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Abstract—We analyzed 214 events of ‘polar’ substorms on the Scandinavian meridian IMAGE, i.e., sub-
storms recorded by magnetometers located at geomagnetic latitudes above ~70° MLAT at 1900—0200 MLT
during a magnetically quiet time in the absence of negative magnetic bays at lower latitudes. The Harang dis-
continuity, which separates the westward and eastward electrojets by latitude, is a typical structure for the
indicated MLT sector of the high-latitude ionosphere. The global distribution of ionospheric electrojets and
the location of the Harang discontinuity during development of ‘polar’ substorms were studied using the
maps compiled from the results of spherical harmonic analysis of magnetic measurements on 66 simultane-
ous ionospheric communications satellites of the AMPERE project. Based on analysis of these maps, it is
shown that the instantaneous location of the equatorial boundary of the ionospheric current of a ‘polar’ sub-
storm determines the instantaneous location of the polar boundary of the Harang discontinuity, and the polar
boundary of the eastward electrojet determines its equatorial boundary. It has been established that the
appearance of 90% of ‘polar’ substorms is observed simultaneously with increasing planetary substorm activ-
ity according to the AL-index and development of a magnetospheric substorm in the postmidnight sector. At
the same time, the development of evening ‘polar’ substorms is associated with the formation of near-mid-
night magnetic vortices at geomagnetic latitudes of ~70° MLAT (near the “nose” of the Harang discontinu-
ity), indicating a sharp local enhancement of the field-aligned currents. This leads to the formation of a new
substorm in the evening sector of near-polar latitudes, called a ‘polar’ substorm with typical features of the
onset of a substorm (Pi2 geomagnetic pulsation bursts, sudden onset of the substorm close to the equatorial

boundary of the contracted oval (the development of a “substorm current wedge”, etc.)
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1. INTRODUCTION

The term ‘substorm,’ introduced by S.-I. Akasofu
(1964), means the set of global planetary phenomena
observed in the magnetosphere, ionosphere, and on
the Earth’s surface arising during the explosive release
of energy accumulated in the tail of the magneto-
sphere due to disturbed solar wind flows around it.
One of the main manifestations of a magnetospheric
substorm is negative magnetic bays at auroral and sub-
polar latitudes lasting 1—3 h, e.g., (Rostoker et al.,
1980). The development of a substorm is caused by the
intensification of large-scale convection, field-aligned
currents, and precipitation of auroral particles, e.g.,
(Baker et al., 1996).

Despite the fact that substorms have been studied
quite intensively both experimentally and theoreti-
cally, there is still no understanding of where and how
substorms arise and begin or what is the mechanism of
their excitation. There is not even a clear, generally
accepted formulation of the morphological character-
istics of a substorm; discussions often arise as to which

negative magnetic bay can be called a substorm and
which not. There are several contradictory substorm
generation models in the literature, and each proposed
model is supported by corresponding observational
facts. This indicates both the complexity of this phe-
nomenon and the fact that in different geophysical con-
ditions there are different types of magnetospheric sub-
storms with different spatiotemporal dynamics.

Due to the interaction of the solar wind with the
Earth’s magnetosphere, plasma convection is con-
stantly observed in the auroral and high-latitude iono-
sphere, e.g., (Nishida, 1968; Heppner, 1977). Its indi-
vidual intensifications were called a “convective bay”
(Pytte et al., 1978), which is a development of a two-
vortex current system DP2 with vortex centers in the
morning (westward electrojet) and evening (eastward
electrojet) sectors, as shown in the scheme in Fig. la,
taken from (Baumjohann, 1983). There are significant
differences between a classical magnetospheric sub-
storm and a convective bay (Pytte et al., 1978a; Baum-
johann, 1983, Sergeev et al., 2001). Unlike a convec-
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Fig. 1. (a) Scheme of convective bay and magnetospheric substorm from (Baumjohann, 1983); (b) scheme of currents in Harang

discontinuity from (Koskinen and Pulkkinen, 1995).

tive bay with a flat, a “classical” substorm is character-
ized by a sharp onset (substorm onset) with a breakup
of auroras, accompanied by the formation of a special
3D system of field-aligned currents forming the so-
called “substorm current wedge” (SCW), e.g.,
(McPherron et al., 1973; Kepko et al., 2015), on the
westward edge of which upward field-aligned currents
are noted, and on the eastward edge-downward ones.
The SCW is a single-vortex current system DP1 (Fig. 1a).
On the earth’s surface, the development of a substorm
current wedge is accompanied by the appearance of a
mid-latitude positive magnetic bay at X-component of
the field.

