations at
Sado are shown in Fig. 7 separately for the lower and higher
latitude trajectory clusters. As the radon histograms are closer in
shape to lognormal than normal distributions, their main char-
acteristics are best summarized using geometric means and 1-σ
ranges (width of the geometric 1-σ confidence interval). These
are listed in Table 1, along with the corresponding arithmetic
means.

The higher latitude cluster clearly exhibits a much sharper
peak and a narrower histogram than the lower latitude cluster in
both clear and cloudy conditions, and the peak value is shifted to-
wards lower radon values. As there are no significant differences

Fig. 7. Measured radon concentration histograms at Sado for lower
and higher latitude trajectory clusters, separated into clear sky and
cloudy conditions.

observed in the height and wind distribution statistics between
the two latitude bands (see Fig. 2 and Fig. 4), it seems likely that
the difference observed between the measured radon concentra-
tions from low and high latitudes at Sado is due predominantly to
latitudinal variations in the surface source flux density strength
and distribution. There are also significant differences in the
width of the clear and cloudy histograms in Fig. 7. The greater
variability evident in the cloudy histogram is consistent with the
idea that, under cloudy conditions, the ground measurements
reflect a mixture of air coming from a much larger range of al-
titudes (up to cloud top). As we do not expect any connection
between radon source variations over Asia and meteorological
conditions over the Sea of Japan within a given trajectory cluster,
it is clear that our confidence in the final flux density estimates
will depend strongly on the ability of the box model to resolve
these differences.

4.2. Estimated radon flux densities

Figure 8 presents our calculations of the surface radon flux
densities over northern Asia using the full box model as de-
scribed previously. Again, the main characteristics of the resul-
tant histograms are best described using geometric means and
1-σ ranges, and these are listed in Table 1 along with the cor-
responding arithmetic means. The significantly skewed nature
of the observed distributions complicates comparison with the
results of others available in the literature, as characteristics of
measurement distributions (and the types of mean values quoted)
are rarely reported. It should also be noted that, due to the decay
of the emitted radon, the computed fluxes represent an average
value weighted to the downwind portion of the trajectory.

The model results indicate a clear and significant differ-
ence in the radon source distribution between the lower and
higher latitude trajectory clusters. Moreover, the model produces
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Table 1. Geometric means and widths (1-σ ranges) of radon concentration and computed flux density distributions for two latitude bands over
northern Asia. Arithmetic means are also shown, and statistics of some other derived quantities

Quantity Latitude band Sado conditions No. cases (% of all) Geometric mean 1-σ range Arithmetic mean

cmeas Lower Clear 288 (40%) 3479 2940 3785
(mBq m−3) Cloudy 431 (60%) 3751 4011 4275

Higher Clear 380 (34%) 2134 1624 2283
Cloudy 746 (66%) 2288 2171 2531

Fsfce Lower Clear 240 (41%) 14.2 17.6 16.9
(mBq m−2 s−1) Cloudy 348 (59%) 14.1 18.3 17.0

All 588 (100%) 14.1 18.0 17.0
Higher Clear 318 (33%) 7.8 9.1 9.2

Cloudy 632 (67%) 8.7 10.3 10.2
All 950 (100%) 8.4 10.0 9.9

F0 Lower Clear 288 (40%) 10.7 11.8 12.1
(mBq m−2 s−1) Cloudy 431 (60%) 9.3 12.2 11.0

Higher Clear 380 (34%) 5.9 5.6 6.5
Cloudy 746 (66%) 5.5 7.3 6.5

No. cases (% non-zero) Arithmetic mean (non-zero only) Standard deviation

fcyc Lower All 719 (15.6%) 0.032 (0.206) 0.113
Higher All 1126 (10.9%) 0.028 (0.260) 0.111

γ v Lower All 719 (15.6%) 0.0962 (0.617) 0.2370
Higher All 1126 (10.9%) 0.0686 (0.628) 0.2081

〈c〉bl Lower All 588 15915 10093
(mBq m−3) Higher All 950 10000 6451
〈c〉upp Lower All 588 (14.2%) 186 (1299) 598

(mBq m−3) Higher All 950 (9.4%) 71 (763) 311

almost identical results (in both mean flux densities and his-
togram widths) from the two independent data subsets repre-
senting clear and cloudy conditions over Sado. This outcome
inspires confidence in the model’s ability to represent the key
processes that lead to the significant variations observed in the
histograms of Sado radon concentrations (see Fig. 7).

