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Increases of count rates measured by SEVAN cosmic ray detector at altitude 2634 m
(Lomnicky stit) during thunderstorm period in 2016 correspond with periods of high electric
field (usually with negative polarity) rather than with the individual discharges (lightning).

Short term (minutes to tens of minutes) increases in the upper scintillator of SEVAN detector
system at altitude 2634 m observed.

Increases correspond to periods of high electric field measured at the same site rather than
with the individual discharges (lightning).
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Abstract. Since March 2014, there is a continuous measurement of secondary cosmic
rays (CRs) by the detector system SEVAN (Space Environmental Viewing and Analysis
Network) at Lomnicky Stit, altitude 2634 masl. Starting from June 2016, the count rates (1s
resolution) obtained from the three SEVAN detectors and from their coincidences are
available, along with selected meteorological characteristics. Since May 30, 2016 the electric
field measurements have been installed at the same site. Several events with clear increase of
the count rate in the upper detector of SEVAN were observed during the thunderstorms until
September 17, 2016. Examples of these measurements are presented and discussed.
Barometric pressure correction and elimination of low frequency variability from the signal
allows to extract 2 min averaged increases from the data. It is shown that the 2 min averaged
increases of count rates measured by SEVAN correspond with periods of high electric field
(with higher probability during negative polarity) rather than with the individual discharges
(lightning).
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Introduction.

Cosmic rays and energetic particles in the surrounding of Earth play an important role
in" several atmospheric processes. The relation between secondary CRs and recently
discovered atmospheric phenomena such as TGF (terrestrial gamma ray flashes) and TGE
(thunderstorm ground enhancements) is not yet understood and progress in the field requires
simultaneous measurements of a large variety of observables.

Wilson already in (1924) predicted the existence of short-lived light flashes over large
thunderstorm clouds. A review on planetary atmospheric electricity can be found e.g. in paper
by Yair et al. (2008) and reviews on relations between CR and atmospheric processes e.g. in
(Dorman;.2004; Stozhkov 2002; Siingh and Singh 2010 among others). Details on secondary
CRs in the atmosphere are provided in the book by Grieder (2001).

Short pulses of y rays of duration less than about 1 ms with hard energy spectra
consistent with bremsstrahlung and related to atmospheric electrical discharges have been
first reported by Fishman et al. (1994) using data from the BATSE instrument onboard of
CGRO satellite. Until now there is rather long list of literature on TGF as well as on physical
interpretation and on suggestions/plans for future missions (e.g. @stgaard et al. (2008);
Cummeret al., 2014; Dwyer and Uman, 2014; Smith et al. 2005; Dwyer 2008; Dwyer et al.
2012; Connaughton et al. 2013; Bucik et al., 2006; Lefeuvre et al. 2008; Kudela and Blecki,
2015 and references within those papers).

Another high energy phenomenon, distinguished from the TGF, is the TGE. The
TGEs are often called gamma-ray glows or gamma-ray emissions and are usually several
minutes long. The enhancement of the radiation measured on the ground mostly does not
exceed 10% of the background values (Dwyer and Uman, 2014). They were observed on high
mountains (Chilingarian et al., 2011; 2016); almost at sea level in Japan during winter storms
with extremely low thundercloud altitudes (Tsuchiya et al., 2011; Torii et al., 2011), and
from balloons and aircrafts (e.g., Eack et al., 1996; McCarthy and Parks, 1985]. Chilingarian
et al., (2016), based on measurements of electron and gamma-ray spectra on the Mount
Aragats in Armenia during strong thunderstorms concluded that RREAs are robust and
realistic mechanism for electron acceleration. The effects of thunderstorm electric field on the
intensity of CR muons are reported by (Wang et al., 2012, abstract) too. Recently Kuroda et
al. (2016) reported three gamma-ray emissions related to thunderstorms in winter with use of
360-kg plastic scintillator at the coastal area of Japan Sea. By simulating the electrons at
specific energies falling down from altitudes ~100 m, the authors obtained the produced
gamma ray spectra. In addition, the authors reported one neutron event in one burst.

