
1. Introduction
Studying high-energy phenomena in the Earth's atmosphere involves several aspects of climatology and at-
mospheric physics. The question of the mechanisms of energetic particle flux generation is directly related 
to the problem of lightning discharge initiation. Thunderstorm ground enhancement (TGE) (Chilingarian 
et al., 2010, 2013) is an excess of the electron and gamma-ray fluxes over background values (from tens to 
hundreds of percent) detected at the Earth's surface. TGE can include short-term (several minutes) and 
long-term (up to several hours) components of radiation. A long-term component is caused by the gamma 
radiation of the radon progeny and has energy below 3 MeV (Chilingarian, Hovsepyan, et al., 2019). It is 
generally agreed that a short-term gamma-emission of thunderclouds is caused by the bremsstrahlung of 
energetic “runaway” electrons. In the electric field of a thundercloud, electrons can accelerate via a runa-
way process (Gurevich et al., 1992) and experience multiplication forming avalanches of runaway electrons 
(Dwyer, 2003). The propagation of runaway electrons in the electric field of a thundercloud is accompanied 
by the production of the bremsstrahlung gamma radiation.

In 2016 and 2017, more than 200 TGE events were observed at the Aragats Research Station. This study de-
scribes eight TGE events that allow detailed consideration because of an especially large amount of gained 
data. Observational data on the fluxes of energetic particles from thunderclouds complement the informa-
tion about the electrical properties of these clouds. New information on the structure of thunderclouds and 
the dynamics of the processes occurring in them, in turn, enriches the methods for predicting atmospheric 
phenomena, including lightning activity. On a time scale of tens of minutes, a cloud moves a few kilometers 
horizontally, making it possible to measure the electric field created by its different parts with stationary 
instruments. During this period, the charge dissipation does not play a major role in the evolution of the 
electrical structure (McGorman & Rust, 1998, p. 33; Stolzenburg et al., 2015).

Direct balloon measurements have not been carried out for the research of TGE-producing clouds in Ar-
agats. Available data obtained by weather radars are insufficient to describe the distribution of cloud parti-
cles in the atmosphere (data on the maximum radar reflectivity are presented in Supporting Information). 
At the same time, numerical simulation of the state of the atmosphere, which has reached higher reliability 
due to its rapid development in the past two decades (Thorpe, 2013), is a valuable source of information 
on the cloud structure and has been successfully used in studies of atmospheric electricity phenomena 
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(Dementyeva et al., 2015; Lynn & Yair, 2010; Xu et al., 2016). In the present study, the electrical structure 
of a cloud is estimated using numerical modeling of the state of the atmosphere and the results of ground-
based measurements of the electric field. Because of the nonuniqueness of a charge distribution capable of 
producing the electric field dynamics measured on the ground, several assumptions are made concerning 
the distribution of charge on cloud particles. The analysis performed in this study can be considered as an 
initial step on the way to a detailed investigation of the structure of TGE-producing clouds. If we see that 
the WRF model can reflect a “large-scale” structure reasonably well, we will be able to move toward small-
er-scale simulations with radar data assimilation. Any cloud model with a higher resolution would require 
specifying initial and boundary conditions. The proposed modeling technique can provide these conditions 
for further simulations using a nested grid with a smaller scale.

In Sections 2 and 3, observational data and atmospheric modeling applied in this study are described. Sec-
tion 4 describes the proposed technique of estimating the electrical structure of a cloud, based on a com-
parison of measurement results with numerical simulation performed by means of the Weather Research 
and Forecasting Model (the WRF model). Sections 5 and 6 contain the results of applying the technique 
to two intense TGE events (June 11, 2016 and June 21, 2017), including the inferred spatial distribution of 
hydrometeors (cloud particles) and charge distribution within a cloud. The estimated electrical structure is 
discussed in the context of the role of different hydrometeor types and the conditions of relativistic runaway 
electron avalanche generation.

2. Experimental Data Used for the Research
In the current study, we use the data on the surface electric field and energetic particle flux obtained at the 
Aragats Research Station, available at http://crd.yerphi.am/, a description of the Station can be found in 
Chilingarian et al. (2010). A 3-cm thick plastic scintillator of the Stand-3 detector is used to register gamma 
photons with an energy greater than 3 MeV. The scintillation detector has 99% efficiency for electrons and 
3%–4% efficiency for gamma-photons (Chilingarian et al., 2010). The radiation of radon progenies has an 
upper limit of 3 MeV, therefore, the energy threshold of the Stand-3 detector ensures that measurements 
are not influenced by radon contamination (Chilingarian, Hovsepyan, et al., 2019). The electric field was 
measured by the Electric Field Monitor Boltek EFM-100, located 70 m from the energetic particle detec-
tor. The Boltek EFM-100 Electric Field Monitor measures the static electric field with an error of 10% in a 
range of field values up to 40 kV/m (EFM-100 Atmospheric Electric Field Monitor, 2016). Positive values 
of the electric field correspond to the downward direction in accordance with the atmospheric physics sign 
convention.

