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[1] The basic statistical features of radon time series from
continuous radon monitoring at the Elat granite, Israel are
analysed. A similar analysis is carried out for ancillary and
possibly related geophysical parameters for the Elat area. The
results show that air temperature, precipitable water and long-
wave radiation time series exhibit constant variance over the
analyzed period, while radon time series, atmospheric
pressure, short-wave radiation and total electron content
exhibit heteroscedasticity. Furthermore, for radon and short-
wave radiation the variability is associated with the overall
mean level, while for atmospheric pressure such an
association is not present. The analyzed radon time series
not only are non-stationary but also nonlinear, reflecting the
complex dynamics of radon emanation and transport in natural
subsurface systems. Citation: Barbosa, S. M., G. Steinitz,

O. Piatibratova, M. E. Silva, and P. Lago (2007), Radon variability

at the Elat granite, Israel: Heteroscedasticity and nonlinearity,

Geophys. Res. Lett., 34, L15309, doi:10.1029/2007GL030065.

1. Introduction

[2] Radon (Rn-222) is produced in a uranium bearing
rock system from Ra-226, as part of the U238 decay series.
The application of stress to rocks is thought to enhance the
emanation of radon from the solid mineral phase, rendering
radon a potential sensitive tracer of geochemical and geo-
physical processes in the upper crust. Radon has been
studied as a proxy for seismic activity [e.g., Toutain and
Baubron, 1999; Hartmann and Levy, 2005] and in active
volcanic scenarios as a tracer of mechanical and thermal
geodynamic processes [e.g., Cigolini et al., 2001; Burton et
al., 2004; Alparone et al., 2005; Immé et al., 2006].
Variations in radon flux have been determined to be
statistically associated to the occurrence of weak earth-
quakes in the Dead Sea rift valley [Steinitz et al., 2003].
[3] However, the use of radon in subsurface geogas and

liquid medium as a geophysical proxy has been hindered so
far by the complex patterns of the signals encountered and
the inability to present a geophysical framework for the
interpretation of the signals. On one hand, time series
resulting from high-rate monitoring of radon in geogas
display complex spatial and temporal patterns [Steinitz et
al., 2006]. On the other, the extent to which, if any, radon
variability is influenced by environmental factors remains
an open issue [Ball et al., 1991; Finkelstein et al., 2006;
Weinlich et al., 2006]. Atmospheric pressure has been

considered to influence radon measurements by affecting
the emanation of radon from the solid rock [e.g., Pinault
and Baubron, 1997]. Other candidate environmental influ-
ences include air temperature and relative humidity. Mete-
orological, radon and earthquake phenomena may be
related, but the association is complex. According to a
recently proposed theory of Lithosphere-Atmosphere-Iono-
sphere coupling [Pulinets and Boyarchuk, 2004; Pulinets et
al., 2006], increased radon emanation prior to earthquakes
can cause changes in near-ground relative air humidity and
air temperature due to air ionization. Furthermore, earth-
quake activity is associated with electromagnetic phenom-
ena at the Earth’s surface and in the near-Earth space [e.g.,
Rothkaehl et al., 2006; Eftaxias et al., 2006], including
anomalous variations in outgoing long-wave radiation
[Ouzounov et al., 2006].
[4] High-rate radon monitoring is being carried out in the

geogas of a massive, jointed granite body at Elat, in the
southern Arava sector of the Dead Sea Rift, Israel. Radon
monitoring stations are set-up in boreholes without casing,
on Precambrian rift marginal blocks, in an arid environment
(<50 mm rain). In this study, we analyze time series of
radon measurements from two different boreholes, less than
1 km apart. The main objective is to characterize the Rn
time series in terms of basic statistical properties, and assess
the differences and similarities to other, possibly related,
geophysical time series.
[5] Stationarity is a basic property characterizing a time

series, yielding a fundamental classification of the generat-
ing system. A process is stationary if its statistical properties
do not change over time, generally arising from a stable
system which has achieved a steady-state. In practice, the
concept of second-order stationarity is used, according to
which a time series is stationary if the mean and variance
are constant and the autocorrelation function depends on lag
alone. Time series arising from geophysical systems are
often non-stationary. One of the most common types of non-
stationary behavior arises in the form of temporal trends,
reflecting long-term external influences in the temporal
evolution of the system. In this form of non-stationarity the
mean value of the data exhibits a non-constant temporal
pattern but variance is constant over the observed period, a
situation designated as homoscedasticity. A distinct form of
non-stationarity (heteroscedasticity) is characterized by non-
constant variance. In this case the variance of the data exhibits
a non-constant temporal pattern, reflecting a non-gradual
temporal evolution of the properties of the system. Examples
are abundant in econometrics [e.g., Engle, 1982], but hetero-
scedastic time series are also found in the geosciences, for
example in hydrology [Hipel and McLeod, 1994].
[6] The primary topic addressed here is the description of

basic statistical properties in high-quality radon time series
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as well as in possibly related geophysical parameters. The
connection between radon and earthquakes is not addressed,
nor the theory of lithosphere-atmosphere coupling, although
the results are relevant for such topics.

