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Abstract

Confident progress in developing the Russian Federation’s Arctic zone requires minimizing the negative
impacts of space weather on electric power systems within the auroral oval. Some scientific studies propose
methods for remote diagnostics of geoinduced currents (GIC) levels. However, despite the high accuracy of
these methods, their applicability remains uncertain, and they cannot be implemented in regions lacking a dense
coverage of reliable geomagnetic data sources, such as the Taimyr and Gydan Peninsulas and northern Yakutia.
This paper discusses an approach to the non-hardware-based assessment of GIC levels in high-latitude electric
power systems. The proposed method is based on GIC observation data from the Kola-Karelian transit area,
which includes power transmission lines and substations forming a single chain over 1,100 km in length. Its
distinctive feature is the use of auroras as natural indicators of the space weather conditions for problem-
oriented interpretation.

Using the example of the Vykhodnoy substation in the Northern Transit main power grid, it has been shown
that the most probable (averaged over 30 minutes) GIC levels are 0.08 A, 0.23 A, and 0.68 A when auroras are
observed to the north, at the zenith, and to the south, respectively. The probability of the average half-hour GIC
level exceeding 2 A (when auroras are observed to the north, at the zenith, and to the south) is approximately
6%, 10%, and 15%, respectively. Finally, promising modernization methods and the applicability limits of the
proposed approach are discussed.

Keywords: Geoinduced currents, Auroras, Geomagnetic variations, Space weather, High-latitude power
systems, Statistical models.

1. Introduction

As is well known, the auroral oval is a belt of
intense luminosity caused by the entry of
electrons from near-Earth space into the
atmosphere. High-latitude infrastructure in
this region faces the greatest risks from space
weather affecting electric power systems. One
of the most significant impacts of space
weather on ground infrastructure during
magnetic storms and  substorms are
geoinduced currents (GIC). These currents are
primarily induced in conductive structures
such as pipelines, railways, and power
transmission lines (Marshall et al., 2011;
Vorobev et al., 2019).

High-latitude power transmission lines, often
with complex geometry, can be considered
global antennas that are electromagnetically
coupled with the currents of the Earth’s
ionosphere. According to experts (Pirjola et
al.  2003), during magnetic storms,

Geomagnetically Induced Currents (GIC) of
up to 200-300 A can occur in grounded
networks. These currents, with an intensity of
several amperes, can push certain types of
transformers out of their linear mode, leading
to emergencies.

For example, on March 13, 1989, a magnetic
storm caused the failure of power
transformers and a cascade blackout of Power
Transmission Lines (PTL) for more than nine
hours in the province of Quebec in Canada
(Kataoka & Ngwira, 2016). In November
2001, the geomagnetic activity (GMA) caused
two shutdowns in the Olenegorsk-
Monchegorsk power line (330 kV) at the
unified energy system of northwestern Russia,
and so many electricity consumers were
disconnected. In October 2003, GMA also
caused a 20-50-minute power outage in the
Malmo power grid in southern Sweden. At the
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same moment, there was a "false trip" of a
relay at the Olenegorsk substation, which was
detected at the very beginning of a magnetic
storm (Radasky et al., 2019; Tanskanen,
2009). According to a report by Zurich
Insurance Group, in the United States alone,
electrical equipment failures during magnetic
storms from 2005 to 2015 resulted in
insurance payments exceeding $1.9 billion
(Dobbins & Schriiver, 2015). Furthermore,
(Pilipenko, 2021, Pilipenko et al., 2023) noted
that the current interference after strong
magnetic storms usually causes synchronous
anomalies in railway automation systems on
the northern branches of the Oktyabrskaya
and Severnaya railways, located beyond the
Arctic Circle.

The problem has become even more serious
because, during extreme GMA, the shift of the
auroral oval in the equatorial direction makes
these risks relevant for electric power systems
operating at mid- and even near-low latitudes
(Pratscher et al., 2024).