3. Atmospheric Modeling
To recover the state of the atmosphere, a numerical mesoscale model—the WRF model is applied (namely 
Advanced Research WRF (WRF-ARW), v. 4.1.2) (Skamarock et  al.,  2019; WRF model,  2020). The WRF 
model, being free software with centralized support, is one of the most widely used tools for atmospheric 
modeling. The strategy of two nested domains is applied, with the center at the observation point (40.4715°, 
44.1815°). The outer domain with dimensions of 2,700 × 1,800 km2 (the discretization step is 3 km) com-
pletely covers the Black and Caspian seas, the Caucasus mountains, Asia Minor, and the Armenian and 
Iranian highlands. The inner domain with dimensions of 90 × 90 km2 (the discretization step is 1 km) repro-
duces in detail the Aragats mountain (see Figure 1). The vertical coordinate in the inner domain is described 
by an irregular grid of 41 levels, the discretization step takes values from 50 m (near the ground) to 600 m (at 
the height of 20 km). WRF modeling parameters are given in Supporting Information.

The advantage of the WRF model is the possibility of using various parameterizations of microphysical 
processes. Microphysical schemes differ, in particular, in the number of types of liquid and solid water 
particles taken into account, as well as in the spatial resolution of the simulation. Solid hydrometeors are 
known to carry a significant portion of the charge in a cloud (Saunders, 2008). The sign of the charge on 
solid hydrometeors of different types varies. Therefore, it is important to take into account as many species 
of solid hydrometeors as possible. The consideration of convective events occurring near a mountain top 
requires the best possible spatial resolution. The Thompson parameterization (Thompson et al., 2008) is 
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chosen for this study as optimal in terms of the number of described types of particles and the resolution. 
The Thompson-2008 scheme is recommended for calculations on fine meshes with the discretization step 
down to 1 km (WRF Model, 2019).

The applied parameterization of microphysical processes considers water vapor and five types of hydrome-
teors (snow particles, cloud ice particles, graupel particles, rain droplets, and cloud water droplets). Char-
acteristic size ranges of hydrometeors are approximately the following: 0.001–1,000 μm for cloud ice, less 
than 10 mm for snow particles, less than 50 μm for cloud water droplets particles, more than 500 μm for 
rain droplets with a characteristic fall rate of 0.2–8 m/s (Thompson et al., 2008; Young, 1993). In agree-
ment with generally accepted microphysical terms (Pruppacher & Klett, 2010, p. 40), in what follows, “ice” 
refers only to cloud ice (small solid water particles), although all solid hydrometeors (snow and graupel 
particles) consist of ice. The application of other widely used parameterizations with three or more solid 
hydrometeor types, namely WRF Double-Moment 6-class scheme (WDM6) and NSSL 2-moment scheme, 
showed us that the Thompson parameterization provides the best fit on a 1 km grid to the measurement 
data corresponding to convective events in the Aragats region. To take into account a realistic distribution 
of aerosols, an aerosol-aware microphysical parameterization by Thompson and Eidhammer (2014) was 
also applied, where the aerosol number concentrations were derived from multiyear global model simu-
lations (Colarco et al., 2010). All aerosol particles within the parameterization are divided into two types: 
so-called ice-friendly aerosols (dust particles larger than 0.5 μm) and water-friendly aerosols (all other spe-
cies). It should be noted that the simulated convective systems are mainly located above the zero isotherm, 
while the main processes associated with water-friendly aerosols occur at positive temperatures (Rosenfeld 
et al., 2008). The concentration of ice-friendly aerosols in the region under consideration was expected to 
be low, which is proved with the use of the aerosol-aware parameterization (see Supporting Information).

The initial 6–8 hours of the simulation, usually referred to as the “spin-up time,” gives an unrepresentative 
simulation (Chu et al., 2018; Ulmer & Balss, 2016). The time interval during which the modeling is reliable 
starts just after the spin-up time and is 6–8 hours long. For this reason, the beginning of the simulation 
interval should be always chosen so that the event under investigation is after the spin-up. We use an ad-
ditional condition: we consider only events with no clouds in the inner domain during the spin-up time 
(cloudiness is estimated by the measured surface electric field). This selection further improves the quality 
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Figure 1. Modeling region, the outer and inner (black square) domains.
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of the modeling of convective systems. Additionally, it is known that geographic and climatic features have 
a significant impact on the rate of accumulation of modeling errors, while highly forced background con-
ditions (in particular, mountainous terrain) can lead to an increase in the time interval of reliable modeling 
(Warner, 2011). Typically, the model was initialized 6–12 hours before the registered TGE and the simula-
tion lasted for 12–24 hours, which leads to good reproduction of convective events. To initialize the WRF-
ARW model, the data from the global data assimilation system GDAS based on the GFS model were used. 
The basic forecast error of the GFS model is estimated in White (2018) to be limited by 10%.