Geometric means and ranges for the calculated radon sur-
face flux densities over the Asian landmass are 14.1 mBq m−2

s−1 (1σ -range: 18 mBq m−2 s−1) and 8.4 mBq m−2 s−1 (1σ -
range: 10 mBq m−2 s−1) for the lower and higher latitude bands,
respectively. These results are fairly insensitive to reasonable
uncertainties in the two main specified parameters, wcyc and γ 0.
Sensitivity tests in which wcyc varied from 0.01 to 0.02 and γ 0

varied from 0.3 to 0.7 yielded changes in the computed value of
the geometric mean of Fsfce that ranged by ±0.50 mBq m−2 s−1

for the lower and ±0.19 mBq m−2 s−1 for the higher lati-
tude bands. From the flux densities, we estimate an average
radon flux density gradient of around −0.39 mBq m−2 s−1

(−0.019 atoms cm−2 s−1) per degree of latitude.
The trajectory-derived fcyc values indicate that on average

about 3% of trajectory time over land is spent within the venting
portion of extra-tropical cyclones (Table 1). However, fcyc is non-
zero for only a small fraction of cases (10–15%) for which the

Fig. 8. Histograms of estimated radon flux densities from northern
Asia for lower and higher latitude trajectory clusters, separated into
clear and cloudy conditions over Sado.

average time spent venting is much larger (20–30%). The frac-
tion of air vented out of the boundary layer (γ v) due to the effects
of fronts and deep convection is 7–10% of the surface radon flux
density on average, but again this is concentrated into a small
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Fig. 9. Histogram of non-zero venting factors for low and high latitude
trajectory clusters.

number of non-zero cases for which the γ v value is much higher.
As shown in Fig. 9, the arithmetic mean of non-zero γ v values
is around 62% of Fsfce, with the peak at 80%. The small overall
venting loss out of the shallow wintertime Asian boundary layer
leads to high radon concentrations in the mixed layer (〈c〉bl =
16/10 Bq m−3 for the lower/higher latitude band) and relatively
small values in the upper layer above (〈c〉upp = 0.2/0.1 Bq m−3

on average; 1.3/0.8 Bq m−3 during venting episodes). These val-
ues are in good agreement with measurements across the Asian
continent by Kirichenko (1962), including surface layer radon
concentrations in March that varied between 4 and 37 Bq m−3

(average 18.1 Bq m−3) and measurements between 3 and 5 km
altitude over central Asia in October that yielded a mean radon
concentration of 0.27 Bq m−3. The distribution (10th, 50th and
90th percentiles) of radon concentrations observed in winter be-
tween 3 and 5 km by Nazarov et al. (1970) in the vicinity of
Moscow (at the western extent of our fetch regions) were 0.004,
0.013 and 0.15 Bq m−3, respectively.

5. Discussion

5.1. Impact of model assumptions

The simplest expression to estimate radon flux density, repre-
sented by Eq. (15), does not take into account venting of radon
over land, wind profile mixing effects, radon distribution in the
marine cloud layer or the possibility of non-zero radon back-
ground for clear cases over Sado. The resultant F0 flux density
histograms (summarized in Table 1) exhibit significantly lower
mean flux densities than those calculated using Eq. (14), which
takes into account all the aforementioned effects.

In order to understand the relative importance of vari-
ous processes and approximations in arriving at the final re-
sults discussed above, we have calculated radon flux densi-

ties corresponding to five increasingly complex flux estimation
methods:

a1: Simple expression represented by F0 (Eq. 15).
a2: As a1, but with the linear radon vertical profile introduced for

Sado cloudy cases.
a3: Venting (γ v, γ 0) expressions and Sado cloudy radon profiles

included, but with negligible radon concentration above the MBL
in clear cases (cbg = 0) and no wind profile adjustments.

a4: As a3, but with non-zero cbg in clear cases (cbg and fadj as in
Eqs 12 and 14).

final: Full model, including wind profile adjustments (Eqs 16 and 17).
See Fig. 8.

