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HIGHLIGHTS

e 40-year retrospective high-resolution European Rn flux inventory has been calculated.
e A model of radon transport in the earth crust allow us to calculate the soil fluxes.

e Mean values, probability distributions and seasonal fluctuations have been obtained.
e The results show wide variations depending on location and season of the year.

o The inventory can be easily integrated into atmospheric transport models.
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ABSTRACT

In this work, a 40-year retrospective European radon flux inventory has been calculated. Average values
of the radon exhalation rate, probability distributions and seasonal fluctuations have been obtained. To
achieve this, a numerical model of radon transport through finite, heterogeneous and porous media has
been implemented, enabling us to calculate the radon exhalation rate of European soils with a horizontal
resolution of 0.5' (~1 km). Geological, geochemical and climatological parameters derived from Euro-
pean and international databases (FOREGS, HWSD, ERA-40) have been coupled to the model.

The theoretical model is based on the fundamental equation of radon transport in porous media,
taking into account the dependency of the transport coefficient on temperature and humidity. It also
includes a simple model that evaluates the effect of snow cover. In general, the results show wide var-
iations depending on location and season of the year, with a spatial standard deviation close to the
annual average value (30 Bq m~2 h~!) In turn, the seasonal deviation is about 25% of the annual average
value.

The inventory can be easily integrated into atmospheric transport models acting as baseline that could
be used for policy decisions regarding the identification of areas with a high risk of exposure to radon.
The gridded data are available for the scientific community upon request. The limitations and sources of
errors and uncertainties of the model are also discussed in detail.

1. Introduction

Dentener et al., 1999), and by inverting these models, the location,
extent and magnitude of sources and sinks of greenhouse gases can

The natural radioactive noble gas radon, ?*?Rn, is mainly
terrestrial in origin and is dispersed in the air by atmospheric
transport and mixing. Radon is a noble gas suffering no deposition,
washout nor chemical reactions. The only loss mechanism is
radioactive decay, so the residence time of radon in the atmosphere
is well-known. Hence, the radioactive gas *Rn has been widely
used to evaluate atmospheric transport models (Jacob et al., 1997;
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be determined (Gurney et al., 2002; Bousquet et al., 2006).

Currently, the effective use of 2*2Rn in this context is limited by
the accuracy of inventories of emissions into the atmosphere,
which are scarce and based on simple assumptions and low spatial
resolution. Furthermore, they do not account for the effects asso-
ciated to weather conditions, which play an important role due to
the fact that the radon transport coefficient depends heavily on the
content of soil humidity (Rasch et al., 2000; Conen and Robertson,
2002).

A more accurate inventory at European level has been described
in Szegvary et al. (2009), based on experimental correlations
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between the radon exhalation rate and the external gamma radi-
ation exposure.

A different approach was adopted by Schery and Wasiolek
(1998), who propose combining the calculation of radon exhala-
tion rate from a transport model in porous media and its calibration
through experimental measurements in order to obtain the pa-
rameters that govern the flow in the subsurface. The limitation of
this methodology lies in the applicability associated with the local
calibration of the model, which cannot be extrapolated to other
geographic areas.

A new inventory based on this idea has recently been published
by Griffiths et al. (2010), who present an exhalation map for
Australia with a spatial resolution of 0.05° (~5.5 km) and temporal
resolution of one month based on the inclusion of geophysical and
geochemical parameters of soil and weather conditions in a
transport model. However, the authors have based their solution on
an analytical approach to the general transport equation, which
incorporates a linear combination of solutions for different layers.
This implies that the numerical solution is not complete due to the
mathematical expansion of the diffusive term when the diffusion
coefficient is not uniform throughout the soil profile. In this way,
the exhalation rate predicted by the model could be
underestimated.

With these considerations in mind, the aim of this work was
to implement a transport model of radon in porous, heteroge-
neous media based on the underlying transport equation. The
model is solved by using numerical techniques in order to
obtain an inventory of radon emissions into the atmosphere in
Europe, with high spatial resolution and dependent on weather
variables, which can be easily integrated into atmospheric
transport models.