The relationships between geomagnetic
variations (GMV) and the GIC level
established by Vorobev et al. (2019, 2022a)
provide the ability for diagnostics of current
interference when appropriate sources of
geomagnetic data are available, with an
accuracy depending on their quantity and
quality. For example, according to VVorobev et
al. (2022b), the GIC level at the Vykhodnoy
station (VKH) averaged over 15 minutes, can
be estimated with a root-mean-square error of
~0.122 A%,

Despite the high accuracy of the method, the
limits of its applicability, within which the
mentioned dependence maintains its linear
nature, remain unclear. However, a more
significant issue with this approach is that it
cannot be applied to regions lacking dense
coverage by reliable geomagnetic data
sources, such as the Taimyr Peninsula, the
Gydan Peninsula, and the northern regions of
the Sakha Republic (Yakutia), among others.
This situation is typical for most of the Arctic
Zone of the Russian Federation (AZRF) and
practically excludes the possibility of prompt
diagnostics of the high-latitude electric power
systems response to changes in the upper
ionosphere state. In this area of the Arctic
zone, the auroras remain practically the only
publicly available indicator of space weather.
Thus, the research is concerned with detecting
the statistical and correlational relationships

between auroras and GIC. These relationships
can provide the possibility of non-
instrumental assessment of the GIC in
conditions of data deficiency, which is typical
for the Asian part of the Arctic region.

2. Experimental data

The Lovozero Observatory (LOZ) is part of
the Polar Geophysical Institute (PGI) and is
one of the few stations in the Russian
Federation that continuously conducts long-
term observations and records of auroras,
magnetic field variations, and other high-
latitude geophysical effects caused by
processes in the magnetosphere, ionosphere,
and atmosphere of the Earth. The observatory
is the main source of aurora observation data.
Auroral data in the vicinity of the LOZ
observatory (Figure 1) have been analyzed
over a period of more than 10 years (from
October 10, 2011, to December 31, 2021).
Corresponding to the highest quality results of
synchronous observations of the sky and the
GIC level in the subregion bounded by 67.97°
N, 35.02° E (Lovozero village, Murmansk
region, Russia) and 68.83° N, 33.08° E
(Vykhodnoy transformer substation (VKH),
Murmansk region, Russia).

Since 2009, the results of aurora observations
have been published by PGI in the form of
quarterly sets of ASCAPLOTS (All Sky
CAmera PLOTs) (Fukunishi & Ayukawa,
1972; PGl Geophysical data) (Figure 2).
These results are available at:
http://pgia.ru/lang/ru/archive_pgi.

The ASCAPLOTS format has remained
unchanged since the 1970s and is ineffective
for the intelligent analysis of large volumes of
data (Vorobev et al., 2023a). In this regard, the
authors have proposed an algorithm for
transforming ASCAPLOTS into electronic
tables (Vorobev et al., 2023b). The records
here were synchronized with the GIC values
recorded at the VKH station (Figure 1). The
data have been made available because in
2011, the Kola Science Center of the Russian
Academy of Sciences, in collaboration with
PGI, and with the support of the Federal Grid
Company of Unified Energy System (FGC
UES), founded a regional system for
monitoring currents in transformer neutrals.
The system accumulated a significant amount
of data on the impact of GMA on the main
electrical network with a length of over 800
km (Barannik etal., 2012). In 2022, a database
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of GIC measurements in the neutrals of
autotransformers at  three  substations
(Vykhodnoy, Louhi, Kondopoga) within the
330 kV Northern Transit main electrical
network for the period 2011-2022 was
published (Certificate of the Russian
Federation on state registration of the database
No. 2022623220 “Geoinduced currents in the
Northern Transit main electrical network”,
http://gic.en51.ru) (Selivanov et al., 2023).
Thus, as a result of digitizing 1921
ASCAPLOTS for 2011-2021, 92,208
episodes of 30-minute synchronous sky
observations in the vicinity of the LOZ
observatory and the GIC level at the VKH
station were obtained (Table 1).
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where Aty is a discretization step of optical
observations of auroras (ASCAPLOTS) with
At;= 30 min, At; is the discretization step for
GIC At,=0.5 s, J'vkn represents the GIC data
published by PGI.

As an example, the time diagram of
synchronous registration of the GIC at the
VKH substation and auroras by the LOZ
observatory as of December 14, 2013 is shown
in Figure 3. According to the time diagram,
the periods of auroras presence correspond to
the time intervals during which significant
variations occur in the GIC. At the same time,
the existence of auroras in the southern part of
the sky correlates with the occurrence of
extreme GIC values.
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Figure 1. The geography of daily the Northern Transit main power grid is represented by a solid black line, including the
Vykhodnoy transformer substation, which is marked with a red marker. Green markers correspond to nearby
magnetic stations, with the Lovozero (LOZ) magnetic station, which belongs to the Murmansk Department for
Hydrometeorology and Environmental Monitoring, and the observatory that is part of the Polar Geophysical
Institute. These two facilities are spatially indistinguishable in the figure.
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Figure 2. An example of data presentation in the ASCAPLOTS format: 1 — No aurora observed; 2 — Aurora in the northern
region; 3 — Aurora at zenith; 4 — Aurora in the southern region; 5 — Aurora at zenith, northern and southern
regions; 6 — Moderate aurora at zenith, in addition, aurora is present in the northern and southern regions; 7 —
Strong aurora at zenith, in addition, aurora is present in the northern and southern regions; 8 — Partial cloudiness;
9 — Solid cloudiness; 10 — No registration was carried out.