A magnetospheric substorm is a typical nighttime
disturbance in the region of an auroral oval, which
shifts poleward with a decrease in geomagnetic activity
(Feldstein and Starkov, 1967). As a rule, a substorm
begins with a sudden brightening (breakup) of a calm
aurora arc near the equatorial boundary of the auroral
oval. Depending on the location of this boundary, the
auroral oval is considered “normal” when it is located at
65°—66° MLAT, “expanded”, if it is below 65° MLAT,
and “contracted”, if the equatorial boundary of the
oval is above 66°—67° MLAT (Lui et al., 1973). In
accordance with this, substorms, depending on the
geomagnetic latitude of the location of their onset, are
classified as “normal” or “classical,” “extended,” and
substorms “on a contracted oval”, which are the least
studied and clearly insufficiently.

In recent years, substorms on a contracted oval
have been studied in more detail (Kleimenova et al.,
2012, 2023; Despirak et al., 2014, 2022; Safargaleev
et al., 2018, 2020; Kleimenova et al., 2023), where for
brevity such substorms were called ‘polar,’ since they
are observed near the polar edge of the auroral oval. It
has been established (Kleimenova et al., 2012, 2023;
Kleimenova et al., 2023) that ‘polar’ substorms are
usually recorded at geomagnetic latitudes above
~68°—70° MLAT in the premidnight hours (2000—
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2200 MLT) under weak geomagnetic activity (Kp ~
1—2) and are accompanied by intense geomagnetic
pulsations in the Pi2 and Pi3 range. Note that accord-
ing to (Feldstein and Starkov, 1967), the geomagnetic
latitude ~68°—70° MLAT corresponds to the equato-
rial boundary of the evening sector of the auroral oval
in magnetically quiet conditions.

Under favorable weather conditions, during ‘polar’
substorms, high-latitude auroras are recorded as arcs
elongated along the oval, sometimes with unusual spi-
ral structures (Safargaleev et al., 2020; Despirak et al.,
2022). It was found (Despirak et al., 2014, 2019, 2018)
that ‘polar’ substorms are usually observed during a
slow stream of the solar wind, often after the passage
of a high-speed recurrent flow. The general patterns of
development of ‘polar’ substorms correspond to the
typical characteristics of classical substorms, namely,
the formation of a substorm current wedge (positive
magnetic bays at lower latitudes), abrupt movement of
the electrojet to the pole after the onset of the sub-
storm, and generation of geomagnetic pulsations Pi2.
Thus, ‘polar substorms’ can be considered a special type
of substorms observed under weakly disturbed condi-
tions in the evening sector of the contracted auroral oval,
i.e., at geomagnetic latitudes above ~68°—70° MLAT.

In the region of space typical for the development
of ‘polar’ substorms is the so-called Harang discontinu-
ity (HD) (Harang, 1946; Heppner, 1972; Kamide and
Vickrey, 1983), which is a narrow latitudinal band elon-
gated longitudinally in the range ~2100—2400 MLT,
separating the westward and eastward electrojets exist-
ing simultaneously at different latitudes, i.e., negative
(more polar) and positive (more equatorial) magnetic
bays (see Kissinger et al., 2013 and references therein).
A theoretical explanation for the formation of the
Harang discontinuity is given, e.g., in the work by
Erickson et al. (1991). The location of the Harang dis-
continuity and its latitudinal size vary in space and
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time depending on geomagnetic conditions, as shown,
e.g., in the work by Kunkel et al. (1986).

Figure 1b shows a scheme of the Harang disconti-
nuity for the Northern Hemisphere from (Koskinen
and Pulkinen, 1995). In the postmidnight sector, i.e.,
east of the Harang discontinuity, downward field-
aligned currents are located in the higher-latitude
(subpolar) zone R1, and upward field-aligned currents
are in the more equatorial zone R2, which corre-
sponds to the formation of the westward electrojet of
more poleward than the upward field-aligned cur-
rents. In the premidnight, evening sector, i.e., west of
the Harang discontinuity, the situation is reversed:
upward field-aligned currents are observed in high-
latitude zone R 1, and downward field-aligned currents
are observed in lower latitude zone R2, and an east-
ward electrojet is formed. This means that the Harang
discontinuity is characterized by sharp movement of
upward field-aligned currents (and the corresponding
precipitation of soft electrons) towards the polar
boundary of the auroral oval. At the same time, the
westward electrojet shifts sharply to the northwest.