2. Theoretical framework review

Atoms of radon emanated from the material grains are distrib-
uted between the different phases in the media: air, water and
solid. In each of these, mass transport is driven by advective and
diffusive fluxes, biased by terms of generation (source) and anni-
hilation (sink). Therefore, modelling of radon transport in porous
materials requires the consideration of the continuity equations of
the radon concentration for each phase, taking into account the
exchange terms between them (Nazaroff and Nero, 1988;
Porstendofer, 1994).

The complexity of the problem can be reduced by transforming
the transport equations for each phase into an equivalent equation for
a single phase, air from the interstitial volume, using expanded def-
initions of the diffusion coefficient, permeability and porosity (Rogers
and Nielson, 1991). These expanded magnitudes are identified by the
term “effective”, performing the coupling between phases.

oG K
g8 a‘:n =V (DbVCRn +EVPCRn) — B2RaCrn + PpeARnCRa (1)
D, = BDe (2)
L= CW/CRD
ka = CS/CRI]

3
B = (1—s+sL)p+ pyka ®

S = pw/D

where the subscript w is associated with the water phase, the
subscript s refers to solid phase and the subscript Rn corresponds to
the air phase.

6 effective porosity

p Porosity

s humidity saturation

L Ostwald coefficient (L = 0.2593 at T = 20 °C)
ka solid phase adsorption coefficient

pp bulk density

Dy, bulk diffusion coefficient

D. effective diffusion coefficient

K permeability

w air dynamic viscosity

P pressure field

Arn 222Rn decay constant (2.098-107% s~ 1)
Crn air 222Rn concentration

£ emanation factor

The radon diffusion coefficient varies considerably depending
on the moisture present in the soil and porosity. That dependence
can be explicitly established according to empirical expressions
(Rogers and Nielson, 1991):

D, = Dopexp< —6sp — 65141’) (4)
Do being the radon diffusion coefficient in air, 1.1-10~> m? s~ .

It is possible to estimate the value of the permeability by the
following empirical equation (Rogers and Nielson, 1991).

K = (T§6)2d4ﬁexp(—12s4> (5)

where d is the mean grain diameter of the material.

In general, the advective flow is negligible compared to the
diffusive one since the permeability of soils (K ~ 10~1°—10"13 m?)
is usually several orders of magnitude smaller than the diffusion
coefficient, and the hydrostatic pressure gradient is small
(~10 Pa m™'). For large variations in surface pressure, this term
could be important in a transitory regime (Nazaroff and Nero,
1988).

The term that governs the adsorption of radon onto solid sur-
faces depends on the type of material and the moisture content,
and it is quantified by the coefficient k, which is usually small and
negligible (Nazaroff and Nero, 1988).

Radon solubility in the aqueous phase is characterized by the
Ostwald coefficient, which depends on temperature. Thus, as re-
flected in Clever (1979), the solubility of radon in water decreases as
temperature increases, changing radon distribution between the
water and air phases (Fig. 1).

2.1. Heterogeneous media. A numerical solution

The Earth’s crust can be considered a porous media of finite
depth resting on soil-generating rock. The diffusion coefficient of
radon for rock is several orders of magnitude less than for crust,
hence the transfer at the rocks—soil interface will be
negligible (Nazaroff and Nero, 1988).

The diffusion coefficient varies across the soil column mainly
due to moisture and temperature profiles. Under these conditions,
the diffusive term is expanded so that the gradient of the diffusion
coefficient also plays a part in radon transport.

V- (DbVCRn) = VDbVCRn + DbVZCRn (6)

This situation has no simple analytical solution, making neces-
sary the use of numerical techniques to get a result. To this end, a
forward finite difference technique with an explicit resolution
scheme (Hildebrand, 1968; Smith, 1977) has been selected. The
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Fig. 1. Ostwald coefficient, or distribution of phases as a function of temperature for 22?Rn (Clever, 1979).

explicit method imposes a limitation on the convergence of the
solution, in such a way that the coefficient of the second derivative
(diffusion coefficient, D), the time step (dt) and spatial resolution
(dx) must satisfy an algebraic relation:

(dx)®

dt < 5D

(7)

2.2. Snow cover

The existence of snow cover above the soil surface has a
shielding effect on the radon flow into the free atmosphere. At
steady state, the diffusion of radon through a finite layer without

radon source can be described as an exponential decay modulated
by the diffusion length.