Table 1. Fragment of dataset from synchronous observation of polar auroras and GIC.

. Auroras at the Auroras at the
No. uTC Jvkhn, A | Auroras in the north senith south
12191 2013-12-14 18:00 1.415 1 1 2
12192 2013-12-14 18:30 8.226 1 1 1
12193 2013-12-14 19:00 8.179 1 1 2
12194 2013-12-14 19:30 2.878 1 1 2

1 — auroras present; 2 — cloudiness.

Note: Jvkrn is the value of the GIC, determined in accordance with expression (1); 0 — no auroras;
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Figure 3. An example of comparing the aurora observation area at the LOZ station and the GIC level at the VKH station
for December 14, 2013. ASCAPLOTS (a) is presented from the PGI archive [PGI Geophysical data].

3. Correlation-statistical relationships
between GIC and aurora observation area
The distribution type of a random variable is
mainly  determined by the physical
mechanisms of the analyzed process. Let’s
consider an observation of the cumulative
effect of many random,  weakly
interdependent variables. Each variable makes
its own relative contribution to the total value,
forming a normal distribution. Additionally,
in a closed system, the energy of its
components is distributed according to an
exponential law or the Laplace law. A random
multiplicative  combination of  several
parameters leads to a lognormal distribution,
and so on. Particular attention should be given
to the heavy tails of the distribution, as their
presence suggests that the dispersion of the
random variable is determined predominantly
by rare, high-intensity deviations rather than
frequent, small ones.

The distribution pattern of Jykn values with
simultaneous observation of auroras in
different areas of the sky (Figure 4) best
corresponds to the lognormal law (Equation 2)
(Eckhard et al., 2001). This can be confirmed
by the results of the Kolmogorov-Smirnov test
(Dimitrova et al., 2020). The result is
consistent with the previously obtained
findings (Vorobev et al., 2019; Vorobev &
Pilipenko, 2021; Vorobev et al., 2022) and
does not contradict the research published by
PGI (Barannik et al., 2012; PGl Geophysical
Data, 2013).

1 log?x
PDF(x s) = s X (— ;’;2 ) 2
where PDF is the probability density function;
s is the shape parameter (also known as the
form parameter, which is a kind of numerical
parameter in a parametric family of
probability distributions) (Everitt, 2002).
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Figure 4. Statistics of the GIC when observing auroras in the north (a), at the zenith (b) and in the south (c). The gray solid
and dashed lines correspond to the probability density functions (PDF) and survival function of the lognormal
distribution law (SF=1-CDF, where CDF is the cumulative distribution function), respectively. The black solid
line is the empirical survival function (ESF=1-ECDF, where ECDF is the empirical cumulative distribution

function) (Dekking, 2005)

An analysis of the distributions (Figure 4)
proved that the most probable Jvkn values
when observing auroras in the north, at the
zenith, and in the south are 0.08 A, 0.23 A, and
0.68 A, respectively (Figure 5, b). The result
is explained by the expansion of the auroral
oval during periods of strong GMA.
Additionally, the result provides data for
predicting the level of currents induced in
high-latitude power transmission lines as a
function of the region of auroral manifestation
in the optical range. Further, it can be
concluded that when observing auroras in the
north, the probability that the average half-
hourly GIC level in the electric power system
will exceed, for example, 2 A, is ~6%, while
during auroras at the zenith and in the south,
the probability of exceeding a similar GIC
level is ~10% and ~15%, respectively (Figure
5, b). The probability that Jykn will exceed 10
A during the auroral period in the south is
0.15%, wversus 0.06% and 0.04% when
observing aurora at the zenith and in the north,

respectively.

