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ABSTRACT

Geomagnetic activity and occurrence of large values of geoinduced currents (GICs) during a moderate magnetic
storm (SYM/H ~ —65 nT) on September, 12-13 2017 have been studied. Two intense substorms (AL ~600 nT
and ~1200 nT) were observed within the period of this magnetic storm. Amplification and motion of electrojets
during substorms is known to be one of the important sources of GIC value increase in the auroral zone. The fine
spatial temporal structure of westward electrojet has been analyzed using the latitudinal profiles of the IMAGE
network and the equivalent currents of the MIRACLE system data. GICs activity were monitored by EURISGIC
from Russian stations Vykhodnoy (VKH) and Revda (RVD) in the North-West of Russia (eurisgic.ru) and Mantsala
station (MAN) in South Finland. The data from these stations are convenient to track GIC from ~60° to ~69°
geographical latitudes. It has been shown that the increase in GIC amplitudes at different latitudes was associated
with the poleward movement of the westward electrojet during the expansion phase of the substorm. Besides, it
has been found that the source of the GICs at the recovery phase of the second substorm appeared to be a short
pulse of Pc5 pulsations and the amplitudes of GICs were comparable with substorms one. It is also shown that the
increase in GIC amplitude are in good agreement with the increase in the Wp- and IL-geomagnetic indices used
for global and local control over the substorm appearance.

1. Introduction

Solar wind high speed streams, fast forward shocks, coronal mass
ejections (CME) cause rapid changes in geomagnetic field, which, in
turn, leads to an increase of intense low frequency currents, the so-called
geomagnetically induced currents (GICs), at ground based technological
networks, such as power lines, gas pipelines and railways (Viljanen
et al., 2006b; Pulkkinen et al., 2005; Lakhina et al., 2020). GICs, the last
element in the Sun-Solar wind-magnetosphere-ionoshpere-Earth system,
negatively affect the operation of technological networks and can cause
their failure (Tsurutani and Hajra, 2021). For this reason, the excitation
of GICs in power transmission lines is monitored in many countries
located in both high and middle geomagnetic latitudes (e.g. Kelly et al.,
2017; Mac Manus et al., 2017; Clilverd et al., 2021; Watari et al., 2021).

In the North-West of Russia, Polar Geophysical Institute together
with Northern Energetic Research Center built a system, called EUR-
ISGIC, to monitor such currents in the autotransformers neutral line in
the existing Karelian-Kola power transmission line (Sakharov et al.,
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2007, 2016, 2019). This power line is located at geographical
(geomagnetic) latitudes from ~60° to ~69° (56.6° to 65.5°) directed
from south to north. Note that this location corresponds to auroral lat-
itudes where substorm disturbances are usually observed.

It is known that substorms are connected with strong magnetic dis-
turbances observed within the auroral oval (Akasofu, 1964, 2017).
Depending on space weather conditions, the oval location can be clas-
sified as contracted, normal, or expanded (Lui et al., 1973). During
strong magnetic activity a substorm can be observed within a large
latitude area from low to very high latitudes, within expanded oval,
these events are called « expanded » or « high-latitude » substorms (e.g.,
Loomer and Gupta, 1980; Kleimenova et al., 2012; Despirak et al.,
2018). At the auroral latitudes substorms are one of the major causes of
large GIC (Viljanen et al., 2006a).

Recently it has been confirmed that strong disturbances of the
westward electrojet during expansion phase of substorm is one of the
reason for the GICs growth (Vorobjev et al., 2018; Kozyreva et al., 2020;
Tsurutani and Hajra, 2021; Despirak et al., 2022a). The study made by
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Vorobjev et al. (2018) showed that GIC intensity significantly increases
with the growth of substorm activity and peaks when the equatorial
boundary of auroral oval precipitations is located by ~1° of latitude
south of the GIC registration.

In addition, the study of intense GICs (>30 A) over a 20-year period
(1999-2019) at Mantsala station, Finland (~60.6° geographical lati-
tude) was made by Tsurutani and Hajra (2021). They discovered that the
increase of GICs values is most frequently associated with the gain of
auroral electrojets during supersubstorms (SML < —2500 nT) and
intense substorms (—2500 nT < SML <-2000 nT). The relationship
between GICs and supersubstorm (SSS) development was studied in our
previous work (Despirak et al., 2022b) where intense GICs during two
supersubstorms on September 7-8, 2017 were analyzed. We also studied
several complex cases of GIC occurrence during substorms observed
during the magnetic storms (Despirak et al., 2022a).

