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Abstract
Soil–gas radon time series data has been generated at Dharamshala station for seismic studies in NW Himalayas, India. 
Compared with the influence of temperature and pressure, radon and rainfall have shown a strong correlation. Decomposi-
tion of radon time series into three component series (seasonal, trend, and residual) has been done for further recognizing 
the authentic anomalous values. The irregular patterns in daily and residual radon data have been associated with earthquake 
events and rainfall. This monitoring station found to be sensitive to the seismic events within a distance of about 70 km.
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Introduction

Earthquakes cause a remarkable menace to humankind. Over 
the past decade, it has been the dominating source of causal-
ity from universal calamity. By this, about 60,000 people 
in a year have lost their lives worldwide and about 90% of 
earthquakes occurred in developing countries [1]. Dharam-
shala region of Kangra valley of Himachal Pradesh, which is 
a part of NW Himalayas, is susceptible from a tectonic per-
spective. It is located in Zone IV of the seismic zoning map 
of India having many regional and local thrust faults [2]. 
The area has witnessed some major as well as minor earth-
quakes during the last century [2, 3]. Considerable harmful 

seismic events have battered the state and the adjacent parts 
of neighboring states (Punjab, Uttar Pradesh, and Jammu 
& Kashmir). A few of the noticeable seismic events that 
jolted the state are the Kangra earthquake 1905 of magnitude 
8.0, the Kinnaur earthquake 1975 of magnitude 6.7, and the 
Dharamshala earthquake 1986 of magnitude 5.7. Apart from 
these symbolic earthquakes, more than 250 seismic events 
having a magnitude of 4 or more have also been recorded 
in the region, Inconsistent with other natural threats namely 
torrential rain, avalanche, etc. knock without any alarm 
and seriously influence humankind and their commercial 
losses. Until now in earth science, there is no comprehensive 
procedure to predict the time/location/magnitude of a com-
ing earthquake.Possible geochemical precursors have been 
observed hours to months before some strong earthquakes 
at many sensitive and non-sensitive monitoring sites [4–8]. 
Sensitive sites are those sites that are more sensitive by a 
relatively small seismic shaking or stress increase. They are 
usually found along with or around active faults [9, 10] and 
considered as a potential location for earthquake precur-
sory research. Among the geochemical precursors, radon 
(222Rn) is proved to be one of the most promising geochemi-
cal precursors [11–19]. It has been also observed from the 
monitoring of 222Rn in soil and groundwater that spatial and 
temporal variations can give valuable clues about geody-
namical events. Additionally, 222Rn has proven to be very 
useful as a tracer to understand greenhouse gases behaviors 
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in the atmosphere, and their interchange with the soil [20]. 
A relatively high amount of 222Rn data has been monitored 
in many countries both by grab and steady modes [21]. Sev-
eral components that affect radon emanation coefficient and 
exhalation in soil have been reported [22–24]. There exists 
a strong correlation between the porosity and the radon 
emanation and the porosity and the exhalation [25]. Ema-
nation controls the movement of radon atoms from within 
solid grains into free spaces of materials (pores, micropo-
res, cracks). Whereas the exhalation rate is a measure of 
the liberation of radon from inside a sample to outside the 
sample [26]. The anomalous changes in the concentration 
of radon provide evidence in seismo-tectonic disturbances 
[27–29]. However, soil–gas radon emanation and exhala-
tion from the bottom of the earth towards the surface is also 
affected by environmental parameters such as rainfall, tem-
perature relative humidity, and pressure [30–35]. The shared 
daily cycles, local multi-hours, and multi-day radon signals, 

and shared periodic annual and semi-annual radon signals 
have been reported by Siino et al. [36] in their radon moni-
toring network in Italy. According to them, variations of 
atmospheric pressure and temperature would be responsible 
for short-term periods while for long-term ones seasonal 
rainfall cycles are likely to play an important role. As the 
radon emanation is not only affected by seismic events but 
also by meteorological parameters. Therefore, it is often not 
possible to identify radon anomalies or radon irregular pat-
terns caused by seismic events, and those merely caused 
by climate changes. Some anomalies are hidden whereas 
some anomalies are erroneously considered as earthquake 
precursors.These necessities the usage of statistical and 
computational tools to minimize the effects of meteorologi-
cal parameters on radon emission [32, 33, 37, 38]. In the 
present study, the correlation between observed radon using 
a barasol probe in the Dharamshala region of Kangra Val-
ley in NW Himalayas (Fig. 1) and metrological parameters 

