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a b s t r a c t

This paper studies the temporal variation of soil gas radon activity concentration in a highly permeable
(k ¼ 2.0E-11 m2) sandy-gravelly soil in order to understand if temporal variation of soil gas radon activity
concentration can affect geogenic radon potential determination. Geogenic radon potential provides
information about the potential risk from radon. Its calculation takes into account the equilibrium,
saturated at infinite depth, soil gas radon activity concentration (cN). This concentration may vary at
annual time scale due to the environmental conditions. A long-term (yearly) and high temporal reso-
lution (15 min) observation, applied in this study, reveal various temporal features such as long-term
trend, seasonality, daily periodicity and sudden events in soil gas radon time series.

Results show seasonal and daily periodical variation of the measured soil gas radon activity concen-
tration (csoilRn) in a highly permeable sandy-gravelly soil with definite seasons without obvious long
transitional periods. The winter (from October 2010 to April 2011) is characterized by 2.5 times higher
average soil gas radon activity concentration (median is 7.0 kBq m�3) than the summer (August,
September 2010 and May, June, July 2011) (median is 2.8 kBq m�3). Daily periodicity, which is much less
than the seasonal one, controls the soil gas radon activity concentration mainly in the summer season.
Average (AM) value of csoilRn is higher at night than in the daytime with about 18% and 3.8% in summer
and in winter, respectively. As a conclusion, in case of single csoilRn measurement on a highly permeable
(k � 2.0E-11 m2) soil, similar to our test site, csoilRn should be corrected according to the seasons for
calculating the equilibrium activity concentration cN value.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental occurrence of radon gas has been intensively
studied in the last decades due to its adverse effects on human
health. Its short-lived daughters such as 218Po and 214Po can attach
to the aerosols (e.g., dust and cigarette smoke) and can be inhaled
into the lung. Deposited radon progenies on the lung bronchi
irradiate the cells and can cause tumor (Nazaroff and Nero, 1988).

Radon (222Rn) is a natural radioactive noble gas being one of the
daughter elements of 238U. Its direct mother element is radium
226Ra. U-238 and 226Ra are geochemically incompatible lithophile
elements, thus they are concentrated in the Earth crust and also can
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be found in the biosphere (Anderson, 2007). Also, soils, derived
from different rock types, contain 238U and 226Ra. The 226Ra
constantly produce radon atoms in soil which will enter the soil
pore gas via emanation. Radon, generated in soil and rock, can leave
the solid grains through three ways: molecular diffusion, direct
recoil and molecular diffusion after indirect recoil (Tanner, 1980).
Soil radium content and the emanation coefficient determine the
effective radium concentration. Radon migration through the soil
and rock is affected by molecular diffusion, however it is governed
mainly by convection. These processes determine radon activity
concentration in soil air (soil gas radon activity concentration)
which depends on the depth. The soil gas radon activity concen-
tration increases with depth and exponentially saturates to an
equilibrium concentration that is called cN (Nazaroff and Nero,
1988).

Indoor radon concentration is very important since it is
responsible for about 50% of the natural radiation dose. Two major
factors that determine indoor radon concentration are the entry
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rate and the ventilation rate. The entry rate appears to be more
variable and hence the more important factor in determining
houses with high radon levels (Nazaroff and Nero,1988). It depends
on soil gas radon activity concentration, on soil physical charac-
teristics such as permeability, on meteorological circumstances
such as temperature and pressure and on building-related factors
such as building material and substructure, as well. However, soil
and rock are the sources of most of the radon to which people are
exposed, whereas the building material, as a second source, can
also have significance (Cosma et al., 2013; Nazaroff and Nero, 1988;
Righi and Bruzzi, 2006; Szabó et al., 2013).

Modeling and mapping of geogenic and indoor radon potential
(RP) provide an opportunity to identify radon-prone areas (Dubois
et al., 2010). Therefore, a radon potential map assists to reduce the
cumulative radiation risk. Indoor radon potential map shows the
actual average health risk in existing houses, whereas geogenic
radon potential map reveals potential risk, independently of any
existing buildings (Dubois et al., 2010). Geogenic radon potential
(GRP) provides information about the source of indoor radon
concentration as the major source of indoor radon concentration is
the soil gas radon. One method of the calculation of GRP is to es-
timate a continuous variable from the equilibrium activity con-
centration (cN) of 222Rn in soil gas, in kBq m�3 and the effective
permeability of soil, in m2 (k) using the following equation (Neznal
et al., 2004).

GRP ¼ cN
ð � log10ðkÞ � 10Þ (1)