The fact that we have the opportunity to use the meridional chain of
the GIC registration network (eurisgic.ru) and the chain of IMAGE
magnetometers almost parallel to it (~10° to the west) allows us to trace
the fine spatial-temporal structure of the substorm poleward propaga-
tion and the large values of GIC during the event. When studying and
modeling GIC, it is also necessary to take into account that substorm
activity is associated not only with an increase in the intensity of a large-
scale westward azimuth electrojet (in the west-east direction), but also
has other large meridional manifestations (in the south-north direction),
such as poleward movement of the westward electrojet (Kisabeth and
Rostoker, 1974; Pudovkin et al., 1995), that occurs in “jumps” to the
pole during the substorm expansion phase (Wiens and Rostoker, 1975.
In addition, there may be several intensifications in the substorm
expansion phase (Sergeev and Yahnin 1979; Yahnin et al., 1983), which
is connected with multiple onsets of substorm. In such cases several
successive negative bays were registered at ground based magnetic
station and such phenomena are associated with several injections of
accelerated particles in the magnetosphere (multiple onsets) as was
observed, for example, during the substorms that occurred at ~06 UT on
March 28, 2010 (Yao et al., 2017) and at ~18 UT on March 17, 2013
(Despirak et al., 2022a).

Despite the fact that an important source of GIC in the auroral zone is
intensification and motion of electrojets, there are other reasons for GIC
occurrence, i.e. impulses of solar wind dynamic pressure, magnetic
pulsations, omega structures in auroras, etc. (Oliveira and Ngwira, 2017;
Kozyreva et al., 2020; Apatenkov et al., 2020). Kozyreva et al. (2020)
showed that Ps6 and Pc5 pulsations as well as isolated nightside mag-
netic impulsive events (MIE) are capable to induce noticeable GICs up to
~20 A which were registered at the Vykhodnoy station on the Kola
Peninsula.

This work is considering the event on September 12-13 which is
associated with the development of a moderate magnetic storm. It
should be noted that September of 2017 was an extremely active space
weather period with multiple events leading to varying impacts on the
Earth’s magnetosphere. There were registered some successive solar
wind types which sometimes overlapped: interplanetary coronal mass
ejections (ICMEs), magnetic clouds (MCs), sheaths, corotating interac-
tion regions (CIRs), high-speed streams (HSSs), fast shocks, etc. This
complex solar wind structures caused some magnetic storms, intense
substorms, and HILDCAA (High-intensity, long-duration, continuous AE
activity) geomagnetic activity in addition to the above two supersub-
storms (Hajra et al., 2020).

Solar wind and interplanetary magnetic field (IMF) parameters for
the event — from 14:00 UT on September 12 to 10:00 UT on September
13 — are given in Fig. 1. The figure shows from top to bottom: the
magnitude (Br) of the interplanetary magnetic field (IMF); the Y- and Z-
component of the IMF (By); the flow speed (V), the density (N), tem-
perature (T), and dynamic pressure (P) of solar wind, and the geomag-
netic indices AL and SYM/H. It is seen that a fast shock (IS) occurred at
~19:55 UT on September 12. The moment of IS registration is marked
by the red vertical line and inscription IS. Then from ~20 UT on
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Fig. 1. Solar wind and interplanetary magnetic field (IMF) parameters from
14:00 UT on 12 September to 10 UT September 13, 2017. From top to bottom:
the magnitude (BT) of the interplanetary magnetic field (IMF); the Y- and Z-
component of the IMF (BZ); the flow speed (V), the density (N), temperature
(T), and dynamic pressure (P) of solar wind, and the geomagnetic indices AL
and SYM/H.

