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Abstract

This study reports observations of Thunderstorm Ground Enhancements (TGE) that occurred in Southern Finland in the
Municipality of Vantaa (60° 18’ N 24° 58’ E at 55 m a.m.s.]) on May 17th, 2020 between 10:23 and 10:28 UTC. The TGEs
occurred when a storm front moved across the Helsinki region from roughly a southwest to northeast direction. The TGEs
were caused by a Runaway Relativistic Electron Avalanche (RREA) occurring inside a thundercloud. Three independent
measuring units of high-volume Nal(T1) y spectrometers were used to record ambient dose rate and y spectra. The observed
TGEs manifested themselves as sudden increases in y radiation on the ground with a wide range of energies from 100 keV
up to the maximum of the detector system of 8.8 MeV. The first event lasted 50 s and produced an increase in y radiation
of about 7-12% in the spectra measured with a ten-second collection time. The enhancement in y radiation was terminated
suddenly and simultaneously with an in-cloud lightning strike. This was followed by an 88—100 s long period when the level
of y radiation returned to normal values. After this, a second enhancement was observed to increase the level of y radiation
by 20-50%. The second enhancement lasted 100 s and it was also terminated simultaneously with an in-cloud lightning
flash. The second enhancement appears to be stronger, but the exact locations of the thundercloud emitting the y radiation
were not known. From the duration of the second enhancement and the prevailing wind speed, the size of the RREA was
estimated to be 400-1000 m. In the second enhancement, the most intense increase was between 100 and 1000 keV, although
very-high-energy y rays was observed up to 8.8 MeV. The shape of the background-subtracted y spectra agreed well with
the observations and predictions of the shape of the bremsstrahlung spectrum emitted by an RREA. Additionally, in the
background-subtracted spectra, a minor enhancement of the 511 keV peak was also observed where the RREA also increased
the number of positrons which annihilated and increased the emission of the 511 keV y rays. The results of these high-latitude,
low-altitude TGE events are the first ones report in Finland.

Keywords Terrestrial ground enhancement - Relativistic runaway electron avalanche - y radiation - Thunderstorm - Finland

Introduction

The first discovery of the emission of y radiation from thun-
derclouds was made by the BATSE instrument on board
the Compton Gamma Ray Observatory (CGRO) satellite in
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the early 1990s. CGRO was designed to observe y radia-
tion from stellar objects, but it occasionally observed fast
pulses of y radiation which were too short to be produced
by stellar objects. In the investigations, it turned out that the
vy radiation pulses originated from tropical thunderclouds
where upward directed lightning flashes created y radiation
pulses with energies of up to 20 MeV (Fishman et al., 1994,
Smith et al. 2005). These events lasted on the order of a frac-
tion of a millisecond, and were named Terrestrial Gamma
Flashes (TGFs). Thus, it was discovered that thunderclouds
can accelerate electrons to high enough energies to start
emitting y radiation.

The processes inside thunderclouds that can excite and
create natural particle accelerator-like conditions have been
studied since the early 1990s. Globally, approximately 8.6
million lightning strikes are detected in a day, while it has
been estimated that around 50 thunderclouds per day pro-
duce favorable acceleration conditions for a TGE to occur
(NWS, 2024). Hence, among thunderstorms, a TGE is a
rather rare event. Moreover, since suitable radiation detec-
tor systems are typically in fixed locations, most TGE events
go unnoticed. To study TGEs, the detector systems need to
be relatively close to the charge center of a thundercloud.
Observation stations at high altitudes on top of a mountain
offer a great place to study the phenomena or, alternatively,
observations can be made at sea level when the cloud base
is at a low altitude for observations to be made from the
ground. The observation stations at high altitudes or balloon-
borne missions provide a good opportunity to even be inside
a thundercloud and close to the charge center. Most of the
TGE observations today are made from ground-based detec-
tors either in high-altitude observation stations on mountains
where the observation station is close to the charge center
of a thundercloud. In mountains stations, most of the TGE
are observed during spring and fall (Kolmasova et al. 2022;
Chilingarian 2023). The sea level observations are mostly
done during winter storms where the cloud base is close to
ground level making the observations possible (Chubenko
et al. 2000; Torii et al. 2002, 2009; Gurevich et al. 2011;
Wada et al. 2019). In some cases, RREAs and y-ray emis-
sions inside a thundercloud have been observed with detec-
tors onboard airplanes and balloons (Parks et al. 1981; Eack
et al. 1996; Helmerich et al. 2024).

In 1925, C.T.R. Wilson discovered the runaway electron
mechanism in which fast electrons may obtain large energies
from static electric fields in the air (Wilson 1925). Runaway
electrons are produced in the air when the energy gained
from the electric field exceeds the losses from collisions,
allowing the electrons to accelerate to relativistic energies.
An avalanche of such runaway electrons develops when
energetic knockoff electrons are produced via hard elastic
(Mgller) scattering with electrons in the air molecules. These
knockoff electrons subsequently runaway, producing more
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energetic knockoff electrons (Dwyer 2003). These runaway
electrons together create a cascade, which is known as Rela-
tivistic Runaway Electron Avalanche (RREA). The RREA
is a threshold process that occurs only if the atmospheric
electric field exceeds the critical value in a region with a
vertical extent of 1-2 km. The threshold (critical) energy
steadily increases with increasing in air density according
to E;, =2.18 X 10° V/m*n, where n is the relative air density
(Dwyer 2003 and references therein). High-energy cosmic
rays entering into Earth’s atmosphere produce particle show-
ers, exotic particles and above all atmospheric ionization
(Bazileskaya 2008; Usoskin and Poluianov 2024 and ref-
erences therein). Atmospheric ionization produces the ini-
tial free electrons that can be accelerated and multiplied in
number in the strong electric inside a thundercloud leading
to a runaway process.