In practice, equilibrium activity concentration (cN) is generally
the 222Rn concentration in soil gas at about 0.8e1 m depth. Pa-
rameters used in Eq. (1). can be determined during field work or
can be estimated from other available parameters such as 226Ra
concentration in dry soil and porosity using transfer functions
(Appleton et al., 2011). General measurement depth of soil gas
222Rn concentration (csoilRn) and of corresponding soil permeability
is 0.7e1 m (Antonopoulos-Domis et al., 2009; Barnet et al., 2010;
Buttafuoco et al., 2010, Castelluccio et al., 2010; Cosma et al., 2010;
Dubois, 2005; Gregori�c et al., 2010; Gruber et al., 2008; Ielsch and
Cushing, 2010; Kemski et al., 2001; Neznal et al., 2010; Pereira
and Neves, 2010, Petersell et al., 2005). It is assumed that the
measured csoilRn at 0.8 m equal to cN, thus its temporal variation
should be considered during the evaluation of geogenic radon po-
tential. Several studies show clear temporal variation of csoilRn on a
daily or seasonal scale at this depth, depending on the location (Al-
Shereideh et al., 2006; Baykut et al., 2010; Crockett et al., 2010;
Fujiyoshi et al., 2006, Perrier et al., 2009;Winkler et al., 2001; Zafrir
et al., 2012). Perrier et al. (2009) and Crockett et al. (2010) studied
the periodic and anomalous phenomena in csoilRn time series and
revealed seasonal, diurnal and semi-diurnal components. Baykut
et al. (2010) showed daily quasi-periodic component in soil radon
data especially during the summer period and they also observed
that soil radon is affected by various parameters such as seasonal
and daily changes in atmospheric parameters (temperature, pres-
sure, precipitation). Several studies showed the influence of
shallow groundwater in particular cases on soil gas radon activity
concentration (Pascale Tommasone et al., 2011; Perrier et al., 2009;
Przylibski, 2011). As this system is highly complex there is no
general description for the csoilRn time dependence.

The principal objective of this study is to determine the dy-
namics of csoilRn in a highly permeable sandy-gravelly soil and to
describe it in terms of trend, periodicity, transient events and auto-
correlation. The second goal of this study is to investigate whether
the temporal variation of csoilRn influences the geogenic radon po-
tential determination. Robust statistical and time series analysis
were used for the characterization of radon dynamics in the studied
highly permeable soil. A unique detailed modeling was used to
identify and numerically describe long-term cycle and trend com-
ponents, in addition to periodic changes in csoilRn including sea-
sonal, diurnal or tidal variation.

2. Study area

Soil gas radon activity concentration (csoilRn) has been investi-
gated at a location in the Budapest urban area on the Pest Plane, at
the Marczell György Main Observatory of the Hungarian Meteo-
rological Service, (WGS84 N 47�25043.97700, E 19�10057.17200) at
137m a.s.l. (Fig.1). Hungary has temperate continental climatewith
a long-term annual average temperature of 11 �C and an average
precipitation of 500e550 mm. The underlying rock at the mea-
surement site is Quaternary fluvial sand (Late Pleistocene) (Gyalog,
1996). The sandy-gravelly soil is covered by garden grass at the site.
An advantageous feature of the site is that it is a protected area of
10,000 m2 and it has been undisturbed by human activities for
decades. The average groundwater table level is at 10 m depth with
open surface. There is a limited (<1 m) groundwater table level
fluctuation due to the effect of underground urban structures and
the leveling effect of River Danube in distance. Thus, groundwater
table fluctuation is assumed to have no influence on temporal
variation of soil gas radon activity concentration csoilRn at the site.

The Pannonian Basin in Hungary is largely covered by sediments
of various ages (Paleogene, Neogene and Quaternary) and of diverse
types (clay, silt, loess, marl, sand, gravel and rock debris) (Gyalog,
1996). Soils, evolved on these sediments, often have high perme-
ability, thus the selected test site located on highly permeable soil is
assumed to represent a large area of the Pannonian Basin sedi-
ments and soils.

3. Materials and methods

3.1. Field measurements

Soil gas radon activity concentration (csoilRn) was measured in
situ with a RAD7 Electronic Radon Detector (Durridge Company
Inc., 2000) coupled with soil probe through drying tube from 03
August of 2010 to 22 July of 2011. Inner diameter of the soil probe
was ¼ inch. From the soil csoilRn was pumped out from 0.8 m depth
(Fig. 1). The instrument settings were “User” protocol, “15 min
Cycle“, “Sniff Mode” and “Auto Pump” to collect samples at 15 min
cycles, yielding 96 measurements a day. In “Sniff Mode” the device
calculates the radon activity concentration from the 3-minute half-
life polonium-218 alpha peak at 6.0 MeV and gives radon activity
concentration in Bq m�3 unit. In “Auto Pump” setting, the pump
always switches on for 4 min at the beginning of a new test cycle. If
the humidity in the sample cell remains above 10% then the pump
stays on to allow the cell to dry out. Then the pump runs for just
1 min in every 5 min until the end of the cycle. The rate of flow of
the pump is 1 L min�1. The RAD7 was calibrated in 2009 and the
calibration is highly stable according to the manufacturer specifi-
cations (Durridge Company Inc, 2000). Typical drift is less than 2%
per year. The average uncertainty, expressed by standard deviation,
of RAD7 in our measurements was 9.2%. It is about 12% and 7% in
case of low (0e5 kBq m�3) and high (5e10 kBq m�3) radon activity
concentration values, respectively. In a comparison measurement
with the LUK3C scintillation detector of the Babes-Bolyai Univer-
sity, Cluj (Romania) (calibrated in 2010), we found that the two
detectors measure the same csoilRn at a 95% confidence level ac-
cording to a one day comparison test containing 11 measured data.
Meteorological parameters (atmospheric air temperature etc.)
were measured by Touch ScreenWeather Station PCE-FWS 20 (PCE
Instruments UK Ltd.). Soil moisture content data was measured by



Fig. 1. Map of the measurement site. It is located in the Budapest urban area on the Pest Plane, in the property area of the Marczell György Main Observatory of the Hungarian
Meteorological Service, at WGS84 N 47�25043.97700, E 19�10057.17200 , and 137 m a.s.l.