Fig. 1   The geological map showing the location of radon monitor-
ing station and location of India Meteorological Department  (IMD) 
monitoring stations in Himachal Himalayas, India (IMD-1 Dalhou-

sie, IMD-2 Pong, IMD-3 Sunder Nagar, IMD-4 Shimla, and IMD-5 
Kalpa). It is also showing all of the earthquake events which satisfied 
or not satisfied our selection criteria recorded in our study time
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have been calculated using a Pearson correlation. Also, 
seasonal changes and trends in continuous soil–gas radon 
time series have been removed for obtaining residual radon 
using the time series decomposition method. With the aim 
to recognize authentic radon anomalous values or irregular 
patterns, observed radon time series together with residual 
radon has been correlated with seismic events and metro-
logical parameters.

Geology of the study area

Geologically the study area consists of rocks of the Siwalik 
Group (Outer Himalaya) and the Lesser Himalayan zone 
[39]. Rock types of the Siwalik Group are dominantly rep-
resented by sedimentary sequences of mudstone, shale, clay, 
coarsely bedded the conglomerate and sandstones of Middle 
Miocene to Upper Pleistocene times. The lesser Himalayan 
zone, comprising lower tertiary Dharamshala sandstones and 
Sabathu shales, early Precambrian slates, phyllites, schists 
limestones and basic lava flows followed by late Precam-
brian Dhauladhar granites and gneisses dominate the study 
area. Lesser Himalayan zone rocks are over thrust over the 
Siwalik formation along with a series of major thrust planes, 
the Main Central thrust (MCT), the Main Boundary Thrust 
(MBT), and the Himalayan frontal thrust (HFT) which came 
into existence during the collision of the Indian and Eurasian 
converging plates [40, 41]. Further, the region is traversed by 
numerous faults and lineaments that cross-cut the litho-units 
of the region transversely controlling the main structural pat-
tern and high seismicity [40] and related geological attrib-
utes viz. development of a significant amount of second-
ary structurally controlled porosity and permeability along 
fractured joints, fault zones and formation contacts [42, 43].

Experimental

In the present study, the Barasol radon probe (BMC21) 
produced by Algade France has been utilized for a steady 
recording of radon, temperature, and pressure in soil gas. 
It is formed of a sensor (Silicon alpha sensitive detector) 
that notes the radon gas go into the detection chamber. The 
BMC2 probe consists of an observation unit, electronics, 
and a cell unit shaped inside an instrument consisting of a 
tube made of an epoxy glass material 61 mm in diameter 
and 500 mm long [44]. As a norm, an eight-pin connector 
brings the probe interconnection and control. The connector 
has an air and watertight index of IP 68 when covered by 
the cap. The battery unit has space for two batteries of 1.5 

V. We have used alkaline batteries because of their longer 
shelf life than other batteries. Two alkaline batteries provide 
the probe for more than 6 months of self-supporting action. 
It can store data for 1 year.

BMC2 as well as all-solid-state radon detectors are char-
acterized by a strong performance dependence from absolute 
humidity [45]. The response of radon monitors employing 
semiconductor detectors needs to be corrected as a function 
of absolute humidity. Especially if an electrostatic collec-
tion of the short-lived radon daughters take place and/or big 
sized detection volumes are adopted. Water molecules cause 
the neutralization of radon progenies, reducing the detector 
efficiency [45, 46].

It is installed in the hole at a depth of 1.0 m by casing 
this hole with the PVC pipe with 15 min radon monitoring 
time interval at the Dharamshala station of Kangra Valley in 
NW Himalayas, India (Fig. 2). The outside of the PVC pipe 
was covered with the steel casing to protect the monitoring 
station from extreme weather conditions.

