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Abstract Over the past three decades, anomalous temporal changes in radon concen-
trations have been reported in relation to earthquake occurrences. However, radon
anomalies in all cases are not only controlled by seismic activity, but also by meteoro-
logical parameters which make isolation of earthquake precursory signals complicated. In
the present study, characteristics of temporal variability of soil gas radon concentrations at
the Hsinhua monitoring station, southern Taiwan, have been examined using singular
spectrum analysis (SSA). In order to make continuity and regularity of the data before
applying the SSA, the radon data were carefully edited for gaps and discontinuous jumps
following intervals of malfunctioning of equipments. Digital filter has been applied in
eliminating the long-term trend in the data and retains variations of <30 days. The radon
changes exhibit dominant daily variations, which are controlled by atmospheric tempera-
ture inducted evaporation in surface water saturated soil (capping effect). The causal
relationship is marked by a clear phase lag of 2-3 h in the sense that peak in the daily
variation of radon succeeds the peak in temperature. Aperiodic variations in soil radon
intensity in the range of 2-10 days are negatively correlated with temperature, while
positively correlated with pressure. However, the negative correlation of the soil radon with
temperature is found to be pseudo-effect arising due to interrelation between temperature
and pressure.
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1 Introduction

Earthquakes are the worst natural calamities which occur in some parts of the world with
little or no warning. These earthquakes not only cause immediate loss of life and property,
but also make a long-term adverse impact on the overall economy of the country. Taiwan is
one of the most active seismic regions of the world with an average of about 20,000
earthquakes occurring every year in or around it as reported by the Central Weather Bureau
of Taiwan (2011-2012) (www.cwb.gov.tw). Despite several years of research, the use of
advanced equipment and the efforts of many dedicated scientists, the task of predicting
earthquakes is still a distant goal. Since the 1960s, geochemical signals preceding sig-
nificant earthquakes have been used for earthquake prediction study worldwide (Yang et al.
2005, 2011; Hartmann and Levy 2005; Italiano et al. 2008; Einarsson et al. 2008; Cicerone
et al. 2009; Kumar et al. 2009, 2013a, b; Walia et al. 2009, 2013). Among the potential
geochemical precursors, radon changes are probably the most frequently used for earth-
quake monitoring/predicting purposes. The first evidence of a correlation between radon
and earthquake occurrence came from observations of radon concentration in well water,
prior to the Tashkent earthquake of 1966 (Ulomov and Mavashev 1967). Radon (***Rn) is
a daughter nuclide of radium (226Ra), which in turn comes from the long-lived antecedent,
uranium (**®U). The short half-life of **’Rn (3.82 days) limits its diffusion in soil, so the
radon measured at the ground surface cannot be released from a deeper origin, unless there
exists a driving mechanism other than mere diffusion. However, radon anomalies are not
only controlled by seismic activity, but also by meteorological parameters such as soil
moisture, rainfall, temperature and barometric pressure (Ghosh et al. 2009; Stranden et al.
1984; Walia et al. 2005). This makes it complicated and, for small earthquakes, often
impossible to differentiate between those anomalies caused by seismic events and those
caused solely by atmospheric changes. Therefore, the application of theoretical and
empirical algorithms for removing meteorological effects is necessary (Choubey et al.
2009; Ramola et al. 2008; Torkar et al. 2010; Zmazek et al. 2003). Various mathematical
modelings were also proposed by some workers. However, as per our present under-
standing, it is very difficult to explore the complex phenomena of seismic-induced radon
emanation process by means of conventional mathematical modeling and statistical
analysis. Nonlinear methods such as power spectrum analysis, wavelet analysis, and fractal
analysis may assist to reveal nonlinear characteristics of the underearth physicochemical
mechanism involved in the radon emanation process. In the present study, characteristics
of temporal variability of soil gas radon concentrations at the established earthquake
monitoring station along the Hsinhua Fault in Tainan area, southern Taiwan, have been
examined using singular spectrum analysis (SSA) with the aim of the appraisal and fil-
trations of environmental/meteorological parameters on radon emission. In recent years,
SSA, a relatively novel but powerful technique in time series analysis, has been developed
and applied to many practical problems across different fields [e.g., Fraedrich (1986),
Vautard and Ghil (1989)]. The main idea of SSA is to apply the principal component
analysis to the trajectory matrix obtained from the original time series with subsequent
reconstruction of the series.
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The Hsinhua Fault is recognized as one of the active faults in southwestern Taiwan
(Fig. 1a). It was considered to be right-lateral strike-slip fault, and the last movement on it
occurred in 1946 accompanied by an earthquake (M = 6.3) (Hsu and Chang 1979; Chang
et al. 1947). But later studies of Lee et al. (2000) using seismic data identified it as a back-
thrust fault dipping north 17° at great depth and at a high angle of 70° near the surface. It is
located in the coastal plain and foothills in the southwestern part of Taiwan, about 10 km
northeast of Tainan City. Some studies have shown that this fault is not only the 1946
earthquake fault, but also a fault that has moved many times in the past (Hsu and Chang
1979; Hwang et al. 2003). The total length of the fault in the subsurface probably was
12 km or more (Fig. 1b). Judging from its location, orientation and sense of slip, this
structure is also likely to be an accommodation structure in the transition zone (Lee et al.
2000). The presence of some major tectonic elements including Chukou Fault, Tsochen
Fault, Napalin Anticline, Shihtzuchi Syncline in the foothills belt and Kuanmiao Syncline
in the Tainan basin around the studied Hsinhua fault is the part of fold and thrust belt that
formed during the Penglai Orogeny. The major formation in the area is Liushuang For-
mation besides terrace and alluvium. Upper part of Liushuang Formation is predominantly
composed of brown-yellowish sandstone, while the lower part is thick mudstone. Terrace
and alluvium comprise mainly uncemented sand, mud, gravels and pebbles.