Paper by Gurevich et al. (1992) describes the runaway electron model for explanation
of the acceleration of electrons in thunderclouds (runaway electrons): supposing that the
electric field in the thundercloud can accelerate the electrons in the situation when (where)
the force from the electric field affecting the electrons overcomes their stopping power in the
air. Gamma rays can be produced via the bremsstrahlung in the atmosphere. SEVAN channel
1 can observe the increase of count rate due to the incidence of gamma rays plus e* e
component.

This paper will report about the measurements on the TGE, a high energy

phenomenon that can be distinguished from the TGF because of its long time duration, up to
several minutes. The observations were made at relatively sharp rocky high mountain peak of
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Lomnicky stit (LS). This work is a substantial extension of the work by Kollarik et al., (2016)
who compared 1- min records of the upper scintillator of SEVAN device at LS in 2014-2015
with the-data from lightning network described by Betz et al. (2009). Here we report about
the three month comparison (from June 10 to September 17, 2016) of 1 sec SEVAN data with
measurement of electric field that was installed at LS in June 2016. After short illustration of
electric field measurements and overview of 2 min averages of data for the period mentioned
above, the selected intervals with increases of count rates at SEVAN in coincidence with
large, usually negative electric field at the same site are illustrated. Statistical analysis of the
results is done in part 4 which is followed by a short summary. These measurements
complement those performed on Aragats mountain and in Tibet (Chilingarian et al., 2011;
2016; Tsuchiya et al., 2012).

1. Measurements of electric field at LS. Overview of SEVAN and E data.

Measurement of electrostatic field E, using an electric field mill EFM 100 at LS
started on May 30, 2016. The sensor has time resolution ~0.1 s, the data were digitized with a
sampling rate of 25 Hz. The dynamic range of the measurement was adjusted step by step to

avoid saturation during thunderstorms. Since June 29, 2016, this was set to |E| < 120 kV/m.
The dynamic range was set at |E|< 96 kV/m in the period of 10.-29.6.2016. The EFM100 was
mounted in the inverted position to minimize the rain noise. The EFM100 was calibrated with
the help of temporary reference EFM100 located subsequently at several places that had
approximately flat surface (locally). The estimated uncertainty of calibration (measurement
of E) at LS is=33% (sigma value). Fig. 1 shows the location of the installed EFM100 and two
locations of the reference EFM100 during the calibration at LS. Fig. 2 shows an example of
the electric field measurement on June 30, 2016. The electric field is positive if the
atmosphere above the EFM100 is positive with respect to the ground. A positive electric field
E of about 2 k\V/m was measured during the fair weather conditions (approximately 00:00 to
14:50 UT, and 19:00 to 24:00 UT). It is necessary to stress that this is a local value of E
measured close to the surface of the high mountain peak (LS). The expected value in the free
atmosphere during the fair weather is much lower, about ~0.1 kV/m (Rycroft et al., 2000).
Distinct fluctuations of E, with absolute values reaching up to about 110 kV/m, were
observed during thunderstorm. A similar system for the electric field measurement, only with
smaller dynamic range, was used by Chum et al. (2013).

The SEVAN cosmic ray (CR) instrument (described by Chilingarian et al., 2007)
measures. at LS with 1 sec resolution count rates in all three channels: upper (channel 1),
middle (channel 2), lower scintillator (channel 3) as well as coincidences since June 2016.
The upper layer is sensitive at that altitude to muons as well as to electrons and photons. The
sensitivity of different channels (layers of scintillators) to various types of particles is
described in the paper by Chilingarian and Reymers (2008). Estimate from Fig. 4 in that
paper for LS altitude gives particle fractions of electrons detected (secondaries due to
interactions of primary CR with the atmosphere) about 25-30% and muons 65-70%. The
efficiency of the upper layer to the electrons is about 95% and for gamma rays ~5%. The
energy threshold for electrons is ~4 MeV. The estimated energy threshold for the SEVAN
upper-5-cm thick scintillator (channel 1) is 3.6 £ 0.6 MeV (Chilingarian, Chilingarian and
Hovsepyan, 2015). That value is an “effective” energy threshold, not a true calibrated energy
threshold. Accounting for the material above the detector, we estimate an effective energy
threshold approximately 8 MeV. Supposing that clouds are rather high above the detector,

© 2017 American Geophysical Union. All rights reserved.



practically only gamma rays can reach the scintillator. The detection efficiency of the middle
(channel 2) and lower (channel 3) scintillators of SEVAN to both electrons and gamma rays
is more ‘than one order of magnitude lower than that for the upper scintillator (Mailyan,
http://www.crd.yerphi.am/adei/setups/asec/pictures/Efficiencies.pdf ).