K.Z. Szabó et al. / Journal of Environmental Radioactivity 124 (2013) 74e8376
the Hungarian Meteorological Service Marczell György Main
Observatory.

During the measurement period (from 03 August of 2010 to 22
July of 2011) the csoilRn was measured for about one week in every
month using 15 min integrating time. Each measurement period
was separated by three weeks of no measurement. In August 2010
the measurement period was only three days due to technical
limitations. Data series for the observed week in April 2011 has
been lost due to unfortunate field conditions. The 15 min sampling
time during the observation weeks in each month (‘monthly
weeks’) enabled the capture of high frequency radon activity con-
centration changes, on one hand, whereas the one year observation
period enabled us to capture seasonal changes and long-term
trends on the other hand. The permeability of the soil (k, m2) was
measured twice (once in winter and once in summer) at the
measurement depth (0.8 m) by Radon-JOK equipment (Radon v.o.s)
coupled with the soil probe used for soil gas radon measurement.
Permeability of the soil was 2.3E-11 m2 in August 2010 and 1.7E-
11 m2 in February 2011, yielding 2.0E-11 m2 average permeability.

3.2. Data processing and data analysis

A time series consists of a set of sequential numeric data taken at
equally spaced intervals usually over a period of time or space. We
collected 11 so-called “monthly week” datasets which contain
measurements at 15 min equidistant intervals for about one week
duration (between 3 and 10 days) every month between 03 August
2010 and 22 July 2011. The 11 monthly week datasets altogether
represent a year with missing periods between them. In this case
the missing values in the unobserved periods were left blank and
each monthly week dataset was analyzed separately for the high
temporal resolution dynamics (e.g., diurnal). Low-resolution
temporal features (e.g., seasonality) were analyzed using the me-
dian central values of the 11 monthly week data series.

Summary statistics used in this study include measures of
central tendency and variability. These statistics are the minimum,
lower quartile, average (arithmetic mean), median, mode, upper
quartile, maximum and standard deviation, coefficient of variation,
median absolute deviation (MAD), range and inter-quartile range
(see Table 1, for example). Variability parameters have an important
role since they are particularly suitable for the characterization of
changes of a time series (altering variation, called hetero-
scedasticity, due to seasonal effects in our case). For example, radon
exhalation to the open air might be more variable in summer than
in winter indicating less topsoil sealing and more dynamic
response to surface temperature conditions. Since geochemical
data series, such as radon activity concentration measurements, are
often characterized by non-normality, heterogeneity and outliers
(Jordan et al., 1997; Kurzl, 1988; Reimann et al., 2008), robust sta-
tistics like the median for location (central tendency), median ab-
solute deviation (MAD) and the inter-quartile range (IQR) for
measure of scale (variability) were used in this study (Hoaglin et al.,
1983). The major yearly seasonal period (change in central ten-
dency or location) and the seasonal alteration of variation (change
in variability) was described by using the 11 medians and MAD
values of the monthly week data series, respectively, and visualized
by box-and-whisker plots (see Fig. 5). Extreme variability (i.e.
outlying values) was also captured in the plots. An interesting
parameter is range/median indicative of total variability containing
the outliers, too. In order to account for seasonal differences among
themonthly weekmeasurement series, robust variability measures
were normalized to the monthly week central values and the
monthly week MAD/median relative variability parameters were
used for comparison. In this study, IQR/median and MAD/median



Table 1
Summary statistics of the measured soil gas radon activity concentration (csoilRn) data (kBq m�3). Higher and lower populations were separated during statistical analysis and
correspond to winter and summer datasets. Winter and summer datasets are separated according to the date. Count is the number of the 15 min measurement periods except
in case of winter and summer medians where count means the number of medians of the 6 winter and 5 summer monthly weeks measurements.

Dataset Count Minimum Lower quartile Median Upper
quartile

Maximum Average Standard
deviation

MAD Range MAD/
median

All data (one-year-dataset) 7892 1.01 3.14 5.87 7.03 9.72 5.23 2.10 1.71 8.71
Higher population 4506 5.00 6.35 6.91 7.41 9.72 6.90 0.86 0.52 4.72
Lower population 3386 1.01 2.47 2.94 3.57 5.00 3.00 0.80 0.54 3.99

Winter dataset (Oct 2010eMarch 2011) 4616 4.18 6.28 6.89 7.40 9.72 6.85 0.91 0.55 5.54
Summer dataset (AugeSep 2010,