25°N

24°N

23°N

} !”.\bi
SN ¥
120°E 121°F 1222w TS A

7

Fig. 1 a Map showing the active faults (red lines) in Taiwan and the location of radon monitoring station.
b Enlarge view of Hsinhau Fault. ¢ Sketch showing the scheme at the monitoring station
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2 Radon monitoring station setup

Before selection of a monitoring site at Hsinhua Fault, the occurrence of deeper gas
emanation was investigated by the soil gas surveys and followed by continuous monitoring
of some selected sites with respect to tectonic activity to check the sensitivity of the sites
(Walia et al. 2009). To build a monitoring station, reconstructions of all the selected points
have been done by digging holes of 2 m and by casing these holes with PVC pipes. At the
bottom of PVC pipe, a fine mesh is attached to avoid any unwanted materials to enter the
pipe. The PVC sheet is put on all the sides of the PVC pipe at the bottom covering about
1 m on all sides; this avoids the rainwater to enter into the hole. Some pebbles were also
put at the bottom to reduce the meteorological effects before filling the sides of the holes. A
site has been selected for long-term monitoring on the basis of coexistence of high con-
centration of helium, radon and carrier gases and sensitivity toward the tectonic activity in
the region. After the site selection, a continuous monitoring station has been established
using radon detectors RTM 2100 along with the carbon dioxide detector. After passing
through the water trap and gas cooler, the soil gas is transferred into an alpha spectroscopy
(SARAD-RTM2100) via an internal pump for radon and thoron measurement (Fig. 1c)
with a sampling interval of 15 min. All the data have been transferred to the office via the
Internet for further analysis. Data of rainfall and seismic parameters (viz. earthquake
parameters, intensity at a monitoring station, etc.) were obtained from Central Weather
Bureau of Taiwan (2011-2012) (www.cwb.gov.tw).

3 Analysis of radon time series data

In the present study, characteristics of temporal variability of soil gas radon concentrations
at the Hsinhua monitoring station, southern Taiwan, have been examined using SSA
(Vautard et al. 1992). In order to make continuity and regularity of the data before applying
the SSA, the radon data were carefully edited for gaps and discontinuous jump following
intervals of malfunctioning of equipments. Digital filter has been applied in eliminating the
long-term trend in the data and retains variations of <30 days. SSA exploits the lag-
correlation structure of the time series to extract aperiodic trends and quasi-periodic
component of the original time series. If py, py, p,, ..., py_; are the first M auto-corre-
lations of the time series, then the lag correlation with the Toeplitz structure is generated as

Po P1 P2 oo Py
1 m Po - Po
Pmu-1 Pm—2 - Po

which is then subjected to eigenanalysis to get the eigenvalues in descending order and the
corresponding eigenvectors.

