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Abstract—A method for recognizing geomagnetic storms based on the neural network (NN) model
estimates of Dst indices (disturbance storm time) is proposed; observations from the URAGAN muon
hodoscope (MH) and neutron monitors are used. A convolutional NN is applied. A decision-making
rule for recognition is implemented. Estimates of the probabilistic characteristics of the recognition of
geomagnetic storms are formed. An experimental study of the method confirms its effectiveness. It is
shown that joint observations of the hodoscope-monitor system, in comparison with separate obser-
vations, increase the probability of correctly recognizing geomagnetic storms.
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INTRODUCTION

Geomagnetic disturbances arise due to the impact on the Earth’s magnetosphere of plasma formations
from solar coronal mass ejections, which are usually interpreted as extreme events of the heliosphere.
Geomagnetic storms (GSs) are considered to be geomagnetic disturbances with amplitudes greater than
the given one. GSs can cause malfunctions in telephone and radio communication lines, pipelines, and
power lines; they can lead to malfunctions in the electronics used in aviation and space systems; and they
can have detrimental effects on biosystems. Recognition (presence or absence) of GS is a topical scientific
problem.

As is known, geomagnetic activity is usually characterized by geomagnetic indices. One of the most
common indices is the Dst index, introduced and described in [1, 2]. This index is determined based on
the values of the meridian components of the geomagnetic field strength vector of four equatorial mag-
netic observatories spaced in longitude; and it is calculated by hourly averaging. Dst indices are measured
in nanotesla (nT); for quiet states of the magnetosphere, their values are in the range +20 to —40 nT; for
GS, Dst indices take values in the range —50 to —150 nT and, in exceptional cases, go beyond the specified
range.

The materials of the article are based on information from the following sources:
(1) an experimental matrix time series from the database of the URAGAN muon hodoscope (MH)

[3, 4] on the MEPhI site [5]; the MH observations are proportional to the intensities of muon fluxes
depending on the extreme events that occur in the heliosphere;

(2) an experimental scalar time series of the isotropic component function calculated by the global sur-
vey method [6, 7] from the world database of neutron monitors (NMs) on the IZMIRAN website [8]; the
NM observations are proportional to the intensities of neutron fluxes from extreme events in the helio-
sphere;

(3) experimental scalar time series of the Dst indices’ site, World Data Center of Geomagnetism
(WDCG), Kyoto [9, 10].
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The solution of GS recognition tasks depends on the type of information sources and mathematical
methods used. For example, in [11, 12], special two-dimensional functions of variations of muon fluxes
and indicator matrices are proposed for GS recognition based on matrix MH observations.

For problems of recognition and prediction of extreme events in the heliosphere and magnetosphere
in solar-terrestrial physics, neural network (NN) technologies are widely used [13, 14]. A number of pub-
lications related to NNs differ in the variants of the used information sources and NN structures. These
circumstances introduce significant variations in the formulation of problems.

The works [15, 16] devoted to GS predictions are written based on the data on solar wind and the use
of NN multilayer perceptrons. In [17] a method is presented that combines recurrent NNs with short-term
memory and a Gaussian process model to provide probabilistic predictions of Dst indices; and the neces-
sary NN training is implemented. In [18], using a multilayer feedforward perceptron, the predictions of
variations in Dst indices from previous values were investigated for several hours ahead.

Publications [19—22] contain descriptions of methods of restoration, correction, forecasting, and clas-
sification of the magnetospheric activity characteristics based on NN technology, taking into account the
changing conditions of the weather in space. This approach determines the relationships between the
input and output parameters based on the experimental data without building physical models, which can
be used for complex geophysical systems. The peculiarity of the described methods is that NNs allow solv-
ing the tasks in an automated way using satellite data, magnetic measurements on the Earth’s surface, and
the results of sounding the ionosphere.

In [23—25] the possibility of forecasting the time series of geomagnetic Dst indices is studied. Predic-
tions are based on the parameters of the solar wind and interplanetary magnetic field, measured in an
experiment on an American spacecraft, using NN machine learning methods based on classical percep-
trons and recurrent networks.

The above review of publications allows us to make the following conclusions:

the possibilities that could be achieved with the joint use of several information sources—MH and NM
observations, as well as Dst indices for GS recognitions—are not considered;

solutions are implemented in which the probability of correct recognition is estimated, and at the same
time the necessary allowance for the methodically important probability of false recognition is omitted.