4. A Technique for Estimation of the Electric Charge Structure
To estimate the large-scale charge distribution within the cloud, we use the results of electric field meas-
urements on the ground. The results of ground measurements of temperature and pressure are used for the 
verification of the modeling of the state of the atmosphere. A charge structure capable of producing the 
measured electric field dynamics is not unique; hence, the determination of the charge distribution requires 
additional assumptions. Data on charge separation processes derived from empirical studies are taken into 
account in the model, making it possible to uniquely determine the charge structure.

4.1. Assumptions on the Charge Distribution

From a mathematical point of view, the problem of determining the spatial charge distribution based on 
the surface value of the electric field is ill-posed. Strictly speaking, this problem has an infinite number of 
solutions. To select the most physically justified solution, it is necessary to make assumptions about the 
microphysical laws of charge distribution. The technique proposed here for the estimation of the cloud 
electrical structure using ground-based measurements is based on two main assumptions:

1.  The electric field distribution is maintained by the charges of hydrometeors. The charge density for each 
type of solid hydrometeors (i.e., the charge on hydrometeors per unite volume) is considered to be pro-
portional to the mass density of particles of this type (i.e., the mass of hydrometeors in a unit volume): 
Qj = αjmj, where Qj is the charge density of hydrometeors of type j, αj is a time-independent coefficient 
of proportionality, and mj is the mass density for the particles of type j. The coefficients αj are different 
for each hydrometeor type and each cloud: the value of αj is defined by the intensity of electrification 
processes, which depends on the conditions in a cloud.

2.  All energetic particle flux variations are due to changes in the electric field distribution (i.e., the variabil-
ity of cosmic-ray flux is neglected).

The assumption of linear charge-mass dependence is based on the results of empirical studies (Taka-
hashi, 1972; Takahashi et al., 1999). It is known that the maximal charge value on a graupel or snow particle 
corresponds to the middle part of the size distribution of these particles (Takahashi et al., 1999, Figure 16). 
In the framework of the chosen approach, charges on all other hydrometeors can be neglected (beyond 
the middle part of the size range), then approximately equal charges are located on all particles of approx-
imately the same size and mass, which leads to proportionality between the mass density and the charge 
density. As the exact dependence of the charge on the particle type and size is unknown, the simplest model 
which would provide reasonable agreement with measurement results should be applied. The charge sep-
aration rate is approximately equal to the dissipation rate during the mature stage of a storm (McGorman 
& Rust, 1998, p. 33; Stolzenburg et al., 2015). Thus, to analyze a cloud at the mature stage, we consider a 
quasi-stationary mode with constant integral charge and mass of water particles. Dementyeva et al. (2015) 
showed the applicability of this approximation for the analysis of thunderclouds and lightning activity.

Thus, the particle flux at the Earth's surface is determined by the configuration of the electric field of the 
cloud, and the question of finding the charge distribution becomes equivalent to the question of finding the 
distribution of hydrometeors and the magnitudes of their charges. No simplifying assumptions about the 
geometry of the cloud structure are required. The recovery of the spatial distribution of the electric charge 
in the cloud is performed by comparing the measured and modeled dynamics of the vertical component of 
the electric field on the ground.
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4.2. The Algorithm of Estimating the Charge Distribution

The estimation of the cloud electrical structure is carried out by the following sequence of actions:

 1.  For the TGE event under consideration, a time interval appropriate for modeling is determined. The 
main requirement is the absence of a significant surface electric field disturbance at the Station during 
the previous 6–8 hours, indicating the absence of electrified clouds.

 2.  For the chosen event and time interval the spatial distribution of hydrometeors (cloud ice particles, snow 
particles, graupel particles, rain droplets, and small water droplets) is recovered using WRF modeling, 
with a time step of 5 min, as described in the previous section. In what follows special attention is paid to 
the density of hydrometeors in the vicinity of the Station (the region of the main interest has a horizontal 
size of 6 km and the vertical size of 10 km, the horizontal discretization step is 1 km, and the vertical 
discretization step near the ground is about 50 m).

