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Abstract. We study the relationship between space
weather disturbances and spatial distribution of failures
in railway automatics at segments of Northern and Oc-
tober railways in 2001-2006. During the most intensive
magnetic storms that caused numerous failures, latitude
distribution of auroral electron precipitation and local
geomagnetic disturbance, determined as mean absolute
value of time derivative of the geomagnetic field hori-
zontal component |dBy/dt|, are examined. We show that
in magnetic storm main and recovery phases the seg-
ments, where the failures were recorded, correspond to
the region of intense auroral precipitation and |dBy/dt]|
exceeded 5 nT/s. The relationship between position of

auroral oval equatorial boundary and spatial distribution
of failures is analyzed for individual magnetic storms
and statistically for five years of observations. Both
individual cases and statistic tests show that southward
displacement of the auroral oval equatorial boundary
correlates with increase in the proportion of failures at
lower latitude railway segments.

Keywords: space weather, magnetic storms, auroral
oval, railways.

INTRODUCTION

The most comprehensive review dealing with the im-
pact of space weather on railway transportation [Pilipenko
et al.,, 2023] provides details of the direct and indirect
mechanisms of the effect of disturbances of various types
on railway automatics, communication and navigation
systems. Although the earliest railway failures related to
magnetic storms were recorded more than a century ago
[Love et al., 2019], the problem is still topical.

The impact of space weather disturbances on com-
munication and navigation depends significantly on the
underlying physical mechanisms; and for wave electro-
magnetic devices, on frequency as well. Thus, the im-
pact of space weather on these devices changes as tech-
nologies advance. Yet, there are also unavoidable ef-
fects of space weather disturbances. They are associated
with geomagnetically induced currents (GICs), which
are excited by geomagnetic field variations in ground-
based conductors.

With the same parameters of external disturbances,
GIC is greater, the larger the effective area of the circuit
in which the electromotive force is induced (currents in
the earth's crust are distributed, so we can only condi-
tionally talk about the circuit). The height of the circuit
depends on the specific frequency of the process and on
the earth's crust conductivity, i.e. it is set by natural pa-

rameters; and the length, by the length of the conductor.
As a result, the most intense GICs occur in long conduc-
tors such as electric power lines, pipelines, and rails.

GIC is an additional quasi-static current, which, when
combined with the signaling current of a railway circuit,
can cause failures in the automatics responsible for block
occupancy. Boteler [2021] by modeling the GIC impact on
railway automatics has concluded that the asymmetry of
the railway circuit enhances the GIC impact on electrified
railways with one electrically continuous rail. Estimates
made for the UK railways show that the maximum risks of
failures in railway automatics are associated with severe
magnetic storms [Patterson et al., 2023a], and the threshold
electrotelluric field is lower for the most dangerous failure
when a permissive signal occurs at an occupied block [Pat-
terson et al., 2023b].

Study of failures in automatics on the Northern
Railway during the most severe magnetic storms (super-
storms) has shown [Eroshenko et al., 2010] that each
storm is a source of numerous failures at subauroral
latitudes. Studying failures in railway automatics on the
East Siberian Railway has revealed that at middle geo-
magnetic latitudes the probability of failures increases
many times during strong geomagnetic disturbances
[Kasinsky et al., 2007; Ptitsyna et al., 2008]. Active
industrial development of the Russian Arctic increases
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the risks associated with rare events and raises the ques-
tion about the reliability of the transport infrastructure
during such disturbances.

GICs with the highest amplitude occur in the auroral
oval [Beggan, 2015]. During moderate disturbances, the
oval equatorial boundary is at geomagnetic latitudes above
65° (auroral latitudes), and during strong disturbances it
shifts to lower latitudes. In European Russia, rather long
segments of the October and Northern railways are located
at auroral latitudes. For these segments, the risk associated
with GICs arises already during moderate disturbances. On
lower-latitude segments of these railways and on all high-
latitude feeders in eastern regions, strong geomagnetic
disturbances with intense GICs recorded at subauroral
(~60°) and middle geomagnetic latitudes are dangerous.