Therefore, considering the snow as a porous material composed
of water in solid form, it is possible to assume that the liquid water
content supply to the distribution of phases is 0. In turn, the
compaction of the snow cover is variable depending on the height
of the column of snow and the time since deposition (Kudryashov
et al., 1999). However, as an initial approach, it is possible to as-
sume a constant porosity for the snow cover (around p = 0.6), and
to estimate the reduction in the exhalation rate according to the
snow cover thickness (Fig. 2). Under these conditions, snow cover of
just half a metre thickness can lead to a 20% reduction of the
exhalation rate.

Snow cover effect
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Fig. 2. Radon exhalation depending on the thickness of the snow column (D, = 6.6-10~6 m? s~1).
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3. Materials and methods
3.1. Databases

3.1.1. Geochemical characterization

The activity concentration of 2?°Ra was determined from total
uranium concentration using the conversion factors proposed by
the International Atomic Energy Agency (12.35 Bq kg~! of 238U by
1 ppm U, IAEA, 1989) and assuming that 2?Ra is in secular equi-
librium with its parent 238U.

The total U concentration was obtained from the FOREGS
geochemical database (Salminen, 2006; de Vos and Tarvainen,
2006) from the Association of the Geological Surveys of The Euro-
pean Union. This atlas provides high quality geochemical data,
containing information on 26 chemical elements analysed by ICP-
MS in samples from 26 European Union countries, selected via a
scheme based on a hierarchical and random mesh of 160 km? of the
global network reference (Darnley, 1995). All sampling and
analytical campaigns were conducted in order to fulfil the specifi-
cations of the IUGS/IAGC “Global Geochemical Baselines” mapping
programme (Salminen, 2006; de Vos and Tarvainen, 2006). The
quality of the results of this database has been tested by duplicating
samples, performing routine measurement intercomparisons and
analyses of reference materials.

3.1.2. Geophysical properties

The geophysical properties were derived from the Harmonized
World Soil Database (HWSD) of the United Nations’ Food and
Agriculture Organization (FAO) in the framework of the Land Use
Change and Agriculture Program (LUC), in collaboration with ISRIC-
World Soil Information, the European Soil Bureau Network and the
Institute of Soil Science at the Chinese Academy of Sciences.

The HWSD provides state-of-the-art information on soil char-
acteristics and properties. This database has a spatial resolution of
0.5' (~1 km) and more than 16,000 units of soil types. It couples
the different regional databases of soil information throughout the
world (SOTER, ESD, Soil Map of China, WISE) with the information
contained within the FAO-UNESCO world map (FAO, 2009).

From the bulk density provided by the HWSD, the porosity of
the soil units has been determined, assuming grain
density = 2.65 g cm™> (Cameron and Buchan, 2006).

p=1--" (13)
Pgrain

The emanation factor was considered constant and equal to 0.2
for all soil units and for all moisture conditions. This approach is
based on the low variability of this parameter published in the
literature (Ferry et al., 2002; Lépez-Coto et al., 2009). Moreover,
according to Sasaki et al. (2003) and Hassan et al., 2011, the
emanation factor is significantly reduced only in cases where the
humidity drops below 5%. Hence, it will not be significant in the
climatological context of this work.

3.1.3. Weather variables

Monthly means, at 1° x 1° horizontal resolution, of temperature,
soil moisture and snow cover thickness have been obtained from
the ECMWF's global ERA-40 re-analysis database (Uppala et al,,
2005).

ERA-40 is a global climate database of the atmosphere, land
surface and oceans from September 1957 to August 2002. This
database combines observational data from sources such as satel-
lites, radiosondes, aircraft, etc., with a 3D model of weather fore-
casting using variational data-assimilation techniques, which
produces accurate and consistent data.

The parametrization used in ERA-40 surface analysis to simulate
soil-atmosphere and soil-vegetation interactions provides a daily
water balance and energy budget for each grid cell in four layers
with thicknesses of 7, 21, 72 and 189 cm.