 3.  The charge density of hydrometeors of each type is assumed to follow their spatial distribution, so that 
for each node of the discretization grid the charge density follows the relation Qj = αjmj.

 4.  The dynamics of the surface electric field Ej induced by hydrometeors of type j at the observation point 
are calculated using the method of image charges in the approximation of a perfectly conducting surface.

         02 22 ( ) 2 ( )ji ji
j i i j i i j j

i i

Q m
E k cos k cos E

R R
, where k is the Coulomb constant, Qji and mji are 

the charge and mass of hydrometeors of type j simulated at the grid node number i, Ri is the distance 
between the grid node i and the point of observation, χi is the angle between the vertical and the direction 

from the grid node i to the point of observation.  0 22 ( )ji
j i i

i

m
E k cos

R
 is the surface electric field creat-

ed by hydrometeors of type j under the assumption αj = 1. The resulting electric field at the observation 
point is E = ∑jEj = ∑jαjE0j.

 5.  The obtained time dependence of the electric field produced by hydrometeors of each type is compared 
with the time series of the measured electric field (both time series are averaged over 25  min to ex-
clude the influence of the measured electric field variations associated with lightning discharges and the 
small-scale cloud structure, as well as inaccuracies of the simulation).

The set of the proportionality coefficients αj providing the best fit of the measured surface electric field 
dynamics is determined by the linear regression procedure using the machine learning library (scikit-
learn, 2020). The charge-mass coefficients for each event are assumed to be time-independent, so the opti-
mization problem is defined as follows:

  0( ) ( ),measured j j
j

E t E t (1)

where Emeasured(t) is the measured surface electric field (dependent on time), αj is the charge-mass coefficient 
for the hydrometeor type “j” (summation is carried over hydrometeor types), and E0j(t) is the time-depend-
ent surface electric field caused by hydrometeors of type “j” under the assumption of αj = 1.

The proposed technique of estimating the cloud electrical structure is based on the use of measurements of 
the surface electric field as the only characteristic of the charge distribution. Within the framework of the 
technique, the electric field dynamics are analyzed with 25-min averaging applied, enabling an estimate of 
the large-scale structure of a cloud. Thus, the technique is applicable for clouds with a sufficiently simple 
charge structure, which could be approximated by several charge regions. An event is considered suitable 
for applying the technique if sign reversals of the surface electric field during the event are infrequent (the 
time interval between two sign reversals should be 15 min or more). For the majority of the events, the 
electric field dynamics have one pronounced sign reversal, corresponding to a cloud with a dipole electrical 
structure, in which the centers of the charge layers are shifted relative to one another.
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5. Analysis of TGE June 11, 2016
The algorithm presented in the previous section is illustrated by the procedure of estimating the electrical 
structure for the cloud that caused TGE events on June 11, 2016. A characteristic feature of the event is an 
intensification of the energetic particle flux, immediately following a rapid decrease of the electric field; this 
is in agreement with the fact that a negative electric field accelerates electrons toward the ground, and thus 
increases the energetic particle flux detected on the ground. Lightning strikes were not taken into account 
in the simulation because the resolution of WRF modeling significantly exceeds a time scale of lightning 
flashes. Thus, rapid changes of the electric field (10 kV/m and more per minute) are not reproduced in the 
modeling and are not related to a large-scale charge structure. In what follows, the numeration scheme 
corresponds to the description of the algorithm in the previous section.

1.  An electric field variation accompanying the count rate disturbance was registered on the ground during 
the time interval from 10:40 to 12:10 UT. The initial point of WRF-modeling could be 00:00, 06:00, 12:00, 
or 18:00 UT. 6–8 hours of simulation preceding the considered electric field variation are required, which 
leads to the choice of 00:00 June 11, 2016, as the starting point for modeling (no electric field disturbance 
was registered during the first 8 hours of modeling, which implies the absence of electrified clouds above 
the Station.).

2.  The distribution of cloud ice, snow, and graupel particles and liquid water particles is modeled for the 
period from 00:00 to 18:00 June 11, 2016. The dynamics of hydrometeor concentration, according to the 
modeling, are provided in Supporting Information.

3.  The spatial charge distribution for each of the five kinds of hydrometeors (snow particles, cloud ice par-
ticles, graupel particles, rain droplets, and cloud water droplets) is estimated using the formula Qj = αjmj, 
where j denotes the type of hydrometeors. The coefficient αj is to be found from modeling and measure-
ment results.

4.  The dynamics of the electric field E on the ground surface induced by hydrometeors of each type are 
calculated with the value of αj assumed to be equal to 1. The dynamics of the electric field that could be 
created by charges on hydrometeors of each type are presented in Supporting Information.

