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The present study is an attempt to assess and quantify the influence of the meteorological (atmospheric tem-
perature and pressure) and hydrological (rainfall and ground water head-GWH) parameters on the soil gas radon
emission at Hsinchu, northern Taiwan. The quasi-periodic variations corresponding to diurnal and semi diurnal
periods were estimated and eliminated by decomposing the time series for the period of September 16, 2009 to
March 5, 2010 to singular spectrum analysis. The reconstructed non-periodic variations, which reproduce the
salient feature of recorded time series, were searched for meteorological/hydrological influences in radon
emission. The combined response of barometric pressure and atmosphere temperature are found to be small
when compared to the total variability in radon. The influence of rainfall on radon is found to be strongest. At
the onset of rainfall, radon shows a step-jump that attains peak with a time lag of 12-15 h. This enhancement is
attributed to entrapment of soil gas in the top soil cover as increased soil moisture prevents escape of radon into
the atmosphere (capping effect). The decay of radon after the recession of rainfall is approximated by double
exponential decay terms, one corresponding to the natural decay of radon with half life of 3.84 days and second
representing slow weakening of capping effect. The third effect related to internal loading due to rise and fall of
groundwater modulates the propagation of radon in overlying strata, accounting for the long term variations in
radon. The rainfall inflicted changes in radon look strikingly similar to earthquake related precursory or co-
seismic perturbations, inferred by long term synotopic observations. It is surmised that unless radon variations
are corrected for meteorological/hydrological contamination, some precursory signals are masked on one hand
while on the other hand some anomalies are falsely viewed as earthquake precursors.

1. Introduction reporting several fold increase in radon in association earthquake oc-

currences has given major impetuous for initiating the monitoring of

As the stress level increases during earthquake preparatory cycle,
the rocks in the impending focal zone experience opening of micro-
cracks (Scholz et al., 1973). With the opening of cracks, exposed surface
area of rocks also increases that leads to enhanced emanation of radon
(Thomas, 1988). If this increase in radon intensity can be measured at
the surface, it can serve as a possible precursor to earthquakes. With the
realisation of the physical mechanism, some of the early field examples,
e.g. 1966 M5,5 Tashknet earthquake (Ulomov and Mavashev, 1967),
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radon across the word wide seismic active (Barbosa et al., 2015;
Heinicke et al., 1992; Igarashi et al., 1995; Virk et al., 2001; Steinitz
et al., 2003; Zmazek et al., 2005; Kumar et al., 2009, 2015). So rapid is
the growth, that number of reviews have appeared at regular time in-
terval, attempting to characterize the nature of precursors, their phy-
sical validation or to establish a scaling relation of anomalous changes
in radon with the magnitude and distance of impending earthquakes
(Wakita et al., 1988; Thomas, 1988; Toutain and Baubron, 1999;
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Hartmann and Levy, 2005; King et al., 2006; Cicerone et al., 2009).
Despite the rapid growth, yet no universal ones to isolate and document
the diagnostic signature of a precursory signal in radon definition of
earthquake precursory signal has emerged and hence radon precursors
are seldom used in real time forecasting of earthquakes. Further, even if
reported radon precursors are real, how they are physically related to
the preparation process of an impending earthquake remain an open
issue (Woith, 2015). More intriguing is the observation that there is
apparent negative correlation between the numbers of reported
anomalies and the length of the time series processed to isolate pre-
cursory signals (Woith, 2015). In other words, most of the so claimed
success stories that have often emerged from short lengths of data and
hence it is likely that influence of non-dynamic factors influencing
radon variability may not be neutralised. However, as a result of con-
tinuing monitoring in different environments, it has been well re-
cognised that the propagation and transportation of radon from the
focal zone to surface is controlled by diffusion (gradient in concentra-
tion), advection (pressure- Clements and Wilkening, 1974), convection
(temperature- Finkelstein et al., 2006) processes. In addition, modula-
tion of soil moisture (capping effect- Schumann et al., 1988, 1992),
squeezing of water (rinsing effect- Hesselbom, 1985) following events
of rainfall produce strong contamination in radon intensity (Schumann
et al., 1992; Fujiyoshi et al., 2006). The real assessment and quantifi-
cation of these influences is a major pre-requisite to isolate weak pre-
cursory and co-seismic signals. The present study is a fresh attempt to
quantify the nature and extent of influence of meteorological and hy-
drological parameter on radon emission in the seismically active belt of
Taiwan, where dense network of soil gas radon monitoring network has
been in operation for a long time (Walia et al., 2009a).

2. Monitoring network, data and synoptic observation

Fig. 1 shows the network of soil-gas monitoring stations in Taiwan,
set up jointly by NTU-NCREE mostly as a part of sponsored projects of
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the Central Geological Survey of Taiwan. To build a monitoring station,
reconstructions were 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 at-
tached to avoid the enterance of any unwanted materials into the pipe.
The PVC sheet is put on all the sides of the PVC pipe at the bottom
extending about 1 m on all sides; this avoids the rainwater to get into
the hole. Some pebbles are also put at the bottom to minimise the
meteorological effects before filling all sides of the holes. Finally the top
surface is cemented and housing is build on it to keep the required
instruments. Fig. 2 shows the sketch of the automated monitoring
system. After passing through the water trap and gas cooler, the soil gas
was transferred into an alpha spectroscopy (SARAD_RTM2100) via an
internal pump for radon and thoron measurement. A two stage filter
keeps out the radon and thoron progeny, only Rn-222 and Rn-220 gas
can pass the chamber inlet. Radon counts per 15 min were recorded.
The time interval of 15 min is long enough to yield count-sum well
above the background noise level. All the data are transferred to the
central processing office via the internet. Operation of stations com-
menced in a phased manner, data for the post-2006 are available in
continuous mode, except for a short break due to malfunctioning of
equipments or due to interruptions in power supply.