September 12 the region with increasing dynamic pressure (P dyn) and
solar wind density (N) was registered, it was so-called sheath region. The
boundaries of the sheaths, from ~20 UT on September 12 to ~04 UT on
September 13, are marked by the red rectangle and inscription Sheath.
Note that sheath is the region of compressed plasma at the front of MC,
different types of solar wind were determined from the catalog of large-
scale solar wind types (Yermolaev et al., 2009). It is seen that some
discrete southward Bz periods were observed (~—10 nT). These periods
led to a moderate magnetic storm (SYM/H ~ —65 nT at ~00:10 UT) on
September 13. During this storm there were two intense substorms with
maximum AL ~ —600 nT and ~ —1200 nT (SML ~ 1070 nT and ~1540
nT, not shown), respectively, which are marked as blue lines and
inscription substorms. We determined onsets of substorms by IMAGE
magnetometers data, by a sharp onset of negative bay on the most
equatorial station on the meridional chain. However, Fig. 1 presents the
moments of substorm onsets rather schematically since the time interval
is quite long. During these two substorms there were registered intense
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GICs on Karelian-Kola power line (Vykhodnoy and Revda stations) and
on the Finland gas pipeline near Mantsala, which will be considered in
more detail below.

2. Data

The spatial distribution of the substorm electrojets was determined
using the magnetometers of the IMAGE (http://space.fmi.fi/image/)
and SuperMAG (http://supermag.jhuapl.edu/) networks. To study the
spatial distribution of magnetic disturbances on the IMAGE profile,
instant maps of the distribution of ionospheric equivalent electric cur-
rents MIRACLE (https://space.fmi.fi/MIRACLE/) have been analyzed
(Viljanen and Hakkinen, 1997). The MIRACLE system include also
all-sky cameras and TomoScand Receiver, but these data not used in
current work.

The onset of substorms have been determined by IMAGE magne-
tometers data by a sharp onset of negative bay on the most equatorial
station on the meridional chain PPN-NAL; the onset of intensification of
substorm have been determined similarly for each intensification.

To analyze the GICs we took the data from two recording systems: 1)
GIC registration system EURISGIC (http://eurisgic.ru/) located in the
North-West of Russia in the auroral zone on the power line directed
south-north (Sakharov et al., 2007, 2016, 2019). This system used a
current detection sensor mounted on the neutral line of an autotrans-
former to measure the GIC. Positive values mean GIC going into the
ground 2) GIC registration system in Finland on gas pipeline directed
east-west station near Mantséla in the subauroral zone (https://space.
fmi.fi/gic/index.php). Fig. 2 shows the scheme of EURISGIC recording
stations and Mantsala station (red and white dots with data and no data
at selected time, respectively), as well as part of the PPN-NAL meridional
chain of IMAGE magnetometers (black dots). In accordance with the
geographic location of the networks and Faraday’s law of induction, and
also neglecting geology and branches of networks, increase of the GIC at
VKH and RVD stations will be driven by rapid change in the Y-compo-
nent of the magnetic field, while at MAN station — X-component. For
visual demonstration that assumption we use corresponding magnetic
field component of IMAGE station nearest to GIC recording station
(black lines on Figs. 3c-5¢). On Fig. 2 these stations are marked as black
dots with orange border: for Vykhodnoy (VKH) — Masi (MAS), for Revda
(RVD) — Muonio (MUO) and for Mantsala (MAN) — Nurmijarvi (NUR). A
complete list of PPN-NAL chain with geographic and geomagnetic co-
ordinates of the stations is presented in Table 1. Table 1 contains the
coordinates of used GIC stations as well (in bold).

The global spatial distribution of substorms was also determined
from the maps of magnetic field vectors obtained from observations on
the SuperMAG network (Gjerloev, 2009; Newell and Gjerloev, 2011).

The IL- and SML-indexes are also taken from IMAGE and SuperMAG
networks, correspondingly. Note that the IL index shows the variation of
the magnetic field at the selected IMAGE stations, that is, in essence, it is
similar to the AL index which is associated with the auroral electrojet.

We also used the Wp (wave and planetary) index which is related to
the power of the Pi2 pulsation wave at low latitudes and associated with
the substorm onset. Wp-index is calculated from the data of 11 ground-
based magnetic stations located between 20° and 50° MLAT around the
North Pole (Nosé et al., 2012).