A number of studies, e.g., (Nielsen and Greenwald,
1979; Baumjohann et al., 1981; Koskinen and Pulkki-
nen, 1995; Weygand et al., 2008; Zou et al., 2009), dis-
cussed a possible relationship between the onset
region of a typical, i.e., classical substorm and the
location of the Harang discontinuity. Thus, Nielsen
and Greenwald (1979) found that the region of the
source of a substorm onset, as a rule, is located slightly
more poleward than the Harang discontinuity, deter-
mined from ground-based magnetic observations, or it
coincides with it. However, other authors (Baumjo-
hann et al., 1981; Koskinen and Pulkkinen, 1995; Bri-
stow et al., 2003; Zou et al., 2009), using radar obser-
vations, concluded that the substorm onset source
region is more equatorward than the Harang disconti-
nuity by 1°—2° or it coincides with it. This mismatch
between the results indicates that the problem of the
relationship between the magnetospheric source of
substorm onset and the location of the ionospheric
Harang discontinuity has not yet been completely
resolved; this relationship may be different for differ-
ent types of magnetic substorms.

The aim of this work is to study the relationship
between ‘polar’ substorms (i.e., substorms on a con-
tracted oval) and the location of the Harang discon-
tinuity.

2. OBSERVATION DATA

The study analyzes ground-based observations on
the Scandinavian IMAGE magnetometer network
with 10 s sampling (http://space.fmi.fi/image/)
(Tanskanen, 2009). Stations of the PPN (Polesie)—
NAL (Ny Alesund) profile were used. This is the world’s
only dense network of stations located almost along the
chosen geomagnetic meridian (~100°—110° MLON,
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with MLT = UT + 2.5 h) from the polar latitudes of
Svalbard (NAL ~ 76° MLAT) to mid-latitude stations
in Germany (PPN ~ 47° MLAT); the geographic and
geomagnetic coordinates of all stations are available
on the IMAGE website. On this profile of stations,
there is only one “hole” (missing observations),
between Svalbard and the continent. The intermediate
station between Svalbard and the mainland is Bear
Island station (BJN, 71.4° MLAT); the station clos-
est to the continent is Soroya (SOR, 67.8° MLAT). If
magnetic bays were observed at BJN but were absent
at SOR, then the conditional low-latitude boundary
for the occurrence of magnetic bays can be consid-
ered the midway between points BJN and NOR, i.e.,
about 70° MLAT; therefore this latitude was used as
the boundary in ‘polar’ substorm development. This
corresponds to the conditions of a contracted oval (Lui
et al., 1973). As a rule, the onset of almost all studied
‘polar’ substorms on the Scandinavian meridional
IMAGE profile was observed at BJN observatory or
between BJN and SOR. The study also uses data from
some mid-latitude stations taken from the website of
the INTERMAGNET planetary magnetometer net-
work (https://imag-data.bgs.ac.uk).

The global spatial distribution of ionospheric cur-
rents during the studied ‘polar’ substorms was studied
using publicly available data from the AMPERE proj-
ect, available at http://ampere.jhuapl.edu/products in
the form of ionospheric current distribution maps
generalized over 10 min, compiled from the results of
spherical harmonic analysis of magnetic measure-
ments on 66 simultaneously operating ionospheric
satellites at a height of ~780 km. From these measure-
ments, maps of the distribution of field-aligned cur-
rents flowing in and out of the ionosphere are also cal-
culated. Unfortunately, these maps are rendered in red
and blue, which makes it impossible to present them in
the black and white version of the journal, so they are
not used here. (Note that color figures are available in
the electronic version of the article).