Fig. 2   The sketch showing the observational method used in the pre-
sent study. The structure of the observation hole, BMC2 position, 
data collector, and power supply

1  Barasol Multi Capteurs.
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Methods

Pearson correlation coefficient

Pearson’s correlation coefficient (r) is defined as a measure 
of the strength of the relationship between two variables and 
their correlation [47]. In a few words, r estimated the effect 
of one variable when another variable changes. The corre-
lation coefficient formula can find the relationship between 
variables. It returns the values between − 1 and 1. Following 
is the Pearson coefficient correlation formula to measure the 
strength of two variables.

where N is the number of pairs of data points, ΣXY is the 
sum of the products of paired data points, ΣX is the sum of 
X data points, ΣY is the sum of Y data points, ΣX2 is the sum 
of squared X data points, and ΣY2 is the sum of squared Y 
data points.

Time series decomposition

Time series data can display various patterns. It has always 
valuable to break the time series into several components, 
each of which represents a hidden pattern category.

The three forms of time series patterns: trend, seasonal-
ity, and cycles. During the process of decomposing a time 
series into its components, the trend and period are normally 
joined into a single trend-cycle component (occasionally it is 
called a trend for clarity). Therefore, it is believed that time 
series consists of three components: a trend-cycle compo-
nent, a seasonal component, and a remainder component 
(containing anything else in the time series). If an additive 
decomposition is assumed, then it can be written as

where Yt = the data, St = the seasonal component, Tt = the 
trend-cycle component, and Rt = the remainder component, 
entire at period t. In lieu of, a multiplicative decomposition 
would be written as

If the magnitude of seasonal fluctuations or changes 
around the trend cycle does not change with the level of the 
time series, additive decomposition is applicable. And when 
changes in seasonal patterns or changes around the trend 
cycle seem to be comparative to the level of the time series, 
multiplicative decomposition is applicable. Multiplicative 
decompositions are common with economic time series. An 

(1)
r =

NSXY − SXSY
√

[

NSX2 − (SX)2
][

NSY2 − (SY)2
]

(2)Yt = St + Tt + Rt

(3)Yt = St × Tt × Rt

alternative to employing a multiplicative decomposition is 
to first convert the data down to the fluctuation in the series 
come out to be steady over time, then apply an additive 
decomposition. When a log transformation has been used, 
this is equivalent to using a multiplicative decomposition 
because

Results and discussion

In the present study, the characteristics of temporal vari-
ability of soil–gas radon concentrations at the Dharamshala 
monitoring station has been examined. To make the conti-
nuity and regularity of the data, the data has been carefully 
selected for intervals with minimum breaks. The breaks in 
the data may be due to power loss, as sometimes batteries 
drain out before the battery replacement dates. We cannot 
see that the sensor at the station is working or not as this 
monitoring, is not real-time. The selected soil–gas radon 
concentrations data along with temperature, pressure, and 
rainfall of years 2016 and 2017 are shown in Fig. 3a and b. 
We recorded anomalously high radon value at some points 
in the year 2016. Those anomalously unexpected high radon 
values may be due to the malfunctioning of equipment or 
due to meteorological electric and electromagnetic activity 
[33, 45] or other unknown reasons. Radon instruments can 
be to be vulnerable to close exposure of the small electric 
spark and they produced spurious counts. These values may 
cause unnecessary high deviation and have perturbed the 
real anomalies [48–50]. These values have been replaced 
with the average of neighboring values. It is the general cri-
teria being used at the International level [44, 48–51] for 
defining radon anomalies with better accuracy. Figure 4a and 
b show the soil–gas radon concentrations data after neglect-
ing anomalously high radon values along with temperature, 
pressure, and rainfall of years 2016 and 2017. The rainfall 
data from the India Meteorological Department (IMD), 
the government of India has been obtained from the near-
est weather station i.e. IMD-1 Dalhousie (Fig. 1). Rainfall 
data was available with daily sampling, so for the sake of 
uniformity and comparison 15-min radon, temperature, and 
pressure data have been reduced to daily averages (Fig. 4a, 
b).