3.2. Geographical domain, mesh and pre-processing

The extension of the selected mesh includes all EU27 countries,
with a spatial resolution of 0.5’ (~1 km). A Cartesian domain was
chosen between 32.5° N and 75° N latitude and —27.5° E and 45° E
longitude. This configuration results in a grid of 5101 x 8701 ele-
ments. The vertical coordinate has 100 elements, covering a depth
of up to two metres. The FOREGS database has been interpolated
using an algorithm weighed by the inverse distance.

A global climatology for the whole period has been calculated
from the monthly averages of the ERA-40 data re-analysis to obtain
the average annual cycle of moisture, soil temperature and thick-
ness of the snow cover. In addition, the results have been linearly
interpolated in each layer to cover the whole horizontal coverage of
the mesh.

3.3. Implementation of the transport model

A code in C++ has been written, which enables the calculation
of the radon concentration profile in steady state from the data files
previously conditioned, thus obtaining the exhalation rate for each
horizontal cell.

The main routine reads the file and loads the necessary input
variables into the memory. Then it runs along the horizontal grid
executing the main subroutine for the transport model for each grid
cell. Once the whole domain is covered, it writes the output in a
NetCDF file.

The solver subroutine interpolates variables depending on z and
calculates the diffusion coefficient for each cell in the soil profile.
Then, it solves the equation of time-dependent one-dimensional
transport in an iterative way until steady state is reached and the
exhalation rate is calculated.

Due to the restrictions imposed by the vertical resolution
(dx = 0.02 m) and the properties of the medium (D ~ 10~ m?s~1),
a safer time step dt = 100 s has been chosen in order to ensure
stability.

The execution was carried out sequentially and automatically for
each of the average months, resulting in a NetCDF file for each
month that stores exhalation rates calculated for the whole
domain.

4. Results
4.1. Numerical model testing

An internal validation test of the numerical model proposed has
been carried out by simulating the “scenario 0” published in the
international inter-comparison experiment for radon models,
ERRICCA (RISO-R-1120, 1999). This scenario allows us to compare
the obtained results to those provided by six laboratories through
different numerical models that can be found in that report. In this
way, the results can also be compared to the analytical solution
obtained using the homogeneous media approach. The parameters
used in this simulation are: source term, S = 0.129749 Bq m > s~
which describes the production of radon per unit of time and
sample volume, and the effective diffusion coefficient is
De=3310°m?s! (p =03,5=0).

The surface exhalation reflected in the ERRICCA report is
Eref = 4.7228-10~2 Bq m~2 s~ . The results from the numerical solu-
tion scheme proposed in this work, Eypy = 4.7293-1072Bqm 2 s},

’
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Fig. 3. Radon concentration profile (left) and radon flux profile (right) comparison between numerical and theoretical results under ERRICCA scenario O conditions

(De =33-10°m?s !, §=0129749 Bqm3s'; p = 0.3, s = 0).

have a relative deviation of less than 0.15% from both the reference
and the analytical solution, so it can be assumed that the proposed
numerical model provides satisfactory results (Fig. 3).

4.2. Radon exhalation maps, statistical parameters and probability
distribution

Fig. 4 shows the radon exhalation maps for the average months
of January and July for the period 1957—2002. At a glance, the wet
months have a lower exhalation value mainly due to the lower
radon diffusion coefficient for wet soils (Rogers and Nielson, 1991).

Table 1 details the monthly average radon exhalation, the
standard deviation and the 95th and 99th percentiles for the whole
geographical domain.

The wet months have lower exhalation values, around
26 Bqg m—2 h~!, underlining the influence of hydrometeorological
conditions on radon exhalation. In turn, the difference between the
arithmetic and geometric mean is above 9 Bq m~2 h~! from January
to April, being quite frequent values close to zero, mainly due to
rainfall in winter and snow cover in northern Europe, both pre-
cluding high values of the exhalation rate. The standard deviation,
27 Bq m~2 h™, indicates great variability in the exhalation rate
throughout the domain. In addition, the 95th percentile is below
60 Bqg m~2 h™!, and 99th is near to 100 Bqm~2 h~.