After careful examination of available data from network of 9
continuous monitoring stations, a segment of soil-gas radon data for the
monitoring station Hsinchu (24.77 N 121.03 E) along the Hsincheng
fault (Walia et al., 2009a), corresponding to period of August 11, 2009
to March 5, 2010, was selected. The continuity and regularity of the
data was primary criteria to select this time window. The soil gas
temperature, measured as a part of soil-gas station, was supplemented
by allied meteorological parameters; namely barometric pressure, at-
mospheric temperature and precipitation (rainfall), recorded at a
nearby site of national grid, operated by the Central Weather Bureau
(CWB). The Hsinchu monitoring station was chosen especially because
of the availability of con-current hydrological data in the form of the
depth to ground water head in the deep bore-hole. Since allied

Station Name Code

Hsinchu Station HC

TPT I NTU,CGS

Ta-ping-ti Station

Gu-Keng Station GK NTU,CGS
Chung-lun Station CL NTU,CGS :
' HulienStation | HL | NTUCGS
Hsin-hua Station HH NCREE |

PT Station PT NTU,CGS
Chih-shang Station cs NTU,CGS |
|
Su-ao Station SA NTU,CGS ]|
Jiao-si Station IS NCREE ;

Fig. 1. Network of soil-gas (radon) monitoring stations in Taiwan, set up jointly by NTU-NCREE, largely with financial support projects from the Central Geological Survey (CGS). Radon

data of station Hsinchu (HC) in the northern part of Taiwan is used in the present study.
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Fig. 2. Sketch of the automated soil gas monitoring station. Soil gas
picked from 2 m deep pit, Alpha spectrometer (RTM2100) is used to
measure Radon (Rn-222) and thoron (Rn-220) gas.

meteorological and hydrological data were available with hourly sam-
pling, 15-min radon were also reduced to hourly sums. It was noted that
certain selected time-series, e.g. ground water head (GWH) and me-
teorological parameters, are dominated by varying degree of long term
trend (especially GWH) and seasonal variations. Since, the primary
objective here is to search short-term changes (of the order of a few
days to 15-20 days) related to earthquake occurrences, variations with
periods longer than 30 days were eliminated by subjecting each time
series of hourly values to digital Butterworth filter. Fig. 3 gives the time
plot of filtered soil gas radon (simply referred as radon in the rest of the
manuscript) together with allied meteorological and hydrological
parameters. The comparison of soil temperature with atmospheric
temperature data collected from the CWB showed complete agreement
in their time variability, ensuring compatibility and, thus, validating
the use of data from closely spaced CWB sites (Fig. 3). The bottom panel
in Fig. 3 depicts occurrences of earthquakes of M = 5 within the radius
of <150 km of the station Hsinchu. The origin time, location and
magnitudes of the earthquakes were extracted from the catalogue of the
CWB (www.cwb.gov.tw).

3. Pre-processing of data
3.1. Single Value Decomposition (SVD)

It was observed that filtered time series for different parameters are
dominated by two classes of time variations; (i) periodic variations at
diurnal frequencies, (ii) aperiodic signals with time scale of 2-30 days,
later determined by the cut-off period of filter applied. In addition,
different time-series are superposed with varying levels of random/
white noise. To extract main patterns present in each parameter, we
took recourse to data-driven Singular Spectrum Analysis (SSA) tech-
nique that has the potential to isolate periodic and aperiodic signals
without prior knowledge on the dynamics of the composite time series
(Broomhead and King, 1986; Vautard et al., 1992). In this technique,
the separation of time varying patterns are obtained by diagonalizing
the empirical covariance matrix; the physical rationale. Alternative
formulations used to construct the covariance matrix are described in
the series of papers (Broomhead and King, 1986; Vautard and Ghil,
1989; Vautard et al., 1992; Plaut and Vautard, 1994; Allen and
Robertson, 1996; Ghil et al., 2002). In the present study, we adopted
the numerical algorithm proposed in Vautard and Ghil (1989; also see
Vautard et al., 1992) as it allows extraction of dominant waveforms
with improved noise reduction, particularly when applied to short time
series (Ghil et al., 2002). Implementation of algorithm begins by

organizing lagged co-variances (auto variance) with a maximum lag of
M into a matrix, which has Toeplitz structure i.e., constant diagonals
corresponding to equal lags as follows:

Po Pr P2 - PMma1
Ll pop Pue
M .. .. wee ..
Pm-1 Pm-—2 Po
Next, lagged covariance matrix is subjected to eigen value decom-
position (EV) to obtain the eigen values (\;) and eigen vector (ty).
These are then sorted in descending order of the magnitude of A,
where index k = 1, 2, ..., M. Finally, the resolved eigen vectors and
eigen values are used to reconstruct the time evolution of the kth
component over the length of the original time series. Reconstructed
components (RCs) corresponding to increasing values of index k is
analogous to the principal components present in the time series in
order of descending amplitude. In principle, reconstructed component
(RC) can be computed for each value of index k but in practice it is
found that limited number of eigen values with descending amplitude
collectively reproduce the salient feature of the time series. The relative
contributions of the individual components to the total variance of the
filtered time series (subjected to the SSA) are obtained so that com-
putation could be restricted only to significant components.