To find a radon correlation with temperature, pressure, 
and rainfall, we have used Pearson correlation. It computes 
in what way two continual signals co-vary overtime and 
point out the linear relation as a number within − 1 (negative 
correlation) to 0 (no correlation) to 1 (perfectly correlated). 
In a negative correlation, one variable increases as the other 
decreases, and vice versa. The computed overall Pearson (r) 

Yt = St × Tt × Rt is equivalent to Log Yt = Log St + Log Tt + LogRt
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between radon and temperature for 2016 and 2017 in our 
study is weak and negative i.e. − 0.28 and − 0.23, respec-
tively (Fig. 5a, b). When temperature changes, a temperature 

gradient appears between the bottom and the top of the 
hole where radon concentrations are measured. This leads 
to changes in pressure gradient and of concentration [52, 

Fig. 3   Recorded soil-gas radon concentrations along with temperature, pressure, and rainfall at the Dharamshala monitoring station, NW Hima-
laya, India. a for the year 2016 and b for the year 2017
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53] Fig. 6 a and b shows the computed overall Pearson (r) 
between radon and pressure for 2016 and 2017 are 0.22 and 
0.26, respectively. The role of atmospheric pressure on radon 
transport is well known for its pumping or piston effect [54, 

55]. Various studies in different countries have reported no 
correlation [56] negative correlation [32, 57], and positive 
correlation [56–58] of radon with temperature and pressure. 
Siino et al. [36] have reported a different correlation of radon 

Fig. 4   Daily soil-gas radon concentrations along with temperature, pressure, and rainfall at the Dharamshala monitoring station, NW Himalaya, 
India. a for the year 2016 and b for the year 2017
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with temperature and pressure for their nine monitoring sta-
tions in Italy. It is noticed that there is not a uniform and 
stable relations between radon and meteorological variables 
but that this relationship is complex and site-dependent.

The computed overall Pearson (r) between radon and 
rainfall for 2016 and 2017 are − 0.15 and − 0.38 respec-
tively (Fig. 7a, b). The radon emanation rates are extremely 
reduced by heavy rainfall because the water fills the empty 

pores and reduces the diffusion of radon [33]. After rainfall, 
the exhalations are rapidly recovered and increased [56].

The Total Pearson (r) is an estimate of overall synchrony 
that weakens the interconnection between two signals to an 
individual value. Despite that, there is an approach to see 
from moment-to-moment, local synchrony, using Pearson 
correlation. One method to do this is by calculating the Pear-
son correlation in a short section of the signal, and redo 

Fig. 5   The computed overall Pearson (r) between radon and tem-
perature and moment-to-moment, local synchrony between radon and 
temperature using Pearson correlation, repeated along with a rolling 

window of 30 days a for year the 2016 and b for the year 2017 at the 
Dharamshala monitoring station, NW Himalaya, India
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the action forward with a rolling window as far as the total 
signal is completed. In our study, we have calculated the 
Pearson correlation in the radon signal, and redo the action 
forward with a rolling window of 30 days until all signal 
is completed (Figs. 5, 6 and 7). It is clear from these fig-
ures that radon is not only restraint by single metrological 
parameters but multi metrological parameters. Apart from 
meteorological parameter fluctuations, there are possibly 
more variables that influence the radon emission such as 
soil permeability and soil porosity [59, 60] and such depend-
ence can be sophisticated differing from location to location 
and leading consequently to location-specific characteristics 
of the radon [58, 61]. There is a need for having more than 
one variable investigation using detailed statistics means for 

better recognition of the characteristics of radon emission 
[36].

Compared with the influence of other meteorologi-
cal parameters, we found that there is a strong correla-
tion between the exhalation rate with the precipitation 
(Figs. 5, 6 and 7). Also, from moment-to-moment, local 
synchrony between radon and rainfall (Fig. 7) that if the 
rainfall is heavy and cumulative, the radon values are low. 
This decay of radon after the downturn of precipitation is 
exponential; one possible reason is the natural decay of 
radon with a half-life of 3.84 days, and the second reason 
is the weakening of the capping effect [33]. Piersanti et al. 
[60] from his continuous radon monitoring in Italy has also 
observed that after a major precipitation episode radon 

Fig. 6   The computed overall Pearson (r) between radon and pressure 
and moment-to-moment, local synchrony between radon and pressure 
using Pearson correlation, repeated along with a rolling window of 

30 days a for the year 2016 and b for the year 2017 at the Dharam-
shala monitoring station, NW Himalaya, India
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concentration drastically falls by a factor greater than 10 up 
to a factor of almost 100. Arora et al. [33] from their study in 
Taiwan has found a strong effect of rainfall on radon. They 
found at the beginning of rainfall, radon showed a step tran-
sition and reached a peak with a time lag of 12–15 h. They 
have also found that radon after attaining a peak immediately 
after the rainfall shows regular recession in a complex man-
ner after the long sequences of rainfall. Kulali et al. [56] 
from their study in Turkey has observed a significant correla-
tion in the relation to the exhalation rate with the precipita-
tion. The exhalation rates are extremely reduced by heavy 
rainfall. The impact of temperature and pressure on radon is 
not as substantial as the effect of rainfall in this study.