This article proposes a GS recognition method using the developed system of model estimates of Dst
indices and the implementation of the decision-taking rule. An approach to the implementation of the
method is applied, based on joint observations from MH URAGAN, the world network of neutron mon-
itors, and Dst indices from WDCG using convolutional NN training. The probabilistic characteristics of
the recognition of geomagnetic storms are estimated. An experimental study of the method has confirmed
its effectiveness. It is shown that joint observations of the hodoscope—monitor system, in comparison with
separate observations, increase the probability of correct GS recognition.

The results of this article can be used for a variety of scientific and technical applications, including the
following example:

in the event of a possible sudden absence (omission) of Dst indices from the WDCG, GSs can be rec-
ognized based on prebuilt models of Dst indices, working based only on MH and NM observations;

when a short-term prediction of a GS is required, which is potentially possible based on extrapolation
for MH and NM observations.

1. FORMULATION OF THE GS RECOGNITION PROBLEM

All the variables used in this article were discretized with an hour step in a UTC time scale (coordinated
universal time). For the problem under consideration, the Dst indices Y, (k) were realized in the time
interval 01/2002—12/2016; the MH observations X,,(k), in the interval 01/2008—12/2018; and NM
observations X (k), in the interval 01/2002—12/2018. The time index k determined sampling moments
Tk, T= 1 h. For Y, the initial and final time indices took on the values k, = 1 and k,, = 131736; for X,
the start and end indices were k;, = 52285 and k, = 149016; and for X, kj, =1 and k, = 149016. From
this it followed that in the time interval 01/2008—12/2016, the variables Y,), X,,, and X,y were realized; and
on the interval 01/2017—12/2018, variables X,, and Xj.

Figure 1 shows examples of graphs of the initial variables Y,(k), X,,(k), and X, (k) for the 7-month
time interval 01/2011—07/2011. On the abscissa axis, the short bold segments mark the areas where GSs
actually occurred. On the chart Y, (k), it can be seen that the GS events caused a drop in variable Y,.
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Fig. 1. Graphs of MH and NM observations X, (k), X y(k), and Dst indices Y (k) with GS plots.

Examination of Y, (k) in Fig. 1 made it possible to conclude that the average duration of the GS was
on the order of 2 to 2.5 days. Analysis of the initial variables made it possible to conclude that for them the
average period of additive noninformative low-frequency trends to be filtered was approximately 60—75
days.

Figure 2 contains graphs of variables Y, (k), X,,(k), and X (k) for monthly fragments from 02/2011 to
05/2011 with five GS events, which are marked on the abscissa axes with bold lines in accordance with
Fig. 1. The enlarged scale made it possible to analyze in detail the initial variables.

It can be seen from the graphs that the variables Y, (k) and X (k) can be represented as the sum of the

informative low-frequency trends and high-frequency noise; and variable X ,,(k) is in the form of the sum
of an informative low-frequency trend, an interference component from daily fluctuations and high-fre-

quency noise. Analysis of the changes in the informative low-frequency trends of variables X,,(k) and

X y (k) in these figures for monthly intervals allowed us to conclude that their behavior is almost identical
over time.

In the practice of analyzing geomagnetic observations, it is generally accepted to make a conclusion
about the recognition of GSs according to the criteria that are formed based on the geomagnetic indices.
The criterion based on the comparison of Dst indices from the WDCG with a predetermined threshold is
quite common and to a certain extent reliable in recognizing GSs. However, in a number of cases, the
direct use of Dst indices for recognition may turn out to be problematic due to their possible absence at
the current and previous points in time.

We will make the following assumptions:

(1) the current moments of time are given, which correspond to the time indices k satisfying the
inequalities k,y +1 < k < k;

(2) the time series of ML observations and NM observations were implemented on the interval with
indices ko +1,...,k — L k;
(3) the time series of MC observations and Dst indices are implemented on the interval ky; < k < ky;

and the time series of NM observations and Dst indices, on the interval kp, < k < k.

Obviously, the MH observations and NM observations, which are formed based on various physical
phenomena and with the help of different measuring devices, contain information about the GS.

It is required to develop a decision-making procedure for GS recognition based on the implemented
time series of MH and NM observations for the given current moments of time.
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Fig. 2. Graphs of monthly fragments of Dst indices ¥, and MH and NM observations X,; and X: (a) 02.2011;
(b) 02.2011; (c) 03.2011; (d) 04.2011.

2. GENERAL SCHEME FOR SOLVING THE GS RECOGNITION PROBLEM

The solution of the problem of recognizing a GS here is based on the assumption that the functional
relationship between the MH and NM observations, on the one hand, and Dst indices, on the other hand,
is distorted by noise. Then, obviously, it is possible to construct a model of Dst indices depending on MH
and NM observations based on the corresponding NN.