3.2. Application of SSA and results

The implementation of the adopted SSA algorithm intricately relies
on the use of Fast Fourier Transformations (FFT) and this necessitated
the length of processed time series to be some power of 2. To meet this
requirement, time section corresponding to a length of 4096 h starting
with the midnight of September 16, 2009 was used. The choice of lag-
window size, M, is trade off between the spectral resolution versus the
degree of statistical confidence in the information resolved (Ghil et al.,
2002). Larger M ensures higher spectral resolution, but statistical sta-
bility is better with smaller M-point window (see Chen et al., 2013 for
discussion on the choice of the size of M). To meet this contrasting
requirement, M should neither be too large nor too small in respect to
the total length of time series (N), invariably M not exceeding N/5
(Vautard et al., 1992). After initial trial experimentation, it is found
M ~ 300 extracts dominant patterns coherent to individual time series.

3.2.1. Decomposition of time varying fields into periodic and aperiodic
signals
As an example of the application SSA to present data sets, we show
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reconstructed time variations corresponding to first 4 EVs in radon time
series (Fig. 4). As noted, the first group represented by EV-1 and EV-2
represents dominantly aperiodic components, which together account
for nearly 68 percent of variance. The second group denotes periodic
variations. FFT indicates that periodic variations correspond to diurnal
and semi-diurnal periods. However, these periodic EV-3 and EV-4 to-
gether account for less than 2 percent of variations of initial data free
from long term seasonal variations. Interesting aspect is that sum of just
first two EVs are able to reproduce the most salient features of the total
observed variations (lower panel in Fig. 4). More significant is that
synthesized variations are largely free from the random and white
noise, later accounting for nearly 30 percent of the total variability
(Fig. 4.

The applications of SVD to hydrological and meteorological (GWH
and temperature/pressure) data has shown time variations in each

parameter and are composed of dominantly aperiodic and quasi-peri-
odic variations. As an example, Fig. 5a, b shows the nature of decom-
posed time variations respectively in aperiodic and periodic signals for
short time segment of 60 days, i.e for day no. of 1400-1500 w.r.t Jan 1,
2006 whereas Fig. 6 gives sum plot of decomposed aperiodic variations
in different parameters together with rainfall spells and earthquake
occurrences. The relative strength of the dominant EVs defining the
aperiodic and periodic variations in different parameters is given as the
percentage variance accounted by respective components (Table 1).
Percentage variations are obtained by normalising the variance of each
EVs with respect to the total variance of filter time series in respective
parameters, given in Table 1.

3.2.2. Characteristic of periodic signals
Like radon, periodic variations accounted only 1-2 percent of the
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Fig. 4. Time plots of decomposed Eigen Values
(EV) corresponding to dominant aperiodic
(EV1 & EV2) and periodic (EV3, EV4) components
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total variance in barometric pressure and GWH. However, the periodic
variations in atmospheric temperature account for higher variance of 6
percent of the total variations (Table 1). Time evolution in GWH head is
dominated by daily variations and also show long term modulations.
Presence of strong variations corresponding to lunar diurnal (24 h
53 m) and semidiuranal periods coupled with superposed lunar semi
monthly modulations are considered diagnostic characteristic of deep
seated confined aquifer (Matsumoto, 1992). Spectral analysis of peri-
odic variations in water head for full time series as well as for smaller
segments using FFT as well as MEM (Maximum Entropy Method)
spectra does not favour lunar tidal origin for the observed variations in
GWH at the present observation site. Instead, the anti-phase correlation
of daily variations in GWH and temperature suggest that underground
water head is sensitive to external atmospheric thermal/pressure
loading. Another noteworthy observation is that rhythmic daily varia-
tions in the GWH, radon and temperature are synchronously perturbed
with the spells of rainfall. These local perturbations in the temperature

1500 1520

and GWH can be related with the weather pattern modulating tem-
perature/pressure and causing rainfall.