Experiments conducted between 1945 and 1949 at the
Zugspitze Geodynamic Observatory in Germany revealed a
rather complex structure of the intracloud electric fields. In
some thunderclouds, Joachim Kiittner discovered a pocket
of positive charge at the base of a thundercloud, which was
named the lower positive charge region (LPCR) (Kiittner
1950). In a simplified thundercloud tripole structure, there
are three main charge regions: a positive charge region at
the top of the cloud and the main negative charge region in
the middle and a relatively small LPCR at the bottom, close
to the base of the cloud. The thundercloud tripole struc-
ture is a prerequisite for a TGE. In Japan, short-lived tripole
structures are thought to appear in winter thunderstorms.
In winter thunderstorms, the cloud base is close to ground
level making the detection of TGEs possible. Sometimes,
the TGEs are also referred to as terrestrial gamma glows
(TGGs) since the RREA lasts of the order of tens of sec-
onds to minutes making the cloud “glow” y rays (Wada et al.
2019; Hisadomi et al. 2021). In mountain observation sta-
tions, enhancements of particle fluxes have been detected in
conjunction with the emission of y rays (Chilingarian 2014;
Kolmasova et al. 2022). Hence, in TGE observatories, y
rays and electron fluxes can be measured simultaneously.
The possibility to observe TGEs with y-ray and electron
enhancements is higher in spring and in autumn when the
cloud base, and the LPCR, is closer to the ground level. In
summer, the cloud base height is typically higher and only
y rays reach Earth’s surface but not the electrons (Chilingar-
ian 2023).

The 7y rays produced in an RREA have a wide range of
energies ranging from a few tens of keVs up to several tens
of MeVs. In RREA-induced terrestrial gamma flashes, y rays
with energies of up to 50 MeV have been observed (Maris-
aldi et al. 2010). In the TGEs reported in the literature, the
observed y ray spectrum has a power law shape where the
intensity drops as a function of energy. The highest intensi-
ties are observed at low energies around 100 keV, while
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the very high-energy y rays with energies of several MeVs
have low intensities (Chilingarian et al. 2022). The TGEs
and TGFs can locally increase the ionizing radiation fields,
which, in turn, can cause increased radiation doses to flight
crews and airplane passengers and can harm airplane avion-
ics (Maia et al. 2024; Tavani et al. 2013).

Furthermore, recent studies have suggested that RREAs
can also induce secondary nuclear reactions by exciting
the atmospheric nitrogen and oxygen nuclei. These reac-
tions have been seen as an enhancement in the 511 keV
annihilation peak where the 511 keV peak enhancement
has been delayed after the TGE. The energy of the y rays
is high enough to trigger atmospheric photonuclear reac-
tions, thus producing neutrons and eventually positrons via
p+decay of the unstable radioactive isotopes. In such a case,
the atmospheric photonuclear reactions "“N+y — *N+n
and '°0 4y — 130 +n generate fast neutrons with a kinetic
energy of Ey~10 MeV and unstable >N and 'O which decay
gradually into stable '3C and "N nuclei via p + decays. The
positron (f+) gets annihilated when met with an electron via
emitting two 511 keV vy rays (Enoto et al. 2017).

Many of the low-altitude observations have been
made during the winter storms where the cloud-base alti-
tude and the LPCR are relatively close to the ground com-
pared to the summer storms (Torii et al. 2002, 2011; Enoto
et al. 2017; Wada et al. 2019; Hisadomi et al. 2021). These
conditions can also be met in high-latitude regions where
cloud bases in spring and summer thunderstorms are typi-
cally lower compared to more southern latitudes. In high-
latitude regions, thunderstorms are very rare during win-
ter but relatively frequent during summertime. In Finland,
0.71% of the ground flashes occur from November to April
and 99.29% occur from May to October (Mikeli et al. 2014).
Even though wintertime lightning strikes are rare, they can
cause significant consequences (Mikeld et al. 2013). In this
study, we will discuss the observation of two TGE events
that occurred in a high-latitude region outside the typical
latitude region where TGE events have been reported before.
The TGE events in this study occurred in Southern Finland
in the Municipality of Vantaa on May 17th, 2020, around
13:20 local time when a strong storm front passed through
the southern part of Finland and the capital region of Hel-
sinki bringing lightning, rain and sleet.

Materials and methods

The Radiation and Nuclear Safety Authority (STUK) in
Finland has multiple radiation detection systems for meas-
uring environmental radioactivity. On May 17th, 2020,
STUK was conducting y spectrometric measurements in
the Municipality of Vantaa (60° 18’ N 24° 58’ E at 55 m
a.m.s.l.) located in Southern Finland, about 20 km north

of the Finnish capital Helsinki. For a TGE event, this is a
high-latitude and very low-altitude location. The measure-
ments were done with three units of relocatable 4" x 4" x 16"
Nal(T1) scintillation detectors, with each detector system
working independently. In each detector system an Nal(TI)
detector was connected to a photo-multiplier tube (PMT)
which was, in turn, connected to a Canberra Osprey digital
multichannel analyzer (MCA) using 2048 channels (Holm
et al. 2013). The 4" x4" x 16" Nal(T1) detectors were high-
volume detectors allowing the efficient detection of y rays
with a wide energy range. The high efficiency comes with a
cost since the resolution of the Nal(T1) detectors is normally
poor compared to, for example, CdZnTe or HPGe detectors.
The different detector systems used here were labeled as
Detectors 1, 2 and 3. The detector systems recorded y-ray
spectra with time information in two modes: two seconds
and ten seconds. The recorded y-ray energy range extended
from 130 keV up to about 8.8 MeVs allowing the detection
of very high-energy y rays. In environmental y spectrometry,
the y rays with energies above the 2°T1 2614.5 keV peak
are very rare, and the only source for y rays above 3 MeV
in energy is the bremsstrahlung from cosmic ray muons,
but this flux is low and relatively steady. This makes any
enhancement in the high-energy region particularly interest-
ing. The detector systems also calculated the dose rate but
they will not be discussed here since the conversion of hard
y rays to accurate dose rate values is difficult and contains
large uncertainties. The detector systems operated indepen-
dently where Detectors 1 and 2 were about 150 m apart, and
Detectors 2 and 3 were about 100 m away from each other
forming roughly an L-shaped pattern. The measured spec-
tra were saved into a common data storage system together
with time marked in Universal Time Coordinates (UTC). It
should be noted that the local time in Finland is UTC+3 h
during daylight saving time from the end of March to the
end of October.