The solar wind and IMF parameters are taken from OMNI database ft
p://ftp.iki.rssi.ru/omni/ and the catalog of large-scale solar wind
types ftp://ftp.iki.rssi.ru/pub/omni/catalog

3. Results

The general scheme of magnetic disturbances and GICs registrations
from 18 UT to 04 UT for the September 12-13 event is shown on Fig. 3.
The left panel of the Figure shows the variations of X component of
IMAGE magnetometers from SUW to NAL (PPN-NAL chain) (a), the right
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Fig. 2. The geographic map of GICs recording stations and nearby observa-
tories for measuring geomagnetic variations both in the North-West of Russia
and in Finland. Black dots — IMAGE magnetometer stations, red dots with a
white border — used in work GIC registration stations, black dots with an orange
border - the magnetometer stations closest to GIC registration stations, white
dots — GIC registration stations with no data at selected time. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

top panel - the SuperMAG maps of magnetic field vectors (b), the right
bottom panel — GICs data (red lines) with corresponding magnetic
component of nearest IMAGE station (black lines) and geomagnetic in-
dexes Wp and IL (blue lines) (c). For station MAS (close to VKH) and
MUO (close to RVD) presented Y-component of magnetic field, for sta-
tion NUR (close to MAN) - X-component of magnetic field. The
geographical latitudes of stations (GLAT) are used. In figure (3a and 3c)
three periods of different magnetic disturbances and large values of GIC
from 20 to 23 UT, from 23 to 01 UT and from 01 to 02:30 UT are marked
by horizontal bars and dashed lines. The first two blue bars show the
periods of two substorms mentioned in Introduction. The third orange
bar shows the period of Pc5 pulsations. SuperMAG polar maps corre-
spond to maximum of magnetic disturbances for these three events in
time. Let’s consider each event separately.

3.1. First substorms

Fig. 4 shows the first event for study from 20 to 23 UT on September
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Fig. 3. The magnetic disturbances and GICs registrations from 18 UT to 04 UT 12-13 September 2017. Blue and orange bars with dotted lines mark three different
events during this time. a) the variations of X component of IMAGE magnetometers from SUW to NAL (PPN-NAL chain); b) the SuperMAG maps of magnetic field
vectors during maximum disturbance at each of the three events; c¢) geomagnetic indexes Wp and IL (blue lines) and GICs data (red lines) with Y-component of
magnetic field at MAS and MUO, and X-component at NUR (black lines). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

12, 2017. The format of Fig. 4 is similar to that of Fig. 3, but a map of
equivalent currents calculated according to the MIRACLE system re-
places the SuperMAG maps of magnetic vectors. The left panel shows the
X component of PPN-NAL chain of IMAGE magnetometers from 20 UT to
23 UT (a). The maps of latitudinal profile of the westward and eastward
electrojet from 19:30 UT to 23:00 UT are located on the upper right
panel (b). Below this panel, there are GICs data with corresponding
magnetic component of the nearest IMAGE station and geomagnetic
indexes for the same time (c).

The first substorm began at ~20:20 UT on September, 12 and con-
sisted of 4 intensifications which are marked as blue dotted lines on
Fig. 4a. The onset of the first intensification was manifested by a sharp
onset of negative bay observed at the more equatorial station. As seen,
the first intensification began at 20:25 UT on MUO station, it propagated
rapidly to SOR station and did not propagate higher. As well as the
second intensification which began at 20:45 UT. The third and fourth
intensifications (~20:55 UT and ~21:10 UT respectively) started at
auroral latitudes and, unlike the first two, rapidly propagated to the LYR
and NAL stations. At this time, as can be seen from MIRACLE data on
Fig. 4b, the westward electrojet moved from 66° N to 78° N on expansion
phase of substorm, and we can see the same intensifications at the
corresponding time in westward electrojet profile which is marked in
blue in Fig. 4b.

As seen from SuperMAG polar map at 20:40 UT (Fig. 3b) the main
disturbances during this substorm were in the premidnight sector under
the Kola Peninsula. And that is where our GICs registration stations are
located. Fig. 4c shows GICs data (red lines) and the disturbances in these
data correspond to substorm intensifications. The first two are seen at
about 20:30 UT and about 20:45 UT at all three used stations: VKH (up
to 6 A), RVD (up to 1.5 A) and MAN (up to 2 A), the other two at about

20:50 UT and about 21:10 UT are seen only at the VKH station (up to 5
A). This correspond to their geographical location relative to electrojet
movement to the pole. Fig. 4c shows the peaks in the Wp index (upper
blue line): the highest peak appeared when the most intense GICs were
registered and a small one occurred before the onset of the substorm.
The small one coincides with the disturbance only at MAN station. Thus,
the dependence of the increase of GICs on the substorm spatial temporal
structure can be clearly seen.