The GIC intensity depends not only on the auroral
electrojet, but also on geomagnetic pulsations and vor-
tex structures [Viljanen et al., 2006; Wik et al., 2008;
Wintoft et al., 2016; Sakharov et al., 2021]. At the same
time, localization of the most intense GICs is largely
determined by the auroral oval position. This poses a
question about quantitative description of the relation-
ship between the spatial distribution of failures and the
auroral oval position.

The first solutions to the problem of determining the
auroral oval position from geomagnetic activity indices,
solar wind (SW) plasma and interplanetary magnetic
field (IMF) parameters were obtained in the 1960-70s
[Feldstein, 1963]. The spatial distribution of auroral
electron precipitation has been studied in detail in a se-
ries of works performed at the Polar Geophysical Insti-
tute [Vorobjev et al., 2000, Vorobjev, Yagodkina,
2005]. These studies resulted in an empirical precipita-
tion model [\VVorobjev et al., 2013].

Analysis of ionospheric satellite data made it possible
to develop widely used models of precipitation bounda-
ries [Newell et al., 2002]. Existing auroral precipitation
models are refined, new models are developed, and new
works appear [Milan, 2009; Hu et al., 2017; Chisham et
al., 2022]. Since the oval position and the precipitation
intensity are important for applications, papers are pub-
lished which predict precipitation parameters [Ohma et
al., 2024], in particular with use of machine learning
methods [Hu et al., 2021].

Nevertheless, for many problems the oval equatorial
boundary position is described with sufficient accuracy
by simple ratios obtained in pioneer works. In a first
approximation, the oval equatorial boundary can be
represented as a circle with the center shifted to mid-
night from the geomagnetic pole and a radius deter-
mined by the Akasofu parameter [Akasofu, 1979] and
the ring current intensity [Milan, 2009].

Statistical studies of the impact of space weather on
railway infrastructure are limited by the low availability
of data on failures. Recent data is almost unavailable for
open research, and earlier data is not unified and not
always digitized. As a result, most works on failures in
railway automatics are based on modeling, whereas a
small number of publications are devoted to data analy-
sis [Kasinskii et al., 2007; Ptitsyna et al., 2008; Wik et
al., 2009; Eroshenko et al., 2010].

This study is sequel of the paper [Yagova et al.,
2023] dealing with the relationship between the fre-
quency of failures in the October Railway segment lying
at auroral latitudes (hereinafter referred to as the auroral
segment) and geomagnetic activity on different spatial
and temporal scales. In this paper, we examine the rela-
tionship between the auroral oval position and the spa-
tial distribution of failures both for individual strong
disturbances and in statistics.

1. DATA AND PROCESSING

We analyze the period from 2001 to 2006, which
covers the maximum and declining phases of solar cycle
23. The analysis uses the Letneozersky—Shestiozersky
segment of the Northern Railway and two segments of
the October Railway: Murmansk—Kandalaksha and
Belomorsk—Medvezhya Gora (Figure 1).

For case studies, we have selected severe magnetic
storms during which failures with no obvious external
causes were recorded on the Northern Railway [Ero-
shenko et al., 2010]. Each of the storms caused failures
at geographic latitudes below 64°, which corresponds to
geomagnetic latitudes ®<60°, i.e. to the subauroral
zone. This paper examines the spatial distribution of
auroral precipitation during these storms. To character-
ize the precipitation, we use the auroral electron energy
flux density Jg, determined by the model [Vorobjev et
al., 2013] for the corresponding longitude sector. We
estimate the local geomagnetic field disturbance from
the Karpogory (KPG) magnetic station's data. Table lists
names and codes of the stations, shown in Figure 1, and
the magnetometric station KPG, their geographic and
Corrected GeoMagnetic (CGM) coordinates, and uni-
versal time (UT) of the local magnetic midnight.

For each storm, we analyze the interplanetary medium
parameters that most strongly affect geomagnetic activity:
IMF components B, and By, SW velocity and dynamic
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Figure 1. Layout of the Karpogory magnetic station and
segments of the October (MMK-KND and BLM-MDG) and
Northern (LTO-SHO) railways. Dashed lines are geomagnetic
parallels
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pressure. To assess global and local geomagnetic activi-
ty, we employ the magnetic storm intensity index Dst
and geomagnetic field variations at KPG respectively;
to describe auroral precipitation, the latitudinal distribu-
tion of the auroral electron energy flux Je. Statistical
analysis is based on data on failures on two October
Railway segments both during magnetic storms and
without a storm. The hypothesis about the relationship
between the auroral oval equatorial boundary position
and the relative frequency of failures on the auroral and
subauroral segments is statistically tested.