3.2.3. Characteristic of aperiodic signals

The influence of external atmospheric temperature/pressure as well
as rainfall are also well documented in the strong aperiodic signals in
the radon and the GWH (Figs. 5a and 6). It is seen that continuous
varying aperiodic signals in radon, representing quasi-periodic varia-
tions with periods ranging between of 8-12 days, appear to be corre-
lated with changes in temperature and pressure, the later two showing
almost linear inverse relation. The influence of rainfall on aperiodic
variation in radon have more distinct changes. As seen in Figs. 5a and 6
that following each rainfall sequence, there is rapid increase in radon
intensity attaining peak with time lapse of 12-18 h. The calculation of
lagged correlation between rainfall sequence and radon variations
(Fig. 6 — top panel) imply that radon variations attain peak after a time
lag of 15 h following rainfall occurrence. This property is later used to
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T Fig. 5. Time plots of reconstructed (a) aperiodic
and (b) periodic components in the Ground Water
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simulate quantitively the step rise in radon following precipitation.
Given earlier inference that underground water fluctuations do not
portray characteristic of confined aquifer, the GWH should be a better
candidate to respond to sporadic events of rainfall. However, the ob-
served GWH variation does not depict any sharp changes to rainfall
sequences. It follows from Figs. 6 and 7 (top panel) that the GWH
during prolonged dry spells, i.e. in between two successive spells of
rainfall is continuously declining. Following heavy spells of rainfall,
GWH begins to rise, rather slowly to reach peak after several days of the
recession of rainfall activity. Such inference is corroborated when the
changing water level are correlated with accumulated rainfall for the
duration of 2, 5, 8, 10, 15 days (Fig. 7). The plot showing accumulated
rainfall over 10-15 days mimic fairly well the variations in ground
water level (Fig. 7). These features suggest that the aperiodic rise and
fall of ground water level is apparently controlled by the recharge and
discharge of subsurface aquifer wherein the process of recharging at the
onset of precipitation, but bulk recharge continues for longer duration
of 10-15 days following the recession of rainfall. Rate of rise being
dertemined by the lithology/porosity of rocks controlling the percola-
tion of rainwater as well as by surface runoff contributing to the re-
charge of acquifer. The decreasing rate in GWH during the dry spell
would be a function of processes controlling the discharge of the ac-
quifer, including thermal evaporation of moisture from surface soil
cover, which would vary with rainfall intensity and distribution.

4. Estimation of the influence of meteorological and hydrological
parameters on radon emission

From the above decomposed aperiodic variations, it follows that the
influence of rainfall and allied meteorological parameters vary greatly
on affected parameters, e.g. while the response of radon emission to
rainfall is characterized by step rise and complex decay pattern, the
GWH, temperature/pressure are marked continuous rise (loading) and
decline (unloading) with varying phase lags/delays. Hence, any tech-
nique adopted to estimate the hydrological and meteorological para-
meters should take cognizance of these features and should also weigh
the likely physical mechanisms.

4.1. Influence of temperature/pressure on radon intensity

Bayesian Tidal Analysis Program in a Grouping Method (BAYTAP-
G) was originally developed to compute the response of GWH to the
changing barometric pressure as well as to compute the contribution
from earth tides (Tamura et al., 1991) A significant merit of the
BAYTAP-G formulation is that it does not assume that the cause-effect
(say the influence of pressure on on radon) is time synchronous but any
effect of the change in influencing parameter (say pressure) may persist
on the future measurements of affected parameter, in our case radon.
Taking advantgae of this feature we estimate independently the
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Fig. 5. (continued)
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influence of continuous loading/unloading of temperature and pressure
on radon variations, using the BAYTAP program available for use in the
public domain on the website of the Geological Survey of Japan (http://
riodb02.ibase.aist.go.jp/db086,/GSJ_E/water/analysis/). In its adoption
here, the delayed response on an affected parameter (radon) is re-
covered by using lagged auto regression terms as follows:

Pressure Induced Response (PIR)

1=25

Bo= D) @i P
i=0 (@)
Here, p, is observed barometric pressure
Temperature Induced Response (TIR)

1=25
Te,, = Z bi te(n_,-)
i=0 2)

Here, te is observed temperature
Prior to applying of BAYTAP-G to the data, calculation of lagged
correlation between radon independently with temperature and pres-
sure show that correlation peak within short time-lag window of = 7 h
and then drop down to statistically insignificant level within the time
lags of 25 h (top panel in Fig. 6). In agreement with this, stable effect of

pressure variations on radon were recovered when the cumulative ef-
fects of pressure for the past 25h were considered in Eq. (1). Any
change in lags between 12 and 36 h did not alter the nature of pressure
induced effects on radon in any significant manner. Similarly, treating
temperature as an independent parameter, its influence on radon were
estimated using 25 lagged terms. It is apparent from Fig. 8 that like the
decomposed aperiodic component in radon (red curve in upper panel),
pressure/temperature inflicted changes in radon (blue and green curves
in middle and lower panel) are negatively correlated with temperature
(lower panel in Fig. 8)) but positively correlated with pressure (middle
panel in Fig. 8). Since the temporal progressions in pressure and tem-
perature are not independent of each other but show strong anti-phase
correlation (correlation coefficient of —0.61), it’s hard to conclude
whether radon variability is controlled by either temperature or pres-
sure variations. This ambiguity is resolved with recourse to computa-
tion of total and partial correlation. Computation of partial correlation
allows to examine the correlation of one parameter with other by
mathematically neutralizing the effect of variability of third parameter
constant. It is found that a direct correlation between aperiodic varia-
tions in radon and pressure is statistically significant with a value of
0.48 but when the influence of accompanying variations in atmospheric
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Fig. 6. Plots of reconstructed aperiodic compo-
nents in Ground Water Head (GWH), Radon,
Atmospheric Temperature and Barometetric
Pressure at Hsinchu, for the period of September
16, 2009 to March 5, 2010. Percentage variance
accounted for by the aperiodic component in
different parameters are also indicated.
Histograms within radon panel shows the dis-
tribution of Rainfall (Rf). Blue curve along with
the plot of GWH variation shows the variation in
cumulative rainfall during 15 days preceding any
given day (see Fig. 7). Lower panel shows the
timings of M > earthquakes during the period of
observations, whereas top panel gives lagged
correlation coefficient between Rainfall and
Radon.

Percentage variances accounted for by the decomposed Eigen Values (EV) in Radon, Ground Water Head (GWH), Atmospheric Temperature and Pressure at Hsinchu, northern Taiwan.