MayeJuly 2011)
3276 1.01 2.45 2.91 3.50 4.86 2.94 0.75 0.52 3.85

August (03.08.2010e06.08.2010) 330 1.71 2.42 2.75 3.20 4.02 2.82 0.51 0.36 2.31 0.13
September (03.09.2010e10.09.2010) 675 1.72 2.80 3.39 4.05 4.86 3.40 0.75 0.61 3.14 0.18
October (08.10.2010e18.10.2010) 978 4.18 6.52 6.93 7.34 8.61 6.77 0.89 0.41 4.42 0.06
November (15.11.2010e22.112010) 665 4.97 6.00 6.28 6.68 8.79 6.41 0.61 0.33 3.81 0.05
December (03.12.2010e10.12.2010) 652 5.88 7.00 7.59 8.45 9.72 7.70 0.82 0.70 3.85 0.09
January (04.01.2011e11.01.2011) 660 6.06 6.80 7.05 7.27 8.16 7.04 0.34 0.24 2.10 0.03
February (04.02.2011e14.02.2011) 992 5.77 6.83 7.24 7.68 9.29 7.31 0.67 0.43 3.52 0.06
March (10.03.2011e17.03.2011) 669 4.68 5.33 5.65 5.99 7.41 5.69 0.47 0.33 2.73 0.06
May (04.05.2011e13.05.2011) 859 1.24 2.19 2.53 2.82 3.73 2.49 0.50 0.31 2.49 0.12
June (10.06.2011e17.06.2011) 636 1.62 3.25 3.63 3.84 4.47 3.44 0.61 0.25 2.84 0.07
July (14.07.2011e22.07.2011) 776 1.01 2.19 2.84 3.23 4.05 2.69 0.70 0.47 3.05 0.17

Winter medians 6 5.65 6.28 6.99 7.24 7.59 6.79 0.71 0.43 1.95
Summer medians 5 2.53 2.75 2.84 3.39 3.63 3.03 0.46 0.31 1.09
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values were found very similar, however IQR/median is systemat-
ically higher. Variability of the original monthly week series con-
tains not only the random variations, but also the seasonally
dependent amplitude of the diurnal periods, in addition to cycle
and trend components. For the pure random component (noise)
characterizing system stability, the cycle, trend, periodicity and
auto-correlation components have to be removed from the series.
Various measures for location and scale were compared to each
other using simple least-squares regression analysis. Also, the
location dependency of scale was assessed by regression analysis
between median and MAD. Summary statistics were calculated
for original data series and for the identified sub-populations
separately.

Sub-population identification followed the ‘natural break’
method. A data series, was separated where the cumulative dis-
tribution function (CDF) had an inflection point (natural break)
identified visually on the cumulative distribution plot (see Fig. 3,
e.g.). This point corresponds to a local minimum in the frequency
histogram (multi-modal histogram, see Fig. 3, e.g.). Homogeneity
test between these sub-populations can reveal similarity between
seasons if any. Separation of sub-populations was confirmed at the
95% confidence level by the ManneWhitney homogeneity test,
based on the comparison of medians. Outlying values represent
sudden and unusual events, essential for identifying very fast
processes such as csoilRn changes due to heavy torrential summer
rainfall or gust. Tukey’s (1977) inner-fence criteria were used for
outlier definition (see Fig. 4, e.g.). All discussed statistical tests,
including trend and auto-correlation analyses and homogeneity
tests, are significant at the 95% confidence level.

3.3. Time series analysis and modeling

The main assumption of the applied time series analysis is that
the high temporal resolution (15 min) sampling frequency is suf-
ficient to describe the sub-weekly diurnal and tidal periods, in
addition to sudden changes in csoilRn corresponding to environ-
mental events such as change in temperature and soil moisture
content. It is also assumed that the one year dataset enables to
describe trend and seasonal periodicity. According to the Nyquist
frequency theorem (Makridakis et al., 1998), the studied fre-
quencies should be represented by more than two observation
points in each time period. Thus, the highest frequency that can be
investigated in our dataset corresponds to 30 min time period,
whereas for the one-year dataset the low-frequency sampling
component of four weeks can capture temporal features longer
than 8 weeks (i.e. two months).

Time series analysis (TSA) defines pattern according to an ad-
ditive decomposition of the soil gas radon activity measurement
series into trend (T(t)), cycle (C(t)), periodicity (P(t)), auto-
correlation (A(t)), white noise residuals (ε(t)) and events (outliers
or transients) (E(t) ¼ EO(t) þ ET(t)) components (Eq. (2)) (Szucs and
Jordan, 1994),

cðtÞ ¼ TðtÞ þ CðtÞ þ PðtÞ þ AðtÞ þ EðtÞ þ εðtÞ (2)

The additive decomposition was carried out on the 11 equidis-
tant monthly week time series (c(t)) separately (Table 1). First, a
5RSSH type nonlinear moving median smoother algorithm was
used. This algorithm starts with a 5 point window (i.e.
5 � 15 min ¼ 75 min) moving median calculation then Re-smooth
and Split algorithm is applied developed by Tukey (1977). At last it
calculates Hanning-type 3 point average (Velleman and Hoaglin,
1981). This process separates the series into ‘smooth’ (S1(t)) car-
rying pattern (cycle, trend, periodicity) and ‘rough’ or ‘residual’
(R1(t)) containing auto-correlation, noise and outliers, according to
Tukey (1977) (Eqs. 3e5),

cðtÞ ¼ S1ðtÞ þ R1ðtÞ; (3)

S1ðtÞ ¼ TðtÞ þ CðtÞ þ PðtÞ; (4)

R1ðtÞ ¼ AðtÞ þ EðtÞ þ εðtÞ: (5)

All features or period of time shorter than 75 min (very fast
component) join the rough (residuals) eliminating random noise
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and the effect of outliers. The residuals are stationary (constant in
the mean) and represent the natural variability of soil gas radon, in
addition to the stochastic and the sampling uncertainties.