Figure 4a and b indicates a few periods of abnormal rise 
and fall of radon for 2016 and 2017 around the cumulative 
rainfall or may be due to some seismic events in the study 
areas. When an earthquake happens, faults in the bedrock 
boost radon emanation. Radon gas is drifted up to the soil 
surface by the inner fluids. Then the amount of radon meet-
ing the surface of the soil is larger than the usually recorded 
values [13, 62].

This preliminary investigation of irregular patterns in 
radon concentrations at some points has been subjected to 
a detailed analysis to authenticate the results. This detailed 
analysis includes the decomposition of time series. Time 
series decomposition is the mathematical process of 

Fig. 7   The computed overall Pearson (r) between radon and rainfall 
and moment-to-moment, local synchrony between radon and pressure 
using Pearson correlation, repeated along with a rolling window of 

30 days a for the year 2016 and b for the year 2017 at the Dharam-
shala monitoring station, NW Himalaya, India
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converting a time series into multiple different time series. 
The original time series is often split into three component 
series (seasonal, trend and random). When a series shows 
periodic fluctuations based on the season (for example, every 
month/quarter/year), there is a seasonal component.

Seasonality is often of a set and known period. The trend 
component is the long-term increase or decrease of the 
information, which cannot be linear. Sometimes it would 
change direction as time increases. Random is additionally 
called noise, irregular or remainder; this can be the residual 
time series from the initial ones after removing the seasonal 
and trend variations. There are several ways to decompose 
a time series [63, 64]. The classic decomposition method 
commenced within the 1920s and maybe a comparably sim-
ple process. Classical decomposition has two forms, additive 
decomposition, and multiplicative decomposition. Within 
the additive decomposition, the overall data is taken as the 
sum of the decomposed patterns. Whereas during a multipli-
cative decomposition, the given time series data are treated 
as the product of the decomposed patterns [65].

In the present study, we have used Panda’s library for the 
radon time series decomposition, which offers a lot of flex-
ibility when manipulating data, and allowing us to perform 
statistical computing in Python. Statsmodels provides a con-
venient seasonal decomposition function, which can perform 
seasonal decomposition immediately. It can be ready with 
inborn datasets so we can put a time-series dataset directly 
into memory. Figure 8a and b show the decomposition of 
the radon time series (observed radon, trend, seasonal, and 
residual) using Statsmodels for 2016 and 2017. There are 
some clear trends but the seasonal composition of radon 
doesn’t exist. The third curve in the figure shows the regular 
periodic fluctuation of about four days. This may correspond 
to the natural decay of radon with a half-life of 3.84 days.

Besides this, radon time series decomposition has been 
done by a polynomial fitting method to authenticate our 
results further. It is a well-known method that utilizes the 
classical statistical technique of regression analysis to esti-
mate the parameters of low order polynomials, such as the 
linear and quadratic [66]. Here we have defined an order 
of polynomial three to fit in our data and find out the coef-
ficient. Firstly, we found the overall trend in the radon time 
series, and then we have reduced the overall trend com-
ponent from the original radon time series. After that, we 
found a seasonal component, and then we have reduced this 
seasonal component from the original radon time series. 
Finally, the overall trend and seasonal component have 
been reduced from the original radon time series to reach 

the residual component. Figure 9a and b show the decom-
position of radon time series (observed radon, de-trend, de-
seasonal, and residual) using a polynomial fitting method for 
2016 and 2017. There are also irregular patterns in residual 
radon data of 2016 and 2017.