Parameters Variance-Filter % Variance-APERIODIC” % Variance-PERIODIC" Sum APERIODIC + PERIODIC (total)
Radon 7.8 EV1 EV2 Sum EV3 EV4 Sum 70
66 2 68 1 0.5 1.5
GWH 14.5 EV1 EV3 Sum EV2 EV4 Sum 85
82 1 83 1.5 0.5 2
Temperature 10.3 EV1 EV3 Sum EvV2 EV4 Sum 53
44 2 46 6 1 7
Pressure 11.4 EV1 EV2 Sum EV3 EV4 Sum 66
63 1 64 1 0.5 1.5

@ Percentage variations are obtained by normalizing the EV with respect to the variance of filtered time series of respective parameter.



B.R. Arora et al.

Journal of Asian Earth Sciences xxx (XxxX) XXX—-XXX

Fig. 7. Plot showing time variation in cumulative
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temperature is neutralised, the partial correlation drops to a statistically
insignificant low value of 0.06. In contrast, strong direct negative cor-
relation between radon and temperature (—0.45) persists even when
influence of contemporary variations in pressure is eliminated. This
allows to surmise that noted dependence of radon on pressure variation
is the pseudo effect arising largely due to the interrelation between
temperature and pressure. However, significant partial correlation of
—0.38 warrant that ~14% of the radon variability (square of partial
correlation multiplied with 100) is inflicted by the variation in tem-
perature alone. This is good agreement with the results of BAYTAP-G
which show that variance of aperiodic radon variations (0.5.31) when
corrected for temperature inflicted variations (green curve in upper
panel of Fig. 8) reduces to 4.73, permitting an inference that only about
11% of the variability in radon is due to the changes in atmospheric
temperature.

4.2. Quantification of Rainfall Inflicted Response (RIR) in radon variations

It is already noted that radon variations exhibit a steep-rise at-
taining peak with a time lag of about 15h after the occurrence of
rainfall sequence (Figs. 5a and 6). After the recession of the rainfall,
radon variations decay in a rather complex manner till the next spell of
rainfall. Therefore, the quantification of the rainfall influence on radon
variability basically reduce to simulating a sharp increase and return to
prevailing background variations.

4.2.1. Simulation RIR in radon by tank model

Analogous to radon intensity, gravity as well as GWH are prone to
stress build up during earthquake cycle and are also shown to vary
during long spells of rainfall (Imanishi et al., 2006; Matsumoto, 1992;
Matsumoto et al., 2003). Controlled source experiments as well as nu-
merical techniques are proposed to simulate and clean the data for
rainfall-induced-responses (Naujoks et al., 2010; Nawa et al., 2009;
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Matsumoto et al., 2003). The ta.nk model is one good examp}e, whllch ® _ YO(=R(D)) + « RE(D)
has been used successfully to simulate rainfall induced gravity varia- dt 3)

tions (Nawa et al., 2009). Under the assumption that processes con-
trolling RIR in radon are similar to gravity field, we test applied the
tank formulation to simulate variations in radon due to rainfall occur-
rences. In the tank formulation, the radon change R(t) due to rainfall
(Rf) is described by the differential equation

RIR In radon emission
N
1

0 T T T T T T
15 20 25 30

Rainfall, mm

Fig. 9. Plot showing linear relation between sequences of cumulative rainfall and mag-
nitude of step rise in radon emission.

10

where Rf () is the rainfall rate at time t, measured here by rainfall per
hour (mm/h). a is a constant of proportionality between rainfall and
radon, and y represents the radon recovery rate after rainfall, and © is a
Heaviside step function. As rainfall is often not a single spell, but occurs
in spells in short succession lasting over from a few hours to a couple of
days. Bunching of rainfall spells is a conspicuous feature of rainfall
distribution all over the total study period (Fig. 6). Net consequence is
that the magnitude of step jump is a measure of the cumulative re-
sponse of spells in each individual bunch. This preposition is well
supported by the scatter plot between the amplitude of net change in
radon in response to sum of precipitation in individual bunch (Fig. 9).
The high degree of linear fit is consistent with Eq. (1) and suggests that
the constant of proportionality (a) between precipitation and radon is
given by the slope of the best fitting line. Since the linear increase in
radon to individual spell of rainfall continues to rise for about 15 h, RIS
in radon at any given time (t) is given by the cumulative sum of pre-
cipitation over the past 15 h as follows:

15
RIS(t) = ) a'Rf(t—k)

k=0

4

o’ is constant of proportionality normalised to represent an increase per
hour.

Again in agreement with equation, radon decay immediately fol-
lowing rainfall is considered to decay linearly with time. The decay
constant (y) in the tank model is estimated from trial and error
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adjustments to the decreasing trend in radon following each rainfall
sequences. Fig. 10a shows the observed and predicted values of radon
obtained by substituting the data based estimated constants (a = 0.17;
y = 0.007). It is found that magnitude of estimated step rise, following
individual rainfall events, are excellently well reproduced though the
linear decay between successive rainfall sequences does not simulate
the observation satisfactorily.