3.2. Second substorms

The blue bars on Fig. 5 show the next period for study, i.e. occurrence
of large values of GICs during the second substorm. The format of Fig. 5
is similar to that of Fig. 4. On Fig. 5 the X-components of PPN-NAL chain
of IMAGE magnetometers from 23 UT 12 September to 03 UT 13
September are located on the left panel (a). The latitudinal profile of the
westward and eastward electrojets from 23:00 UT September 12 to
02:30 UT September 13 are located on the upper right panel (b). Below
the GICs data with corresponding magnetic component of the nearest
IMAGE station and Wp- and IL-indexes at the same time (c) are given.

The second substorm began at ~23:20 UT on September 12 at OUJ
station and propagated to NAL station where the disturbance started at
~00:10UT on September 13 (the onset of substorm was determined by a
sharp onset of the negative bay observed at the more equatorial station).
As seen from MIRACLE data in Fig. 5b, the westward electrojet (blue
color) started to develop on 63°-66° N geographical latitudes and
propagated to the north after midnight up to 73°N with small jumps up
to 80°N and enhancements on 65°N during the expansion phase of
substorm. According to SuperMAG polar map at 00:10 UT on September
13 (Fig. 3b), the disturbances were in the premidnight and
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E(+) and W(-) electrojet at 22.06° lon, 12 Sep 2017
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Fig. 4. The first substorm on September 12, 2017; a) the X component of PPN-NAL chain of IMAGE magnetometers from 20 UT to 23 UT. Blue dashed lines
correspond to 4 substorm intensifications; b) latitudinal profile of the westward (blue) and eastward (yellow) electrojets of MIRACLE system from 19:30 UT to 23:00
UT; c) geomagnetic indexes (blue lines) and GICs data (red lines) with corresponding magnetic component of nearest IMAGE station (black lines) from 19:30 UT to
23:00 UT. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

postmindnight sectors under East Canada, Greenland and Scandinavia.
The GICs registration stations were in after midnight sector and the
disturbances in GICs data profiles are presented in Fig. 5c. The most
intense current (~22 A) occurred at VKH station after midnight at ~
00:10 UT during the expansion phase of the substorm, when the west-
ward electrojet rushed toward the pole and the magnetic storm had its
minimum in SYM/H. There are good accordance between the variations
of Y-component values at the MAS and MUO magnetometers and vari-
ations of GIC values at VKH and RVD stations. At MAN and NUR stations
the accordance looks worse because the substorm developed at higher
latitudes. The highest peak in Wp index was regiserd at ~00:10 UT
during the maximum of the expansion phase of the substorm. Note that
this index also had smaller peaks before the onset of the second substorm
that coincided only with GICs data at the MAN station, while no dis-
turbances occurred in the GICs profiles at VKH and RVD stations. The
same situation was observed in the previous case during the first sub-
storm and this fact can be connected with Wp calculation approach
(Nosé et al., 2012). The index is calculated from measurements taken at
equatorial stations, therefore, it is more sensitive to disturbances
occurred at mid latitudes than at high latitudes.

There was also one more significant GIC value (~7 A) during this
substorm at Mantsala at 00:40 UT which is not associated with the
movement of the westward electrojet to the pole. However, as can be
seen from the variation of the IL index, at this time there was a change in
the intensity of the electrojet associated with the recovery phase of the
substorm. We suppose that such slow changes in the strength of the

current flowing in the direction from east to west might also lead to an
increase in the GIC on the Mantsala pipeline.

So, in the second event the dependence of the increase of GICs on the
spatial temporal development of the substorm is manifested: the west-
ward expansion of the electrojet corresponds to the peaks in the GICs
profiles from MAN to VKH.