First, the above obtained ‘rough’ (R1(t)) is processed and outliers
are defined by the previously described inner-fence criteria and
subsequently removed. The outlier-free series is then subject to
tests for randomness of median, sign and BoxePierce tests to check
if no pattern remains in the noise as trend, periodicity and auto-
correlation, respectively. In this study all residual series were
found random at the 95% confidence level. A detailed auto-
correlation analysis is performed to identify the autoregressive
property in the outlier free residual series (R1(t)) and to describe
the ‘memory effect’, inertia or the predictability of the soil gas
radon system. In this study no auto-correlation significant at the
95% was found, which means that the observed soil radon is highly
variable and there is no relationship among the successive soil gas
radon activity concentrations at the 15 min time scale. Finally, the
statistical distribution of the outlier-free noise is described by the
above mentioned summary statistics.

Second, the ‘smooth’ (S1(t)) is processed to model trend, cycle
and periodicity. In order to describe the 96 samples long
(24 � 4 ¼ 96; 1 h equals four 15 min periods) diurnal period in the
5RSSH smoothed data, it was made stationary by removing the
cycle and trend components with a 101 (>96) data moving average
smoother. In this way the 5RSSH ‘smooth’ (S1(t)) was further
separated into another smooth containing the cycle and trend
components (S2(t)) and another rough containing the diurnal (and
less than one week-long) periodicity (R2(t)) (Eqs. 6e8),

S1ðtÞ ¼ S2ðtÞ þ R2ðtÞ; (6)

S2ðtÞ ¼ TðtÞ þ CðtÞ; (7)

R2ðtÞ ¼ PðtÞ: (8)

Periodicity was analyzed by the periodogram showing the po-
wer at each Fourier frequency (see Fig. 6B). The periodogram shows
the data in the frequency domain by considering how much vari-
ability exists at different frequencies. Once the frequencies in the
datawere identified, periodicity wasmodeled with sinewaves fit to
each monthly week data series with the least-squares method. The
best fit was indicated by the smallest root-mean-square error
(RMSE) value. The amplitude of the calculated sine waves may
reveal seasonal differences. From the 101 moving average
smoothed data, the trend component was modeled by a simple
linear least-squares regression line to S2(t) (see Fig. 6A). After
Fig. 2. Times series of the observed 11 monthly week soil gas radon activity concentration
values which show the range of each monthly week dataset.
subtracting the trend line from the smoothed series, the pure cycle
component (C(t)) is obtained (see Fig. 6A).

4. Results and discussion

4.1. Statistical analysis

Fig. 2 shows the observed 11 monthly week data series. The
altogether 7892 observed csoilRn data have a median 5.87 kBq m�3,
average 5.23 kBq m�3 with a 2.10 kBq m�3 standard deviation
(Table 1). The standardized skewness and kurtosis are out of the�2
to þ2 range indicating non-normality in the data. No outliers are
obvious however the distribution has a strong bimodal character
(Fig. 3). We separated the distribution at 5.00 kBq m�3 (lower
part� 5.00 kBq m�3) at the major natural break (inflexion point) in
the cumulative distribution function (CDF) plot corresponding to
the local minimum in the histogram (Fig. 3). The lower population
has a median 2.94 kBq m�3, average of 3.00 kBq m�3 and standard
deviation 0.80 kBq m�3 and the higher population has a median
6.91 kBq m�3, average of 6.90 kBq m�3 and standard deviation
0.86 kBq m�3 corresponding to summer and winter seasons,
respectively. Summary statistics of these populations are shown in
Table 1. In the lower (summer) population there are no outliers,
whereas in the higher (winter) population there are 48 outliers
(Fig. 3). From these, 42 outliers are in December and 6 outliers are
in February. The robust ManneWhitney Test has confirmed the
statistically significant separation of the populations at the 95%
confidence level. The higher and the lower sub-populations
correspond to the summer and winter seasons comprising the
months August, September, May, June, July and October, November,
December, January, February, March, respectively (Fig. 3).

If we separate the dataset according to the dates, when the data
from August 2010 to September 2010 and from May 2011 to July
2011 is called summer dataset and data from October 2010 to
March 2011 is called winter dataset, we obtain almost the same
results. Summer median is 2.91 kBq m�3, average is 2.94 kBq m�3,
and standard deviation is 0.75 kBq m�3, winter median is
6.89 kBq m�3, average is 6.85 kBq m�3 and standard deviation is
0.91 kBq m�3 (Table 1). This confirms seasonality in csoilRn at this
site.

The monthly week datasets were also found heterogeneous
with multi-modal distribution and several outliers. The sub-
populations were identified, separated and compared in the way
described above. An example is shown for June 2011 in Fig. 4.
Proportion of the outliers in the monthly week datasets decreased
in the order of 17% in June 2011, 13% in October 2010, 6% in
November 2010, 2% in February 2011 and 1% in March 2011. No
(csoilRn) data (from 03 August 2010 to 22 July 2011) and the minimum and maximum



Fig. 3. Histogram, quantile plot (A), box-and-whisker plot (B) and scatterplot (C) of the observed soil gas radon activity concentration (csoilRn) dataset of the one year period (from 03
August 2010 to 22 July 2011). Dashed line shows the 5 kBq m�3 separating the one year dataset. Box-and-whisker plots below the histogram show the identified sub-populations,
too.
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outliers were found in August, September, December 2010 and
January, May, July 2011. Summary statistics of the monthly week
datasets, representing the different months, is also shown in
Table 1. Box-and-whisker plot of the monthly week datasets from
August 2010 to July 2011 shows a clear separation of the summer
and winter seasons on the monthly basis (Fig. 5). Again, lower soil
gas radon activity concentrations were detected in August,
September 2010 and in May, June, July 2011 in the summer period,
and higher activity concentrations were found in October,
November, December 2010 and in January, February, March 2011 in
thewinter period.When themedians of themonthlyweek datasets
are aggregated into two groups (5 summer months and 6 winter
months), the hence obtained two groups’ medians (2.84 kBq m�3

and 6.99 kBq m�3) are statistically significantly different according
to the ManneWhitney Test.