3. OBSERVATION RESULTS

To study the possible relationship between ‘polar’
substorms and planetary substorm activity, the
appearance of ‘polar’ substorms on the IMAGE
meridian was compared with variations in the
AL-index. We used the same events of ‘polar’ sub-
storms in winter 2010—2020 (Kleimenova et al., 2023),
except for events during which no data on the
AMPERE ionospheric satellites were recorded. Thus,
214 events of ‘polar’ substorms were selected. The
research results showed that in 90% of events, the
development of ‘polar’ substorms on the IMAGE pro-
file was accompanied by a simultaneous increase in
substorm activity in accordance with the AL-index.
Analysis of 21 events of ‘polar’ substorms unaccom-
panied by a increase of the AL-index showed that in
15 events, the westward electrojet in the postmid-
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Table 1. Time of ‘polar’ substorm onset at BIN and substorm at Dikson for four events shown in Fig. 2

Date Substorm onset at BIN Substorm onset at DIK
January10, 2012 1900 UT 1855 UT
November 28, 2016 1705 UT 1703 UT
February 13, 2017 1730 UT 1728 UT
January 21, 2018 1900 UT 1856 UT

night sector was observed at very high latitudes, far
from the Dikson and Tiksi coastal stations, from which
the AL-index is calculated. In six events, an increase in
the field-aligned current was observed in a very narrow
region in terms of longitude and latitude. A similar
event was discussed by Despirak et al. (2022).

In addition, the spatial distribution of ionospheric
currents was analyzed based on AMPERE satellite
observations during the appearance of ‘polar’ sub-
storms on the IMAGE profile. Studies have shown
that before or simultaneously with the onset of the
overwhelming majority of evening premidnight ‘polar’
substorms, an intense magnetic vortex is observed in
the near-midnight sector, indicating a sharp local
increase in field-aligned currents. A vortex rotating
clockwise is an indicator of the intensification of
downward field-aligned currents, and a vortex rotating
counterclockwise is an indicator of upward field-
aligned currents.

Figure 2 shows four examples of AMPERE iono-
spheric current maps during the onset of typical cases
of ‘polar’ substorms recorded on the IMAGE profile,
the location of which is shown by an arrow in the lower
left corner of the maps. Graphs of the AL-index are
also shown below each map at the considered time. All
maps show that east of the IMAGE meridian in the
early morning sector of the Earth, the development of
a westward electrojet is observed at geomagnetic lati-
tudes on the order of 70° MLAT, i.e., above the typical
latitudes of classical substorms.

The onset of the ‘polar’ substorm on the IMAGE
meridian can be most clearly determined from obser-
vations at BJN. For the events considered in Fig. 2, we
compared the data at BIN with observations at Dikson
station (DIK, geomagnetic coordinates 157° MLON
and 69.3° MLAT; magnetograms are not given in the
work), located east of Scandinavia. Note that at another
Siberian station, Tiksi (197° MLON, 66.7° MLAT;
magnetograms are not shown), located at lower geo-
magnetic latitudes, the amplitude of deviations during
the considered substorms was significantly smaller and
no abrupt substorm onset was noted. The table 1
shows the start time of the polar substorm (UT) at
BJN and the onset of the ‘polar’ substorm in Dikson
for the four events in Fig. 2.

It can be seen that, within a few minutes, the onset
of the ‘polar’ substorm on the IMAGE meridian coin-
cides with the onset of the substorm at Dikson or
slightly lags behind it. West of the magnetic vortex, the
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electrojet moved westward, towards the polar bound-
ary of the evening auroral oval at geomagnetic lati-
tudes up to about 76°—78° MLAT.

In all examples, a near-midnight magnetic vortex is
distinctly seen, and most frequently there is the forma-
tion of two, and sometimes more simultaneous vorti-
ces: closer to the morning edge there is a clockwise-
rotating vortex, and closer to the evening edge, there is
a counterclockwise-rotating vortex. The first indicates
intensification of downward field-aligned currents,
and the second, intensification of upward field-aligned
currents, accompanied by an increase in soft electron
precipitation, causing auroras. The development of the
magnetic vortex sharply “turns” the westward electrojet
in the premidnight sector towards the polar boundary of
the auroral oval, where an ionospheric electrojet with a
low-latitude boundary on the order of ~70° MLAT is
formed. At lower latitudes, the eastward electrojet
intensifies. The narrow, elongated latitudinal boundary
between the westward and eastward electrojets is the
Harang discontinuity, a “nose” that starts from the
magnetic vortex, extending to the west.

The location of the Harang discontinuity is clearly
visible on all four AMPERE maps shown in Fig. 2.
The maps show that the equatorial boundary of ‘polar’
substorms represents the polar boundary of the
Harang discontinuity, and the polar boundary of the
eastward electrojet located at lower latitudes (in sub-
auroral and sometimes even auroral latitudes) are the
equatorial boundary of the Harang discontinuity.