Meteorological observations with a one-minute frequency
were obtained from the nearby aviation weather station at
the Helsinki-Vantaa Airport operated by the Finnish Mete-
orological Institute (FMI). The weather measurements are
carried out according to specifications by the World Mete-
orological Organization (WMO) and the International Civil
Aviation Organization (ICAO). The lightning data were
obtained from the FMI’s nationwide lightning observation
network. Lightning strikes are detected by their radiofre-
quency emissions. The positioning is based on the signal
arrival time to different sensors in the network and peak cur-
rent estimation on the signal amplitude. In the Helsinki area,
the location error is usually 200-300 m (Mikeld et al. 2017).
Wind observations 327 m above ground were obtained from
Espoo Latokaski television/radio mast, 25 km SW of the
study area, where the FMI measures meteorological param-
eters at several heights.

@ Springer
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Data analysis
Weather at Vantaa during 09:00-12:00 UTC

The weather one hour before the TGG was quite typical
for the middle of May with no significant weather condi-
tions: air temperature + 9 °C, relative humidity 53%, pres-
sure 996 mbar, visibility 50 km, wind speed 3 m/s and
direction 200°, cloud base at 1140 m above the ground
and the tropopause height 7600 m above the ground level.
Around 09:50 UTC, the storm front started to approach.
The temperature began to drop from + 9.4 °C. The wind
speed had increased from 3 to 5.5 m/s half an hour earlier,
but the wind direction was more or less the same at 180°.
Light rain started at 10:07 UTC and the wind speed was
4.4 m/s with a direction of 170°, the visibility had dropped
to 8 km. At 10:16 UTC light rain had already turned into
heavy rain and the wind speed was 8 m/s and the direc-
tion had turned almost to the opposite direction to 350°.
At 10:19 UTC, the heavy rain turned into wet snow and
the temperature had dropped to+2.9 °C, a drop of 7 °C
in a half an hour, and the visibility had reduced to 800 m.
At 10:23 UTC, the time of the first TGE event, the cloud
base had dropped to 640 m above ground level and the
temperature had dropped to+2.6 °C. Snowing started with
medium intensity, the wind speed was 6.7 m/s and in the
direction of 320°. Due to the rain and snow, the relative
humidity had risen to 89%. At 10:26-10:27 UTC, during

Visibility and precipitation

Humidity and pressure

the second event, the weather parameters were the same
except the wet snow had turned into rain. There was a pos-
sible third TGE event at 10:28:48 UTC, during which the
weather parameters were the same except the cloud base
had dropped down to 520 m above ground level. The drop-
ping of the cloud base to 500-600 m brought the LPCR
close enough for the TGEs to be observed.

The weather parameters are plotted in Fig. 1 Panels A-E.
One of the most interesting weather parameters was the
global radiation as shown in Fig. 1 Panel F. Before the TGG
event, the global radiation varied largely between 150 and
1100 W/m? depending on the random cloud cover. However,
from 10:00 UTC to about 10:30 UTC, the level of the global
radiation decreased from 1068 W/m? to 7.9 W/m? within
half an hour. The cloud cover was, for a moment, optically
so thick that it absorbed over 99% of solar radiation. This
means that the cloud emitting y radiation also contained
large amounts of moisture and cold air, making the cloud
in this storm front exceptional in many ways. It should also
be noted that the storm front arrived at Vantaa from the
southwest over the Gulf of Finland. Hence, before arriving
at Vantaa, the storm front had spent a significant amount of
time above the Baltic Sea increasing its moisture content.

Timing of the TGE events
Connected to the severe weather conditions, lightning flashes

were observed and recorded by FMI’s lightning observa-
tion network. Lightning observations are important since
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Fig.1 Weather parameters from the Helsinki-Vantaa airport from
09:00 to 12:00 UTC. Panel A shows the barometric pressure (gray)
and relative humidity (black). Panel B shows the cloud base in meters
above the ground (gray) and the snow cover (black). Panel C shows
the visibility (black) and the precipitation intensity (gray). Panel D
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radiation



Acta Geophysica

the TGEs are typically terminated by an in-cloud discharge
between the main negative charge region and the LPCR.
This ends the RREA process since the atmospheric electric
field has dropped below the critical value beyond which no
more acceleration of electrons is possible (Dwyer 2003).

Figure 2 shows the location of the flashes observed during
10:16 and 10:31 UTC. The blue circles indicate the loca-
tions of the lightning that hit the ground and the red circles
indicate in-cloud discharges. The red triangle indicates the
location of the detectors. There are a number of in-cloud
discharges around the locations of the detectors—numbers
10, 13, 19, 21, 22, 24 and 33 that can be considered as can-
didates that ended the RREA and stopped the TGE events.

From the locations of the lightning strikes and the meas-
ured wind direction, it can be estimated that the thunder-
cloud causing the TGE was very close to or possibly even at
some point directly above the detectors.