5.  The electric field on the ground created by hydrometeors of type j is assumed to be αj ⋅ E0j, where E0j is 
the electric field on the ground found at the previous step under the assumption of αj = 1. The measured 
field dynamics are averaged over 25 min by the simple moving average method and compared with the 
simulated electric field dynamics. An optimization problem is solved. The set of αj providing the best 
fitting of the measured electric field dynamics is determined by linear regression.

The impact of cloud ice on the surface electric field is found to be negligibly small, and for this reason 
αice = 0 is assumed. Charge carriers are graupel and snow particles. The solution of the optimization prob-
lem for αj can be interpreted as follows. In the time range 10:30–12:00 UT, the WRF shows the prevalence 
of graupel particles above the measurement location, and the measured surface electric field is positive. At 
12:00–13:00 UT, the modeling shows that there are predominantly snow particles above the Station, and 
the measured surface electric field is negative. Therefore, graupel particles are charged positively, creating 
a positive surface electric field at 10:30–12:00 UT, and snow particles are charged negatively. The resulting 
modeled dynamics of the electric field are compared with the measured dynamics of the electric field on 
the ground (Figure 2a). Charges, and, consequently, electric fields of ice, rain, and cloud particles are found 
to be negligible.

The analysis described above leads to the conclusion that the cloud which caused the TGE of June 22, 2016 
is characterized by a two-layer charge structure with the lower positive charge formed by graupel particles 
and the upper negative layer consisting of snow particles (Figures 2f and 2g). The distribution of graupel 
and snow particles above the Station at 11:20 UT is shown in Figures 2b and 2c. It could be seen that the 
graupel cluster is located below the snow cluster and is more localized (the horizontal size is about 3 km). 
The surface electric field at 11:20 UT is formed by a low dense cluster of positively charged graupel particles 
and a high negatively charged snow cluster; the resulting field (modeled and measured) is positive (Fig-
ure 2a). Negative surface field at 11:45 UT is formed mainly by the snow cluster which is more dense than 
the graupel cluster (Figures 2d and 2e).
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Figure 2. Analysis of TGE June 11, 2016: (a) the measured surface electric field (1-s series, gray curve), the energetic particle flux (excess over background 
values, 1-min series, blue curve), precipitation rate (red curve), the measured surface electric field averaged over 25 min (orange curve), the simulated surface 
electric field averaged over 25 min (green and cyan curves represent the electric field generated by the electric charges of snow and graupel particles simulated 
using Thompson-2008 and Thompson-2014 (aerosol-aware) parameterizations, respectively), (b, c) and (d, e) the modeled spatial distribution of the graupel 
and snow particles at 11:20 UT and 11:45 UT, respectively (the vertical plane contains the Station and is oriented from west to east, the coordinate origin 
corresponding to the location of the Station, the coloring of the regions characterizes the density in g/m3), (f) and (g) the modeled electrical structure of the 
cloud at 11:20 and 11:45 UT, respectively, the snow cluster is red and the graupel cluster is green.
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Figure 2a shows the comparison of the modeled and measured dynamics of the surface electric field. The 
surface electric field is reproduced on a time scale of about 20 min, which corresponds to the horizontal 
scale of about 2 km. A short-term disturbance of the electric field accompanying a TGE (11:45–11:55 UT) is 
not directly reflected by the averaged field dynamics and is not described by the developed model of a large-
scale field structure, Figure 2a. Meanwhile, during the long-term enhancement of the energetic particles 
flux (12:00–13:00 UT), the electric field is negative, which is reproduced in the modeling. A configuration 
of the electric field with a negative value near the surface is known to be favorable for a TGE development. 
Thus, the developed model described large-scale features of electrical structure which leads to the creation 
of the TGE. Modeling results obtained using both microphysical schemes are in agreement with measure-
ment data. Taking into account the aerosols in the parameterization of aerosols do not lead to significant 
changes in modeling results, which is consistent with the fact of a low concentration of aerosol particles in 
the modeled region (details on the distribution of aerosol particles are provided in Supporting Information).

The electric charge density per unit mass is estimated as 0.01 nC/m3 for graupel and −0.02 nC/m3 for snow. 
The integral electric charge in the column with a radius of 1 km above the Station: 0.1 C on graupel particles 
and −0.2 C on snow particles. The obtained values of charge density are of the same order of magnitude as 
the values typical for lightning-producing clouds (Rakov & Uman, 2004), and, therefore, are likely to form 
an electric field distribution favorable for avalanche multiplication of energetic particles. The applied tech-
nique of recovery of the cloud electrical structure allows for a more precise estimation of the charge of the 
lower charge layer because it is closer to the point of measurement.