2. RESULTS

2.1. Case study

The April 11, 2001 magnetic storm began with an in-
crease in the SW velocity V by ~100 km/s for two hours.
Figure 2, a shows that to 13 UT V<500 km/s, and after 15

catches up with a slower one, plasma condenses, and a
jump in the SW dynamic pressure Psy is formed, which
causes the magnetopause to rapidly approach Earth.
Figure 2, b exhibits two steps of Psy: from 1 to 5 nPa at
13:30 UT and to 20 nPa at 16 UT. Simultaneously with the
last jump in Pgy, sharp variations in IMF occur, with B,<—
30 nT (Figure 2, c).

As a result, a magnetic storm develops with mini-
mum Dst=—270 nT (Figure 2, d), the auroral electron
flux increases significantly, and the auroral oval equato-
rial boundary shifts to lower latitudes. The maximum
shift takes place in the near-midnight sector (at the lon-
gitude of the Northern Railway, it is 20-21 UT). In this
longitude sector, the region of intense electron precipita-
tion with energies 30 eV — 30 keV extends to latitudes
from 70° to 52°, which leads to the fact that the SHO-
LTO segment of the Northern Railway enters the zone
of intense precipitation (Figure 2, g).

UT V>600 km/s. In this mode, the accelerated SW stream

Location of the magnetic station Karpogory and stopping points on the Northern and October railways.

Geographic Geomagnetic Universal Time
. coordinates (CGM) coordinates of local
Station name Code Purpose magnetic
latitude | longitude | latitude, @ |longitude, A midnight
Karpogory KPG | IZMIRAN magnetic 64.0 445 60.0 120.8 20:33
station
IZMIRAN
Letneozersky LTO Northern Railway 63.4 40.3 59.5 116.9 20:26
Shestiozersky SHO Northern Railway 61.8 40.2 57.9 116.3 20:30
Murmansk MMK | October Railway 69.0 33.1 65.3 113.8 20:38
Olenegorsk OLN October Railway 68.1 33.3 64.4 1134 20:40
Apatity APA October Railway 67.6 334 63.8 113.1 20:41
Kandalaksha KND | October Railway 67.2 324 63.5 112.1 20:45
Belomorsk BLM October Railway 64.5 34.8 60.8 112.6 20:43
Segezha SGZ October Railway 63.7 34.3 60.0 111.8 20:46
Medvezhay Gora | MDG | October Railway 62.9 344 59.2 111.6 20:47
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Figure 2. Interplanetary medium parameters, geomagnetic disturbances, and auroral precipitation on April 11, 2001: SW ve-
locity V (a) and dynamic pressure Psy (b), IMF components By, B, (c), Dst index (d), variations in the geomagnetic field horizon-
tal components B,, By at the station Karpogory (e), and the modulus of the time derivative of the geomagnetic field horizontal
component |ABy/dt| (), as well as distributions of precipitating auroral electron energy flux Jg along the geomagnetic latitude ®
at 20:30 UT on April 11, 2001 and on the next quiet day (q) according to [Vorobjev et al., 2013] (g); vertical dashed lines indi-
cate latitudinal boundaries of a segment on the Northern Railway
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Intense disturbances at the station Karpogory begin at
~16 UT with a negative bay having an amplitude ~2000 nT
in the geomagnetic field meridional B, component and
irregular pulsations with a peak-to-peak amplitude of sev-
eral hundred nanotesla in both horizontal components
(Figure 2, €). The modulus of the time derivative of the
magnetic field horizontal component |dBy/dt| exceeds 5
nT/s (Figure 2, f), which is much higher than the threshold
of potentially dangerous disturbances [Viljanen et al.,
2001].