Figure 3 shows the time series of the total number of
counts in the 10 s. spectra collected in all three detec-
tors. The total number of counts represents the amount of

radiation seen by the detector throughout the whole energy
of the detector. Unfortunately, the Detector 1 suffered from
stability issues where the baseline jumped up and down dur-
ing collection producing sporadic spikes in the count rate
time series. The count rates in Detectors 2 and 3 were stable
throughout the study period. In Detectors 2 and 3, the count
rate baseline slightly increased after the TGE events. This
was most likely caused by the washout of short-lived radon
progeny from air to ground after intensive rain and snowfall
(Paatero and Hatakka 1999). The x-axis of Fig. 3’s lower
panel highlights the time period 10:17-10:33 UTC when
the two or three y radiation enhancements were observed.
Detectors 1 and 3 both observed two events, while Detector
2 shows there was possibly also a weak third event.

In Fig. 3, the normal background varied between the
detectors. In Detector 1, the background count rate was
between 16,000 and 17,000 counts per 10 s., while in Detec-
tor 2, the background count rate was about 25,000 counts per
10 s., and in Detector 3, the background level was around
20,500 counts per 10 s. The count rate was dependent on
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Fig.2 Location of lightning strikes (circles) and the detector (trian-
gle). Lightning strikes from cloud to ground are marked with blue
and in-cloud lightning with red. The numbers refer to lightning

numbering in Table 2. Base map data sources: Esri, Intermap, NLS,
NMA, USGS; National Land Survey of Finland, TomTom, Garmin,
Foursquare, METI/NASA
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Fig.3 Time series of the total number of counts in the spectra measured with 10 s time intervals

the detector location. The count rates were quite high due
to the large volume of the detectors and due to the fact that
the detectors were unshielded. As seen in the lower panels
of Fig. 3 between 10:22 and 10:28 UTC anomalously, high
count rates were observed in all three detectors simultane-
ously. This suggests the presence of a spatially larger source
of radiation and rules out a point source. Compared to the
trends of each detector, the observed increases in the total
number of counts were too large to be caused by the random
variation of background, but an actual source of radiation
had to be present.

The first event was visible in all three spectra although
the starting time varied slightly. The different starting times
can be explained by the placement of the detectors. The
detectors were placed some hundred meters apart and thus
the cloud emitting vy rays triggered the detectors at slightly
different times. In the first event, the total number of counts
in 10 s. spectra in the Detector 1 increased from roughly
16,500 to 18,500 counts, making the increase in the count
rate of about 12%, in Detector 2, the increase was from
25,100 to 26,300 counts corresponding to an increase in
approximately 5% and in Detector 3, the increase was from
20,600 to about 22,000 counts with an increase in about 7%.
After the first event, the count rates in all detectors dropped
rapidly in a matter of seconds to the background level and
remained there for about 80-90 s. After this, much larger
increases were observed in all three detectors. In Detector
1, the total count increased from approximately 16,500 to
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24,000 counts corresponding to an increase in about 45%.
In Detector 2, the second event raised the total count number
from about 25,000 to 33,000 corresponding to an increase
in about 31%, and in Detector 3, the total count number
increased from about 20 700 to 25 000 corresponding to
an increase in approximately 21%. The relative increases
would suggest that Detector 1 was closest to the source of
the second enhancement, and Detector 3 was the farthest.
The time series of Detector 2 suggests a possible third, small
event 100 s after the second event. This was not seen by
the other detectors. This third event occurred at 10:28:48
UTC, and it was only visible in the 10 s. measurements.
The total count number in Detector 3 increased from 25,300
to 27,000 corresponding to an increase in 7%. However,
since this enhancement was not seen by other detectors and
there was no lightning flash related to the termination, this
enhancement remains as speculative and we will not discuss
it further.

Information collected about the observed enhance-
ments are presented in Table 1. The studies by Hisadomi
et al. (2021) were inserted in the table for comparison. The
y-ray enhancements observed in this study and in Hisadomi
et al. (2021) had very similar temporal patterns. Hisadomi
et al. (2021) first observed a smaller enhancement which
lasted ~ 30 s. with a sudden termination, and then, after a
break of ~90 s., they observed a second and much larger
enhancement lasting ~ 70 s. In the present study, the first
enhancement lasted for ~50 s. with a sudden termination,
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Table 1 The data of the TGEs reported in this study compared with two previously reported TGEs

Increase 1st TGE*  Duration** [s]  Break [s] Increase 2nd TGE  Duration [s]  Break [s]  Increase Duration [s]
3rd TGE

Det 1 12% 48 88 40-50% 100
Det 2 5% Unknown Unknown  30% 100 100 7% ~20
Det 3 7% ~50 100 20% 90
Hisadomi Fourfold 30 90 Tenfold 70

et al.

(2021)

“The radiation increases were calculated from the spectra with a 10 s. collection time

“*The duration and the break were determined from the spectra with a 2 s. collection time except the third event duration was determined from

the spectra with a 10 s. collection time

and then a break of about 80-90 s. followed by a second
and stronger event lasting ~ 100-130 s. Hence, the simi-
lar temporal pattern in both cases has been first, a weaker
enhancement with sudden termination followed by a break
for several tens of seconds during which the radiation lev-
els drop to background level and after that a much stronger
enhancement lasting several tens of seconds ending with
a sudden termination.

