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Abstract. The paper proposes a model to calculate electrostatic charge structure of
an eruptive cloud (EC) based on the response of atmospheric electric field (AEF EZ)
strength during cloud passage near an observation site. The model provides high identity
of calculated and experimental data for complex configurations of EC electrostatic
charges. Examples of calculation of EC structures from Shiveluch volcano (Kamchatka)
eruptions are given. They were estimated with the help of the developed model based on
the records of AEF EZ response at the distances of 45 and 113 km.
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1 Introduction

Generation of atmospheric electrostatic field (AEF) is associated with multiple processes of planetary
and local scales. Global electric circuit is determined by global lightning sources [1]. Moreover, at the
local level, AEF is connected with such local parameters, affecting electrization mechanism, as con-
ductivity, temperature, viscosity, electron and ion concentration, ionization source strength, aerosol
concentration and content and others [2]. Cloud electrization of meteorological origin primarily refers
to local sources of AEF variations [3].

For the Kamchatka peninsula and a number of other regions of the globe where volcanic activity
manifests itself, EC electrization is an intensive additional factor. The electrization occurs as the result
of volcanic eruption [4, 5]. The main difference between the clouds of meteorological origin and ECs
is that ECs, initiated by volcanic explosive activity, are loaded with significant volume of fine grained
ash and aerosols and have high temperature contrast at cloud-atmosphere boundary [6, 7]. Moreover,
depending on the character of explosive activity, volcanic ash content, amount of water dissolved in
magma and so on, EC electrization is conceivable within wide limits of charge value and with different
polarization [8–13]. These circumstances as well as the interaction of EC boundary with the clouds of
meteorological origin cause lightning activity. Lightning stroke location by modern techniques allows
one to trace EC propagation [14, 15].
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EC evolves during its propagation: fractionation during weighted component sedimentation,
aerosol formation, its temperature decrease [16, 17] that is reflected in EC electrostatic structure
[12, 13]. Near-field electrostatic processes in EC are indirect signs of eruption character [18] whereas
in the far-field zone, the conditions of EC propagation under wind effect make significant impact on
its electrization.

In the course of investigation of EC electric structure, observations of atmospheric electric field
vertical component (AEF EZ) by ground-based electrostatic fluxmeters were very popular [7, 13, 19,
20]. When interpreting the obtained data and calculating EC charge, one of the following models
is usually applied: field of one effective charge, field of uniformly charged ellipsoid body [21] or
dipole field [5]. Such an electric structure of a cumulonimbus cloud is represented by at least 4
main space charges, two main ones of which form a vertical dipole [22]. Simulation of a field of
differently originated clouds is quite illustrative and thus is widely used for qualitative description.
Field simulation by uniformly charged ellipsoid is used, as a rule, for massive cloud formations [23].
In order to describe such a model, 6 parameters (3 diameters and 3 orientation angles) are required,
but in most cases it is difficult to calculate them.

EC formed under wind effect are usually characterized by small vertical dimensions, significant
extent along the drift direction and small crosswise dimensions. As opposed to the vertical electric
structure of meteorological clouds, horizontal structure is typical for EC. In this case, to describe field
sources, we need to apply several ellipsoids of different polarity and orientation that makes the model
more complicated and hardly suitable for quantitative analysis.

When describing a symmetric dipole, one needs 7 components: 6 coordinates of charge position
and one for charge value. However, in the majority of cases, real aero-electric structures are asymmet-
ric. Thus, it is necessary to add a unipolar charge to the dipole for the approximation to be satisfactory.
As a result we have that in a simplest case we need to obtain 8 unknown quantities from experimental
values for quantitative application of such a model. Applying such a model, EC electric structure with
significant horizontal dimensions should be described by several dipoles. That complicates model
application and makes it problematic to use it for EC electric structure investigation.

2 Volcanic globule

To construct a model of a charged EC, we refer to the known notions in electrostatics. The basis
of them is detection of a uniformly charged volume element the field of which can be approximated
by point charge field. Combination of such fields into more complicated configurations (dipoles,
quadruples etc.) allows one to approximate a field of arbitrary configuration with required accuracy.
As the simplest element of EC electrostatic structure we take a compact uniformly-charged space of
diameter Dc and charge Q which is called «volcanic globule» (VG). As a rule, the observed typical
VG dimensions are significantly less than the distance from a source to the observation site. Thus, we
approximate VG field by point charge field with sufficient accuracy. For the VG field with significant
horizontal dimensions we introduce an additional parameter taking into account its extention.