The November 7-9, 2004 storm belongs to the so-
called superstorms. Increased geomagnetic activity has
been recorded for a long time at all latitudes [Manninen
et al., 2008], and the most intense disturbances occur in
auroral precipitation zones. Figure 3 shows the same
interplanetary medium parameters as in Figure 2 for the
period from 6 UT on November 7 to the end of the day
on November 9. The storm starts with a sharp increase
in the SW velocity and dynamic pressure at ~18 UT
(Figure 3, a, b). At the same time, there are intense IMF
variations (Figure 3, ¢) with minimum B,=-50 nT. The
initial phase of the storm features a sharp positive in-
crease in Dst to +50 nT and a subsequent decrease to a
minimum value of Dst =374 nT at 7 UT on November
8 (Figure 3, d). Then, the recovery phase begins which
is interrupted by a new "step" in the SW pressure and
velocity at ~10 UT on November 9, and hence the Dst
index, which has recovered to —120 nT by this time,
falls below —200 nT again, and the second minimum
Dst=—263 nT is observed on November 10. Note that
both main Dst minima are caused by several solar wind
disturbances (Figure 3, a—c), which leads to additional
steps in Dst variations (Figure 3, d) and multiple auroral
activations (Figure 3, e) from 18 UT on November 7 to
6 UT on November 8 and at the end of the day on
November 9.

As a result, |dBy/dt| proves to be even higher than
during the 2001 storm, reaching 6.5 nT/s, with two
peaks recorded at night on November 7/8 and in the late
evening—night on November 9 (Figure 3, e). Distribu-
tion of auroral precipitation for three days of this storm
is illustrated for the midnight sector in Figure 3, f. On
all the three days, the Northern Railway segment under
study is in the zone of intense auroral precipitation. At
the same time, the absolute values of Jg are slightly
lower than those for the 2001 storm, a maximum of 14
erg cm? s. The maximum flux level is recorded on
November 8 during the recovery phase after the first Dst
minimum. The distributions in Figure 3, f correspond to
23 UT when Dst recovered to —120 nT. In this case,
both the precipitation intensity and the equatorial dis-
placement of the precipitation zone are greater than
those on November 7. On November 9, the precipitation
intensity decreases to ~8 erg cm2 s %, and the equatorial
displacement of the precipitation zone reaches a maxi-
mum. As a result, the region of interest fell not on the
low-latitude slope of the distribution, but on its maximum.

During this storm, failures were also observed on
the Belomorsk segment of the October Railway. For
example, on November 9 in the dawn sector from 9 to
11 local time (6-8 UT), false block occupancy of the
railway circuit was recorded near the Shpalovaya
stopping point (63.7° geographic latitude, ®=60°).

Thus, the disturbances during the November 7-9
storm are characterized by high values of |dBy /dt| in the
auroral precipitation zone, which covers geomagnetic
latitudes to ~50°, and maximum values of |dBy /dt| are
close during the main and recovery phases of the storm.
The arrival of SW disturbance in the recovery phase
leads to a second minimum of Dst and enhances the
observed effects.
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Figure 3. Interplanetary medium parameters, geomagnetic disturbances, and auroral precipitation on November 7-9, 2004:
SW velocity V (a) and dynamic pressure Psyy (b); IMF components B,, B, (c); Dst index (d), and modulus of the time derivative
of the geomagnetic field horizontal component |[ABy/dt| (e); zero time reference (a—€) is 0 UT on November 07, 2004. Also
shown are distributions of the precipitating auroral electron energy flux Jg along the geomagnetic latitude ® in the midnight sec-
tor for three days of the storm and on the next quiet day (f); vertical dashed lines are latitudinal boundaries of the Northern Rail-

way segment
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The November 20-21, 2003 storm is also a super-
storm [Kleimenova et al., 2005]. It began with a jump in
the SW velocity and dynamic pressure at ~8 UT on No-
vember 20 (Figure 4, a, b). The most intense oscillations
of Psw and IMF were detected till 17 UT, with single
steps of Pgy reaching 20 nT, and the minimum value of
B,=-50 nT (Figure 4, b, ¢). As a result, a storm develops
with minimum Dst=-422 nT at 21 UT (Figure 4, d).
Local geomagnetic activity begins to increase from 9
UT simultaneously with intense IMF and Psyy disturb-
ances. Maximum |dBy/dt| of ~7 nT/s is recorded at 14—
18 and 22-23 UT (Figure 4, e). The maximum intensity
of Jg is 13 erg cm 2 s*. The equatorial displacement of
the precipitation zone is more pronounced than in all the
events considered: the low-latitude boundary is below
®=46° (Figure 4, €). Consequently, the region where
failures on the Northern Railway were detected enters
the zone of maximum precipitation intensity.