While the fraction of neutrons and protons in SEVAN (channel 1) at the altitude of LS
corresponds to few per cent of the total count rate, the neutron monitor (NM) measuring
continuously at the same site (e.g. Kudela and Langer, 2009) has different sensitivity to the
nucleonic component of secondary CR. A recent paper (Aiemsa-ad et al., 2015) indicates that
percentage contribution of neutrons (including the low energy ones) to the total count rate of
a NM is ~ 65% and for total nucleon component (neutrons, protons) it is > 80 %. The
contribution of secondary y + e" + e is < 2%. Thus the increase in NM count rate is mostly
reflecting the enhancement of secondary CR flux of nucleons, and only extremely high
increases in the electromagnetic component portion of secondary CR may lead to an
observable effect on NM.

A comparison of 2 min averages of count rates measured by the upper channel of
SEVAN with 2 min averages of electric field is given in Figure 3.

It-is seen that in many cases the short spikes of count rates (about 2 min or slightly
longer) appear in time coincidence with extreme values of electric field. The count rates
shown in Fig. 3 are without atmospheric corrections and include not only variations of the
atmospheric origin, but also other types of variability of primary CR.

2. Selected Events.

Examples of simultaneous measurements of SEVAN upper channel (chl) count rates
and electric field at the same site (LS, 2634 masl.) during individual thunderstorms are
displayed in Figures 4 — 7. Figure 4 presents an example of subsequent increases of count
rates in the chl of SEVAN detector during large negative values of electric field, E~-100
kV/m,-on June 30, 2016. The increases of count rates are not observed at times of nearby
lightning discharges that are seen as spikes on the electric field measurements. Another
example from July 3, 2016, is presented in Figure 5. It documents that the large values of
electric field are important for increases of count rates to occur. No lightning were detected at
distances smaller than about 15 km from LS at the times when E was around -100 kV/m, and
the increases of count rates in chl were detected. In addition, contrary to the majority of
events, an increase of count rate was also observed in the middle channel ch2, and in the
neutron monitor (NM), in coincidence with the second pulse observed in ch 1. A random
coincidence of the single NM increase with the increase in SEVAN channel 1 cannot be
excluded.

Only 15% of the events recorded so far by SEVAN have been observed during large
positive E values. One example of such an observation is shown in Figure 6. Most of the
SEVAN count increases are not higher than about 10% with respect to background level.
Only.two events were much stronger (increase more than 100%). Both these strong events
occurred during large negative E values. One of them is shown in Figure 7. The electric field
observed in correspondence of a 150% increase of the count rate at ~13:22 UT (82 min in
Fig. 8) was about -80 kV/m, i.e. less intense than in the events shown in previous figures,
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where the CR increases were less than 15% of the total background rate. The reason for the
observation of the large increase of the count rate in chl during the large but not extreme
values of E is not known. Obviously, the local E is not the only parameter that controls the
increase of the count rate.

4. Discussion.

The raw count rates recorded by the upper layer scintillator, Nraw, are plotted in the
overview in Fig. 3 as well as in the event examples in Fig. 4 to 7. For further analyses, the
raw count rates were processed as follows: (a) correction according to barometric pressure;
(b) high pass filtering to remove the low frequencies from the corrected signal.

Using the correction Ncor = Nraw .€Xp (f.(p-po)) one obtains the pressure corrected
data. The barometric coefficient £ has been obtained from the scatter plot in Fig. 8, using all
data available under study.

The estimate of coefficient g = - 0.432 %/mb (at altitude 2634 masl.) is consistent
well-with .those of SEVAN upper scintillator at the two different locations in Armenia
reported by Chilingarian and Karapetyan (2011), namely at Aragats (3200 masl.) g = -0.466
+ 0.018 %/mb, and at Nor Amberd (2000 masl.) g = - 0.274 £ 0.016 %/mb. The pressure
correction'is helpful for longer excursions in pressure like e.g. the increase in day 85, but it is
not affecting the spiky structure corresponding to E field extremes. Further corrections to
compensate temperature effects (the diurnal variation is clearly visible in the pressure
corrected data) and for the altitude of the pion production layer is important to do next (as
e.g. for another muon detector system indicated by Zazyan et al. (2015). Seasonal variations
of B-for muon detectors have to be taken in to account when studying long term variations
(recently e. g. Maghrabi and Almutayri, 2016). However, this effect is not significant for the
short time intervals studied here.