3.3. Magnetic pulsation Pc5

The orange bars in Fig. 5 show the last period for study - the
occurrence of significant GICs values during the period from ~01:00 UT
to ~02:30 UT on September 13, 2017. According to IMAGE data peri-
odical disturbances (pulsations) after 01:20UT can be seen from OUJ to
NAL stations (Fig. 5a), which corresponds to frequency of ~3-8 mHz
(the period of these pulsations was ~ 2-5 min), i.e. these pulsations fit to
Pc5 pulsations.

Note that monochromatic Pc5 pulsations is a typical event for early
morning hours during the recovery phase of a substorm (Kozyreva et al.,
2020) and these pulsations are observed precisely at the recovery phase
of the second substorm. As seen from Fig. 5¢ during these pulsations
there were registered significant GICs at VKH station up to 16 A and RVD
station up to 5 A. There good accordance is seen between pulsations in
the Y-component at the MAS and MUO magnetometers and GIC varia-
tions at VHD and RVD stations. Since pulsations are intense only at OUJ
station and higher, significant GICs at Mantsala station were not regis-
tered. Thus, as in other works (Yagova et al., 2021), Pc5 pulsations
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E(+) and W(-) electrojet at 22.06° lon, 12-13 Sep 2017
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September to 03 UT 13 September. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

A list of PPN-NAL meridional chain of IMAGE magnetometers and used GIC
stations (in bold) with geographic and geomagnetic coordinates. The magne-
tometer stations closest to GIC stations are underline and in italic.

Station Station name GGLAT GGLON CGMLAT CGMLON
code (deg) (deg) (deg) (deg)
NAL Ny Alesund 78.92 11.95 75.25 112.08
LYR Longyearbyen  78.20 15.82 75.12 113.00
HOR Hornsund 77.00 15.60 74.13 109.59
BJN Bear Island 74.50 19.20 71.45 108.07
SOR Sgrgya 70.54 22.22 67.34 106.17
MAS Masi 69.46  23.70 66.18 106.42
VKH Vykhodnoy 68.83 33.08 65.53 112.73
MUO Muonio 68.02 23.53 64.72 105.22
RVD Revda 67.89 34.16 64.65 112.87
PEL Pello 66.90 24.08 63.55 104.92
RAN Ranua 65.90 26.41 62.09 105.91
ouJ Oulujarvi 64.52 27.23 60.99 106.14
HAN Hankasalmi 62.25 26.60 58.69 104.54
MAN Mantsala 60.60 25.20 57.29 102.05
NUR Nurmijérvi 60.50 24.65 56.89 102.18
TAR Tartu 58.26 26.46 54.47 102.89
BRZ Birzai 56.17 24.86 52.30 100.81
SUW Suwatki 54.01 23.18 49.97 98.70

caused significant GICs in power lines in our case too.
4. Discussion

Three events of intensive GICs observations on the latitudinal profile

of GICs registration in the North-West of Russia have been analyzed
together with the data of GICs registration on the gas pipeline near the
Mantsala station in Finland. The use of the latitudinal profile of the GIC
data made it possible to trace the increasing of the GIC in accordance
with the poleward expansion of the substorm and the development of its
fine structure. As seen from Fig. 4, time moments of GICs enhancement
are well correlated with the moments of four intensifications of the first
substorm at ~20:25, ~20:45, ~20:55, ~21:10 UT. Before the onset of
the substorm, the strongest GICs were observed mainly at Mantsala
station; and with the onset of the expansion phase of the substorm
(~20:22 UT), small GICs were also observed at the RVD and VKH sta-
tions. Further, the strongest GICs at VKH were observed at the moment
~20:50UT when the strong increasing of the westward electrojet and
their moving to high-latitudes were registered (Fig. 4b).