A remarkable feature of the modeling result is that the relatively rapid decrease of the averaged electric 
field which occurred at about 11:45 UT, corresponds to the departure of the graupel cluster from above the 
Station, and the remaining cluster of snow particles induces a negative electric field (Figure 2a). Thus, the 
modeling provides a qualitative interpretation of the observed dynamics of the surface electric field, allow-
ing us to see a correspondence between patterns of the electric field and types of charge carriers. The meas-
ured electric field variation starting at 13:30 UT is not described by our modeling and is not of interest for 
the consideration of the TGE phenomenon. In the simulation problem, the uncertainty is partially caused 
by the error in the initial conditions. The problem of the discrepancy between the simulation results and 
the measurements after the spin-up time has two reasons: the error of the initial data and the accumulation 
of errors of modeling, presumably mainly due to the microphysical scheme (we see that the main changes 
with time occur in the microphysics). To achieve better accuracy, techniques of assimilation of radar data 
should be applied. Our modeling showed that for the conditions of interest, the time interval for reliable 
simulation on a 1-km horizontal grid could not be longer than 8 hours.

6. Analysis of TGE June 21, 2017
In this section, a TGE event with a lower magnitude of the count rate increase is described. The steps of the 
electrical structure estimation are similar to those mentioned in the previous section. Here, the results of 
applying the technique to the event on June 21, 2017 are presented. The TGE of June 21, 2017 demonstrates 
a count rate increase at 21:15–21:25 UT shown in Figure 3a. A detailed analysis of the event is presented in 
Supporting Information.

Comparison of the modeled electric field dynamics with the measurement results is presented in Figure 3e. 
As for the event discussed in the previous section, the first positive and first negative electric field variations 
are described reasonably well, simulations of the electrical field using either of the microphysical schemes 
were equally successful. The electric field dynamics after 21:40 could not be modeled because of the limita-
tions on the time interval of reliable modeling. The TGE of June 21, 2017 is accompanied by precipitation, 
which is typical of TGEs. Further research is needed for clarification of the relation between the rain rate 
and the surface dynamics of the electric field.

Figures 3b and 3c present the two-layered spatial structure of the cloud at 21:10 UT: graupel particles are 
located low above the ground surface, 2 km below the snow cluster. The movement of the lower clusters 
formed by graupel particles is correlated with the surface electric field variation of positive polarity, proving 
that the lower graupel cluster plays the role of the lower positive charge region in the formation of the elec-
trical structure of a TGE-producing cloud. The vertical distance between the two charge clusters is about 
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Figure 3. Analysis of TGE June 21, 2017, 20:30–21:05 UT: (a) the measured surface electric field (1- s series, gray 
curve), the energetic particle flux (excess over background values, 1-min series, blue curve), precipitation rate (red 
curve), the measured surface electric field averaged over 25 min (orange curve), the simulated surface electric field 
averaged over 25 min (green and cyan curves represent the electric field generated by the electric charges of snow 
and graupel particles simulated using Thompson-2008 and Thompson-2014 (aerosol-aware) parameterizations, 
respectively), (b, c) the modeled spatial distribution of the graupel and snow at 21:10 UT (zero horizontal and vertical 
coordinate values represent the location of the Station; the coloring of the regions characterizes the density in g/m3), (d) 
the modeled electrical structure of the cloud at 21:10 UT, (e) enlarged fragment of (a)—averaged dynamics of surface 
electric field, measured and modeled.
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2 km. The electric charge density per unit volume is estimated as (0.02 nC/m3) for the graupel cluster and 
(−0.03 nC/m3) for the snow cluster.

7. Modeling of TGE Events of 2016–2017 Seasons
Twenty-three TGE events with the energetic particle flux exceeding the background value by more than 10% 
were observed at the Aragats Research Station during 2016–2017. Eight events met the requirements listed 
in the previous section and were analyzed based on WRF-modeling. For all eight events, the estimated elec-
trical structure is “an inverted dipole,” where the upper negative charge cluster is formed by snow particles 
and the lower positive charge cluster—is formed by graupel particles. The cloud ice cluster and snow clus-
ter are usually localized in the same region in the horizontal plane (the ice cluster could be 1–2 km above 
the snow cluster). However, the cluster of cloud ice is typically characterized by a much lower density and 
higher altitude than the snow cluster, from which it follows that the impact of cloud ice particles on the 
surface electric field is negligible. Characteristic values of the mass density for the two fractions are 0.4–2 g/
m3 for snow and 0.1–0.8 g/m3 for graupel. The main parameters of the events and the corresponding charge 
structures are presented in Table 1. The size of the lower positive charge region is comparable with the size 
of the higher negative charge layer. The average width of the lower layer is 4 km, and the vertical size is 
1.7 km. The average horizontal and vertical sizes of the upper charge layer are 5 and 2.7 km, respectively.