For this storm, numerous failures without apparent
external cause were also recorded on the Belomorsk
segment of the October Railway in 59.3°<®<60.8°. The
failures were observed on November 20-25, i.e. until the
end of the storm recovery phase, on 16 stages of the
October Railway.

In all the cases related to the magnetic storm main
and recovery phases, we have analyzed, failures in
automatics were detected at subauroral geomagnetic
latitudes.

2.2.

Strong magnetic storms are the most dangerous sources
of failures. However, such events are rare, so failures
caused by moderate geomagnetic disturbances make a
significant contribution to the general statistics. The avail-
ability of an archive of failures on two segments of the
October Railway for five years — from 2002 to 2006 —
allows us to statistically estimate the relationship between
the spatial distribution of failures and the auroral oval posi-
tion. The total number of failures for the five years was

Statistical regularities

about 1800 on the Murmansk segment and 1300 on the
Belomorsk segment.

In [Vorobjev et al., 2000, Vorobjev, Yagodkina,
2005; Vorobjev et al., 2013], spatial distributions of
precipitating electrons in a limited local time interval
are studied. For statistical estimation, it is advisable to
use a parameter characterizing the position of the oval
equatorial boundary for an arbitrary time; therefore, we
employ the approximation [Holzworth, Meng, 1975] of
the model [Feldstein, 1963] for the geomagnetic latitude
of the oval equatorial boundary @,

Since the archive of failures is not available for a
continuous railway segment, but for two separate ones,
and the classification of failures on them is not unified,
we will analyze the oval equatorial boundary position
during failures separately for the Murmansk (auroral)
and Belomorsk (subauroral) segments. Following the
method from [Yagova et al., 2023], of all failures we
have identified failures of group 0 for which there is no
obvious mechanical, meteorological, or anthropogenic
cause.

The results are presented in Figure 5 as a depend-
ence of P(®,,<®y) on ®y,, where P is the probability of
passing through the oval boundary ®,, during a failure
below the geomagnetic latitude ®y,. Both for all failures
(Figure 5, a) and for group O failures (Figure 5, b), the
curve runs lower at the time when failures were record-
ed on the lower-latitude Belomorsk segment. This sug-
gests that the latitudinal distribution of failures depends
on the position of the oval equatorial boundary.

The assumption of the same distribution of @, for
the time periods when failures were observed on the
auroral (Murmansk) and subauroral (Belomorsk) seg-
ments of the October Railway was taken as the null hy-
pothesis. To test this hypothesis, we have performed
tests, using nonparametric criteria for both independent
(Mann—Whitney) and dependent (Wilcoxon) readings
[Kobzar, 2006], allowing conclusions to be drawn
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Figure 4. Interplanetary medium parameters, geomagnetic disturbances, and auroral precipitation on November 20, 2003

Designations are the same as in Figure 3

110



Spatial distribution of auroral precipitation

All

%)
<

10t r

<® )

3.1072 |

aur

102

P(®

(a)

(b)

N

(I>h~ degrees

4 56 58 60 62 64 66 68

54 56 58 60 62 64 66 68
(I)h. degrees
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on the Murmansk (auroral, A) and Belomorsk (subauroral, S) segments of the October Railway: all failures (a); failures without
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about the equality or inequality of distributions in these
sets. The Mann—Whitney criterion determines whether
the zone of overlapping values between two sets is
small enough (ranked subsets in the first sample and the
same subset in the second sample). The lower the crite-
rion, the more likely that the differences between the
parameter values in the samples are significant. The
Wilcoxon criterion is a nonparametric statistical test
(criterion) used to test differences between two samples
of paired or independent measurements by the level of
any quantitative feature measured on a continuous or
ordinal scale. The Wilcoxon test is performed by rank-
ing the values in each sample, then calculating the sum
of the ranks for each sample. To do the Wilcoxon test,
the number of readings in two datasets was equalized by
creating random samples of a dataset of superior length.
The analysis has been carried out from five samples.

