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Introduction. Multiple studies have being done on the possible connection between seismic or/and atmospheric events with neutron counting rate (further referred as NCR) registered with the surface and underground neutron monitors located at Tien-Shan high-elevation mountain station (3340 m above sea level) [1, 2]. Neutron monitors and detectors facilities around the world have being addressing the same connection with unconvincing results [3-6]. The known loose and complex relationships between variables in the earth sciences, their complex geographical and frequency distribution demand the proper treatment by the time series statistical methods of analysis [7-10]. 
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We have considered several methods for time series analysis applied to the neutron monitor counting rate and earthquake data set to find a possible correlation between the neutron counting rate at Tien-Shan mountain station and simultaneously registered earthquakes in 2000 km range from the target city of Almaty, Kazakhstan. This correlation has a complex form defined by the spatially and temporally ordered set of events and used to estimate the probability of an earthquake based on the readings of the station’s detectors located 50 km up in the mountains around the city. We also tested few other methods for nonlinear data analysis and processing results for the further development.
Experimental results The two time series chosen for analysis are represented by the neutron monitor data through the single month of September 2007 and by corresponding set of seismic events registered in the same month and available from the National Nuclear Center of the Republic of Kazakhstan [12]. The NCR data were acquired with a 1-minute temporal resolution by the neutron monitors at Tien-Shan Mountain Station (3340 m above sea level) and could be found for download and analysis at [17]. 
The following single smooth generalized regression model was considered.
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where f(emt). Low index t stands for the time dependence.follows Poisson distribution with mean exp(f(emt))and NCRt  is a smooth unknown function of the earthquake magnitude emt at time E(NCRt)=μt 
[image: image9.png]Neutron Countiong Rate

4800

4600

3
4400

S
N
=3
S

S
o
S
S

3800

3600

channel #1

L R B U
. ettt e e, -
. PRI S R A IS o
~..’."~.2‘,§5~~\: Wt e .
R A S S LS ACK 0 S 5
. Lt R A e Y o
Lo, PR :,’.i::.,;,,g,‘::..:.:’..’:.. DRI
Coe T, SRR R R
LR KR, IR .
oL EREE R .
.y Lo N o ua{v&'.. et .
RIS R e LA 2 RN
I R e ST e
NGRS R ST e .
AR B, 00
L e g St T
o SN
RENEARI 10 e
A L Wiy N
. s t1.9¢ y e, 3 RN
LA st A SRR
L S Frre 2 e .
A h e s e
RSB LN L
R N SR X AR SRR EAI
Lo e i el e
R R e e
g X3 LA .
e T . SR T
8 ot A
Pt X SRR .
MRS IR RN T .
RESSSTARTRE X e e .
PRARERN "t SEIR A (A SR
RTRSIORTIPNE X %}v:;m.‘i:.“»s‘.zv’.m . .
LT ,.fg ‘:;:’}:":’;: AR T
M L DX o ivg et L
PRI 3 Y ORI .
LT ARG R R T T
.o ‘. R LS TR £ AR SRV RS A O T TS
R - ot S e SR
r R N s AT TR
AR MRS IPORPRA R .
R R P AT I .
. Lot e . ‘.
1+ hd Lo+ e L . L L

Magnitude of an Earthquake





[image: image10]

Different approaches to fitting such a model have been developed. Here we used the penalized regression smoothing spline approach [12]. The smooth function f(emt) was represented by penalized cubic regression splines with the basis dimension 10. Smoothing parameter was selected by minimizing the unbiased risk estimator [13].  For implementation of this approach R package mgcv has been used. R is a free programming language and environment standard for practical statistical analysis.

Four subsets of data have been analyzed. Each subset is selected to be within the certain distance range from the city of Almaty. That is within 0 to 500 km, 500 to 1000 km, 1000 to 1500 km and from 1500 to 2000 km. The distance between the registered earthquake and Almaty city has been calculated along the great-circle connecting these two points using the haversine formula. Fig. 1 shows the estimated fitted curves for all four data sets. 

All regression curves plotted are found to be characterized by a low (α=0.1) or none statistical significance. Diurnal and lower frequency variations in data have being kept and served for the purpose of additional data quality analysis. These variations are hidden in the density of scatterplot changing along the Y axis. The transient difference between the upper left plot (range from 0 to 500 km) and the bottom right one (range from 1500 to 2000 km) is mainly caused by the structure of our data favoring the events happening within the Kazakhstan Republic, close to Almaty city [14].
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Additionally the newer set of data both from neutron monitor and earthquake databases covering the whole year of 2009 have being analyzed for the purpose of finding the standard Grassberger-Procaccia correlation dimension of a strange attractor. Grassberger-Procaccia suggested the following correlation integral to compute
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where H stands for Heaviside step function. The pair of points xi and xj to be taken from the space of normalized neutron counting rate vs. earthquake magnitudes which are happened to be registered at the same time, see Fig.2. As suggested in [15], the dimension ν of a strange attractor could be found from a log-log plot of C(N,r) function versus r according to the following equation 
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These results are plotted on Fig.3. We intended to use these data later for acquisition channel quality assessment, to find possible correlation with geophysical data (earthquakes etc.) and to develop chaotic modeling and simulation methods in nuclear physics with an emphasis on teaching these methods for students
Conclusions As we can see if the comparatively reach data statistics is available (like for the data points in 0 to 500 km range) the certain conclusions could be made about possible correlation between earthquakes and NCR. Despite the luck of desired prediction power this correlation contains potentially rich information on seismic events distribution throughout Republic and their coupling to the ionosphere phenomena. Consideration of the data covering a greater time period available from both Kazakhstan National Data Center and Tien-Shan neutron detector station allows us to employ the advance methods of studying fractal and chaotic properties of our NCR vs. em earthquake magnitude data with promising results. 
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Fig.1. NCR vs. em dependence plotted for 4 data sets. From top to bottom and from left to the right, the earthquakes are registered within 0 to 500 km, 500 to 1000 km, 1000 to 1500 km and 1500 to 2000 km. Two σ confidence interval is marked by the dotted lines on each plot.





Fig.2. NCR vs. em scatterplot for year 2009. NCR values with no corresponding seismic events have being omitted. Linear artifacts (horizontal lines) where NCR stays the same for a long period of time are easily observed.





Fig.3. log-log plot for C(N,r) vs. r correlation integral obtained from the year 2009 for three separate channels of neutron detectors. Earthquakes data stays the same.
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