In SSA, small number of eigenvalues can collectively reproduce the salient feature of
the time series. The greatest advantage of SSA, in contrast to power spectral analysis, is its
ability to generate individual time series of the reconstructed components whose evolution
with time can be graphically seen for interpretation of these oscillations, their intermittancy
and identification of possible causative mechanisms.
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Furthermore, the relative contribution of the individual components to the total variance
of the time series is obtained so that we can identify and isolate significant trends and
quasi-periodic fluctuations of the noisy part of the data.

4 Results and discussion

The continuity and regularity of the data are prerequisites before using any application of
statistical and numerical tools to identify influences of meteorological parameters on radon
emission. After careful examining of the Hsinhua station radon data, we have selected data
for interval with minimum breaks and jumps (Fig. 2). The 15-min data were carefully
edited for gaps and discontinuous jump following intervals of malfunctioning of equip-
ments. The allied meteorological parameters, viz. atmospheric pressure, temperature,
humidity, precipitation (rainfall) data from Central Weather Bureau of Taiwan nearest
station were obtained. Since allied meteorological data were available with hourly sam-
pling, 15-min radon were also reduced to hourly averages. Also, all the data were nor-
malized around the threshold values, i.e., mean values. Since primary objective was to
search for short-term earthquake precursory signals, which on global experience show
characteristic changes on a timescale of 2-3 weeks, the selected time series of hourly
values were subjected to high-pass digital filtration. Butterworth filter cleaned the data for
any variations with period more than 30 days. Figure 2 shows the observed (blue curve)
and filtered (red curve) radon time series at the Hsinhua monitoring station from November
12, 2011, to February 28, 2012. Continuous soil gas radon monitoring has been started in
Taiwan since January 2006, so in the present study, day number starts from that date. The

Radon
Concentration

2260

Atmospheric
Pressure

2260

Atmospheric
Temptature

Fig. 2 Observed and filter time series of a radon, b atmospheric pressure, ¢ atmospheric temperature, at
Hsinhau from November 12, 2011 to February 28, 2012
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observed radon time series data of Hsinhua monitoring station show the variation from
about +50 to —100 after the normalization. Such variation in radon time series data has
been removed using the Butterworth filter (red curve). Butterworth filter is also used in
atmospheric temperature and atmospheric pressure time series data for the selected period.
But there were not much variations in the atmospheric temperature and atmospheric
pressure time series data, so observed (blue curve) and filtered (red curve) time series data
of atmospheric temperature and atmospheric pressure are almost same (Fig. 2).

SSA analysis is intricately knit around fast Fourier transformation, and this requirement
required that length of time series is having some power of 2. To meet this requirement,
time section corresponding to a length of 2048 h starting with effect from November 29,
2011, was used. Auto-correlations up to lag of 300 were calculated. Choice of relatively
low value ensured stability of resolving waveforms. Figure 3 shows the decomposed first 6
eigenvalues (EV) for radon time series using SSA. The singular value decomposition
(SVD) to radon data showed that first 6 eigenvalues accounted for 96 % of the variance of
the individual time series (Fig. 3). As noted, eigenvalue represented by EV-1, EV-3 and
EV-4 dominantly represented aperiodic components, whereas EV-2 and EV-5 represented
periodic components corresponding to diurnal and semidiurnal variation. Radon variations
have dominant daily variations, accounting to 19 % of the total variance in radon at the
Hsinhua monitoring station. These decomposed eigenvectors in radon grouped into two
classes as aperiodic components and periodic components (diurnal and semidiurnal vari-
ation). The sum of EV-1, EV-3 and EV-4 in the first group account for 68 % variation and