2. Data

[7] Radon monitoring is performed at Nahal Shelomo,
5 km SSW of city of Elat, southern Israel [Steinitz et al.,
2006]. Extensive data sets of systematic high time resolu-
tion (<1-hour) time series are acquisitioned and a dedicated
data repository system has been developed and imple-
mented at the Geological Survey of Israel [Steinitz et al.,
2005]. Time series of radon measurements from 2 boreholes
in the Elat granite are analyzed. At the first site (denoted E1)
the radon sensor is placed at a depth of approximately 10 m,
while at the second site (E2) the sensor is placed at a depth
of about 4 m. The two sites are separated by about 0.1 km.
For convenience, 15-minute radon counts are aggregated
into 6-hour averages (Figure 1).
[8] Furthermore, time series of ancillary geophysical var-

iables are considered. These include air temperature (T),

atmospheric sea-level pressure (SLP), precipitable water
(PW), the total column water vapor content, net short-wave
radiation (NSWR), the radiation received at the Earth, and net
long-wave radiation (NLWR), the radiation returned to space.
Data are obtained from the NCEP/NCAR reanalysis data set
[Kalnay et al., 1996;Kistler et al., 2001] as 4-times daily time
series at the gridpoint nearest to the Elat location. Reanalysis
air temperature, atmospheric pressure, and precipitable water
data are based both on observed data and modeling; radiation
reanalysis data are based exclusively on modeling.
[9] The vertical total electron content (TEC) is consid-

ered as a further ancillary parameter. The time series of TEC
values at the available gridpoint nearest to Elat is extracted
from the global ionosphere maps (GIM) provided by the
Center of Orbit Determination in Europe (CODE).
[10] All time series cover 2 complete years (2003–2004)

of 6-hour data.

3. Analysis

[11] In order to assess the stationarity of Rn and ancillary
time series, consecutive 7-days segments spanning the

Figure 1. Daily radon counts at (a) site E1 and (b) site E2. Ancillary data: (c) air temperature (T); (d) atmospheric pressure
(SLP); (e) net short-wave radiation (NSWR); (f) net long-wave radiation (NLWR); (g) precipitable water (PW); (h) total
electron content (TEC).
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complete 2 years record are considered. The mean value and
the variance are computed for each segment, and repre-
sented in Figures 2 and 3, respectively. The 7-days interval
has been selected empirically, in a trade-off between a large
enough interval length to guarantee significant estimates of
mean and variance and a small enough interval length to
ensure a large sample of segments.
[12] Figure 2 shows that all the analyzed geophysical

variables are non-stationary in mean since the mean values
over the 2-years period exhibit a clear non-constant seasonal
pattern. This is a common feature of geophysical time
series, reflecting the fundamental 1-year periodicity im-
posed by the Earth’s orbit and corresponding variation in
radiational input. The time series of TEC values exhibits a
further decreasing trend in the mean over the 2-years period.
[13] Concerning variance (Figure 3), radon and net short-

wave radiation time series also display a seasonal pattern.
Variability in radon measurements is highest in the summer
and lowest during winter, while for short-wave radiation
maximum variance occurs in winter and minimum during

summer. For the other variables, it is difficult by visual
inspection alone to ascertain whether variance can be
considered to be constant. Constancy of variance in both
radon and ancillary time series is assessed by a non-
parametric statistical test for randomness. The runs test
[Bendat and Piersol, 2000; Sheskin, 2004] is used to test
if the variance of the data exhibits a non-random temporal
pattern. Each time series of variance over segments is
transformed into a dichotomous (binary) data series by
considering values above and below the median variance
value for the all sequence. A ‘‘run’’ is defined as a sequence
of binary (1/0) events. The test is performed by comparing
the runs from the data with known (tabulated) probabilities
of runs for random data. The results of the runs test for the
radon and ancillary time series are displayed in Table 1. The
results show that for a 95% confidence level, the null
hypothesis of randomness is rejected for the two Rn time
series and also for atmospheric pressure, TEC and short-
wave radiation. Therefore, these time series exhibit non-
stationarity in variance (heteroscedasticity).

Figure 2. Mean values for consecutive 7-days segments over the 2003–2004 period: (a) Rn (E1); (b) Rn (E2); (c) air
temperature (T); (d) atmospheric pressure (SLP); (e) net short-wave radiation (NSWR); (f) net long-wave radiation
(NLWR); (g) precipitable water (PW); (h) total electron content (TEC).
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[14] Comparison of the sequences of mean and variance
in Figures 2 and 3 indicates that for some time series,
particularly Rn and NSWR, variability is linked to the
seasonal cycle and thus to the mean value. Figure 4 shows
scatterplots of the mean and variance ranks over the
different 7-days segments considered previously. The value
of the rank-based Spearman correlation coefficient is also
computed (Table 1). The Spearman’s correlation coefficient
is used since it is a more robust measure of association and
is not sensitive, unlike the usual (Pearson’s) correlation
coefficient, to departures from normality. The results show
a weak association between mean and variance for air
temperature, atmospheric pressure, precipitable water and
long-wave radiation time series and a moderate mean-
variance association for vertical TEC. For radon and
short-wave radiation, variability is strongly associated with
the mean level. Although the same correlation coefficient
has been obtained for the two radon time series, the
scatterplots indicate a distinct behavior at the two sites;
while at E1 the dispersion in the scatterplot is similar for the

whole range of mean values, at E2 there is a clear asym-
metry, with higher dispersion for higher Rn mean values.