4.2.2. Simulation of RIR in radon with exponential decay term

The failure of the Tank model to approximate rain-induced varia-
bility in radon, led us to try an exponential mode of decay in radon
following rainfall events. The latter has been shown to explain the
nature of the variations in ground water level after the rainfall se-
quences in the tectonic setting of Taiwan (Jan et al., 2007). In its
adoption, the radon following steep rise is assumed to decay ex-
ponentially by varying weighting factor. Radon intensity (RI) at time ‘I’
is estimated by:

11

1500 1520 1540
n=120
RIi = Z OCWG)Rfi_j
purt )

where w(j) = exp(—jp/AT).

Here o is weighing factor at time j before the rainfall impulse at
time i. (3 is the exponential decay weighting factor to be determined
empirically (estimated as —0.25) and T is the time interval in hours for
the radon intensity to drop to half of its peak amplitude (after trial T
was fixed at 120 h). Comparison of observed and predicted response
adopting B = —0.25 and T = 120 h showed that both rise and initial
fall were satisfactorily reproduced for the time window of the order of
100 h from the onset of rainfall. However, in the later part predicted
trend is nearly flat and does not simulate the observed lower decay rate
in the late time window (Fig. 10b). Even when high values of T (240 h)
were tested, the observed trend could not satisfactorily reproduce de-
caying tend in the late phase.
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4.2.3. Simulation of RIR in radon by including double exponential decay
terms

With a rational to draw numerical strategy to completely explain the
time evolution of radon-rainfall linkage, we afresh list major diagnostic
and likely operating physical mechanisms:

(i) Pre-rainfall phase: During dry period, there is a free exchange of
radon from soil to atmosphere and vice versa, and radon level at
this stage represents the normal intensity determined by rock
types/lithology of the measuring site.

(ii) As rainfall starts, soil gets moist and escape of radon from soil to
atmosphere and visa a verse is inhibited, leading to radon accu-
mulation beneath the thin cap of moist soil. Such mechanism,
termed as capping effect (Schumann et al., 1988), would account
for the observed sharp increase of radon following the rainfall
spell.

(iii) Following the recession of rain, weakening of capping effect will

cause decay of radon. The weakening of capping arises either due

to evaporation of moisture from top soil cover or by hydrological
factors facilitating the expulsion (squeezing) of water from upper
strata. The term ‘rinsing effect’” was introduced by Hesselbom

(1985) to account for the decay of radon soon after the recession of

rainfall spells. In such cases, the rate of decay would be determined

by porosity, fracture density, soil type and prevailing temperature
conditions, etc.

In contrast to the geophysical parameters, e.g. gravity, water level,

radon is naturally radioactive gas which decays exponentially with

a half life of ~92h. Any temporal increase in intensity, say by

capping effect, would be followed by natural exponentially decay

with a half life of ~92h.

(@iv)

In the background of these physical considerations, the revised
numerical scheme applied to account for the decay pattern of radon
included a pair of exponential decay terms, one corresponding to nat-
ural decay with T = 92h and the second representing weakening of
capping effect after the rainfall. The double exponential terms, similar
to Eq. (2) reproduced the most salient decreasing behaviour, both in the
early and late time window (Fig. 10c). In the initial 100 h or so, both
exponentially falling intensities combine to produce the steep drop of
radon during the early phase (~100h) whereas in the later phase
decay pattern of second exponential function with T = 240 h trace the
slow decay of radon intensity (Fig. 10c). It also emerges that in the late
extended phase, radon variations fall in-line with the pre-rainfall level.
However, during this intervening periods in between two spells of
rainfall, the observed radon values show significant negative excursions
with respect to the predicted trend (Fig. 10c). Since the decay pattern
obeying exponential decay law will never drop below the pre-rainfall
level, the negative field excursion suggests contributions from other
sources. In fact, difference plot between observed and predicted trends
is dominated by some smooth long term variations which with large
phase shift appear to be replica to variation in water head recorded near
the radon monitoring site (Fig. 10e). It has been already shown that
ground water fluctuations are delayed phase response to rainfall ac-
tivity (Fig. 7). This rise and fall of ground water could serve as an extra
internal load on the radon concentration embedded in the overlying soil
column, where the degree of saturation itself will vary with rainfall
distribution. Taking rare advantage that in addition to radon intensity,
information on water level variations is available by the in-situ mea-
surements, the effect of internal loading on the radon concentration
embedded in the overlying soil column was estimated using the re-
gression terms with large lags, similar to Eq. (1). This factor was critical
in accounting the relatively smooth long term variations in radon, in-
cluding negative excusions in between the prolonged interval of no
rainfall (Fig. 10d). In sum up, physical processes simulating overall
rainfall inducted response (RIR) in radon can be expressed as sum of
following effects: The capping effect accounting for the steep rise

12
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immediately following the rain; Double decay terms, one corresponding
to natural decay of radon with T = 92 h and second exponential decay
with T-240 representing weakening of capping effect and internal
pressure loading arising due to rise and fall of ground water level ac-
counting for long term variations in radon, especially reduction during
long pauses in rainfall (Fig. 10d).