20
-
» 0
=
-20,
2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
5 T T T
E (178 P .rl.'e.,‘.," 'P“'W'.'i' A J ?am.a l‘
-5 l i 1
2150 2160 2170 2180 2190
5 T T T T T T T ' T 9%
ad A A : a E, XWA.E A : Er\ nsw A 1.\ /! ¢ g
g o f A AR AMARA AN -
5 1 | 1 1 1 1 1 1 1
2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
5 T T T T T T T T
g
E 0 ----»--~~-~-M\MW\AN'U\:\W(M\MN’“IY'JQMWA/\’V"V‘M\\:\}‘AMNVW
5 i i i i i i i i
2150 2160 2170 2180 2190 2200 2210 2220 2230 2250
5 T T T T
w :
P e g vy Wmm
) 0
5 i i i i i
2150 2160 2170 2180 2190 2200 2210 2220 “230 2240 2250
5 T T T T T T T T T
° : ™ - ; :
v . ¢ A Y W
Qg : : : : : : : : :
5 1 1 | 1 | | 1 1
2150 2160 2170 2180 2190 2200 2210 2220 2230 2240 2250
Day no.

Fig. 3 Plot of decomposed eigenvector in radon at Hsinhau from November 29, 2011 to February 22, 2012
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Fig. 4 Plot of decomposed eigenvector in radon grouped into two classes at Hsinhau from November 29,
2011 to February 22, 2012

in second group EV-2 and EV-5 together account for 25 % of the variation (Fig. 4).
Figures 5 and 6 show the decomposed first eigenvalues (EV) for atmospheric temperature
and atmospheric pressure time series using SSA. The first 4 eigenvalues from singular
value decomposition (SVD) to atmospheric temperature and atmospheric pressure data
accounted nearly for 93 and 96 %, respectively, of the variation of the individual time
series. This means singular value decomposition (SVD) to radon, and temperature/pressure
data showed that the first 4 or 5 eigenvalues (EV) accounted for nearly 95 % of the
variance of the individual time series, which is the interesting aspect that sum of just first 4
or 5 EVs is able to reproduce the most salient features of the total variation, and more
significantly synthesized variations are largely free from the background natural variations.

Atmospheric pressure variations have dominant semidiurnal variations, accounting to
18 % of the total variation in atmospheric pressure at the Hsinhua monitoring station. But
atmospheric temperature variations have dominant daily variations like radon variation,
accounting to 18 % of the total variance in atmospheric temperature at the Hsinhua
monitoring station. This means that daily variations of radon emission at Hsinhua are
controlled by atmospheric temperature. Figures 7 and 8 show decomposed eigenvector in
atmospheric temperature as well as in atmospheric pressure grouped into two classes as
aperiodic components and periodic components. It is the common feature of various time
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Fig. 5 Plot of decomposed eigenvector in atmospheric temperature at Hsinhau from November 29, 2011 to
February 22

series that in their SVD, the waveforms of major constituting EV can be grouped into two
classes.

In order to study the effect of temperature and pressure in the variation of radon
emission at the Hsinhua monitoring station, the correlation and partial correlation between
periodic/aperiodic components of radon with temperature and pressure have been calcu-
lated. Figure 9 shows the correlation and partial correlation between aperiodic components
of radon with temperature and pressure, whereas Fig. 10 shows the correlation and partial
correlation between periodic components of radon with temperature and pressure. It is
clear from the Fig. 9 for aperiodic variation, that radon is negatively correlated with
temperature, but it is found to be pseudo-effect arising due to parallel variation in pressure.
For periodic variation, daily variations of radon emission at Hsinhua are controlled by
atmospheric temperature affecting evaporation in surface water saturated soil (capping
effect). Radon is negatively correlated with temperature, whereas positively correlated
with pressure (Fig. 10).