When the maximum (extreme) seasonal variability measured
by the 5 and 6 (seasonal summer and winter) range parameters are
compared similarly, no significant difference is found. Similarly, no
significant difference was observed between the two major sea-
sons’ (summer and winter) MAD values indicating that the abso-
lute variability of measured csoilRn of the two seasons are similar.
These results suggest the strong seasonality in csoilRn data in the
central or overall radon during the studied year, whereas the
extreme variations are similar. Higher soil gas radon activity con-
centration does not suggest higher variation in the studied soil
system.
It is interesting to see how many of the successive monthly
weeks represented months are similar or homogeneous. Since the
successive observed monthly week data are heterogeneous inside,
the identified 28 sub-populations were compared to each other.
Nine of the 28 monthly week sub-populations were excluded
because they did not have the minimum number of samples (8�)
needed for the ManneWhitney Test. There is no statistically sig-
nificant difference between the medians of August 2010eMay 2011
(main sub-populations) May 2011eJune 2011 (minor_high and
main sub-populations) in summer, and between October 2010e
January 2011 (main sub-populations) in winter (Fig. 5). This means
that the csoilRn values in the summer period and in the winter
period are more similar to each other than between the seasons.

This result confirms the strong seasonality of soil gas radon
activity concentrations (csoilRn) during the studied year and the
separation of seasons is sharp and definite without obvious long
transitional periods. This suggests the existence of threshold values
of control parameters separating high and low csoilRn.

There are similarities in the time dependence of radon con-
centration in caves and in permeable soils, and there are differ-
ences, as well. Radon activity concentration dynamics (some
weeks long rapid transition period between seasons) has already
been described in caves, cellars, etc. (Duenas et al., 2011;
Fijalkowska-Lichwa and Przylibski, 2011; Hakl et al., 1996, 1997;
Hunyadi et al., 1991; Nagy et al., 2012; Przylibski, 1999). In these
underground structures temperature induced atmospheric



Fig. 4. Histogram, quantile plot (A), box-and-whisker plot (B) and scatterplot (C) of the
observed soil gas radon activity concentration (csoilRn) dataset of June 2011. Box-and-
whisker plots below the histogram show the identified sub-populations, too.

K.Z. Szabó et al. / Journal of Environmental Radioactivity 124 (2013) 74e8380
pressure differences govern the natural air exchange, thus the
dynamics of radon concentration also will be changed. In caves,
generally, higher air radon activity concentrations are in summer,
in contrary, in the soil higher radon activity concentrations occurs
generally in winter in the soil, which is the opposite to the caves.
Reason of the cave dynamics is that in the cave air convection
starts inwards when the mean temperature of cave air exceeds the
external atmospheric temperature in winter time. In this way the
radon depleted external air dilutes the internal air with elevated
radon activity concentration by moving inward the cave. In
summer, when the atmospheric temperature rises above mean
internal cave air temperature, the direction of the air flow changes
Fig. 5. Box-and-whisker plot of the original monthly week soil gas radon activity
concentration (csoilRn) data series (empty box) and the identified 28 sub-populations
(grey plots). Main population is the population with the most observations of a
monthly week, minor population is separated from the main population and it can be
high or low according to the values. Vertical dashed lines separate the seasons. Black
arrow on the ordinate indicates the natural break (inflexion point) at 5 kBq m�3 csoilRn
separating summer and winter seasons on statistical basis. Points connected by solid
line show the MAD/median monthly week relative variations.
to the opposite way. The colder air in the cave is more dense than
the external air, thus the air flows out of the cave through the
entrance. The air balance is recovered through the radon rich
fracture system giving account for the summer maxima (Hunyadi
et al., 1991).

In most cases, caves and cellars are approximately horizontally
embedded in a rock formation having one or more large, relatively
high-lying entrance hole to the open air. The soil-air system is
different from geometric point of view since it is a vertical system
and connects to the open air in a different way. In summer, soil gas
radon can easily move in the dry, cracked, porous soil and can
exhale to the open air, whereas in winter the soil is sealed by snow
and frozen uppermost soil layer and radon cannot exhale out to the
open air. Additionally, the higher soil moisture content in winter
cause not only higher radon emanation, but also higher soil gas
radon activity concentration (Nazaroff and Nero, 1988). The daye
night radon differences are due to the dynamics of turbulent
diffusion. At a windless night a stable temperature inversion forms
and stops the turbulent diffusion in the boundary layer. In this case
the soil radon flux is reduced and the soil gas radon concentration
rises up. After the sunrise this stable system vanishes and the tur-
bulent diffusion starts yielding increased radon flux from the soil
(Kumar et al., 1999).