Figure 4 Panel A shows the time series of the total num-
ber of counts above the background level in all three detec-
tors with a two-second collection time. The background was
estimated for Detector 1 as 3340 counts/2 s., for Detector 2,
as 5030 counts/2 s. and for Detector 3 as 4130 counts/2 s.
These background count rates were then subtracted from the
time series to obtain Fig. 4A. Unfortunately, in two-second
measurement, there were a lot of missing data points due to
problems with the data storage. From these spectra, we can
extract more accurate information on timing and the duration
of the enhancements. The start times of the enhancements
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Fig.4 Panel A: Time series of the background subtracted total counts
in two-second spectrum from detectors 1, 2 and 3 drawn to common
time scale starting from 10:22:00 to 10:30:00 UTC. Detector 1 data

were decided when the count rate had risen above the count
rate level of the maximum during the preceeding 1.5 h and
vice versa for the ending time of the enhancement. The first
enhancement was fully visible only in Detector 1 where the
start of the enhancement was 10:23:12 UTC and the end
time 10:24:00 UTC, making the total duration 48 s. During
the first event, Detector 2 had only recorded one two-second
spectrum and hence was omitted from the analysis. The data
of Detector 3 start at 10:23:24 UTC when the count rate
had already risen slightly above the background. The start-
ing time in Detector 3 was estimated to be around 10:23:10
UTC and the termination time was 10:24:00 UTC making
the total duration of the event approximately 50 s. The first
event was terminated with a sharp cutoff at 10:24:00 UTC
in both Detectors 1 and 3. The second enhancement started
about 90 s. after the first enhancement. All three detectors
recorded the second enhancement fully. In Detector 1 the
starting time of the second enhancement was 10:25:28 UTC
and the end time was 10:27:08 UTC, while in Detector
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have shown in red, Detector 2 data have shown in black and Detector
3 data have shown in blue. Panel B: Time series of hard y rays with
energies above 3000 keV
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2, the corresponding start and end times were 10:25:30
and 10:27:10 UTC, and in Detector 3 were 10:25:40 and
10:27:10 UTC, respectively. Hence, the duration of the sec-
ond enhancement was 100 s. making it twice as long as the
first one. The differences in starting times were most likely
due to the different cloud-to-detector distances. The infor-
mation about the enhancements is shown in Table 1

The temporal structures of the TGEs are revealing. The
first enhancement shows a gradual increase where the count
rates rise followed by a sudden termination. The second
enhancement shows a similar temporal pattern in Detectors
2 and 3 with a relatively gradual increase in count rate then
a peak phase and after that a termination with a very sharp
cutoff. The temporal pattern, including the cutoff, was dif-
ferent in Detector 1. The second enhancement began at the
same time in Detectors 1 and 2 but in Detector 1 the increase
to the peak count rate was faster. The rise times of the sec-
ond enhancement were 32 s., 66 s. and 44 s. in Detectors 1,
2 and 3, respectively.

The timing differences as seen in Fig. 4A and B can most
likely be attributed to the different locations of the detectors
and the movement of the cloud with respect to the detectors.
The total count rate in Detectors 1 and 2 started to increase
almost at the same time, while in Detector 3 the count rate
began to increase about 14 s later. The movement of the
thundercloud may have caused this where Detectors 1 and 2
might have been closer compared to Detector 3. After rising
to the peak total counts in a spectrum, the total counts began
to drop earlier in Detector 1 at 10:26:12 UTC which was
about 44 s. earlier compared to Detector 2. Detectors 2 and 3
reached a brief steady phase where count rates were roughly
stable before the sudden and sharp termination at 10:27:10
UTC. The peak phase in Detector 2 lasted 44 s. and in Detec-
tor 3 42 s. The temporal pattern in Fig. 4B was similar to
that of Fig. 4A except the peaks in Detectors 1 and 3 during
the second TGE were narrower. In Fig. 4B, the peak phase
in Detectors 2 and 3 lasted roughly 50 s., from 10:26:10 to
10:27:00 UTC. Here, we refer to the y rays with energies
above 3000 keV as high-energy v rays. High-energy 7y rays
are the best indicators of TGE since naturally occurring radi-
onuclides (NOR) do not produce y rays above 2700 keV. Fig-
ure 4 Panel B shows the high-energy y rays during the TGE
enhancements. The temporal behavior resembles the total y
rays shown in Fig. 4A even though the number of counts was
reduced approximately by a factor of 25.

Table 2 shows the FMI lightning observations with a one-
second time resolution. The table shows the calculated coor-
dinates, multiplicity, i.e., how many strikes there were in one
flash, the calculated peak current in kilo Amperes (kA) and
the cloud indicator, which shows if the lightning struck from
the cloud to the ground (0) or was an in-cloud (1) lightning.
The lightning flashes marked in bold corresponded to the
termination times of the TGEs. From Table 2 and Fig. 2,
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we can see that there were flashes around the study area.
There were five flashes (numbers 17, 18, 19, 20 and 21)
registered at 10:23:59 UTC which corresponds to the exact
time of the termination of the first TGE. All five flashes were
in-cloud discharges which are the requirement to discharge
between the main negative and the LPCR. Flash number 19
had a relatively low peak current of 3 kA, but it is the closest
one to our detectors and hence the candidate the most likely
ended the first enhancement. The second enhancement was
terminated at 10:27:10 UTC. The flashes number 22 and
24 were strong in-cloud discharges close to our detectors
with high peak currents of 29 and 16 kA, respectively. Both
Flashes 22 and 24 were downwind in respect to Flash num-
ber 19. The flash that ended the second TGE had about a ten
times higher peak current compared to the flash that ended
the first TGE. The recorded times of the in-cloud lightning
flashes correspond exactly to the sharp terminations of the
observed y radiation enhancements. In the studies by Torii
et al. (2011) and Hisadomi et al. (2021), the TGEs were ter-
minated by in-cloud flashes. Mékeli et al. (2017) reported
that the median peak current of the flashes in 2016 was
about 10 kA, but the most powerful ones exceeded 100 kA.
Hence, the flashes that ended the second enhancement had
significantly higher peak currents than a usual flash detected
in Finland. As mentioned in the introduction, RREA is a
threshold process requiring the electrical field to be above
a certain threshold. When the potential drops below this
threshold, the RREA and the TGE are terminated. The light-
ning flash discharges and drops the electric potential below
the threshold value. This was seen as sudden termination of
the two observed y-ray enhancements by lightning numbers
19 and 22/24.