Figure 10 presents the five increasingly complex radon flux
estimates calculated for the lower and higher latitude bands. It

Fig. 10. (a) Geometric means and (b) widths (1σ -ranges), of the
surface flux density histograms for a hierarchy of box-model versions,
for the lower and higher latitude trajectory clusters, separated into clear
and cloudy conditions over Sado.
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can be seen that, in each case, inclusion of progressively more re-
alistic representations of physical processes leads to an increase
in the mean surface flux densities (Fig. 10a). The distribution of
radon up to cloud top (rather than cloud base) in cloudy con-
ditions (a1 → a2), and the addition of a non-zero background
radon above the mixed layer top in clear conditions (a3 → a4),
both represent an increase in the total amount of radon in the
column above Sado (Rsea = htop 〈c 〉 sea) which then requires a
higher flux density over land. On the other hand, the loss of radon
by venting processes (a2 → a3), and the disproportionate mix-
ing of faster moving low radon air from the upper layer during
the transition to a marine boundary layer over the Sea of Japan
(a4 → final), both act to dilute the eventual radon concentra-
tions measured at the surface near Sado. When treatments of the
latter processes are introduced into the model, the result is once
again an increase in the computed fluxes. The biggest increases
in calculated surface flux densities are due to the introduction of
the linear radon distribution in cloudy cases (a1 → a2) and the
wind profile adjustments (a4 → final).

Each of the improvements introduced into our flux esti-
mates also led to a widening of the computed flux histograms
(Fig. 10b). This is a consequence of introducing additional
datasets into the model computations, along with their own in-
herent uncertainties.

The introduction of venting (γ v, γ 0) in step a2 → a3 resulted
in a widening of the flux histograms for all data groupings (Lo/Hi
latitude clusters and clear/cloudy conditions). This was caused
by uncertainties in γ v, which are likely to originate from large
fcyc variations between trajectories (see Table 1). The addition
of wind adjustments in the final step (a4 → final) also led to
a widening of all the flux histograms, despite the fact that this
step only involved application of constant multiplicative factors
(αbl and αupp) in Eq. (14). It may be that these factors acted to
amplify the uncertainty in γ v, or that this effect is a consequence
of the reduction in the size of the dataset resulting from the ‘no
sideways divergence’ test in Eq. (17).

The use of estimated cloud top heights in step a1 → a2 led
to a widening of the histograms for cloudy cases only. The
resultant difference between the widths of the clear and cloudy
histograms was removed, however, upon the introduction of a
non-zero background radon (cbg) above the mixed layer top for
clear cases only in step a3 → a4. Given the definition of cbg

(Eq. 12), the additional variability in computed flux densities is
likely to have come from changes in 〈c 〉 upp values caused mainly
by the fluctuations in γ v. An important point to note here is that
only after consideration of the vertical distribution of radon both
within and above the boundary layer was it possible to resolve
significant differences in the characteristics of computed Asian
radon flux densities for a range of conditions (clear and cloudy)
at Sado.

In addition to those discussed previously, there are other more
general assumptions made explicitly or implicitly in the model

development that may affect our estimates of flux mean and
variability. These include:

(1) Loss of memory of radon entering the trajectory column
at its western end;

(2) Negligible advection and diffusion of radon laterally into
and out of the column as it follows the mean trajectory;

(3) Close relationship between the HYSPLIT model and ac-
tual flow trajectories across Asia;

(4) Close relationship between time spent in the venting por-
tion of extra tropical cyclones and fraction of trajectory time
spent above model top;

(5) Net effect of other types of meteorological systems ex-
tracting radon from the wintertime Asian boundary layer is neg-
ligible;

(6) Negligible radon is lost from the model top during the
coastal mixing phase and subsequent transit to Sado across the
Sea of Japan; and

(7) Idealized radon profiles over the Sado measurement site
match well with actual profiles for the specific local conditions
selected.

Notwithstanding the above, the results presented in this study
offer a first direct experimental estimate of seasonal radon flux
density and its geographical variability within the areas con-
cerned.

5.2. Comparison with other results

In Fig. 11, results from the current study are compared with oth-
ers reported in the literature as a function of latitude. It is evident
that our estimates lie within the scatter of results summarized by

Fig. 11. Radon flux density as a function of latitude. Open circles =
current study; solid symbols = Conen and Robertson (2002) review
(circles Kirichenko 1970, squares other studies); open triangles = Zhuo
et al. (2008); line = radon gradient proposed by Conen and Robertson
(2002).
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Conen and Robertson (2002) (all solid symbols in Fig. 11), who
presented a compilation from five separate studies conducted in
different regions of the globe during different times of the year.