Dry months show higher exhalation rates than wet months, as
expected. Consequently, the average value for August is
34 Bq m~2 h™ ! while the minimum value (261 Bq m~2 h™1) is
obtained in February. The geometric mean, 27 Bqm~2 h™, is close
to the mean, indicating a substantial reduction in values close to
zero, as a consequence of seasonal rainfall reduction. The standard
deviation is slightly higher than that obtained for the cold months,
28 Bq m~2 h~!. August has the highest value for the 95th and 99th
percentiles, 70 and 115 Bq m—2 h™, respectively.

Particularly striking is the maximum exhalation rate exceeding
1000 Bq m~2 h™, that results provide for a location 50 km south of
Belfast (Northern Ireland). This is due to the high uranium con-
centration in the soil, in the range of 700 ppm of U (8 Bq g~ ! for
2381, which is far superior to that in the rest of Europe (Salminen,
2006; de Vos and Tarvainen, 2006).

Fig. 5 shows the probability distributions of radon exhalation for
the months of January and July as representative of wet and dry
periods. Both months show a similar functional form, with a shift of
about 7 Bq m~2h~!, as a result of the distance between their modes.
This figure also shows the existence of specific locations with un-
usually high exhalation rates.

4.2.1. Statistical parameters and probability distributions by region

The year probability distributions of radon exhalation rates for
different regions show characteristic behaviour for each zone,
depending on the local hydrological cycle and geological substrate
(Fig. 6a—i).

The regional mean for Ireland (Fig. 6a) is around 75 Bqm—2 h~!
but the geometric mean of about 50 Bq m 2 h™! shows a great
asymmetry of the values distribution. The high values are con-
nected to the relatively high 2?°Ra contents in the substrate
(55 Bq kg~ 1). The probability distribution clearly shows two most
probable values, 35 and 50 Bq m~2 h~!, and also a core of a lower
probability of occurrence, at around 95 Bq m~2 h™ .. As mentioned,
the area south of Belfast contains the highest of exhalation rate
both for Northern Ireland and Europe (1000 Bg m~2 h™").

These results are quite similar to the values of 28 and
50 Bq m~2 h~! given by Jennings et al. (2006) for Ireland. Never-
theless, most of the sampling points were located in the northwest
and southeast of the country and do not include Northern Ireland;
hence no extreme value in Ireland was detected in that study.

The UK has a fairly symmetrical probability distribution
(Fig. 6b). The average value is around 36 Bqm 2 h~!,1Bqm 2 h~!
above the geometric mean. In turn, the standard deviation is about
10 Bq m—2 h~!, which is similar to that found for the rest of Europe.
The averaged 2?°Ra concentration in soils (27 Bq kg~ ') was found to
be lower than for Ireland, but higher than for meridional regions
such as the Iberian Peninsula, France or Italy.

The Iberian Peninsula has average values of 25 and
45Bq m~2 h~! for winter and summer, respectively, and a standard
deviation of 24 Bq m~2 h~ . There are three most probable values
for the Peninsula, which range from 12, 30 and 45 Bq m 2 h~! for
winter to 35, 50 and 60 Bq m~2 h~! in summer (Fig. 6¢). There is a
considerable seasonal fluctuation of some 20 Bq m~2 h~. The P95 is
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Fig. 4. a. 2??Rn flux map on surface (Bq m~2 h™?) for the average month of January for the period 1957—2002. b. ?2?Rn flux map on surface (Bq m~2 h~!) for the average month of

July for the period 1957—2002.

within a range of 80—90 Bq m~2 h~! and the maximum is close to
220 Bq m~2 h™! for an area located at the East of Oporto, Portugal.
Clearly, the Iberian Peninsula shows great regional variability,
derived from the different 2*Ra concentration in soils, as well as
substantial seasonal fluctuations. This can be understood bearing in
mind 1) the large regional differences in climate throughout the
Iberian peninsula (from desert climate to Atlantic forest climate),
and 2) the extreme differences between summer and winter
weather conditions (in terms of rainfall and temperature), which
show far higher variability than in the rest of Europe.

These results are in good agreement with those published in
literature, as can be seen in Duefias et al. (1997), with exhalation
rate values between 10 and 90 Bq m~2 h~! and a geometric mean
around 35 Bq m~2 h™; Abril et al. (2009) with values ranging be-
tween 15 and 40 Bq m~2 h~! for wet and dry periods respectively
and Grossi et al. (2011) with a rate spectrum covering from 30 to
90 Bq m~2 h~"! for different locations.