Figure 3 examines in detail one of the typical events
of ‘polar’ substorms on December 5, 2020. IMAGE
magnetograms are shown on the left, which show the
abrupt onset of the ‘polar’ substorm around 2010 UT
at BJN station (71.4° MLAT), and below at SOR sta-
tion (67.3° MLAT), a positive magnetic bay has
already been detected; they are separated by the sea and
the Harang discontinuity, and the distance between sta-
tions is about 400 km. At the mid-latitude Borok Obser-
vatory (BOX, 114° MLON, 54.4° MLAT), a distinct
positive magnetic bay is visible at the X-component of
the field and a distinct positive bay at the Y-compo-
nent of the field, indicating that the source of this sub-
storm is east of this meridian. Figure 3 also shows a
magnetogram of the mid-latitude Irkutsk Observatory
(IRT, 179° MLON, 47.8° MLAT) 65° east of Borok.
Clearly, a negative bay has been recorded in Irkutsk at
the Y-component of the field, which means that the
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Fig. 2. Typical examples of distribution of global ionospheric currents according to measurements on AMPERE system satellites
and variations in planetary substorm AL-index during four ‘polar’ substorms. See text for details.
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Fig. 3. Example of one typical ‘polar’ substorm on December 5, 2020: magnetograms of some IMAGE stations and mid-latitude
Borok (BOX) and Irkutsk (IRT) observatories, as well as map of distribution of ionospheric currents according to AMPERE data

and variations in AL-index.

source of the substorm is west of Irkutsk, ergo,
between Borok and Irkutsk.

This is confirmed by the AMPERE map of the dis-
tribution of ionospheric currents shown in the upper
right corner, the location of Borok and Irkutsk on
which is shown by arrows at the bottom of the map.
Three intense magnetic vortices are visible in the near-
midnight sector. East of the vortices, the westward
electrojet is visible at a latitude of about 70° MLAT,
and west of the vortices, the westward electrojet has
sharply moved towards the pole; at lower latitudes, the
eastward electrojet has intensified. The dotted line on
the map shows the Harang discontinuity. The plot of
the AL-index is shown in the lower right corner of the
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figure. Clearly, the ‘polar’ substorm on the IMAGE
meridian and substorm activity in the nighttime sector
begin almost simultaneously (with an accuracy of sev-
eral minutes).

The source of ‘polar’ substorms observed on the
IMAGE network in the subpolar region of the evening
sector apparently may be a local increase in field-
aligned currents, which is indicated by the develop-
ment of a magnetic vortex in the near-midnight sector.
These magnetic vortices apparently also cause the
development of a magnetic substorm east of the vor-
tex, i.e., in the morning sector. Indeed, a number of
studies, e.g., (Opgenoorth et al., 1980; Untiedt and
Baumjohann, 1993; Lyatsky et al., 2001) have estab-
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lished a relationship between the development of a
classical substorm and the appearance of a vortex in
equivalent ionospheric currents.

4. DISCUSSION

‘Polar’ substorms are a typical phenomenon in the
evening sector of the contracted oval. The concept of a
contracted oval means that at the time under discus-
sion, auroras are observed at high latitudes in a narrow
region near the polar edge of the auroral oval, i.e., in
the same place where we note the appearance of
‘polar’ substorms. It was previously shown, e.g., (Klei-
menova et al., 2012; Despirak et al., 2022), that in
favorable weather conditions, ‘polar’ substorms are
usually accompanied by arcs of high-latitude auroras,
caused by a local increase in field-aligned currents
(therefore, first, ‘polar’ substorms were studied only in
winter periods, when, under favorable weather condi-
tions, observations of auroras were possible). This may
confirm that the generation of ‘polar’ substorms is also
associated with an increase in upward field-aligned
currents of the R1 zone, which cause auroras. A num-
ber of authors believe that the source of these field-
aligned currents is located on the flank of the magne-
tosphere (Ebihara and Tanaka, 2022) and is most
likely associated with the low-latitude boundary layer
(LLBL) (Bythrow et al., 1981; Siscoe et al., 1991; Tro-
shichev, 2003), where the fast magnetosheath flux can
interact with slow magnetospheric fluxes.