Horizontal size estimation of the y-emitting region

Judging from the temporal behavior of the count rates
in Detectors 2 and 3, as shown in Fig. 4A, there was a
“peak phase” between 10:26:14 and 10:26:58 UTC when
the y-ray count rates had reached the peak values of 1400
counts/spectrum and remained relatively constant for
about 42 s. This peak phase could represent the bottom
of the LPCR, representing the area where the y rays are
emitted from. Here, the y-ray emitting area passed close to
Detectors 2 and 3 but Detector 1 data suggests it observed
the edge or one side of the LPCR. The size of the y-ray
emitting area can be estimated by using the wind speed
and the duration of the peak phase. The wind speed at
the altitude of 327 m above ground (371 m a.m.s.l.) was,
on average, 9.8 m/s between 10 and 11 UTC. Based on
this and the duration of the peak phase in the second
TGE event, 42—46 s, it can be estimated that the horizon-
tal dimension of the LPCR causing the TGE was about
400-450 m. This concurs with the peak phase of the
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Table 2 Finnish Meteorological

. . ; Lightning ID Longitude [°] Latitude [°] Time [UTC] Cloud Multiplicity Peak
Institute’s lightning data before indicator current
and after the two TGE events [kA]

1 24,669 60,2955 10.16.52 1 1 3
2 24,8846 60,2965 10.16.52 1 1

3 24,9329 60,3165 10.16.52 1 1 12
4 24,8405 60,276 10.16.52 0 2 26
5 24,902 60,2936 10.16.52 1 1 7
6 25,0056 60,3556 10.16.52 0 1 -3
7 25,1967 60,3626 10.16.52 1 1 -3
8 25,1966 60,3677 10.16.52 1 1 —4
9 24,7263 60,2407 10.16.52 0 0 —4
10 24,9721 60,3079 10.18.55 1 1 18
11 24,9346 60,3168 10.18.55 1 1 5
12 24,9554 60,3022 10.18.55 0 1 35
13 24,9724 60,3107 10.21.52 1 1 22
14 24,7441 60,1963 10.21.52 1 1 -3
15 24,9538 60,3064 10.21.52 0 2 15
16 24,9393 60,3122 10.21.52 0 0 14
17 25,1776 60,2601 10.23.59 1 1 9
18 25,0117 60,2619 10.23.59 1 1 3
19 24,9582 60,3249 10.23.59 1 1 3
20 24,7374 60,286 10.23.59 1 1 3
21 24,9989 60,3373 10.23.59 1 1 4
22 25,025 60,3173 10.27.10 1 1 29
23 24,9171 60,2056 10.27.10 1 1 3
24 25,0258 60,3181 10.27.10 1 1 16
25 25,0324 60,3731 10.27.10 1 1 5
26 25,2309 60,3715 10.27.10 1 1 -3
27 25,2293 60,3813 10.27.10 1 1 -3
28 25,0545 60,3597 10.31.13 1 1 -6
29 25,0569 60,3371 10.31.13 1 1 -3
30 25,0448 60,3557 10.31.13 1 1 6
31 25,0395 60,2409 10.31.13 1 1 3
32 25,0636 60,3662 10.31.13 0 1 18
33 25,003 60,3286 10.31.13 1 1 6
34 25,2396 60,271 10.31.13 1 1 -3

The lightnings corresponding to the end of the TGE events are in bold

high-energy y rays with energies above 3 MeV, as shown
in Fig. 4B, which lasted about 50 s (10:26:12 -10:27:02).
With the wind speed of 9.8 m/s, the size of the y-ray
emitting region can be estimated to be about 500 m. Fur-
thermore, the upper limit can be estimated with the total
duration of the second enhancements (10:25:32—-10:27:12
UTC) which lasted about 100 s., hence, the upper limit for
the horizontal size was about 1000 m. This size estimation
agrees well with the size estimation of 700 m reported in
Torii et al. (2011) but is significantly smaller than the cell
of ~4 km reported in the study by Hisadomi et al. (2021).
It should be noted that it is possible that we observed the
thundercloud cell only partially and most likely the cell

also had an internal structure where the y-ray emissions
were not emitted uniformly thus there could have been
areas of higher and lower y-ray fluxes. When considering
emission from the LPCR to the ground, the high-energy y
rays scatter mainly in a forward direction at low angles and
the angular spread from the cloud to ground is relatively
small. This is also true for bremsstrahlung when the elec-
trons have high enough energy to be treated relativistically,
that is, the kinetic energy is as high as the rest mass of the
electron (Kohn and Ebert 2014). This means that the area
on the ground where y rays are detected is comparable to
the size of the LPCR inside the thundercloud.
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«Fig.5 Ten second y spectra from Detector 2. In Panel A low energy
part of the spectra are shown taken at 09:01:02 and 10:26:44 UTC.
In Panel B, high-energy part of the background radiation spectrum is
shown with 28 counts, in Panel C, the peak of the first enhancement
showing 74 counts, in Panel D, the peak of the second enhancement
showing 374 counts and in Panel E, the peak of the possible third
enhancement showing 51 counts

y-ray spectrum analysis

When analyzing spectra, it should also be noted that detec-
tion efficiency in Nal(T1) detectors is energy dependent with
highest efficiency around 100-200 keV. At higher energies
than this, the detection efficiency goes down quite fast. At
the energies of a few MeVs and above, the detection effi-
ciency does not decrease much, but it remains relatively
constant despite the increasing y-ray energy. This enhances
the detection of low-energy y rays compared to the detection
of the high-energy v rays. This difference in detection effi-
ciency was not corrected here since the correction is depend-
ent on the measurement geometry and the geometry in this
case was not known.