France has a similar pattern to that of the Iberian Peninsula,
derived from the combination of a similar ?*°Ra content and a less
pronounced climatic fluctuation, (Fig. 6d). The average value

Table 1
European domain statistical parameters (Bq m—2 h™').

Arithmetic Geometric Standard P95 P99

mean mean deviation
January 26.7 17.6 271 59.2 101.6
February 26.1 159 27.2 58.6 101.2
March 26.3 15.6 274 59.4 1024
April 26.3 17.1 271 58.9 101.7
May 30.1 228 27.5 63.4 105.9
June 319 25.8 27.7 66.1 109.2
July 333 271 284 69.2 113.8
August 33.6 27.2 284 69.7 114.4
September 32.6 26.2 27.9 67.6 1113
October 31.2 249 27.2 64.6 107.2
November 295 22.8 271 619 104.3
December 279 203 271 60.4 102.6

fluctuates around 40 Bq m~2 h~!, with a standard deviation of
24 Bq m~2 h~'. The P95 is between 75 and 95 Bq m~2 h~! and the
maximum (=250 Bq m~2 h™!) occurs near the city of Cabannes.
The lower seasonal variability reflects in a lower variability of soil
humidity contents.

Italy has values of around 60 Bq m—2 h~! with a standard de-
viation of 28 Bq m~2 h™~L. The P95 is 115 Bq m~2 h™!, being hence
highly probable to find elevated values of the exhalation rate. These
high values are due to the relatively high >?°Ra content, 40 Bq kg~ .
In detail, the probability distribution (Fig. 6e) reveals a multimodal
pattern with a clear maximum (=45 Bq m~2 h™'). Exhalation rates
below 25 Bq m 2 h™! are associated to a very low occurrence
probability. The pattern is completed by a narrow peak located at
75 Bq m~2 h~! with a high probability of occurrence, and two low
probability additional peaks at 85 and 120 Bq m 2 h™.

The exhalation rate in Germany is relatively small with average
values ranging from 21 to 26 Bq m 2 h™! and a standard deviation
of 12 Bq m~2 h~L. That is connected to the relatively low *?°Ra
contents (26 Bq kg™ !). The distribution of values is clearly affected
by seasonal variation. The distribution shows a high probability of
occurrence for values near 3 Bq m~2 h™! during the winter, being
replaced this maximum during the warm season by drastically less
prominent local maximum around 20 Bq m~2 h~L. Above these
values, a separate core with a high probability of occurrence is
located within the 35—40 Bq m~2 h™! range, which agrees with the
P95. On the other hand, the maximum does not exceed
50 Bq m~2 h™! (Fig. 6f). According to Dérr and Miinich (1990), the
experimental probability distribution for western Germany shows
two most probable values, 25 and 66 Bq m~2 h~!, which are slightly
higher than the model-predicted maxima.

The probability distribution for the countries of Eastern Europe
(Fig. 6g) is very similar to that of Germany, although it is dominated
by exhalation rate values around 15 Bq m~2 h™!, instead the 35—
40 Bqg m~2 h™! range found in Germany. The average ranges from 17
to 21 Bq m~2 h~! with a standard deviation of 11 Bq m~2 h~. Again,
the P95 is around 35—40 Bq m~2 h~!, but reaches maximum values
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Fig. 6. (continued).

of about 65 Bq m~2 h~!. The fact that the values here found are
below those found in Germany sems to be in agreement with the
smallest 226Ra concentration (in the range of 20 Bq kg~! in average
against 26 Bq kg™1).

The Scandinavian Peninsula has values of around 25 Bqm 2 h~!
with a standard deviation of 10 Bq m~2 h™! and a seasonal fluc-
tuation of some 5 Bq m~2 h~'. The P95 reaches 45 B m~2 h~! and
the maximum does not exceed 70 Bq m~2 h™! (Fig. 6h).