To correlate the residual radon data with the earth-
quake that occurred in the study area during the observa-
tion time, only earthquakes with a magnitude two or more, 
depth ≤ 40  km, epicentral distance (R) < 100  km, and 
D/R ratio ≥ 1 (where D = 100.43Mtheoretical strain radii of 
impending earthquakes proposed by Dobrovolsky [67] has 
been selected. Also, in the case of a group of the earthquake 
that is close together reported during our study time, we have 
selected the largest earthquake before the anomaly [44, 68]. 
The seismic data has been taken from IMD, Government of 
India. Figure 1 shows the location of IMD monitoring sta-
tions in Himachal Himalayas and a number of seismic events 
that matched or not matched our criteria reported during our 
study time. Numerous statistical methods have been used by 
different authors in the past to identify probable threshold 
values of the anomalous radon concentration or irregular 
patterns of radon [6, 48, 68, 69]. The most trusted method 
is considering the average (Avg.) + ‘n’ standard deviation 
(σ) as an anomaly in soil–gas and is found to be appropri-
ate for soil–gas survey interpretations [48, 50, and 69]. In 
our study, radon concentration the statistical threshold value 
of gas anomalies or irregular patterns is fixed at the Avg. 
+ 2σ. Figure 10a and b shows the daily radon, residuals 
radon calculated from Statsmodel and polynomial fitting 
method along with seismic events and rainfall that occurred 
during the study time. In 2016, four earthquake events that 
satisfy our criteria having different magnitudes (3.4, 2.8, 
4.2, and 3.7) which occurred on March 30, 2016, May 22, 
2016, August 28, 2016, and November 16, 2016, respec-
tively have been reported by IMD (Table 1). The irregular 
patterns in daily radon, as well as residual radon data calcu-
lated from Statsmodel and polynomial fitting method, have 
been observed before the first and fourth earthquake events 
(purple rectangles in Fig. 10a). Before the third earthquake 
event, irregular patterns in residual radon data calculated 
by Statsmodel has been observed, whereas, residual radon 
value calculated by polynomial fitting method observed to 
be close to average (Avg.) plus two standard deviations (2σ). 
However, no irregular patterns have been found in normal 
daily radon variations. This may be due to the combined 
effects of the rainfall as well as earthquakes during this time. 
No irregular patterns in daily and residual radon data have 
been found before the second earthquake event; this may 
be related to the heavy and cumulative rainfall during this 
time (red rectangles in Fig. 10a). Also, during heavy and 
cumulative rainfall, radon value is low; this may be due to 
the weakening of the capping effect [33, 70] as the water fills 
the empty pores and reduces the diffusion of radon. Either a 

Fig. 8   Decomposition of radon time series (from the top first panel 
is observed radon, the second panel is a trend, the third panel is sea-
sonal, and the fourth panel is residual) using Statsmodels (a) for the 
year 2016 and (b) for the year 2017

◂
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decrease in the capping effect emerges due to the evapora-
tion of moisture from the topsoil cover or by hydrological 
factors that make easier the expulsion (squeezing) of water 
from the upper layer. The irregular patterns in daily radon 
and residual radon data have been observed two more times 
but not followed by any earthquake events (black rectangles 
in Fig. 10a). One of the reasons for that is the light rainfall 
during this period (capping effect). This is because as rain-
fall begins, the soil gets humid and the transfer of radon from 
soil to atmosphere and vice versa is constrained, leading to 
radon accumulation beneath the thin cap of humid soil [33, 
70].

Also, in 2017, four earthquake events having different 
magnitude (3.1, 4.1, 3.6, and 3.1), that satisfy our criteria 
have been reported on June 14, 2017, August 16, 2017, 
September 24, 2017, and October 02, 2017, respectively 
(Table 1). For the first event, irregular patterns in daily 
radon, as well as residual radon data, have been recorded 
just after the event (purple rectangle in Fig. 10b). Before the 
second event, irregular patterns in residual radon calculated 
from Statsmodel have been observed and the radon resid-
ual value calculated from the polynomial fitting method is 
close to average (Avg.) plus two standard deviations (2σ). No 
irregular patterns in daily radon have been recorded before 
this event. This may be due to the combined effects of the 
rainfall as well as earthquakes during this time. For the third 
event, we observed anomalous patters just after it whereas 
an anomalous pattern before event four has been reported 
(purple rectangles in Fig. 10b). The irregular patterns in 
daily radon, as well as residual radon, have been observed 
two more times but not followed by any earthquake events 
(black rectangle in Fig. 10b). The possible reason for this 
might be the light rainfall during this period (capping effect).