In general, there is a qualitative agreement between our re-
sults and those summarized by Conen and Robertson (2002).
However, it is evident in Fig. 11 that the flux density estimates
from the current study, corresponding to wintertime conditions,
lie near the upper edge of the envelope of results presented by
Conen and Robertson (2002) for all seasons. This apparent dis-
crepancy can be explained by considering the following two
factors:

(1) We believe that a subset of the Conen and Robertson
(2002) results that were obtained in an area similar to our study
domain may have systematically underestimated the surface
flux densities. The results, originally published by Kirichenko
(1970), inferred radon flux densities by integrating 10–15 point
profiles of radon progeny measured in the lower atmosphere
using an aircraft. Each of the six solid circles in Fig. 11 rep-
resents an average regional radon flux density derived from 5
to 35 individual vertical profiles. Unfortunately, it is not stated
whether the averages quoted by Kirichenko represent arithmetic
or geometric means. All measurements were conducted within
stationary anti-cyclonic northern hemisphere summertime sys-
tems avoiding periods of frontal passage, thus ensuring that the
predominant removal of radon from the atmospheric column was
by radioactive decay only. There are two reasons for which these
aircraft results might significantly underestimate the actual flux.

First, the Kirichenko study measured radon progeny rather
than radon directly. This can lead to underestimation of the
flux in a number of ways: (1) an assumption of equilibrium
between radon and its progeny was required; (2) the ultra fine
particle fraction (< 0.1 μm) was not sampled, as a single progeny
filter was used in the aerosol collection; and (3) the presence
of clouds was assumed to act only to redistribute the radon
progeny within the observed profile, whereas it is well known
that clouds can capture a significant fraction of aerosols and
(at least temporarily) remove them from circulation within the
mixed-layer.

Second, the total column radon activity (and subsequently also
the surface flux density) is likely to be underestimated unless
each sounding incorporates the complete cloud layer. This has
been indicated in recent aircraft measurements of direct radon
concentrations (i.e. not progeny) in clear and cloudy convective
boundary layers in Australia by Williams et al. (2008).

Given the above, it is not surprising that four of the six flux
density estimates by Kirichenko (1970) shown in Fig. 11 lie
well below the line presented by Conen and Robertson (2002)
as representing the northern hemisphere latitudinal radon flux
density gradient.

(2) The apparent discrepancy might also result from a higher
mean annual radon flux density in Asia than the northern hemi-
sphere average. This is indeed one of the results of a recent

survey conducted by Zhuo et al. (2008). They reported a sea-
sonal amplitude in China’s average radon flux density that was
48% of the mean annual value. Summer (high), winter (low)
and mean annual values of radon flux density averaged over the
Zhuo et al. (2008) regions IV and VI, which border the lower
latitude fetch region of this study to the south, are depicted as
triangles in Fig. 11. Zhuo et al. note that the fluxes reported in
their study are approximately normally distributed. It is immedi-
ately seen that the combined envelope of flux density estimates
from Conen and Robertson (2002) and the current study falls
between the winter and mean annual values presented by Zhuo
et al. (2008). While it is unlikely that the radon flux density
across central and northern Asia is as heterogeneous as the topo-
graphically and geographically complex Chinese region, a sea-
sonal variation in radon flux density from the lower and higher
latitude fetch regions should be expected, with a range that is
bounded below by the (wintertime) flux density estimates of this
study.

We expect that radon flux densities from the lower and higher
latitude trajectory clusters—the majority of which are snow-
covered and or frozen between November and February of each
year—constitute a seasonal minimum in flux density magnitudes
for the respective regions. This is because the likely presence of
frozen saturated soil effectively prohibits the exhalation of radon
from that surface (Turekian et al., 1977; Schery and Huang,
2004). Even the presence of a snow pack alone will lead to some
reduction of the radon flux density as demonstrated, for example,
by Anderson and Larson (1974), who reported that the presence
of a 60 cm snow pack in the Yukon Valley, Alaska, served to
reduce the effective radon flux density by 15%.

The smaller spread of flux density values (Fig. 8) in the his-
tograms from the higher latitude band compared with those of
the lower latitude band is consistent with expectations that the
higher latitudes are characterized by more radon-homogeneous
surfaces. The higher latitude band is more topographically ho-
mogeneous and includes much of the Asian boreal biome, char-
acterized by high levels of precipitation and poorly drained soils
where the mineral horizon is typically covered by substantial
amounts of organic material. In contrast, much of the landscape
within the lower latitude fetch region is topographically and
geologically complex, characterized by a larger proportion of
exposed or recently weathered rocks, porous mineral soils and
sparser vegetation. The lower latitude band is also in a lower
rainfall regime than the higher latitude band.