The general scheme for solving the problem can be divided into four parts:

procedures for preliminary digital processing of the initial Dst indices, as well as MH and NM obser-
vations, for selecting the core informative components in them;

NN training procedures based on MH and NM observations, as well as Dst indices;

procedures for calculating the model estimates of Dst indices based on NNs, as well as MH and NM
observations;

the decision-making procedure for GS recognition, which is based on model estimates of Dst indices
and their comparison with a predetermined threshold.

Preliminary digital processing procedures are performed for the original Dst indices Y, = Y),(k) as well

as the MH and NM observations X,, = X,,(k) and X, = X (k). They are filtered to eliminate high-fre-
No. 1
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Fig. 3. Scheme of computational operations for solving the GS recognition problem.

quency noise and diurnal fluctuations, and they are scaled to ensure the commensurability of the vari-
ables, which is necessary for the efficient operation of the NN. The results of preprocessing procedures

for the training stage are denoted as X ,,, X y¢1, and Y, for the stage of calculating the model estimates
of the Dst indices as X, and X y,.

At the training stage, variables X, and X, are fed to the input of the MH-NN and NM-NN; the
Dst indices Y, are used to form target functions in the training functionality; and as a result of training,

the NN models are formed. At the stage of calculating the model estimates, the variables X ;,., and X y»,
as well as the NN models formed at the training stage, are used.

The decision-making procedure for GS recognition is based on the calculated model estimates of the

Dst indices Yj,, and Yj,, as well as by comparing them with the set threshold Yj,. The GS solution is
implemented using logical calculations.

Figure 3 shows a diagram of the computational operations with the variables indicated above, which
explains the solution to the problem under consideration.

The computational operations are subdivided into the following blocks: block no. 1, digital preliminary
processing; block nos. 2 and 3, NN training based on MH and NM observations, as well as Dst indices;
block nos. 4 and 5, calculations of model estimates of Dst indices based on MH and NM observations;
and block no. 6, decision on whether to recognize a GS.

3. STRUCTURE OF CONVOLUTIONAL NN

The results of this article were obtained using a convolutional NN [26, 27]. The use of this network is
due to the fact that the initial data and observations were matrix and scalar time series; and convolutional
NNs are focused on processing such information. However, it should be noted that the article uses a con-
volutional NN with a scalar time series and, accordingly, a simplified solution is implemented based on
the transformation of the matrix time series of MH observations into a scalar time series by calculating the
average values of the matrices of MH observations. The application of a convolutional NN with matrix
MH observations will be the subject of further research.

The structure of the used convolutional NN [28] is shown in Fig. 4. We used four convolutional layers
(CLs) with an input dimension vector Ak, with dimension convolutional filters Ak, and activation func-
tions f(x) =1,x > 0and f(x) = 0,x < 0. The outputs from the CLs were fed to the input of a fully con-
nected layer (FCL) with the output of dimension Ak, = 1.
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Fig. 4. Convolutional NN structure.

A 9-year interval from 01/2008 to 12/2016 was formed for the MH study; and a 15-year interval, from
01,2002 to 12/2016 for the NM study; the 2-year interval from 01/2017 to 12/2018 was assigned to the cal-

culation of model estimates of the Dst indices Yj,, and Y, .

The work of the NN was based on a system of sliding time windows with a unit step of width Ak, con-
sistent with the average duration of the GS. The training functional was the average over the training inter-
val of the sum of the squares of the differences of the NN models and Dst indices for the rightmost values

of the indices of the sliding windows. The introduced functionality was minimized. The NN models
obtained as a result of minimization were used to calculate the model estimates of the Dst indices.

Based on the computational experiments, the width of the sliding window Ak = 48, the dimension of

the convolutional filter Ak, = 8, and filtering options were determined using the variables defined in Sec-
tion 1.

4. DECISION-MAKING RULE ON RECOGNIZING GS AND CALCULATING
PROBABILITIES OF CORRECT AND FALSE GS RECOGNITION
Let us reduce the GS recognition method to the classification procedure [28, 29] based on the com-

parison of model estimates of Dst indices Y, (k) and Y, (k) with the threshold Y},,. The decision-making
rule for GS recognition based on the joint use of MH and NM model estimates of Dst indices for

ks + Ak < k < k, is that if at least one of the following two inequalities

(Ypu(k) < Ypo) and/or  (¥py(k) < Yp) (4.1)

holds, then a decision will be taken to recognize the GS: the GS takes place for the time point with
index k; otherwise, the opposite decision will be taken.