Finland has the lowest values in Europe, with an average of
9 Bqg m2 h™! for winter and 15 Bq m~2 h™! for summer (Fig. 6i).
Furthermore, the averaged 2*Ra content is around 15 Bq kg,
which explains the low exhalation average. Specifically, the low
geometric mean value, 3 Bq m~2 h~!, indicates high values close to
zero. This fact is due to, as previously explained, the presence of a
snow cover during most of the year. The standard deviation is
around 10 Bq m~2 h™! and the P95 stands at about 33 Bq m~2 h™.
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Fig. 7. Zonal mean. a) Latitude, b) Longitude.

Despite these values the maximum is 80 Bq m~2 h~!, showing high
exhalation locations in the South, near Helsinki.

According to Szegvary et al. (2007), Finland has two different
areas: the north, with an average value of 30 Bq m~2 h~, which is
twice the value predicted in this work for the average summer; and
the south, which has higher values, around 100 Bq m~—2 h~!, which
are consistent with the results predicted. It could be argued that the
magnitude of differences found for the North region could be
explained by the fact that the snows cover (which presence is
highly probable at the North) fairly reduces the radon exhalation,
although the reduction of gamma dose rate is less pronounced.
Under these conditions, it can be understood that a proxy based on
gamma dose rate measurements could overestimate the exhalation
rate at regions covered by snow.
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In general, the averaged exhalation values for each region are
due to the geological substrate since the ?°Ra is driving the radon
generation; nevertheless, the soil humidity content is the funda-
mental factor affecting the seasonal variability.

Besides, the mean values calculated by the model for the dry
period reproduce the results of the measurements. However, the
deviation of model-predicted values from the experimental values
increases as the experimental value grows, showing the smoothing
effect of the climatological component of the obtained map.

4.3. Comparison with other European models of radon exhalation

Due to the scarcity of direct measurements of radon flux at the
surface, several authors have proposed different alternatives for
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Fig. 8. Local mean deviations. a) January, b) July.
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estimating radon exhalation in Europe. Rasch et al. (2000) pro-
posed a global exhalation value of around 75 Bq m—2 h~! for be-
tween 30° and 60° N, and 33 Bq m~2 h~! for higher latitudes. Conen
and Robertson (2002) suggested that the flow of radon may
decrease linearly from 75 Bgm 2 h~'at30°Nto 15Bgm2h! at
70° N.

Fig. 7 shows the zonal average for January and July. Exhalation
increases on average from 25 to 50 Bq m~2 h~! between 35° and
42° N, followed by a non-linear decrease to 15 Bqm~2h~! for 70° N.

At 53° N, there is a rather narrow maximum which exposes the
existence of outliers in these latitudes. It is clear that the lat-
itudinal trend suggested by Conen and Robertson (2002) agrees
with the results calculated by the model. However, for latitudes
below 42° N, their proposal overestimates the results calculated
with the proposed model. On the other hand, the zonal mean
decreases as a function of longitude from West to East. The
maximum values correspond to longitudes between 5° and 10° W,
where two peaks above 60 and 80 Bq m~2 h~! appear at 8° and
5.2° W respectively.

Szegvary et al. (2009) present a radon flux map derived from
correlations between the exhalation rate and the external radiation
dose obtained experimentally in a previous work (Szegvary et al.,
2007). The global average for Europe presented by this map is
around 38 Bq m 2 h™!, higher than the 30 Bq m~2 h~! obtained in
this work, and the standard deviation is about 15 Bq m~2 h™, less
than the value of 27 Bq m~2 h~! shown in this work. The referred
approximation provides, almost systematically, exhalation values
higher than those obtained with the model proposed in this paper.
Thus, the regional averages for the United Kingdom, 50 Bqm~—2h~',
Spain, 77 Bq m~2 h~!, France, 45 Bq m 2 h~!, Germany,
39 Bq m~2 h~! and Finland, 22 Bq m~2 h~!, are higher than those
discussed in the previous section. The largest deviation was found
for the Iberian Peninsula, for which Szegvary’s approximation
overestimates the exhalation values respecting to measured values,
Grossi et al. (2011) In this work is shown that the gamma dose rate
data used as input in the flux estimation are too high because they

are uncorrected values. Nevertheless, after applying the corrections
proposed by Saez Vergara et al. (2002), those data could be used in
order to obtain better radon flux estimations.