6. Conclusions

Back trajectories, corresponding to a carefully selected subset
of 3 yr of continuous hourly radon observations in the northern
hemisphere winter, were clustered into two distinct Asian fetch
regions separated by 14.5◦ of latitude. The predominantly east–
west oriented portions of each region extend for a distance of
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approximately 4500 km and have a width (±1σ in latitude from
the cluster mean) of approximately 700 km.

The radon observations corresponding to the two fetch re-
gions constitute approximately 18% of all wintertime events,
and were specifically chosen to justify the application of a sim-
ple box model for estimations of the continental radon flux den-
sity. We have shown that an analytical expression for the flux
can be successfully developed and applied, provided that careful
attention is paid to the validity of assumptions and estimations
regarding: (1) the meteorological conditions encountered by air
parcels following trajectories across a region of interest (includ-
ing venting processes and vertical variations in the wind profile),
and (2) the form of the vertical concentration profiles above the
final measurement site. The effects of each assumption on the
final numerical results were individually quantified in this study,
enabling an assessment of the relative importance of including
these processes in such computations.

The distribution of the spatially integrated radon flux density
over the Asian landmass is reported for the first time in this study.
The significantly skewed nature of the observed distributions
complicates comparison with the results of others available in the
literature, as characteristics of measurement distributions (and
the types of mean values quoted) are rarely reported. Geometric
means and 1σ -ranges for the estimated fluxes have been found
to be equal to 14.1 mBq m−2 s−1 (1σ -range: 18 mBq m−2 s−1)
and 8.4 mBq m−2 s−1 (1σ -range: 10 mBq m−2 s−1) for the lower
and higher latitude bands, respectively. These results, which
constitute an annual minimum in flux densities for the respective
regions, are higher than those reported previously (Conen and
Robertson, 2002). This appears to indicate that the magnitude of
terrestrial radon fluxes across Asia is greater than the northern
hemisphere average.

The spatially integrated mean radon flux density estimates
clearly confirm the existence of a latitudinal gradient in the ter-
restrial radon source function as postulated by Lee and Feichter
(1995), Schery and Wasiolek (1998), Conen and Robertson
(2002) and others. Furthermore, our estimate of the latitudi-
nal gradient across Asia (−0.39 mBq m−2 s−1 per degree of
latitude) is in good agreement with the northern hemisphere
terrestrial radon flux density gradient proposed by Conen and
Robertson (2002) (−0.42 mBq m−2 s−1 per degree of latitude).

The spread in the estimated flux density histograms includes a
non-negligible component originating from uncertainties in the
model assumptions and estimations, and in the supplementary
datasets used in the model computations (including the trajec-
tory information). As a result, the σ -values presented should be
regarded as representing an outer constraint on the geographical
radon flux density variability within the areas of interest.

Finally, we note that it would be instructive to compare the
current approach, which applies a simple analytical expression
to a small data subset satisfying very stringent applicability crite-
ria, with more complex methods based upon inverse and adjoint
modelling (e.g. Vautard et al., 2000; Kurokawa et al., 2009).

Although such techniques have the potential to resolve regional
source functions for all seasons with a greater spatial resolution
than the current method, their success is critically sensitive to the
spatiotemporal coverage of observations, the complexity of the
species of interest and to uncertainties and biases in the trans-
port models employed (Gurney et al., 2002; Lin et al., 2006;
Geels et al., 2007). Nevertheless, some regional studies have
been successfully conducted using as few as 4–8 sites (Roustan
and Bocquet, 2006; Tanimoto et al., 2008), and given the sim-
plicity of radon compared with other species, it may therefore
be possible to constrain its source function using continuous
time series observations at only a few observation points. As
outlined in Zahorowski et al. (2005) and Chambers et al. (2008),
apart from the observations at Sado Island, multi-year datasets
of hourly radon concentrations are also available at three other
sites strongly influenced by the Asian region (Hok Tsui in Hong
Kong; Jeju Island in South Korea; and Mauna Loa in Hawaii).
Back trajectory analysis has indicated that there is considerable
overlap in the 4–10 d fetch regions for these sites.
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l’étude des échanges troposphère-stratosphère. Ann. Géophys. 38(4),
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