Another important question is whether the onset of
‘polar’ substorms is accompanied by auroral breakup
and where the onset source zone is located. Unfortu-
nately, in the vicinity of BJN, where the onset of a
‘polar’ substorm is usually observed on the IMAGE
profile, there are no observations of auroras. However,
Milan et al. (2010) present the results of a statistical
analysis of the spatiotemporal distribution of more
than 2000 auroral breakups (bright flashes of auroras)
as an indicator of the onset of a substorm, recorded on
the IMAGE satellite. In this study, it was found that at
geomagnetic latitudes higher than 67°—68° MLAT,
auroral breakups are observed in the premidnight
time. This corresponds to the results of a study of
‘polar’ substorms (Kleimenova et al., 2023). We can
conclude that the onset of ‘polar’ substorms, like clas-
sical substorms, is apparently accompanied by the
appearance of an auroral breakup, which, unfortu-
nately, due to the lack of ground-based optical obser-
vations in the “right” place, has not yet been recorded.

It is known that 10—15 min after the onset of a clas-
sical substorm, during the phase of its development,
due to the azimuthal pressure of the plasma, auroras
and ionospheric currents begin to quickly move to the
evening side towards the pole (polar expansion of the
substorm), forming a “westward moving traveling
surge” (WTS) e.g. (Tighe and Rostoker, 1981; Baum-
johann, 1983). It can be suggested that a similar pro-
cess apparently takes place in weakly disturbed geo-
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magnetic conditions, i.e., with a contracted auroral
oval, when the equatorial boundary of the oval is
located at sufficiently high geomagnetic latitudes
(~68°—70° MLAT), and manifests itself as the devel-
opment of a special type of substorm in the evening
sector, called ‘polar’ substorms, which, in turn, form
the polar boundary of the Harang discontinuity.

Note that in a number of early studies, e.g., (Pytte
et al., 1978b; Hones et al., 1985), the appearance of
negative magnetic bays at high latitudes was inter-
preted as the development of a “poleward leap” of a
substorm in the late recovery phase of the substorm due
to extension of the source field lines far into the tail of
the magnetosphere. The same process of stretching
field lines into the tail of the magnetosphere explained
as the development of a WTS. However, at present,
many researchers do not support the “tail” concept of
substorm generation and are inclined to think that the
source of a substorm is located in a closed magneto-
sphere. This was even published in a recent study by the
“father” of the substorm (Akasofu, 2017).

At the same time, the morphological characteris-
tics of the ‘poleward leap’ are fundamentally different
from the high-latitude expansion of magnetospheric
substorms (Pytte et al., 1978), primarily, in the absence
of geomagnetic pulsations Pi2, as well as the absence of
formation of a current wedge (SCW), i.e., the absence
of positive magnetic bays at mid-latitudes. Thus, ‘polar’
substorms can be considered a special type of high-lati-
tude substorms observed in the subpolar latitudes of the
evening sector of the contracted auroral oval. ‘Polar’
substorms form the polar boundary of the Harang dis-
continuity, and positive magnetic bays observed at
lower latitudes form its equatorial boundary.

4. CONCLUSIONS

We have studied the global distribution of the loca-
tion of ionospheric electrojets and the Harang discon-
tinuity according to satellite measurements of the
AMPERE project during 214 ‘polar’ substorms
recorded on the Scandinavian meridional profile
IMAGE in winter 2010—2020. It has been shown that
the instantaneous location of the equatorial boundary
of the ionospheric current of the ‘polar’ substorm
determines the instantaneous location of the polar
boundary of the Harang discontinuity, and the polar
boundary of the eastward electrojet determines its
equatorial boundary.

It has been established that 90% of ‘polar’ substorms
are observed simultaneously with an increase in plane-
tary substorm activity according to the AL-index and
magnetospheric substorm development in the post-
midnight sector. In the overwhelming majority of
noncoinciding events, the development of the west-
ward electrojet was observed at very high latitudes, sig-
nificantly higher than the latitudes of the stations from
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which AL-index of planetary substorm activity is cal-
culated.

It has been shown that the appearance of ‘polar’
substorms is associated with the development of near-
midnight magnetic vortices in the westward iono-
spheric current, indicating sharp local intensification
of field-aligned currents. At the same time, east of the
vortex, the ionospheric electrojet of the morning auro-
ral substorm intensifies, and to the west, a sharp shift
in the westward ionospheric current to the polar lati-
tudes of the evening sector is observed, similar to the
so-called westward travelling surge (WTS), observed
after the onset of a classical substorm. This leads to the
formation in the evening sector of subpolar latitudes of
a new substorm, called a ‘polar’ substorm with typical
characteristic signs of a substorm (bursts in geomag-
netic pulsations Pi2, substorm onset near the equato-
rial boundary of the contracted oval at this time, the
development of an SCW etc.).
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