Such an approach allows us to turn to the model approximating EC electric field by the superpo-
sition of fields of separate electrostatic structures of simplest forms, VG. Under certain assumptions,
BG parameters are determined from the data obtained by ground-based electrostatic fluxmeters. Thus,
description of EC electrostatic structure is reduced to the superposition of VG set charges fields. Vol-
canic activity is reflected indirectly in EC, thus, EC electrostatic field decomposition on the basis of
partial fields of separate VG may give an idea on volcanic activity character if we take into account
the evolution processes occurring as the result of its motion along the transfer direction under wind
effect.
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3 Description of the model

A mathematical model always contains some limitations since it represents a certain degree of ide-
alization of a real situation. In this case, to construct our model, we have to assume that relaxation
processes are absent. It is fair if the characteristic time of relaxation evolution of EC separate compo-
nents is more than that of their position change.

We consider rectangular coordinates with the origin at the point of sensor location with the ver-
tical axis Z and horizontal axis X, oriented along VG motion, and axis Y perpendicular to it (Fig.1).
Dynamics of VG motion in such a coordinate system is determined by wind velocity ν at the height z
and time t − tniar is the moment of the closest distance to VG, x = ν · (ti − tniar).

When making such a choice of coordinates, VG trajectory projection on the ground surface is at
the distance y from the axis X. VG center position is determined by the vector R = n ·

√
x2 + y2 + z2,

where n is a unit vector directed from the origin of coordinates to VG with the coordinates x, y, z.
Extreme value of field intensity module Emax is achieved at the distance Rmin =

√
y2 + z2.

Figure 1. Volcanic globule motion in the model coordinate system

Air conductivity is many orders less than that of the ground. Thus, when constructing the model,
we assume that ground conductivity is infinite. Then, VG charge field over the Earth surface is de-
scribed by the superposition of fields of two equal charges of opposite signs located at equal distances
over and under the ground surface and being direct reflections of each other. As a result, the field at
the Earth surface level has only a vertical component and can be described by the expression:

Ez = A · Ψ, (1)

In this expression the first factor which is determined by charge value and the minimum distance
to a VG is the field amplitude independent of time and VG location.

A =
Qz

2πε0 · R3
min

, (2)

where Rmin is the minimum distance from a detector to the horizontal projection of VG trajectory, ε0
is the dielectric constant.
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The second factor describes the characteristics of VG field with a unit charge moving under wind
effect at the height z along a straight line parallel to axis X with velocity ν.

Ψi =
Ei

Emax
=

{
1 +
(
ν(ti − textr)
δ

)2}−3/2

, (3)

where ti, textr is the current time and the time of VG position at the minimum distance from an ob-
servation site, δ is the extension parameter defining VG effective size and controlling curve Ψi form
(Fig.2) under the condition that VG motion corresponds to Fig.1.

Figure 2. Extension function curves for different parameter δ values

From the obtained ratios (1 – 3) we can make the following conclusions:

• VG field is described by an even function becoming a unit at the extremum point and going to zero
at infinity;

• at the extremum point, field value is equal to A;

• when the height z is known and the distance from a sensor to the horizontal projection of trajectory
y is the shortest, applying experimental data we can find VG charge according to (2):

Q = A
2πε0 · R3

min

z
, (4)

Charge sign is determined by A position relatively the field average value and the width of the
curve Ψ, describing field structure, is determined by effective extension parameter δe f f .

4 VG extension parameter

As the VG charge from ratio (4) is determined we can determine VG characteristic dimension applying
expression (3) by searching for an optimal approximation M = AΨ(δopt) of Ez data sampling that is
formally reduced to optimization problem of the objective function ∂

∂δ
· Φ(δ) = 0 with respect to the
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4 VG extension parameter

As the VG charge from ratio (4) is determined we can determine VG characteristic dimension applying
expression (3) by searching for an optimal approximation M = AΨ(δopt) of Ez data sampling that is
formally reduced to optimization problem of the objective function ∂

∂δ
· Φ(δ) = 0 with respect to the

control parameter δe f f , effective parameter of VG extension. In a general case, this equation does not
have an analytical solution and is a typical problem of linear programming.

When choosing the measure of deviation of Euclidean distance between realization and approxi-
mating function, the objective function takes the form

Φ(δ) =
N∑

i=1

(
Fi − Mi(δ)

)2
, (5)

If Mi = 0, the solution ∂
∂δ
· Φ(δ) = 0 yields a well-known least-square method. We applied a

numerical approach of search for the parameter δopt. It was determined by the minimum value of
the objective function Φ(δopt) within the interval of possible values of the parameter δopt. For this
purpose, we used a widely used application program package MATLAB for technical and scientific
calculations. The package has Optimization Toolbox function oriented on different variants of solution
of optimization problems.

Figure 3. Response in AEF EZ during eruptive cloud passage from the explosive eruption of Shiveluch volcano
on November 16, 2014 [23] compared to the calculated curves. 1 – experimental curve; 2 – approximation by
the field of two VG point charges; 3 – approximation by the field of two VG optimizing the extension parameter
δopt=1.