Recognition of the GS based on the classification procedure is accompanied by errors: missing correct
GS recognitions and formations of false GS recognitions. The errors are determined by the probabilistic

characteristics Y}, (k) and Y, (k). We will use [28] for an approximate calculation of the indicated errors.

Let us form the estimates of errors in which Dst indices Y, (k), model estimates of Dst indices Y, (k),
and Y,y (k) and the decision-making rule (4.1) for kg + Ak < k < k, are used.

We fix the recognition threshold Y,,, and consider the moment in time with index k in which the GS
takes place: the inequality Y,(k) < Y, holds. The number of Ngg states with the GS, which are deter-

mined by the fulfillment of this inequality on the interval k ,, + Ak < k < k/ is calculated using the fol-
lowing sum:

ks

Ngs= D sign(¥p — Yp(k)), (4.2)

k=k o+ Ak
where signx=1,x 2 0 and signx = 0, x < 0. We define N, g5 as the number of correct MH recognitions
of the GS using Y;,,,(k); we find BL : an estimation of the probability of correct GS recognition

ky

. . o N
Nygs =, sign(Vp —Yy(k)ksign(Vpy — Yy (k)), By = =2 (4.3)
k=k so+Ak Nas
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Let us count the number Ny g5 of correct NM recognitions of the GS using Y,y (k) and we define the

estimate B of the probabilities of correct recognition

& o N
Nyas= D, sign(Yp —Yp(k)) sign(Yp — Yoy (k)), By = =25, (4.4)
k=k ;o+Ak Ngs

The probability score B,y of the correct recognition of the GS with the combined use of MH and NM
observations is found as follows:

ky
Nuvas = . sign(Ypy — ¥,(k))signlsign(¥p — Yoy (K)) + sign(¥pg — Y (K))1,
k=ko+Ak 4.5)
B, = Nuncs
MN — .
NGS

Quantities Nygs, Ny o6s> Ny ocss and Ny ogs and the corresponding false recognition probabilities of

the GS oc(,)u, ocfv, and oc?wv can be calculated by formulas similar to (4.2)—(4.5).

5. EXPERIMENTAL STUDY OF THE GS RECOGNITION METHOD
5.1. Calculation of Estimates of Probabilities of Correct and False Recognition of GS

A time series Y, (k) of Dst indices was formed on the time interval for calculating the model estimates
using the database [9]. Model estimates Y,),, (k) and Y, (k) were calculated. Variables Y, (k), Yp,,(k), and

Yy (k) were compared with the threshold Y,,. The estimates of the probabilities of GS recognition were
determined by formulas (4.2)—(4.5) depending on the value of the threshold, which obeyed the inequali-

Figures 5a and 5b show graphs of the results of calculating the estimates of the probabilities of false and
correct recognition of GS o5,y (Yp,) and By, (¥p,) depending on the threshold Y, ; graphs of the calcula-

tions oLy, (Ypo) > Bar (Yno) and oty (Ypo)» Ba(¥Ypo) have been additionally placed. From Figs. 5a and 5b, it can
be concluded that the values of the estimates of the probabilities of correct and false recognition increased
with an increase in the threshold, which is quite natural. The graphs show that the limiting fulfillment of

the inequality-constraint oc?wv < 0.05 was achieved with Y,, = —56.2 nT. In this case, the probability of

correct recognition took on the value B?wv =0.717;for oy < 0.1, Yy, =—45.11T and ijv = (.823 were
fulfilled. From Fig. 5b, it can be seen that the use of joint observations of the hodoscope-monitor
system in comparison with the separate observations increased the probability of correct GS recog-
nition by 10—12%.

5.2. Calculation of Model Estimates of Dst Indices and GS Recognition Results

An experimental study of the GS recognition problem was carried out.
A 4-month interval from August 2018 to November 2018, located outside the boundaries of the training
interval, was chosen. Figure 6a shows a plot of the Dst indices Y,,(k) and NN-derived graphs of the cal-

culated model estimates of the Dst indices Y, (k) and Y,y (k) for Ak = 48. At the given threshold of
Y, = =50 1T, five GS events were realized, which are marked with a “cross in the circle” sign. Reviewing
the graph Y}y (k) subject to the threshold Y,,, = —(40...42) nT allowed us to establish that there were four

instances of correct GS recognitions, marked with a cross in the circle sign, and zero instances of false rec-
ognitions of GS.