In our study, an increase in radon value has been observed 
before for most of the earthquakes. There are many stud-
ies, which have reported increased or decreased radon value 
before, during, and after the earthquake. An increase in 
radon was also monitored in soil gas at the foothills of Mara-
galla, Islamabad before the earthquakes [71]. However, in a 
similar study carried out in Amritsar Punjab, India [50] has 
reported increase as well as a decrease in radon value before, 
during, and after the earthquake events. The study at the 
multi-parametric geophysical observatory in Assam Valley 
of Eastern Himalaya, and at Ghuttu, in Garhwal Himalaya 
India have reported increase as well as a decrease in radon 
value before, during, and after the earthquake [72, 73].

In the present study, all the seismic events occurring 
within a distance of 70 km from the monitoring station 

correlated with the anomalous radon values, except for one 
seismic event (Table 1). This monitoring station seems to be 
sensitive only for earthquakes within a distance of 70 km. 
However, to test and verify it we need more radon acquisi-
tion. MBT and MCT are several hundred kilometers long; 
therefore, soil–gas monitoring in a single location may not 
provide reliable results. A network of soil–gas monitor-
ing stations is necessary to build up for obtaining reliable 
observing results to predict seismicity along a fault of sev-
eral hundred kilometers long.

Conclusions

In the present study, characteristics of temporal variability of 
soil–gas radon concentrations at the Dharamshala monitor-
ing station, NW Himalaya India have been examined. Pear-
son correlation was computed by radon against temperature 
and pressure, and rainfall which was found to be − 0.28, 
− 0.22, and − 0.15 for 2016, and − 0.23, 0.26, and − 0.38 for 
2017, respectively. The impact of temperature and pressure 
on radon is not as substantial as the effect of rainfall in this 
study. The overall influence of rainfall on radon is found 
to be a week. But local synchrony influence of rainfall on 
radon is found to be strongest. Apart from meteorological 
parameter fluctuations, there are possibly more variables 
that influence the radon emanation and it’s also apparent 
that such dependence can be sophisticated differing from 
location to location and leading consequently to location-
specific characteristics of the radon. The daily radon concen-
tration has been subjected to a detailed analysis for reliable 
identification of anomalous values using decomposition of 
time series. The irregular patterns in daily radon are com-
pared with residual radon data for identifying promising 
anomalous values. The irregular patterns observed in daily 
radon and residual radon data are caused not only by seismic 
activities but also associated with heavy and/or cumulative 
precipitations. In our study, an increase in radon value has 
been observed before for most of the earthquakes. All the 
seismic events occurring within 70 km from the monitoring 
stations correlated with the anomalous radon values, except 
one event, it can also be concluded that this monitoring sta-
tion is sensitive to the earthquake occurring within a dis-
tance of 70 km. However, to test and verify it we need to 
generate more radon data. Also, to predict seismicity along 
a fault of several 1000 km long, it is necessary to build up a 
network of soil–gas monitoring stations for improving the 
resolutions of reliable monitoring results. Our results sug-
gest, on a global outlook, that radon can be a potential seis-
mic signature for seismically active regions. Furthermore, 
we also need to thoroughly study the effect of metrological 
parameters on radon emission simultaneously to explore 
valid anomalous values.

Fig. 9   Decomposition of the radon time series (from the top first 
panel is observed radon, the second panel is De-trend, the third panel 
is De-seasonal, and the fourth panel is residual) using polynomial fit-
ting method a for the 2016 and b for the year 2017

◂
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Fig. 10   Correlation of radon 
anomalies (from the top, the 
first panel is daily radon, the 
second panel is residual from 
Statsmodel, and the third panel 
is residual from polynomial 
fitting method) with rainfall 
(fourth panel) and seismic 
events (fifth panel) occurred 
during the study time a for the 
year 2016 and b for the year 
2017. Purple rectangle shows 
the earthquake events recorded 
after and before the irregular 
patterns in daily radon as well 
as residual radon data. The red 
rectangle shows the earthquake 
events recorded but no irregular 
patterns in daily radon as well 
as residual radon data. The 
black rectangle shows irregular 
patterns in daily radon as well 
as residual radon data but no 
earthquake events
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