A Fourier analysis is then done on the data, as shown in Fig. 9.: the diurnal and
semidiurnal modulation is clearly visible. At lower frequencies the pronounced peak is at ~
13.7 day (close to that observed in muons e.g. by Vieira et al., 2011) and possibly the ~27
day one.of interplanetary/solar origin. To eliminate those quasi-periodicities and to extract
short time increases we have used the high pass FFT filter with the cut-off frequency 2.5.10°
Hz (corresponding to elimination also the second harmonic of the diurnal wave). Figure 10
presents the time series including the filtered data (Ncorfitt).

The filtered time series is almost stationary and it is useful for the selection of the
short term variations of non-periodic character. The occurrence frequencies of 2 min averages
of count rates are shown in Figure 11 a.

There are no points in the histogram below 400 counts/s (mean — 10). On the other
hand there are several samples with count rate above 440 s (mean + 15 o). We have checked
the samples for count rates larger than 420 s, about 5 ¢ above the mean. All such bins are
identified as count increases correlating with high value of electric field. All short term
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increases Ncoriitt > 430 st are found in the intervals when abs (E) > 40 kV/m. Figure 11b,c,d
provide the histograms for different selections of E. The scatter plot of filtered corrected
count rates versus E along with the second order polynomial fit is in Figure 12.

The large increases of count rates in the first channel of detector system SEVAN were
usually observed during the large negative electric field at LS. The count rate increases of
duration from few minutes to > 20 min observed in the upper scintillation layer of SEVAN
(not observed in most cases in the middle layer, channel 2) in the time coincidence with the
large negative electric field (the electric field usually had large values for a longer time), can
be related to acceleration of electrons at energies above 8 MeV, which generated
bremsstrahlung photons with energies above our detector threshold.

To verify whether the negative polarity of the field is in favor for the short time count
rate increases at upper layer scintillator of SEVAN, it is necessary to check the distribution
(total length in time) of both polarities during the whole period studied. The corresponding
histograms are in Figure 11.

The positive values of E are more frequent than the negative ones as the electric field
IS positive during fair weather conditions and time periods with no thunderstorms (usually
below 10-kV/m). The relation between electric field polarities has to be only considered for
abs (E) > 40 kVV/m when the increases at SEVAN are significant. For that selection (marked
by arrows in Figure 14) we observe a bias towards negative polarity of E.

Let us test whether the largest 2 min increases in the count rate of SEVAN upper
scintillator layer during strong local electric field is more probable for negative polarity of the
electric field than for the positive one. For that testing the null hypothesis H, that the
difference in two population proportions, namely that proportion of high Ncorfi bins in all E >
40 kV/m bins (p1) is equal to proportion of high Ncorsiit bins in all bins with E < - 40 kV/m (p2)
has to be done. A computation of Z-score was applied

;. P, — Py |
\/ PL- P+
1 2 (1)

where p1’ and p2’ are the observed proportions in two populations, p’ = (p1”. n1 + p2’. n2)/(n1
+ n2), and n1 and n, respectively are number of bins in the two populations. From Z one can
obtain statistical significance of difference between proportions in the two populations. E.g.,
for Neorsitt> 420 s we have 11 bins for E > 40 kV/m (out of ni1= 453) and 95 bins for E < - 40
kV/m (out of n, = 804). Thus Z = 5.75 and the result (difference in proportions) is significant,
the null hypothesis is probable at level a. < 0.001. For Neorsitt > 425 st we have 6 bins for E >
40 kV/m_ and 47 bins for E < - 40 kV/m. Consequently, Z = 3.83 and the null hypothesis is
probable at level o < 0.01. At Neoriitt > 430 s we have 5 bins for E > 40 kV/m while 20 bins
for E < - 40 kV/m. For that case Z = 1.687 and the difference is significant only at level a <
0.1 (a=.0.091). Similar results are obtained when the threshold is shifted to 30 and 50 k\V//m.
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Another meteorological parameter that may be associated with increases observed by
SEVAN during the strong electric field periods is the relative humidity. Chilingarian et al.
(2016) reported high relative humidity during three strong TGE events. It should be noted in
this respect that the electric filed is usually high during thunderstorms that are mostly
associated with high relative humidity and rain. In addition, we were not able to find a
significant association between the count rates and relative humidity during the studied 100-
day interval. The estimated effective energy threshold of 8 MeV for the upper channel of
SEVAN (including the roof) excludes a potential influence of radon washout on
measurements at LS.