The charge per unit mass α for graupel and snow clusters typical for TGE producing clouds is found to be 
about 0.001–1 μC/kg (α values are provided in Supporting Information). The error of determination of the 
coefficient α is estimated as 20% and is related to the error of hydrometeor density estimation, which for 
typical parameters leads to the error in total charge of each layer about 0.02 C. The estimated values of the 
charge density are in agreement with the results previously found for cold cloud electrification: the analysis 
of charges on cloud ice and graupel particles in Hokuriku winter cumulus clouds (Takahashi et al., 1999) 
describes hydrometeors with a typical size of about 1 mm and the charge of 0.1–200 pC, which leads to the 
value of α of about 0.01–10 μC/kg. A charge density of 0.1 nC/m3 in an inverted polarity storm is reported 
in Xu et al. (2016), which is close to the values found in Takahashi et al. (1999) and the present study. The 
characteristic electric charge density corresponds to the value of the cloud layer charge of about 0.1  C, 
which is lower than that for charge layers in mature thunderstorms (Rakov & Uman, 2004, p. 67). TGE is 
rarely observed in thunderclouds with intense lightning activity, which gives evidence of moderate charge 
values in TGE producing clouds.
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Date Time

Count 
rate 

excess
Lower layer 
width, km

Upper layer 
width, km

Graupel 
density 
mg/m3

Snow 
density 
mg/m3

Positive charge 
density, nC/m3

Negative 
charge density, 

nC/m3

2016-05-04 19:05 1.12 5 5 800 1,500 0.050 0.020

2016-05-12 13:45 1.16 5 4 150 1,300 0.030 0.060

2016-06-08 11:40 1.17 1 4 120 2,000 0.020 0.025

2016-06-11 11:20 1.10 2 7 600 400 0.012 0.020

2017-06-21 21:10 1.03 3 5 250 2,000 0.017 0.026

2017-08-17 18:55 1.12 3 3 180 1,200 0.002 0.001

2017-10-01 18:05 1.05 3 4 150 1,000 0.002 0.005

2017-10-10 14:05 1.18 4 5 80 1,200 0.001 0.003

Note. For each event, the count rate excess (the relative enhancement of the count rate over the background), geometrical 
and electrical parameters of the modeled cloud structure are specified (the width, mass density, and charge density of 
the lower graupel cluster and the upper snow cluster).

Table 1 
Parameters of the Modeled Charge Structures for TGE Events of 2016–2017
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8. Discussion and Conclusions
The WRF model was applied for the simulation of the state of the atmosphere during TGEs. The large-scale 
electrical structure of a cloud was modeled corresponding to the measured surface electric field dynamics. 
The majority of the considered events of the electric field and particle flux disturbances are caused by 
clouds with a dipole structure. The lower positive charged layer is formed by graupel particles, the higher 
negative layer consists of snow particles. The horizontal size of the lower positive charge usually lies in the 
range of 3–5 km, being comparable to the size of the negative charge layer. Additional evidence for the sig-
nificance of the lower positive charge can be derived from statistics of lightning flashes in TGE-producing 
clouds: lightning flashes associated with the lower positive charge (inverted polarity IC) are shown to be 
more frequent than on average (Chilingarian et al., 2015; Chilingarian, Khanikyants, et al., 2019). It should 
be noted that the lower dipole plays a significant role in the initiation of the TGEs and lightning flashes on 
Aragats as well as on the Tibetan plateau. In Qie et al. (2005, 2015), it was established that larger than usual, 
the lower positive charge prevents negative cloud-to-ground lightning flashes (-CG) to occur, and only in 
the late stage of the storm–CG discharges could be triggered frequently. Nag and Rakov (2009) examined 
various scenarios of atmospheric discharges depending on the maturity of the lower positive charge. In 
Liu et al. (2013), it was stated that negative CG usually started as an inverted-polarity intracloud discharge 
which partly neutralized the lower positive charge so that a hole in the lower positive charge was formed 
and eventually led to a negative CG. In turn, the intense TGE can provide enough ionization to facilitate 
intracloud discharge, and usually discharges occurred just after the maximum of particle flux (Chilingar-
ian et al., 2017). Based on the analysis of the TGE events abruptly terminated by lightning flash, Tsuchiya 
et al. (2011) provided firm evidence that the electric field between the main negative and lower positive 
charge regions in the thundercloud can be responsible for the flux enhancements at ground level TGEs can 
be abruptly terminated by inverted ICs occurring between the main negative charge region and the lower 
positive charge and by hybrid flashes (an inverted IC followed by a -CG). Thus, the conditions for electron 
acceleration toward ground needed for the production of TGEs consist in the creation of a strong electric 
field between the main negative charge region and the lower positive charge region.