4. Conclusions

[15] In this study one of the most basic properties
characterizing a time series, stationarity, has been investi-

Figure 3. Variance for consecutive 7-days segments over the 2003–2004 period: (a) Rn (E1); (b) Rn (E2); (c) air
temperature (T); (d) atmospheric pressure (SLP); (e) net short-wave radiation (NSWR); (f) net long-wave radiation
(NLWR); (g) precipitable water (PW); (h) total electron content (TEC).

Table 1. Summary of Statistics: P-Values for the Runs Test and

Spearman Correlation Coefficient Between Mean and Variancea

P-Value Spearman Coefficient

Rn (E1) <10�6 0.85
Rn (E2) <10�6 0.85
T 0.24 0.45
SLP <10�6 0.48
NSWR <10�6 0.99
NLWR 0.17 0.19
PW 0.69 0.28
TEC <10�6 0.70

aSee text for acronyms.
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gated for Rn and ancillary geophysical time series. We
conclude that radon time series from the Elat granite are
non-stationary, exhibiting non-constant temporal patterns
both in mean and variance, with variability being strongly
dependent on the mean Rn level. Concerning the ancillary
parameters, air temperature, precipitable water, and long-
wave radiation time series exhibit constant variance over the
analyzed period, while Rn, atmospheric pressure, TEC and
short-wave radiation, exhibit heteroscedasticity. Further-
more, while for short-wave radiation the variability is
coupled to the mean-level, as in the case of radon, for
atmospheric pressure such an association is not present.
From the analyzed ancillary data, the short-wave radiation
time series, corresponding to the radiation received at the
Earth’s surface, exhibits stationarity properties closest to the
ones of radon time series, indicating a similarity in radon
and irradiation variability. A physical connection between
radon and solar phenomena has been suggested by Steinitz
et al. [2006].
[16] Physically, the constancy of variance (as established

for T, PW and NLWR time series) can be interpreted as
reflecting a system subject to external influences (since the
mean is not constant) but whose response to the external

influences is similar over the analyzed period. For example,
the response of the atmosphere, in terms of seasonal
variations in temperature, to the annual variation in solar
radiation input. In contrast, non-constant variance (as de-
termined for Rn, SLP, NSWR and TEC) reflects a system
subject to external influences which either change over time
or/and for which the system’s response is time dependent.
[17] The results indicate that the analyzed Rn time series

are nonlinear, since the variance is proportional to the mean
level, i.e the standard deviation follows the square root of
the mean. Therefore, dispersion around the mean level
increases faster (slower) relative to the mean for low (high)
Rn. The statement that Rn time series from Elat are
nonlinear has both practical and geophysical implications.
In practice, the investigation of radon temporal variability
requires nonlinear approaches, as used by Fedi et al. [2003]
in the analysis of geomagnetic data. Results from methods
assuming stationarity and/or linearity (e.g. Fourier analysis)
must be interpreted with great caution. Radon, a radioactive
noble gas element, occurs in the subsurface environs as an
ultra-trace component in the gas phase. Physically, nonlin-
earity in radon temporal evolution indicates that radon
exhibits a complex behavior and that the response of radon

Figure 4. Scatterplots of mean and variance ranks (time positions of sorted values) for consecutive 7-days segments: (a)
Rn (E1); (b) Rn (E2); (c) air temperature (T); (d) atmospheric pressure (SLP); (e) net short-wave radiation (NSWR); (f) net
long-wave radiation (NLWR); (g) precipitable water (PW); (h) total electron content (TEC).
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to environmental parameters, such as atmospheric pressure
or temperature, cannot be described by a direct, linear
relationship. When investigating the influence of such
environmental factors, the nonstationarity features of radon
time series and the coupling of radon variability to the mean
radon level need to be taken into account, for example by
performing time-window based analysis and by searching
for time-frequency dependent effects.
[18] It seems likely that heteroscedasticity and nonline-

arity are generic features of radon time series, rather than
specific to radon from the Elat granite. This proposition is
based on the fact that the emanation and transport of radon
in a porous media is governed by nonlinear dynamics,
including diffusion and advection contributions. Further-
more, radon in the gas phase can be influenced by the flow
of fluids, also governed by nonlinear dynamics. Investiga-
tion of the degree of nonlinearity in radon time series
combined with tracing the occurrence and distribution of
such features in relation to geographic and geological
parameters would be a relevant extension to this work.
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