In the same way, the geometry of the
distribution tail associated with the frequency
of extreme GIC occurrence was shaped
(Figures 4-5). For example, the statistics of
GIC during auroras in the south (Figure 4, c)
have minimum asymmetry and excess values,
which characterize the thickest tail and,
consequently, the maximum frequency of
extreme GIC occurrence during these periods.
Along with this, during periods of observation
of weak, diffuse auroras in the north, or their
absence, the GIC statistics are characterized
by the highest asymmetry and excess values.
This suggests that Jykn values are maximally
concentrated in the lower range and have the
least uncertainty (Figure 5, a). Furthermore,
the analysis of Figures 4-5 indicates that the
occurrence of extreme GIC practically
determines the presence of polar auroras;
however, the observation of auroras does not
necessarily guarantee the occurrence of
extreme GIC.
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Figure 5. Histogram of the probability density distribution of GIC values in the presence or absence of auroras (a) and
when differentiated by sky regions (b). The width of the histogram intervals in this case is determined according
to the rule: hn = 3.49sn"¥3, where n is the sample size, s is the standard deviation (Scott, 1979) and corresponds

to ~0.15 A.

The correlation analysis of Jvkn values with
the aurora manifestation area reveals a
connection between current interference in
high-latitude power systems and the regions
where auroras are observed. During periods of
aurora observation at the zenith, the Spearman
rank correlation coefficient is determined at a
level of ~0.7, which is twice higher than cases
of aurora occurrence in the north or south.
This result suggests that GIC is nonlinearly
related to the GMA level and strongly depends
on the location of the affected object relative
to the boundaries of the auroral oval.

4. Correlation-statistical model of the GIC
level

It is necessary to consider an approach to
diagnosing GIC based on aurora observation
data, using Bayes’ theorem.:
p(A|B) = PEIDP@

P(B)
here:

P(A) is the prior probability of hypothesis A or
the prior distribution;

P(A|B) is the probability of hypothesis A given
the occurrence of event B (posterior
probability);

P(B|A) is the probability of event B given the
truth of hypothesis A;

@)

P(B) is the total probability of event B,
determined in accordance with expression (4).
P(B) = Xi, P(BIA)P(4) 4)
where the probabilities under the sum sign are
known or can be estimated experimentally.
In the context of the problem being solved, we
have the following:

_ p(B|A)r(a)
P(A|B) = P(BJ|A)p(a)+P(B|~A)P(~4)
where

P(A|B) is the probability that, when observing
auroras in a given region, Jvkx > JO, where Jo
= const is some given value of the GIC;
P(BJA) is the probability of observing auroras
in a given region when Jvkx > Jo;

P(A) and P(~A) are the probabilities that Jykn
> Jo and Jvkn < JO, respectively;

P(B|~A) is the probability of observing
auroras in a given region when Jvknx < Jo.
Thus, the a posteriori probability that the GIC
level at the JVKH station will exceed 2 A
when auroras are observed in the north is
5.78%, while the probability of exceeding this
value when there are auroras at the zenith and
in the south is 10.04% and 14.93%,
respectively (Figure 6). In the absence of
auroras, the probability of Jvkn reaching a
similar level does not exceed 0.26%, and the
probability of exceeding 3 A is 0.00%.

()
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Figure 6. The a posteriori probability of exceeding the GIC level Jo at the VKH station with simultaneous observation of
auroras in different areas of the sky. Markers indicate empirical values; dotted lines indicate approximation of

empirical values by expression (6).

The dependence of the probability of
exceeding the GIC level Jo follows an
exponential character (Figure 6), varies based
on the region of manifestation relative to the
object of influence of auroras, and has a
discrepancy not exceeding 108 of the
measured value:

P(A|B) = P(Jo) = a-exp(b-Jo) + ¢ (6)
where a = 102.87 for cases of absence of
auroras, a = 102.68, 104.69, 103.60 for cases
of aurora observation in the north, at the
zenith, and in the south, respectively;
similarly, b = -4.34, -1.69, -1.21, -0.95, and ¢
=0.04, 0.68, 0.53, 0.62 for cases of ahsence of
auroras and their observation in the north, at
the zenith, and in the south, respectively.

5. Discussion of results

The obtained results demonstrate that the
presence of auroras is a necessary but
insufficient condition for the existence of
extreme GIC in high-Ilatitude power systems
(Wintoft et al.,, 2015). Furthermore, the

analysis of the examined sub-region has
revealed a correlation between the extent of
auroral observation and current disturbances
in high-latitude electrical networks. Under
such conditions, the obtained result may
function as a natural indicator for assessing
the potential level of Geomagnetically
Induced Currents (GIC) in polar power
transmission lines.