4.4. Local mean deviations. Annual cycle

Fig. 8 shows the absolute deviations of the local mean for
January (wet season) and July (dry season). Obviously, during the
wet months the entire domain has values below the local mean
and, in turn, the dry period has positive deviations in the whole
domain. Lower latitudes systematically exhibit the largest de-
viations, showing wider fluctuations. Hence, in certain locations in
the Iberian Peninsula and France, the seasonal variation easily ex-
ceeds 30 Bq m~2 h™!, in agreement with the previously mentioned
extreme weather fluctuations for such regions. The higher latitudes
show low seasonal fluctuations due to lower amplitude in the hy-
drological cycle in the soil.

In order to compare the annual cycle and the seasonal fluctua-
tions of the exhalation rate, four interesting locations throughout
the European continent have been chosen (Fig. 9). The northern
locations have their maximum exhalation in July, while the
meridional locations peak in August. In turn, eastern locations have
their lowest exhalation rate in March, and western locations does it
in April.

The effect of snow cover largely determines the exhalation in
areas like Lappi, Finland. As an example, Fig. 9 shows that fluxes
around zero are reached during the colder months mainly due to
snow cover, which has a double effect; shielding the exhalation of
radon on the surface and keeping the soil wet underneath. This
combined effect gives snow cover an important role in the seasonal
fluctuations of exhalation.

4.5. Constraints and sources of error

Clearly, the approximations made in the model impose some
limitations on the results in this paper. The one-dimensional nature

Composite exhalation cycle

—— Lappi (Finland)
—— Northamptonshire (UK)
—— Torino (ltaly)

Huelva (Spain)
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Fig. 9. Exhalation annual cycle for Lappi (Finland), Northamptonshire (United Kingdom), Torino (Italy) and Huelva (Spain).
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of the model does not enable evaluation of the horizontal diffusive
fluxes that may occur between different areas. Furthermore,
consideration of a constant emanation factor could lead to 50%
uncertainty in the source term of certain extremely dry soils. Also,
the porosity homogeneity in the snow cover can only be assumed
for climatological purposes. Its dynamic nature, which modifies
compaction as a function of thickness and time elapsed from
deposition, makes it highly probable that the screening effect is
understated. The frost has not been included due to the nature of
the simple snow cover model and the available data. Nevertheless,
the frost could cause a percentual exhalation diminishing mainly in
wet soils, which have a low exhalation themselves. This fact implies
the net exhalation error should be low.

Cracks and fractures existing in the soil have not been taken into
account since the diffusive nature of the model. This fact could
affect the exhalation in highly cracked soils such as volcanic regions
and Scandinavian areas, where the ice could enhance the soil and
rock fractures.

The resolution and accuracy of data inventories largely deter-
mine the uncertainties and goodness of the results. Thus, the
required horizontal interpolations limit an extension of the final
resolution of the results. That makes necessary to include in-
ventories that have enhanced spatial resolution.

5. Conclusions

A numerical model of radon transport in finite, heterogeneous
and porous media has been developed to calculate the exhalation
rate of European soils by using geological, geochemical and
climatological parameters.

The theoretical model is based on the fundamental equation of
radon transport in porous media, with the transport coefficient
dependent on temperature and humidity. It also includes a simple
model that evaluates the effect of snow cover.

A climatology of radon exhalation has been produced and the
average values, the probability distributions, seasonal variability
and an European high resolution radon exhalation monthly average
have been obtained. The results have been compared to experi-
mental measurements of radon flux in the literature, showing a
general good agreement.

The results vary greatly depending on the location and the
season of the year, with a spatial standard deviation of around the
annual average value (30 Bq m~2 h™'). In turn, the seasonal devi-
ation is around 25% the annual average value. Systematically lower
latitudes exhibit the largest deviations, with greater amplitude in
seasonal fluctuations. The asymmetry of the results around the
mean value reveals the existence of specific locations with un-
usually high exhalations. The detailed probability distributions for
specific regions show different behaviour patterns for each zone,
depending on the hydrological cycle and geological substrate.

The calculated inventory can be easily integrated into atmo-
spheric transport models and also serves as a high-resolution
baseline for policy decisions regarding the determination of areas
of high risk of exposure to radon. The gridded data are available for
the scientific community upon request.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2013.02.043.
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