The decomposed EVs corresponding to periodic as well as aperiodic components show
dependence on atmospheric temperature as pressure. The exact nature and degree of
dependence of the radon on temperature and pressure is examined by correlation analysis.
It becomes clear that aperiodic components of radon is negatively correlated with tem-
perature (—0.4) but positively correlated with pressure (0.4). Both these correlation
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Fig. 6 Plot of decomposed eigenvector in atmospheric pressure at Hsinhau from November 29, 2011 to
February 22

coefficient using 2048 pair of data points are significant at 95 % confidence level. However
one also observes that temperature and pressure themselves are anti-correlated (—0.55).
Hence it becomes difficult to arrive at the conclusion whether radon variability is con-
trolled by temperature or pressure variation. To resolve this, we take re-course to partial
correlation where the correlation of one parameter with other is examined statistically,
keeping the effect of variability of third parameter constant. The partial correlation
coefficient between periodic component of radon with temperature, with the influence of
atmospheric pressure eliminated, is much reduced (i.e. —0.1) and statistically not signifi-
cant. It emerges that dependence of radon on temperature is apparently due to the pseudo
effect arising due to the interrelation between temperature and pressure. In contrast, the
influence of pressure on radon variability persists even when effect of temperature vari-
ability is removed (0.5). It is found that ~25 % of the percentage variability (square of
partial correlation multiplied with 100) arises from the variation in pressure and the
contribution of atmospheric temperature is negligible, only about 1 %. Similar statistics in
respect of periodic component is rather physically less viable as periodic variations in
radon is admixture of diurnal and semi-diurnal variations, where corresponding variations
in atmospheric temperature is dominantly diurnal where pressure variations are primarily
semidiurnal. The diurnal periodic component in radon again shows strong negative
dependence but the peak correlation is observed with a time lag of 2-3 hours. The peak
correlation of diurnal radon and temperature at time lag of 3 hours is —0.5 and this does not
change even when effect of pressure variations are removed by partial correlation. The
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Fig. 8 Plot of decomposed eigenvector in atmospheric pressure grouped into two classes at Hsinhau from
November 29, 2011 to February 22, 2012

semi-diurnal variations in radon show nearly similar dependence on pressure with corre-
lation coefficient of 0.33. In sum up, periodic component in radon again shows nearly 25
percent of variability due to diurnal component of temperature and ~ 10 percent of
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Fig. 9 Correlations of aperiodic component of radon with temperature and pressure at Hsinhau

variability due to semi-diurnal pressure variations. In this periodic component time lag of
2-3 hours implies that peak in radon occurs 2-3 hour succeeds peak value of the con-
trolling meteorological factors. The influence of temperature on radon variability at diurnal
period may be controlled by the temperature dependent evaporation of moisture from the
top soil cover (capping effect), which control the escape of radon from top soil layer to
space and visa-a-versa. The influence of pressure may be determined by the well-known
processed of diffusion.

An obvious advantage of the application of the SSA technique is that we have better
understanding of the nature and extent of the control of meterorological parameters, viz.
temperature and pressure, on the radon variability. The radon variations cleaned up for
these parameters can be more efficiently used to study the effects of individual rainfall
sequences as well as search effect of earthquake occurrence on radon. Radon time series
after cleaning for diurnal and semidiurnal variation is presented in Fig. 11 along with the
earthquakes and rainfall events occurred in the same period. Rainfall recorded is very small
(<2 mm), and a total of seven local earthquake events (epicentral’s distance <50 km) with
magnitude ranging from 3.1 to 4.8 M, which fit criteria to produce precursors established
earlier by Walia et al. (2013). It is clear from the figure that most of the time radon starts to
decrease following the rainfall or has no effects on radon emission (Fig. 11). However,
there is also suggestions radon values are positive and/or increase before the occurrence of
earthquake. The separation and quantification of rainfall influence and charcaterisation of
earthquake precursory signals is a subject of future paper in progress.
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5 Conclusions

From this study, we can conclude that:

e Digital filter helps in eliminating the long-term trend in the data and retains variations
of less than 30 days.

¢ An SSA method removes diurnal and semidiurnal oscillations from soil radon data time
series in order to better relate seismic activities to changes in soil radon concentration.

e Radon has dominant daily variations. The later is accounting for 19 % of the total
variance in radon at the Hsinhua monitoring station.

e Daily variations of radon emission at Hsinhua are controlled by atmospheric
temperature affecting evaporation in surface water saturated soil (capping effect).

e For periodic variation, radon is negatively correlated with temperature, whereas
positively correlated with pressure.

e For aperiodic variation, radon is negatively correlated with temperature, but it is found
to be a pseudo-effect arising due to parallel variation in pressure.
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