5. Discussion

5.1. Overview of the influence of meteorological and hydrological
parameters on radon emission

The influences of the meteorological (barometric pressure and at-
mospheric temperature) and hydrological (rainfall and ground water
level) parameters are quantified on the soil gas radon emission recorded
at the Hsinchu monitoring station, northern Taiwan. In the first in-
stance, the effect of long term trend and seasonal variations were re-
moved by subjecting the recorded time series for the period of
September 16, 2009-March 5, 2010 to the digital filter, retaining var-
iations shorter than 30 days. The time series of different parameters
were subjected to singular spectrum analysis to decompose the periodic
and aperidic variations, which were present in varying strengths in
different parameters (Figs. 4 and 5). The reconstructed time series re-
taining only aperiodic variations account for nearly 70 percent of the
total variability of the radon time series, periodic signals corresponding
to diurnal and semi- diurnal periods account for less than 2 percent of
the variability (Table 1; Fig. 4). Another distinct feature of such de-
composition was that random noise present in the radon due to natural
or measurement errors were screened out effectively (lower panel in
Fig. 4) and thus, reconstructed aperiodic variations simulating bulk
feature of observed variations in various parameters (Fig. 6) are ideally
suited to search for meteorological/hydrological influences in radon
emission. The Influence of barometric pressures and atmospheric tem-
perature on radon variability, estimated using well proven formulation
of the BAYTAP-G, are found to be similar, both in amplitude and wa-
veform (Fig. 8). Since time variations in pressure and temperature are
not independent of each other and their time evolution has a strong
negative correlation, it is difficult to resolve unambiguously whether
radon variability is controlled by temperature or pressure variations.
Computation of partial correlations show that the influence of pressure
on radon is merely the pseudo-effect arising due to the interrelation
between temperature and pressure. It has been already shown that
temperature inflicted changes radon account for only only about 10-12
percent of the total radon variability (Section 4.1 above). A net con-
sequence is that when deduced aperiodic variations in radon are cor-
rected for temperature induced changes (top panel in Fig. 8), they do
not modulate the time variations in radon at station Hsinchu in any
significant manner to influence identification and isolation of any
earthquake precursor, if present. However, for the purpose of com-
pleteness, aperiodic variations in radon corrected for temperature in-
duced changes are used to quantify the nature and extent of the rainfall
induced perturbations, which are found to be strong and have a definite
diagnostic pattern. Radon at the onset of rainfall shows a step-jump that
attain peak with a time lag of 12-15 h. This is attributed to entrapment
of soil gas in the top soil cover as increased soil moisture prevents es-
cape of radon into the atmosphere (capping effect). The radon after
attaining a peak immediately after the rainfall shows regular recession
in a complex manner. Linear decrease or exponential decay, which have
been successful in explaining the gravity field and variations ground
water head after the long sequences of rainfall, fails to account the
decay of radon for several days after the recession of rainfall
(Fig. 10a, b). This result is significant, as transportation of one tech-
nique successful in explaining the meteorological contamination on one
physical parameter may not be applicable to other physical parameters
because of differences in the physical mechanism inflicting the influ-
ence. Based on the physical consideration, the overall recession in
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Fig. 11. Plot of deduced decomposed aperiodic

Sept 01 Oct11 Nov 20 Dec 30 Feb 8 Mar 20 N -
2009 2010 variations in radon (red) and simulated radon
variations (blue) due to the combined effects of
16 1 1 1 1 1 1 1 1 1
I T ! ! ! ! I ! T ! changes in temperature, rainfall occurrences and
fluctuations in ground water head at Hsinchu
during September 16, 2009 to March 5, 2010.
c 8 - Middle panel shows the timings of 19 earthquakes
[«] ‘J (M > 5) that occurred within a radius of 150 km
b= L . of radon monitoring station Hsinchu. Lower panel
< I\
14 W shows the distribution of rainfall (Rf). (For inter-
0 4 \(\ pretation of the references to color in this figure
) legend, the reader is referred to the web version
B & of this article.)
-8 1 1 1 I 1 T 1 1 1 T 1 1 1 I 1 I 1 I 1
- 8
3&4 15 4749
o 6 5687 9.12 13 16
4
o v
2E 14 .
£2, 1
5 w
w
- gl
0 T T T T T T T
T T T T T T T T T T
8 4
EE T 1
< E
T = 4
14

1340 1360 1380 1400 1420 1440 1460

1480

Day no w.e.f. Jan 1, 2006

radon, after attaining peak soon after the rainfall, is approximated by
double exponential decay terms, one corresponding to natural decay of
radon with half life of 3.84 days and second representing slow weaken
of capping effect after the rainfall (Fig. 10c). The third effect related to
internal loading due to rise and fall of groundwater modulate propa-
gation radon in overlying soil layer account for the long term variations
in radon, especially in between interval of two sequences of rainfall
(Fig. 10d).

5.2. Implications on Identifying earthquake precursors

Despite long years of global research, no universal definition of
diagnostic signature of earthquake precursor in radon has emerged. In
Taiwan, radon monitoring to search earthquake precursors has largely
relied on the identification of characteristic signatures based on the
synoptic observations. Continuous monitoring from dense network over
a decade has helped to develop a tecto-physical model, wherein the
following factors form the guidelines to facilitate detection of pre-
cursors in radon (Walia et al., 2009b):

1. Enhancement of radon intensity a few days before the earthquake
that maintain elevated levels at least 1-2 days prior to the occur-
rence of large earthquakes and then return to background level over
next few days.