Preliminary investigations have identified a
correlation between the GIC level and the
intensity and structure of auroral phenomena
(Figure 7). The experiments conducted to
validate these results were based on data from
the synchronous registration of sky conditions
and GIC on December 21, 2016. Thus, during
periods without auroras (12:48 UT), the
average minute GIC level was 0.1 A; for
diffuse auroras (17:07 UT), it was 0.7 A; and
for intense auroras of the ‘arc’ (15:35 UT) and
‘vortex’ (15:43 UT) types, the levels were
1.34 A and 13.06 A, respectively (Vorobev et
al., 2024).

(@) (b)

Figures 7. The sky state recorded by the All-sky camera (Sigernes et al., 2014) of the LOZ observatory at different times
of the day on December 21, 2016, included: a — no auroras; b — diffuse auroras; ¢ — arc-type auroras; d — vortex-

type auroras.

© )



226 Journal of the Earth and Space Physics, Vol. 50, No. 4, Winter 2025

Thus, it is necessary to assume that the
operational identification of the intensity and
structure of auroras (for example, ‘diffuse,
arc, or vortex’) can significantly enhance the
efficiency of using natural indicators of space
weather to evaluate its impact on high-latitude
infrastructure objects.

In conclusion, it should be noted that since this
research primarily employed statistical
methods, the numerical values of some of the
results obtained are merely estimates and may
vary when compared with other experimental
data. However, the relationships among them
are expected to remain consistent

6. Conclusion

There are known risks of a decline in the
technical infrastructure safety level within the
auroral oval area, associated with the effects
of space weather on power electric systems.
However, the existing monitoring systems for
the prompt diagnostics of  extreme
Geomagnetically Induced Currents (GIC) in
the power systems of the Russian Arctic are
ineffective. In this regard, the only universally

accessible indicator of space weather
conditions remains the auroras. The
interpretation of these auroras can be utilized
to reduce the level of situational unawareness
regarding the risks of failures in polar power
distribution and  navigation  systems,
communication systems, and high-latitude
railway infrastructure facilities (Figure 8).

The authors processed approximately 2,000
ASCAPLOTS over a more-than-10-year
observation period, including 92,208 episodes
of 30-minute sky observations in the vicinity
of the LOZ station. The results proved that the
most probable GIC level at the VKH station
when registering auroras in the north, at the
zenith, and in the south is 0.08 A, 0.23 A, and
0.68 A, respectively. At the same time, the a
posteriori probability during auroras in the
north that Juvkn Will exceed 2 A is 5.78%. The
probability of exceeding this value during
auroras at the zenith and in the south is
10.04% and 14.93%, respectively. In the
absence of auroras, the probability of reaching
Jvkn a similar level does not exceed 0.26%,
and the probability of exceeding 3 A is 0.
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Figure 8. On the possibility of diagnostics and forecasting for the probability of failures of high-latitude railway automation
systems based on natural indicators of the state of space weather: a - An example of visualization of the relative
position of a short-term forecast of the probability of visibility of auroras and the main railway lines of the
Russian Federation during a magnetic storm with an auroral index AE = 1450 nT. The forecast is based on data
from https://aurora-forecast.ru as of 2022-02-17, 18:30 UT (Vorobev et al., 2022); b - Distribution of railway
automation anomalies on the Northern Railway relative to local time during periods of strong magnetic storms
in 1989 and 2000-2005 (Eroshenko et al., 2010); ¢ - Diurnal variations in the probability of observing auroras in

the vicinity of the LOZ station.
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It has been proven that the probability of
exceeding a certain level of Geomagnetically
Induced Currents (GIC) decreases
exponentially with an increase in this level.
The value depends on the region of aurora
manifestation and can be well approximated
by an expression P(AIB) = P(Jo) = a - exp(b -
Jo) + ¢, where P(AB) is the probability of
exceeding the GIC level JO when observing
auroras in a given region; a, b, and ¢ are
coefficients determined empirically.
Moreover, the proposed approach is important
for assessing the probability of failures in
high-latitude railway automation systems, as
well as for estimating the possible additional
error of magnetic inclinometers, which are
widely used in directional drilling in the
Arctic Zone of the Russian Federation
(Soloviev et al., 2022). A limitation of the
proposed approach is that ground-based
registration of auroras in the night sky at high
latitudes is possible only for up to seven
months a year, provided that the
meteorological conditions are favorable.
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