Our observations confirm the main characteristics of high mountain events in
secondary CR in the relation to atmospheric electric field and to thunderstorms as reported
recently by Chilingarian et al. (2015; 2016). The important point is that the highest increases
are observed mainly during the intervals when electric field has negative polarity (at the same
site); however, in some events they are present for positive polarity too. The increases of
count rates measured by SEVAN usually correspond with periods of high electric field rather
than with the individual discharges (lightning). Recently Zhou et al. (2016) examined by
simulations the effects of near-thunderstorms electric field on intensity of secondary CR
electrons/positrons at the altitude 4300 masl. The authors stress that the secondary CR
variations depend both on the polarity and on the strength of electric field. Because of the
higher number of electrons than positrons, there is an asymmetry of percentage changes of
electrons and positrons with respect to polarity of electric field. Figure 1 in Zhou et al. (2016)
indicates that the percent change of the total sum (electrons plus positrons) is expected to
increase especially due to the electron contribution at that altitude during the negative E
polarity. Depression due to positrons is smaller than increase via the electrons for E < 0. For
E < - 40 kV/m the increase is expected at the level of > 10%. During the positive polarity,
the increase is apparent > 70 kV/m when the increase due to the positrons exceeds the
depression caused by presence of electrons. For positive polarity up to ~ 70 kV/m the
variation is changing between — 3 % and + 2 %. Clear asymmetry in polarity of E is indicated
for the total electron/positron component. Although the altitude of LS is smaller than that for
the position of Tibet CR station, Figure 5 of paper by Zhou et al. (2016) indicates about 65%
of electrons and 35% of positrons in the total number of e*e component for zero electric field
at the atmospheric depth of 600 g/cm?. Based on the curves in the cited figure, it is expected
that the relative contribution of electrons is probably higher at the depth of LS (780 g/cm?).
Thus, the higher number of increases in the channel 1 of SEVAN observed for large values of
negative E than for positive E can be expected, at least qualitatively: a larger number of the
electrons in the “seed” population of secondary CR (for E=0) along with the situation when
the electric field is negative (accelerating electrons) leads to an increase of electrons, while
the number of positrons decreases. However, without knowledge of the electric field structure
in the thunderstorm cloud, its position and motion with respect to the peak of Lomnicky stit
where the measurements are running, it is difficult to test such hypothesis. Thus, the
suggested explanation of the asymmetry between number of events for negative and positive
polarity of electric field, based on the theoretical paper by Zhou et al. (2016), should be
considered as one of possible hypotheses, which has to be confirmed by future investigations.

Regarding neutron monitor increase (NM response is mainly to nucleonic component
of secondary CR), we are not yet sure about the coincidence with the gamma-ray glow events
at SEVAN (e.g. Fig. 5). A more detailed analysis and recording of more events is needed.
Papers on that subject analyzed data with higher temporal resolution than that at LS (e.g.
Shah et al., 1985; Gurevich et al., 2015; Ishtiaq et al., 2016). There may be short spikes
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inside the 2 min averaged count rate increases. Also other authors indicate relations between
atmospheric discharge and short time increases of neutrons (including thermal ones) at the
same site (e.g. Martin and Alves 2010; Tsuchiya et al., 2012; Starodubtsev et al. 2012;
Babich et al., 2013; Kozlov et al., 2013). Recording time of each pulse, as well as
anticoincidence between different channels of SEVAN, now in progress, may help in
clarification. Temperature, humidity, wind speed and direction have been measured
continuously at LS along with the barometric pressure since 2017. Examination of relations
between atmospheric parameters (local) to the observed glows will be done in future
statistical investigation, based on a larger number of events.

5. .Summary.