As an example, we consider an explosive eruption which occurred on Shiveluch volcano at 10:17
on November 16, 2014. EC from this eruption rose up to the height of 13 km above the sea level.
Its propagation was observed on the images of Satellite Landsat 8. About two hours later, a positive
anomaly of one and a half hour long was observed in AEF Ez records at KZYG (Kozyrevsk site)
113 km to the south-west from Shiveluch volcano [24]. The anomaly looked like a double-peak bay-
like disturbance with the exceedance Ez = 125 V/m with respect to the background (Fig.3). According
to the satellite data, the time of anomaly occurrence corresponds to that of EC passage 20 km to the
east of KZYG. According to the of maximums propagation times, estimated as differences of times
between the beginning of the eruption and their arrivals, we calculated the velocities of motion for
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two parts of the eruptive cloud as 17.7 m/s and 10.9 m/s, respectively. Agreement of aero-electric
structure propagation velocities with wind velocities (based on upper-air sounding data) at definite
heights indicates the fact that ash propagated at two horizons (9 ÷ 10 and 12 km) where temperature
inversions were observed according to upper-air sounding data.

This anomaly was approximated by the field of two VGs with point charges (curve 2, Fig.3). Then
the extension parameter δopt = 1 was optimized (curve 3, Fig.3). The latest case shows significantly
better approximation to the experimental curve.

5 Field decomposition by several globules

In most of any cases, EC electrostatic field consists of several VGs which appear as the result of
each act of magma fragmentation in volcanic conduit. Owing to the strength of applicability of the
superposition principle in this case, the resultant field E

∑
z can be written as a sum of partial fields of

VG each of which may have its own parameters, charge sign and value as well as extension

E
∑
z =
∑

k

AkΨ(δk), (6)

The well-known law, connecting the characteristics of a separate source and the structure of the
field generated by it (1 – 3), on the basis of field character allows us to estimate charge values and
VG extension parameters responsible for recorded data formation. The most obvious algorithm of
decomposition of recorded data by dominant VG fields is the funnel algorithm for approximating
field generated by the dominant VG followed by difference series analysis.

Fig.4 illustrates VG partial field decomposition of the vertical electric field for EC from Shiv-
eluch volcano eruption on November 16, 2014. The decomposition was estimated to the level of
independence of a root-mean-square deviation relative value on iteration number. The approximation
accuracy, applying the described technique, turned to be high enough. Approximation differences
(dashed line) from the measurement data (solid line) are obvious only on the right part of Fig.4.

Figure 4. Decomposition of the vertical electric field attributed to Shiveluch volcano eruption on November 16,
2014 with respect to VG partial fields. Circle area size is proportional to VG effective size. Gray color is positive
charge, blue color is negative charge. For the background values relatively Emax, the ellipse shows the fragment
where the difference of experimental (solid line) and calculated (dashed line) data is obvious

We consider some details of application of the suggested method on the example of AEF Ez
experimental data obtained during the passage of the EC from Shiveluch volcano eruption on June
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We consider some details of application of the suggested method on the example of AEF Ez
experimental data obtained during the passage of the EC from Shiveluch volcano eruption on June

14, 2017 over the KLYG site (Klyuchi) [25]. In this case, ashfall ( 100 g/m3) was observed at the
observation site located 45 km to the north from Shiveluch volcano during the passage of the EC
propagating with the velocity of 4-7 km/s at the height of 12 km above the sea level. According to
the paper [5], the form of a high-amplitude response in AEF EZ (-6 <EZ< 5kV/m) indicated that EC
electrostatic structure had the form of a horizontal dipole. We consider application of the method for
the case described above on different-scale time series. On 21-hour time segment, the method allowed
us to make only large-scale decomposition, detection of a few high-amplitude GV of large effective
size (Fig.5a). When the time interval was reduced to anomaly duration, more detailed decomposition
on the basis of smaller VG (Fig.5b) was realized.

Figure 5. Electric field vertical component during the Shiveluch volcano eruption on June 14, 2017. Decomposi-
tion on the sampling with different degree of detail. Symbols are identical to those in Fig.4 a – 21-hour sampling;
b – 1-hour sampling attributed to EC passage time.

6 Conclusions

1. We proposed a model to estimate the eruptive cloud electrostatic charge structure based on
the response of atmospheric electric field strength during its passage near an observation site.
The model provides high identity of calculated and experimental data for complicated enough
configurations of EC electrostatic charges.

2. The basis of the model is the assumption on VG structure stationarity. It is fair for VG having
passed the initial stage of formation on time intervals which are shorter than the times of VG
measurement.

3. The proposed model allows us to calculate EC electrostatic field of any complexity and provides
high quality of experimental data approximation.

The authors appreciate Nagorskiy P.M. for useful criticism and remarks that promoted better in-
formation presentation in the paper.
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