During our measurement period the average atmospheric
temperature at the site was 12.4 �C with an average of 19.2 �C in
summer and 5.7 �C inwinter. The average soil moisture content was
81.6% with an average of 61.6% in summer and 93.5% in winter. The
reason for the strong seasonality of csoilRn is the seasonal change of
temperature and humidity (Iakovleva and Ryzhakova, 2003; Sundal
et al., 2008).

Soil gas radon activity concentration is a necessary quantity for
assessing the geogenic radon potential as described above (Eq. (1)).
Generally, it is determined by a single measurement from one
season. The 2.5 times difference in csoilRn between the seasons at
this highly permeable site is large enough to obtain significant
difference of GRP. In the widely used classification methods of
Neznal et al. (2004) and Kemski et al. (2001) this significant dif-
ference may result in different GRP categories. In order to avoid
misclassification, the measured csoilRn should be corrected to get
the annual average equilibrium concentration cN value according
to the seasons at this highly permeable site.

Since highly permeable soils dominate certain regions, for
instance, on different age and type sediments as shown previously,
this seasonal phenomenon is necessary to be taken into account
during regional geogenic radon potential mapping in Hungary.

4.2. Long-term change: variability at different seasons

According to the relative MAD/median measure of variability of
the monthly week datasets, the highest data scatter occurs in
August and September in 2010 and in May, June, July in 2011
(Fig. 5). These are the summer months identified above. A likely
reason for this is the extreme change in soil parameter values and
daily temperature changes. Consistently, the overall relative vari-
ability is low in winter months, except for December 2010.
Maximum scatter in the data based on range/median measure of
variability, which is sensitive to the effect of extreme values, also
occurs in the summer period, except for June 2010. Again, the
weather conditions impacting soil characteristics such as soil
temperature, wetness and pore gas pressure are more variable in
summer, often associated with extreme events of sudden temper-
ature variations (Sundal et al., 2008; Smetanová et al., 2010). The
average relative variability (median of the monthly weeks’ MAD/
median values) is 13% and 6% for the summer and winter periods,
respectively.
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It is interesting that there is no obvious transition between the
two seasons and the soil radon activity concentration changes from
one state to the other both in terms of the seasonal level (median
value) and of the variability (MAD/median) (Fig. 5). This indicates
that soil radon is controlled by a factor(s) with definite threshold(s).

4.3. Long-term change: trend and cycle

In order to study long-term trend in the csoilRn data, trend
analysis was carried out for the whole one year data where the
original monthly week data series were replaced by their 11 me-
dian values. Similarly, trend was fit separately to the seasons. With
respect to temporal scales beyond the seasonal (half year) period,
there is no obvious long-term pattern according to trend analysis
with 95% confidence.

The 11 monthly week data series were also studied separately
and a simple linear regression line was fit to the data series
denoised with a 5RSSH smooth and subsequently treated with a
101 moving average smooth to remove diurnal (96 sample-long
and shorter) periodicity (S2(t)). The success of the smooth was
confirmed by the observed lack of any periodicity in the smoothed
series by Fourier and auto-correlation analysis.

The removal of trend form the treated series reveals the cycle
component (C(t)). All the monthly week data series cycles have two
equidistantly located local minima and maxima indicating a half-
week periodicity (Fig. 6A). This was confirmed by the periodo-
grams showing significant 2.5e3 days periodicity in the cycle.
Fig. 6. A: Trend and cycle modeling in smooth of S2(t) (5RSSH and SMA101 smoothed) soil g
the rough of S2(t) (5RSSH and SMA101 smoothed) soil gas radon activity concentration (csoil
harmonics., C: fitted diurnal sine wave to the P(t) for December 2010. Transparent black rect
2011. Transparent grey rectangles show nights from 22:00 to 10:00., E: R1(t) (rough of the
No significant trend was found in December 2010, February,
March and July 2011, whereas variable positive (September and
November 2010) and negative (August, October 2010, January, May,
June 2011) trends with various strong correlation was found
ranging from the weakest (0.51) in November 2010 to the strongest
(�0.97) in August 2010. An example for trend modeling and cycle
identification is shown in Fig. 6A for December 2010. These local
trends do not represent the trend for the whole months.

4.4. Short-term change: diurnal periodicity

In the second ‘rough’ (R2(t)), remaining after the 5RSSH and 101
moving average smoothes, significant diurnal periodicity was
found in all the 11 monthly week data series with an average 93
data point lengths (0.97 day frequency) (Fig. 6B). In order to
numerically model diurnal periodicity and to check for possible
seasonal variations, the obtained diurnal sine waves were fitted
with the least-squares method (Makridakis et al., 1998) (Fig. 6C and
D). The best fit to the datawas defined by theminimumvalue of the
root mean square error (RMSE). Daily period in the 11 monthly
week data series ranged between 90 and 99 data points corre-
sponding to 0.94 day and 1.03 day, the average period was 95
equaling one day. In summer, wave length is more constant but it is
highly variable in winter (Fig. 6C and D). However, the average
amplitude was found 0.3 kBq m�3, it was twice higher in summer
(0.4 kBq m�3) than in winter (0.2 kBq m�3) (Fig. 6C and D). Again,
besides the random variability, this shows a higher and more
as radon activity concentration (csoilRn) dataset for December 2010., B: periodogram of
Rn) dataset for December 2010. It shows the period of time (96) equal to one day and a
angles show nights from 22:00 to 10:00., D: fitted diurnal sine wave to the P(t) for May
5RSSH smooth) of December 2010 dataset shows the noise.
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regular systematic (diurnal) variation in summer than in winter
and most likely driven by the climatic and soil conditions (Baykut
et al., 2010). Daily periodicity shows higher csoilRn at night from
about evening 20:00e24:00 to about morning 07:00e10:00 and
lower in the daytime also in summer, as well as in winter. Average
csoilRn are higher at night than in the daytime with about 18% and
3.8% in summer and in winter, respectively. Considering the un-
certainty of a single measurement this difference is significant in
summer, whereas in winter it is negligible.