2. Precursory radon changes are in general seen only for earthquakes
with
e Magnitude M;, = 5 in the representative seismic zone
e local intensity at radon monitoring station is more than two on the

Modified Mercalli intensity scale
® Focal depth < 40 kms

=

13

1500 1520 1540

e Epicentral distance (R) < 150 kms
® D/R ratio =1 (where D is the radius of the preparation zone in-
volved in strain accumulation, estimated using the empirical
formula provided by Dobrovolsky et al. (1979) i.e. D = 10 %M
(where M is the Magnitude of impending earthquake). Controlled
by regional tectonics, this relationship had been partially mod-
ified to and used by many researchers (e.g. Hauksson and
Goddard, 1981; Virk, 1996; Walia et al., 2005) for their respective
radon data.
3. In case of spatially and temporal clustered earthquakes, the pre-
cursory signal is assumed to be related with the largest earthquake
. Most significantly if precursory signals at three or more radon
monitoring stations within the influencing radius of < 150 km are
registered, the epicenter is likely to be located in the triangular area
defined by the intersection of circles with their center at monitoring
stations and radius equal to R (Walia et al., 2013).

It is curious that rainfall inflicted changes in radon have strikingly
similar to the nature of perturbations which based on synoptic ob-
servations are shown to precede the occurrence of large earthquakes
(Fu et al., 2008, 2009; Walia et al., 2009a, 2009b, 2013; Yang et al.,
2005, 2006). Fig. 11 gives the plot of radon variations obtained by
clubbing the response of meteorological/hydrological (temperature,
rainfall and ground water level fluctuations in relation to the aperiodic
component deduced from observed radon measurements. During the
period of radon data used in the study, some 19 earthquakes with
M = 5 and located within the radius of 150 km from the Hsinchu were
reported by CGW. The timings of earthquake occurrences are marked in
the middle panel of Fig. 11. One exception being earthquake with
M = 4 (No. 14) that is included for its proximity and relatively high
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local intensity it produced at radon monitoring station Hsinchu. It is
curious that rainfall inflicted changes in radon are strikingly similar to
the nature of perturbations which based on synoptic observations (point
1 above) are shown to precede the occurrence of large earthquakes (Fu
et al., 2008, 2009; Walia et al., 2009a, 2009b, 2013; Yang et al., 2005,
2006). It is also apparent that there is considerable overlap in the
timing of earthquake occurrences and rainfall spells shown in the lower
panel of Fig. 11. It is found that earthquake No. 5 as well as 14, 15, 16
are accompanied by a rise in radon and hence may qualify to be pre-
cursory enhancements, but each increase in radon can more con-
sistently be explained as a steep rise following the rainfall. On the other
hand, a significant rise in radon around day numbers 1418 and 1435,
when there was no rainfall, could well qualify to be the precursor to the
twin earthquakes (No. 6 and 7) and large M6.9 earthquake (No. 8).
Similarly the rise in radon on a day no. 1373 that preceded the onset of
a strong spell of rainfall may well qualify to be either precursor or co-
seismic change to earthquakes marked 1 and 2 in Fig. 11. But again the
lack of well marked perturbations in association occurrences of a cluster
of earthquakes (Nos. 9-13) may be due to mixing of responses from
earthquakes and rainfall sequences centered around day nos. 1420 and
1460.

6. Conclusions

Quantitative assessment of the influence of meteorological para-
meters on the radon intensity at the Hsinchu monitoring station,
Taiwan revealed that the temperature/pressure induced variations in
radon account for only 10-14 percent of the total variability. The most
strong perturbations in radon intensity are seen in association with
rainfall sequences. With the onset of the rainfall, radon shows a step-
jump that attains peak with a time lag of 12-15h. Increased soil
moisture in the surface soil cover prevents escape of radon into the
atmosphere and, thus, increased entrapment of the radon in the top
moist cap (capping effect) accounts for the sharp rise following the
rainfall. The fast decay of the radon soon after the recession of rainfall is
consistent with the natural decay of radon with half life of 3.84 days,
whereas slow decay after a lapse of 3—4 days conform to the exponential
weakening of the capping effect. In addition, the rise and fall of
groundwater head in response to recharge/discharge of the aquifer
following the sequence of rainfalls and inventing dry spells modulate
propagation of radon in overlying layers, which account for the ob-
served phase shifted long term variations in radon, especially in be-
tween interval of two sequences of rainfall (Fig. 10d, e). Comparison of
observed and simulated radon variations due to various hydrological
parameters (Fig. 11) shows that short term changes inflicted by rainfall
events are strikingly similar to the nature of perturbations which based
on synoptic observations are shown to precede the occurrence of large
earthquakes (Fu et al., 2008, 2009; Walia et al., 2009a, 2009b, 2013;
Yang et al., 2005, 2006) and, thus, restrict isolation of possible earth-
quake precursors from those inflicted by rainfall. An important con-
clusion to emerge from this case history is that unless the effects of
meteorological and hydrological parameters are quantified and elimi-
nated some precursory signals may be either masked or some pertur-
bations may be falsely viewed as earthquake precursors. This
strengthens the suggestion of Woith (2015) that only a fraction of re-
ported radon precursors may be real in the sense that they are physi-
cally related to the preparation process of an impending earthquake.
Much better understanding of the physical processes and the develop-
ment of robust tools to link likely precursory signal with the source
mechanism of earthquakes in the given tectonic setting needs to be
pursued before precursory signals can be used in real time forecasting
of earthquakes. Recognising the vital knowledge gaps in any individual
precursor, the focus of earthquake precursory research is shifting on the
integration of multiple precursors (Cicerone et al., 2009; Arora et al.,
2012; Zeng et al., 2015)
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