Figure 5 shows a comparison of five 10-s. spectra from
Detector 2 where the enhancements were observed to be
strongest. We selected three time periods for comparison:
(1) at 09:01:02 UTC when the radiation conditions were
at background level, (2) at 10:23:44 UTC when the first
enhancement peaked and (3) at 10:26:44 UTC at the peak
of the second enhancement. Figure 5A shows a comparison
of the low energy part of the spectrum between 09:01:02 and
10:26:44 UTC. A steady increase in the y radiation through-
out the energy range between 30—ca. 1000 keV was seen.
This was believed to be caused by the bremsstrahlung of the
RREA electrons (Babich et al. 2004). As electrons travel
through air they slow down after interactions with atmos-
pheric atoms. These interactions produce bremsstrahlung
with a wide energy range.

Panels B, C, D and E show the high-energy part of the y
spectra from 3000 to 8800 keV. The observed y-ray energies
went up to the maximum energy of the detector systems.
The background radiation in this part of the y spectrum is
very low as shown in Panel B where there is a total of 28 +5
counts from the bremsstrahlung from the secondary cos-
mic ray muons. The uncertainty shown here represents the
variance of the Poisson distribution calculated as N'/2. The
muon flux can be considered as constant in the time scales
used in this study. Panel C shows the high-energy part of the
spectrum during the first enhancement where the number of
high-energy y rays was increased to 74 +9, which were 2.5
times higher than the background level taken 1.5 h before the
first enhancement. Panel D shows the high-energy part of the
spectrum at the peak of the second enhancement. The num-
ber of high-energy y rays has increased further to 374 + 19
counts which are 13.5 times higher than the background

level. Panel E shows the high-energy y spectrum from the
possible third event. In this spectrum, 51 +7 counts were
found, which is higher than the background spectrum used
here, but the total counts in the high-energy part of the
spectrum oscillated between 25 and 50 during the reference
period from 9:00 to 9:02 UTC. Hence, the third enhance-
ment remains speculative.

It has been proposed that the relativistic electrons can also
cause nuclear reactions, for example in '*N and '°0 (Enoto
et al. 2017). 3N, MN, 150 and 'O have rather complex
nuclear structures where excitation would lead to the emis-
sion of multiple high-energy y rays. Due to the low number
of counts and poor energy resolution, clearly visible peaks or
peak-like structures were not expected to be found in Panels
C, D or E. Indeed, structures like these were not found in the
spectra and no direct evidence of de-excitation of >N and
150 was seen. The counts in the high-energy region originate
from the tail of the bremsstrahlung continuum.

We studied more closely the y spectrum from the sec-
ond and stronger TGE. In total, 11 ten-second spectra from
the starting time of 10:25:24 to 10:27:04 UTC were summed
up to form one spectrum. For the background, we summed
up 11 spectra from 09:00 to 09:02 UTC. The two summed
spectra were then subtracted to see the net increase in y
radiation. Figure 6 shows resulted y spectra where the bin
size was increased from 5 keV per channel to 20 keV per
channel to improve visualization. In Fig. 6, the maximum
was reached between 100 and 200 keV. The enhancement
produced y rays from very low energies up to the maxi-
mum energy of the detector system at 8800 keV. The data
from Detectors 1, 2 and 3 in Fig. 6 have been plotted into a
log-log scale; above 200 keV, the data can be fitted with a
straight line meaning that the data show a decreasing power
law behavior. However, to resolve the true distribution of y
rays from RREA, the spectrum would have to be corrected
for detection efficiency, but this could not be done since the
detector was not calibrated for high energies. The spectral
shape resembles closely the shape of y spectra observed
from bremsstrahlung reported in Wada et al. (2019) and
Helmerich et al. (2024). Furthermore, Berge and Celes-
tin (2019) calculated the theoretical photon spectrum cre-
ated by an RREA and those spectra corresponded with the
spectral shape observed in this study. The majority of the
vy radiation in a TGE comes from the bremsstrahlung emit-
ted by the slowing down of the relativistic electrons in the
ongoing RREA inside the thundercloud. There was a minor
increase in the 511 keV peak after the background subtrac-
tion. The washout of atmospheric dust and radon progenies
after intense rain and wet snow could cause the increase in
the NOR background which could, for example, enhance
the peaks of 21*Bi and *° K. The peaks belonging to NOR
were not seen in any of the spectra in Fig. 6. Furthermore,
the washout of radon progenies or atmospheric dust cannot
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Fig.6 Background subtracted gamma spectra from all detectors. The spectra produced by the second TGE look very similar to the predicted
photon spectrum from RREAs. The small enhancement in 511 keV peak is marked with an arrow

explain the minor enhancement in the 511 keV peak seen
in Detectors 2 and 3 and in the summed spectrum in Fig. 6
since NORs does not decay via f+ decay.