The observations of enhanced count rate in the upper layer scintillator of the SEVAN
detector system in correlation with the large local electric field confirms earlier finding at
higher elevation and extends it to the altitudes of 2.6 km as well as to a different position with
lower geomagnetic cut-off. The vertical nominal cut-off of LS is 3.84 GV, which implies a
larger amount of the “seed” secondary cosmic rays, with respect to Aragats SEVAN
measurements (where the cut-off is 7.6 GV).

The increases of count rates in the SEVAN channel 1 observed in 2016 are more
probable during large negative electric fields than during large positive electric fields. For
example, with a threshold Neorfit > 425 s and |E| > 40 kV/m the results are statistically
significant (null hypothesis is probable) at level < 0.01. Only for extremely large increases
Neorfiit, the number of observed events is low, and hence the statistical significance is not
sufficient. Longer observations along with the measurement of electric field not only at the
Lomnicky Stit (peak), but also at the separated location (at about 1600 m distance and by
~1000 m lower altitude) are anticipated. The analysis of measurements in 2017 is in progress.
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Fig. 1. Left: the installed EFM in inverted position (fixed to the fence in the upper part of
Figure) and the reference EFM during calibration (in the front part). Right: the reference
EFM during calibration at one of the locations used for calibration.
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Fig. 2. Example of electric field measurement at LS on June 30, 2016. Distinct fluctuations
from ~15to 19 UT were observed during a thunderstorm.
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Fig.3. Uncorrected SEVAN channel 1 (upper layer scintillator) count rate averaged over 2
min from 1 sec data (red) and the corresponding values of E (blue) measured at LS for the
period June 10 — September 16, 2016. June 9 is day zero.
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Fig.4. Example from June 30, 2016. Increased count rates in the SEVAN channel 1 (Ch1l) are

mainly during the periods of large negative E values. They do not correlate with the lightning
strokes. Sometimes, nearby lightning may terminate the increased counts. Large spikes on E
signal correspond to nearby lightning that occurred at a distance usually less than about 5 km
from LS. Humidity was > 87%. 10 sec average data with the Poisson distribution error bar are
plotted: lower panel shows marginal increase in middle layer (CH2) coinciding with the point
of maximum Chl count rate. Neutron monitor (NM) does not show any increase.
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Fig.5. Example from July 3, 2016. A rare event when the increase of count rates was also
observed in the middle channel (ch2) and possibly also in neutron monitor NM (time ~100
min). Lower panels display 2 min averages of the count rates with the corresponding Poisson
error-bars (ch2 by green, NM by blue, chl by red).
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Fig. 6. Example from July 9, 2016. The increase in chl of SEVAN is during positive E
polarity (July 9). Middle peak of increased SEVAN counts is in the period of large positive E

values (time~55 min).
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Fig. 7. Event from August 10, 2016. A strong increase observed by SEVAN. Humidity was

> 90 % during the whole time period. The double-peak structure is statistically significant
even in 1 sec resolution data in comparison with the intervals before and after. No
corresponding channel 2 or NM count rate increase was observed during that interval.
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Fig. 8. Estimate of the barometric pressure coefficient, p = -0.432 %/mb. Mean pressure for
the period examined is po = 742.54 mb. Ony and X axes is In (Nraw) from upper scintillator
(ch), and the difference between current pressure and its mean (p — po in mb), respectively.
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Fig. 9. Power spectrum density (PSD) of the time series of barometric pressure corrected data
(Ncor) of 2 min count rates for the whole interval plotted in Fig. 3. D and SD is for diurnal and

semidiurnal variation. Vertical arrow is the filtering edge.
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relative humidity measured at LS.
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Fig. 11. From upper to lower panel:

a. Fit to histogram of all 2-min averages in the filtered data (all values of Ncorfiit). Gaussian
curve is fitting that with the mean X.= 409.6 and with w = 3.9 (c=w/2).

N (X) = Yo+ (A/(W*sqrt(n/2))) . exp (-2.((X-Xc)/W)?). A = 69984, y, = 2.0.

b. Histogram of Neorfitt for | E; | <40 kV/m.

c. Histogram of Neorit for E; < - 40 kV/m.

d. Histogram of Neorfit for E; > 40 kV/m.
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Fig. 12. Dependence of Ncorfiit On the electric field values. The best quadratic fit is
Neorfir=_409,7 — (0,022 + 0,001) . E + (0,00053 + 0,00001) . E?2.
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