Note also that the second substorm developed in a differrent form.
This substorm belonged to “high-latitude” (or “expanded™) ones since,
according to Z-component variations of PPN-NAL chain of IMAGE
magnetometers (not shown), the center of the westward electrojet (more
intense current) moved from OUJ to LYR. Besides, “high-latitude”
(“expanded”) substorms are usually registered during high-speed
streams (HSS) or sheath region in the solar wind at high values of
solar wind velosity (Despirak et al., 2014, 2018). According to the data
from MIRACLE system (Fig. 5b), the disturbances began at geographic
latitude ~63-64° N and then we see a fast expansion of westward
electrojet to the pole to the latitude ~78° N (to the NAL station). It can
be seen that the substorm disturbances occurred almost simultaneously
at the corresponding latitudes with a small time delay of ~10 min be-
tween the onset and the maximum phase of the substorm (from the OUJ
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stations to the NAL stations). And at this moment GICs increased almost
simultaneously at the corresponding latitudes (from MAN to VHK). The
strongest GIC was observed at VKH at ~00:10 UT on September 13,
2017. Thus, it can be seen that the enhancement of GIC at different
latitudes is similar to the moving of the westward electrojet during the
expansion phase. This result is confirmed by earlier researches that
studied other intense substorm events at the same latitudinal profile
(Vorobjev et al., 2018; Kozyreva et al., 2020; Despirak et al., 2022a;
Setsko et al., 2022). The relationship showed between the increase in the
geomagnetic indices IL and Wp and the GICs also indicates the depen-
dence of the GIC enhancement on substorm activity. However, it should
be noted that, in general, there is no unambiguous correspondence be-
tween these indices and GIC enhancement. We assume that this may be
due to the fact that the Wp index is calculated from 11 mid-latitude
stations located around the entire globe and shows the onset of sub-
storms at different longitudes. And when studying the magnetic varia-
tions of the IL index, it is necessary to take into account not only its
strong variations, but also slow changes. Thus, it is good to use these
indices for assessing the development of global and local magnetic
substorms; they are in good agreement with the increase in the GIC
amplitude, but do not always exact fit.

There is also an opinion that an actual driver of GICs is not the
auroral electrojet, but isolated or multiple, impulsive, short-lived (~10
min time scale) disturbances embedded in it (Kozyreva et al., 2020). On
the one hand, our observations confirm this assumption. As seen on
Fig. 4a and b, the expansion phase of substorm consisted of four in-
tensifications, which may be considered as impulses events. On the other
hand, it is seen that sometimes there may be observed some intense GIC
associated with smooth changes in the strength of the westward elec-
trojet (for example, GIC ~7 A at MAN during the recovery phase of the
second substorm).

Strong variations of the magnetic field can be associated not only
with the onset of substorms and the moving of electrojets, but Ps6/Pi3
and Pc5 geomagnetic pulsations (Kozyreva et al., 2020; Yagova et al.,
2021) and dB/dt spikes of the magnetic field (Schillings et al., 2022). It
was shown that rapidly varying electromagnetic fields during these
disturbances can induce a signifcant GIC, sometimes up to ~120 A
(Viljanen 1998; Apatenkov et al., 2004, 2020). In the considered event
on September 13, 2017, a short pulse of Pc5 pulsations which were
observed at the recovery phase of the second substorm, caused GICs at
Vykhodnoy ~16 A and Revda ~ 5 A. Whereas the GICs during the first
substorm are ~6 A (VKH), ~2 A (RVD) and during the second substorm
are ~ 22 A (VKH), ~2 A (RVD). So, it is seen that the GICs generated by
substorms and by Pc5 pulsations are comparable. This result is consis-
tent with one of the conclusions in the statistical study made by
Sakharov et al. (2022). They showed that at auroral latitudes, GICs can
be generated by both high-amplitude storm-time Pc5-6/Pi3 pulsations
and by non-storm ones with moderate amplitudes (Sakharov et al.,
2022).

5. Conclusions

Three events of GICs enhancement during a moderate storm on
September 12-13, 2017 were connected with an increase and an
expansion of the westward electrojet during two substorms and with
short bursts of Pc5 pulsations.

1. It was possible to track GICs enhancement along the meridian (from
Mantsala to Vykhodnoy) according to fine spatial temporal structure
of the substorm development for the given events. GICs increase at
different latitudes corresponds to the poleward movement on the
west electrojet.

2. The most intense GICs (>20 A at VKH station) were recorded during
the expansion phase of the midnight intense substorm almost
simultaneously at all stations from 57.3 to 65.5 CGMLAT
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3. The source of the GICs during the third period was short pulses of Pc5
pulsations at the recovery phase of an intense substorm.

4. The moments of GIC increase coincide with the moments of increase
of Wp and IL geomagnetic indexes values that are commonly used for
global and local monitoring of substorm development.
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