Reviewing the graph Y},,,(Tk) subject to the threshold Y,,, = —(40...42) nT showed that two instances
of the correct recognition of the GS and one false recognition, marked with a minus sign in the circle, were
realized.
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The interval from 02/2011 to 05/2011, which was located within the boundaries of the training interval,
was chosen. Figure 6b shows a plot of Dst indices Y,(k) and the NN-derived graphs of the model estimates

of the Dst indices Y, (k) and Y, (k) for Ak = 48.
At the given threshold Y, = —50 nT for Y,(k), seven GS events were implemented. Reviewing the

graph Yy (k) subject to the threshold Y7, = —(40...42) nT allowed us to establish that six correct and two false
recognitions of the GS were realized. The graph Y,y (Tk) subject to the threshold Y7, = —(40...42) nT made
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Fig. 6. Dst index plots Y (k) and model estimates of Dst indices Yy (k), Ypps (k): (a) interval from 08/2018 to 11/2018;
(b) interval from 02/2011 to 05/2011.

it possible to determine that two correct GS recognitions and one false GS recognition were realized.

It can be seen that the variables Y},,,(k) and Y, (k) complement each other when solving the problem of
GS recognition.

Calculations were made for NNs with the width of sliding windows Ak = 36,60; at the given values of
the windows, a decrease in the probability of correct recognition and an increase in the probability of a
false recognition were realized.

Analysis of the results of Figs. 5a, 5b, 6a, and 6b led to the conclusion about the reliability of the
obtained model estimates of the Dst indices.

5.3. Calculating the Standard Deviations for Differences Y, Yy, and Y,

The standard deviations were calculated for the differences AYp,, (k) and AY,, (k) of the model esti-
mates of the Dst indices Yp,,(k), Y,y (k) and the original Dst indices Y, (k),

AYpyu (k) = Ypy (k) = Yp(k), AYpy(k) =Ypy(k) —Yp(k),
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which were taken as indicators of the effectiveness of the proposed GS recognition method. The MH and
NM variables were considered on the training intervals and the intervals for calculating model estimates
for calm and disturbed GS states.

For MH variables on the training interval, the following sets 4,, A4, were determined:
A ={k : Ypy (k) < Yo, koy < k < ka}s Ay ={k : Ypy (k) > Yo, ko <k < ka};

and N,, N, are the number of indices k& for calm and disturbed states:

Ny = sign(¥pg — Yoy (k)), Ny =Y sign(¥py (k) = Ypp).
ke A4 ke A,

Taking into account 4, 4,, N; and N, on the training interval, the standard deviations were calculated
for calm and disturbed states 6, 5, and G, 5,. Similarly, on the interval for calculating the model esti-
mates of the Dst indices, estimates of the standard deviations were determined for calm and disturbed
states G py, ry and G py, 7,. For MH variables, similar formulas were used to calculate the standard devia-
tions.

As a result of the calculations, the following values of the standard deviations were obtained: (1) for
MH on the training interval 6, 5 =12.47 and G, 5, = 51.45, on the interval of the calculation of
model estimates 6, 7, =14.07 and 6, 7, = 68.96; (2) for NM on the training interval 6,y 5 = 17.75
and Gy, =63.05, on the interval for the calculation of model estimates G,y =15.55 and
Opn.r2 = 44.57. The calculation results of the standard deviations allowed us to draw the following con-
clusions: (1) The MH and NM information sources are practically equal in terms of their characteristics

of the standard deviations; (2) estimates of the standard deviations for Y}, and Y, can serve as indicators
of calm and disturbed states when recognizing GSs.

CONCLUSIONS

In this article, a method for GS recognition is proposed based on NN-model estimates of Dst indices
obtained using MH and NM observations using convolutional NNs. A decision-making procedure for GS
recognition has been developed. A study of the GS recognition method on experimental Dst indices, as
well as MH and NM observations for 2002—2018 and 2008—2018, demonstrated its efficiency and effec-
tiveness.

The results of the calculations made it possible to draw a conclusion about the reliability of the obtained
model estimates of the Dst indices. The combined use of MH and NM observations showed that the estimates

of the probabilities of correct and false recognition were the values B,y = 0.823 and o,y = 0.1. The use of
joint observations of the hodoscope—monitor system, in comparison with the use of separate observa-
tions, increased the probability of the correct recognition of geomagnetic storms by 10—12%.

The proposed GS recognition method has significant room for improvement, in particular, for the fur-
ther optimization of its parameters in order to improve the probabilistic characteristics and its adaptation
to solve the problem of short-term forecasting of GSs based on the extrapolation of MH and NM obser-
vations, as well as promising prospects for use in applied problems.
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