4.5. Short-term change: outliers and transients

An interesting transient feature, occasionally occurring, is that
higher csoilRn values were found in the daytime and lower at night
on 7. September 2010, on 5. December 2010, on 11. February 2011
and on 16. March 2011 based on the calculated average csoilRn at
night (from 22:00 pm to 10:00 am) and in the daytime (from 10:00
am to 22:00 pm) for every day (Fig. 6C, for example on 5. December
2010). This is opposite behavior than daily periodicity described
above (Fig. 6C and D). All these events were during upward trend of
the monthly week time series of csoilRn.

We found no pattern (trend, periodicity, auto-correlation)
among the outliers in the first ‘rough’ (R1(t)) (residuals after the
5RSSH smooth, the ε random noise component). Outliers occurred
any times of day. Sudden events in csoilRn are most probably asso-
ciated with climatic events of torrential rainfall or wind storms.

An interesting transient phenomenon is that there is amplitude
and frequency differences between the csoilRn and the sine wave
fitted to the smoothedmonthly week series. Fig. 6C and D show the
P(t) and the fitted sine wave for December 2010 and May 2011.
There are high deviations both in the frequency and amplitude
during winter months, however csoilRn time series are well-behaved
and fit much better the regular sine wave during the summer
months.

No interpretable auto-correlation was found in the outlier-free
11 monthly weeks noise (ε) (5RSSH rough) data series (R1(t)).
Although correlation was found in all series at the second time lag
significant at the 95% confidence level, but all were very small
between r ¼ 0.3 and r ¼ �0.2. This indicates the high variability of
soil gas radon and the lack of relationship between successive
measurements taken at the 15 min intervals.

The outlier-free first rough (R1(t)) for the 11 monthly week time
series, the noise component, had a zero average and median (at the
95% confidence level) with homogeneous and symmetric distri-
bution (Fig. 6E). Summary statistics clearly show that the stochastic
variability of the csoilRn is significantly higher in winter than in
summer as confirmed by the F Test with the 95% confidence.

5. Conclusions

Long-term high temporal resolution soil gas radon activity
measurement series could capture the seasonal and diurnal varia-
tion of csoilRn on the studied highly permeable (k ¼ 2.0E-11 m2)
sandy-gravelly soil developed on fluvial sand at temperate conti-
nental climate. Clear seasonality characterizes the one-year mea-
surement series at the studied site, but it would be further
confirmed by multi-annual measurement series at the site. The
csoilRn is about 2.5 times higher in winter (median is 7.0 kBq m�3)
than in summer (median is 2.8 kBq m�3). The reason for the strong
seasonality of csoilRn is the seasonal change of temperature and
humidity. Therefore, the measured csoilRn should be corrected to
obtain the annual average equilibrium concentration cN value ac-
cording to the seasons at this highly permeable site.

The difference of theminimum andmaximumvalues (range) for
months do not change. Thus meteorological and pedologic
circumstances cause simply a shift of the average csoilRn and do not
result in seasonally different extreme values.

Relative variability, including the extreme values (range/me-
dian) changes, being higher in summer than inwinter. Thus, winter
csoilRn is more accurately determinable by a single measurement
than summer csoilRn. Also, due to the threshold effect, csoilRn is
highly characteristic to the seasons.

The average relative variability (MAD/median) is also seasonally
dependent. It is higher in summer (13%) than inwinter (6%). Reason
for this is that the soil-radon system is primarily driven by surface
weather conditions being more extreme in summer than in winter.
The sealing effect of thewet and frozen uppermost organic-rich soil
horizon adds to complexity of the underground system and con-
tributes to the moderate radon atmospheric emission in winter.
Finally, the overall drying and opening of soil cracks and the pore
space in the hot summer period also promotes the influence of
atmospheric conditions. As a conclusion heteroscedasticity char-
acterizes the csoilRn time series since the variability is not time
invariant.

Soil gas radon activity concentration has a demonstrated
average periodicity of one day throughout the year irrespective to
the seasons. Average csoilRn was also higher at night than in daytime
with about 18% and 3.8% in summer and inwinter, respectively. This
difference is much less than the seasonal one. The csoilRn depletion
in the warm periods both in summer and the daylight period
suggests that soil radon is lost from the observed soil pore space to
the atmosphere due to the upward gas flow and the increased
diffusion coefficient of radon gas. In the cold, more wet and prob-
ably more sealed by the top organic-rich layer winter soil condi-
tions radon tends to stay in the soil pore space, its concentration is
less influenced by the surface conditions.

Detailed soil radon time series analysis shows that measured
soil radon activity concentrations are highly dependent on the
season and much less on the diurnal period. These results have
fundamental implications to spatial soil radon mapping and
determination of radon potential of a building site suggesting a very
careful sampling design.
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