The analysis has shown that the null hypothesis can be
rejected with a significance level of 5 % according to the
Mann—Whitney criterion and 1 % according to the Wil-
coxon criterion. Thus, the relative frequency of failures on
the auroral and subauroral railway segments depends on
the latitude of the auroral oval equatorial boundary. Mod-
erate disturbances are the most dangerous for auroral seg-
ments. For more intense disturbances, the probability of
failures at auroral latitudes decreases; and the high-risk
zone descends to subauroral latitudes.

DISCUSSION

We have analyzed the latitudinal distribution of pre-
cipitation intensity, the auroral oval equatorial boundary
position, and the modulus of the time derivative of ge-
omagnetic field horizontal component |dBy/dt| at the
Karpogory station during strong magnetic storms, for
which an increase in the duration of failures in railway
automatics was recorded [Eroshenko et al., 2010]. Un-
der quiet conditions, the Northern Railway segment of
interest is at subauroral latitudes. During all the storms
considered, this segment was in the region of intense
auroral precipitation, and maximum daily |dBy/dt| ex-

ceeded 5 nT/s. For the 2003 and 2004 superstorms, fail-
ures were also recorded on the subauroral (Belomorsk)
segment of the October Railway (for the 2001 storm
there was no available data on failures on the October
Railway). Dangerous levels of disturbances occurred
during both the main and recovery phases of the storm.

Statistical analysis of data from the archive of
failures on two October Railway segments has con-
firmed the relationship between the position of the
auroral oval equatorial boundary and the spatial dis-
tribution of failures. On days when failures were ob-
served on the lower-latitude Belomorsk segment, a
significant displacement to the south of the oval
equatorial boundary was recorded. This effect was
most pronounced during the strongest disturbances
leading to the maximum displacement of the oval
equatorial boundary: at @,,<55°, the vast majority of
failures were detected at subauroral latitudes.

The resulting effect is weakly dependent on the
type of failure indicated in the primary records. Pos-
sible causes of this may be related not only to the
inaccurate initial classification or the indirect influ-
ence of space weather disturbances through meteoro-
logical and biological factors, as suggested in [Yagova
et al., 2023]. On electrified railways, part of current
is returned via a railway circuit. Both when using an
impedance bond and a scheme with a continuous
welded rail, quasi-static GICs can cause failures in
automatics responsible for block occupancy [Patter-
son et al., 2023a, b]. The degree of this effect de-
pends on the asymmetry of the circuit [Qian et al.,
2016; Kostrominov, Lozhkin, 2021]. Since a change
in the rail resistance or, more generally, the entire
rail-ballast—ground system affects the balance of the
current circuit, a situation arises when a change in
resistance caused by human activity or weather con-
ditions can exist for a long time without consequenc-
es, but manifests itself as a failure during a magnetic
disturbance.
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CONCLUSIONS

1. During strong magnetic storms of solar cycle 23,
numerous failures were recorded on segments of the
Northern and October railways, located at geomagnetic
latitudes below 60°, where there was intense electron
precipitation with energies to 30 keV with an energy
flux above 7 erg cm? s, and local geomagnetic activi-
ty exceeded 5 nT/s.

2. There is a statistically significant relationship be-
tween the geomagnetic latitude of the auroral oval equa-
torial boundary ®,, and the relative rate of failures on
the auroral (Murmansk) and subauroral (Belomorsk)
segments of the October Railway: during intense dis-
turbances leading to a significant displacement of @, to
the south, the proportion of failures on the subauroral
segment increases.

3. The low-latitude boundary of the zone in which
GIC-induced failures in railway automatics occur during
geomagnetic disturbances can be approximately esti-
mated by the latitude of the auroral oval equatorial
boundary. More accurate estimates allowing for tech-
nical decision making require long-term data on failures
on a particular railway.

The work was financially supported by RSF Grant
No. 21-77-30010.
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