The main interaction modes of y rays with matter below
1 MeV are the photoelectric affect and the Compton scat-
tering. When the y-ray energy is higher than 1022 keV, the
pair production becomes possible, forming positron and
electron pairs. The positrons collide with electrons creat-
ing two 511 keV vy rays. The pair production competes as
an interaction mode with Compton scattering when the
y-ray energy is a few MeVs and it becomes the dominant
interaction mode when the y-ray energy is above 6-7 MeV
(Knoll 2010). Hence, a small enhancement of the 511 keV
annihilation peak can be expected. Such 511 keV annihila-
tion peak enhancements have been observed in TGFs and in
balloon missions sent inside a thundercloud (Briggs et al.
2010; Helmerich et al. 2024). The enhancements most likely
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originate from the pair production caused by high-energy
photons and the subsequent annihilation of the positron. To
study this enhancement, we plotted the time series of the
count rates of the ten second spectra with 511 keV +20 keV
energy window. Figure 7 shows clear increases in the count
rates in all detectors. However, two things contributed to
the 511 keV peak enhancement (1) possible increase in the
B+ decays and (2) the increase caused by the bremsstrahl-
ung continuum. We tried to estimate contribution from the
bremsstrahlung and from the + decays. The total number of
counts in the summed spectrum in Fig. 6 inside this energy
window was about 1000 counts per channel, whereas the
immediate channels below and above typically had about
800 counts per channel. Hence, a crude estimation can be
made that in about 80% of the increase in the 511 keV peak
originated from the bremsstrahlung and approximately 20%
from the B+ decays caused by the pair production. This
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Fig.7 Temporal behavior of count rates in the 511 +20 keV energy window

can be expected since the intensity of y rays in high-energy
region was low and the number of y rays undergoing pair
production was even lower.

The peak shapes in Fig. 7 corresponded to a very nar-
row beam of 511 keV y rays where most of the annihilation
y rays are emitted in a forward direction straight from the
cloud to the ground. Hence, the area emitting 511 keV y
rays was closely related to the size of the LPCR inside the
thundercloud. Enoto et al. (2017) detected a delayed decay-
ing count rate in the 511 keV peak after the TGE had termi-
nated. In the present study, no delayed decrease in the count
rates was observed after the termination of the second TGE
at 10:27:04 UTC.

A TGE requires certain conditions to occur. A tripole
structure inside a thundercloud is needed and the LPCR
needs to be close to the ground (cloud base at~500 m or
below) to allow detection. The potential difference inside
the thundercloud must be above the threshold potential. A

TGE is born when RREA accelerates the electrons close
to relativistic energies. The accelerated electrons create
the y radiation and particle fluxes that can be detected by
ground-level detector systems. As the electrons in RREA
interact with atmospheric atoms, they created a flux of
bremsstrahlung with a wide energy range from 100 keV up
to the maximum of the detector system used in this study.
Here, two different TGEs were observed which lasted from
50 to 100 s and were terminated suddenly by lightning. In
this study, the TGEs were observed at low altitude and in
high latitude in spring conditions. The thundercloud having
the RREA did brought about winter conditions with a low
surface temperature and snow. In a balloon flight conducted
in Mississippi, the TGF events were detected to occur at the
freezing altitude (Helmerich et al., 2023). The original seed
for RREAs comes from cosmic-ray induced atmospheric
ionization. Ionized electrons are accelerated to relativistic
energies by the electric field inside a thundercloud. The
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highest intensity of bremsstrahlung was at lower energies
below 1000 keV and the number of bremsstrahlung photons
decreased with a power law function toward high energies.
The bremsstrahlung contributed to a wide energy range
including the 511 keV peak. However, the 511 keV peak
enhancement cannot be fully explained by the bremsstrahl-
ung, but there was also a minor increase possibly caused by
increased  +decay from high-energy photon pair produc-
tion. The enhancement of the 511 keV peak was limited to
the passing of the LPCR in the thundercloud and no delayed
component in the count rate was observed.

Conclusions

Rare high-latitude, low-altitude observations of two Thun-
derstorm Ground Enhancements (TGE) were made for the
first time in Finland. The observation were made in the
Municipality of Vantaa on May 17th, 2020 between 10:20
and 10:30 UTC when a storm front containing a large
amount of moisture and cold air moved across the Baltic
Sea to the mainland Finland. The local weather conditions
favored the detection of TGEs since the cloud base was at
640 m above ground level. The TGE detections were made
with high efficiency Nal(T1) detectors with two- and ten-sec-
ond data acquisition times. The detectors observed radiation
in a broad energy range from 30 keV to 8800 keV. Two TGE
events were detected with certainty and an uncertain small
third event. The first TGE lasted ~50 s and the y-ray count
rates were observed to increase by 5-12%. The first TGE
was terminated by an in-cloud lightning strike with a 3-kA
peak current. The first event was followed by a break of
86-104 s. when the radiation levels went back to background
level. After the break, a second and stronger TGE event was
observed which lasted ~ 100 s. and the y-ray count rates
increased by 20-50%. The second event was also terminated
by an in-cloud lightning with a 29-kA peak current. The hor-
izontal dimension of the LPCR in the second TGE event was
estimated by using the prevailing wind conditions and the
duration of the peak phase in the high-energy y count rate.
The horizontal size was estimated to be around 500 m in
diameter with an upper limit at 1000 m in diameter. A closer
look was taken at the y spectra recorded during the sec-
ond TGE event. The highest increase in the y spectrum was
observed of energies around 200 keV. Above 200 keV the
amount of radiation decreased as a function of energy where
the decrease followed a power law. The maximum energy of
the y rays reached the upper limit of our detector systems at
8800 keV. The y-spectrum shape corresponded to the previ-
ously observed bremsstrahlung emission spectra from RREA
events inside thunderclouds. In the background-subtracted
Y spectra, we observed a minor increase in the 511 keV
peak suggesting that the high-energy bremsstrahlung also
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produced positrons (f + particles) possibly via pair produc-
tion which subsequently produced 511 keV annihilation y
rays. This is understandable since pair production becomes
the dominant interaction mode when y rays with several
MeVs in energy interact with matter. The delayed decay of
count rates in this energy window could suggest the presence
of atmospheric photonuclear reactions producing radioac-
tive isotopes, for example, '*N 4y — 13N +n which decay via
+decay producing 511 keV vy rays and hence delaying the
decrease of the 511 keV count rate. The count rates of the
511+20 keV energy window matched start and end times of
the second TGE event and no delayed decay was observed.
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