It should be mentioned that there are two components of the upward electric field in the lower part of the 
cloud. One component is the electric field of a dipole formed by the main negative layer and mirror image 
charge, and the other is created by the lower positive charge. The performed analysis shows a definite cor-
relation between the dynamics of the positively charged graupel cluster and the electric field time series, 
leading us to the conclusion that the lower positive charge is significant. The increase in the count rate took 
place simultaneously with the appearance of the lower positive charge above the Station, which points out 
that the field component related to the lower positive charge is important not only for the surface electric 
field but for the strong field region within the cloud as well, creating favorable conditions for TGE initiation.

The WRF simulation shows a very low density of hydrometers above the measurement point in the final 
time interval, while measurements show a nonzero near-surface electric field for the same time, indicat-
ing a presence of a significant amount of hydrometeors. We explain this by underestimation of the mass 
density of hydrometeors in the final parts of the simulation. The effect can be caused by the preceding 
overestimation of the precipitation density, which leads to a decrease in the water content of the modeled 
clouds. The underestimation of heavy rainfalls is known (Chu et al., 2018; Davitashvili et al., 2016; Gevorg-
yan, 2018; Kizhner et al., 2013; Kryza et al., 2013) and possibly has a similar origin as the overestimation of 
light precipitations observed in the present study (related to an oversimplified description of precipitation 
in the modeling system). The underestimation of the density of hydrometeors at the end of the modeling 
may be associated with the accumulation of errors mainly in the microphysical scheme, which can lead to 
a discrepancy with the radar data and requires the use of assimilation techniques.

We believe that one of the main directions of future study is the joint detailed analysis of radar data and 
modeling. An inspiring example of the analysis of the radar data together with electrical measurements 
helping to describe the structure of a cloud can be found in Williams et al. (1992). Nowadays, the errors 
of radar data and modeling make it possible to characterize the cloud structure with an accuracy of about 
1 km. Improvements in computational methods and radar technology can lead to a decrease in error, which 
will confirm or deny the conclusions drawn here. Using the Thompson Aerosol Aware scheme, the realistic 
aerosol distribution is included in the modeling. However, more subtle effects of aerosols require a separate 
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study, combined with data assimilation. The developed model is a necessary step toward the analysis of 
convective events on the scale of TGE occurrence. Further development of modeling, including the appli-
cation of techniques of radar data assimilation, may lead to the creation of a model of TGE-related charge 
distribution on a fine mesh. The presented description of a large-scale cloud structure is essential for sim-
ulation on smaller scales and can provide initial and boundary conditions for it. The proposed technique, 
in comparison with the explicit calculation of the distribution of electric charges using the WRF-ELEC 
(Fierro et al., 2013; Mansell et al., 2005; https://sourceforge.net/projects/wrfelec), has lower computational 
complexity. In addition, the results of the application of the technique allow for simpler interpretation of 
the charge structure, leading to a better understanding of electrification processes and conditions of devel-
opment of electron avalanches, which cause TGE.

The influence of climatic conditions on the emission of gamma-rays by thunderclouds requires further 
research. Few studies of gamma-ray enhancements under electrified clouds in the mountains have been 
carried out so far. It is important to take into account Yair et al. (2019) and Reuveni et al. (2017), which re-
port the gamma-ray enhancements measured at 2020 m above sea level (Mountain Hermon), most similar 
to the TGE observed in Aragats. Yair et al. (2019) describe the observation of the excess of gamma radiation 
over the background during a snow storm. Based on the analysis of the dynamics of the surface electric field 
strength, it is concluded that the snow particles carry a negative charge. (Reuveni et al. (2017) emphasize 
the role of the lower positive charge for the development of gamma-ray enhancements.

The performed analysis is important for obtaining new information about the cloud electrical structure and 
the processes of electrification that contribute to its formation, as well as for studying the TGE phenome-
non. The characteristic vertical size of the region of the upward electric field in a typical cloud producing 
TGE is found to be 1–3  km, which is sufficient for the formation of energetic particle avalanches (Dw-
yer, 2003). Characteristic features of the time evolution of the energetic particle flux are explained by the 
modeled dynamics of the cloud electrical structure; a detailed consideration of the properties of TGEs and 
their origin remains the subject of further research.

Data Availability Statement
Measurement data is obtained at the Aragats Research Station and available at http://crd.yerphi.am/adei. 
The WRF-ARW model is available at http://www2.mmm.ucar.edu/wrf/users/downloads.html. WWLLN 
data can be obtained through http://wwlln.net.
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