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Abstract—The paper gives an analysis of the isolated supersubstorm observed during the main phase of the
moderate magnetic storm on May 28, 2011 (SYM/H ~ —95 nT), which was caused by the solar wind magnetic
cloud. This supersubstorm peaked at around ~0850 UT (SML = ~—2600 nT). The study was based on data
from the global SuperMAG and IMAGE magnetometer networks and satellite data from the AMPERE project.
Like those in other supersubstorms, the ionospheric currents in this event were found to develop on a global
scale: an intense and extended westward electrojet (with a maximum around midnight) was observed in the
midnight, morning, and daytime sectors and an intense eastward electrojet was observed in the afternoon and
evening sectors. The development of global currents was accompanied by intense positive bays. This was
reflected by large values of the MPB index (~4000 nT2). It has been shown that, during the peak development
of the supersubstorm, there was a significant increase in the eastward electrojet in the evening sector (~15—
18 MLT), an additional affluent longitudinal electric current, and an additional ring current that appeared
concurrently in this sector. These facts suggest the hypothesis about the development of an additional sub-
storm current wedge that appeared on the evening side during the supersubstorm and closed on the eastward

electrojet.

DOI: 10.1134/50016793222030069

1. INTRODUCTION

Supersubstorms (SSSs) are intense substorms with
large negative values of the SML index (SML < —2500 nT)
(Tsurutani et al., 2015). Unlike the AL index, the SML
index is calculated from observational data from the
SuperMAG global network of stations (Gjerloev,
2009, 2012; Newell and Gjerloev, 2011) and, there-
fore, includes not only the standard stations of the
auroral zone (which is characteristic of the AL index)
but also many other stations (from 40° to 80° MLAT).
This is important for studies of intense substorms,
during which geomagnetic activity can strongly shift in
latitude (Feldstein and Starkov, 1967).

The first studies indicated that SSSs have some fea-
tures both in space weather conditions during the
appearance of SSSs and in the development of
ground-based geomagnetic disturbances at this time.
According to Despirak et al. (2019, 2020) and Hajra et al.
(2016), SSSs are observed only under certain condi-
tions in the solar wind: namely, the passage of mag-
netic clouds (MCs) or regions of compressed plasma
in front of magnetic clouds (SHEATH), when there
are jumps in the solar-wind pressure and large nega-
tive values of the B, components of the interplanetary

magnetic field (IMF). In general, these conditions are
also characteristic of the development of large mag-
netic storms. However, SSS events are not always associ-
ated with intense magnetic storms, as it would be logical
to assume; they can also be observed during moderate
magnetic storms and sometimes under nonstorm condi-
tions (Despirak et al., 2019; Tsurutani et al., 2015).

Until now, detailed studies of SSS development
have been performed only for a few events: September 8,
2017; March 9, 2012; and April 5, 2010 (Despirak et al.,
2020, 2021; Haira et al., 2018; Nishimura et al., 2020;
Zongetal., 2021). An analysis of the SSS development
during the moderate storm on April 5, 2010, showed
that this supersubstorm was characterized by some
special features: an extremely intense magnetic recon-
nection, an unusually large dipolization, and intense
fast plasma streams directed towards the Earth (which
were observed by the THEMIS-A and GOES-11 sat-
ellites) (Nishimura et al., 2020). IMAGE satellite
observations indicated that, unlike the situation with
classical substorms (Akasofu, 1964), intense auroras
were observed in the premidnight and morning sectors
of magnetic local time (MLT) in this case (Hajra et al.,
2018). In addition, this supersubstorm was found to be
characterized by an unusual spatial pattern of the
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development of auroral electrojets: both (eastward and
westward) electrojets developed globally and surround
the polar cap from different sides to reach the day side.
As aresult, a complex, layered pattern of field-aligned
currents and corresponding ground-based magnetic
bays formed. It was recorded on the meridian of the
IMAGE magnetometer network.

All of the supersubstorm events analyzed here
(both the SSS of April 5, 2010, and the events of Sep-
tember 8, 2017, and March 9, 2012) were characterized
by some features in the planetary distribution of elec-
trojets. The main feature is the formation of a strong
westward electrojet on a global scale from the evening
side at auroral latitudes to the dayside in the polar
region (Despirak et al., 2020, 2021). It is quite proba-
ble that the daytime polar disturbances observed
simultaneously with nighttime supersubstorms are
caused by the leakage of the westward electrojet onto
the day side (Feldstein et al., 2006).

It is known that the westward electrojet is part of a
substorm current wedge (SCW). This refers to a three-
dimensional system of currents that arises normally on
the night side due to a current disruption near the geo-
synchronous orbit, when the current across the plasma
sheet of the magnetosphere closes on the ionosphere
through field-aligned electric currents (Meng and
Akasofu, 1969; McPherron et al., 1973). In this case,
the westward electrojet closes by a pair of downward
and upward field-aligned currents, which are sepa-
rated azimuthally; as a result, positive deviations (pos-
itive bays) are created in the H component at middle
and low latitudes (Chu et al., 2014; Connors et al.,
2014; Rostoker, 1968). A midlatitude MPB index was
recently proposed to estimate the SWC intensity
(McPherron and Chu, 2017; Chu et al., 2015). This
index is calculated from SuperMAG magnetometer
data as the average power of variations in the X and Y
components of the magnetic field at midlatitude sta-
tions and can serve as a measure of the intensity of
midlatitude bays and the intensity of dipolarization
during a substorm (Sergeev et al., 2011).

In addition, as noted in our previous work (Despi-
rak et al., 2021), an intense, eastward electrojet devel-
oped in the afternoon and evening sectors during the
SSS. The strong, eastward electrojet on the evening
side may be associated with the formation of an addi-
tional ring current in the evening sector during the SSS
(Zong et al., 2021). The resulting additional ring cur-
rent closes through field-aligned currents on the east-
ward electrojet; i.e., it is assumed that an additional
current loop (i.e., an additional substorm current
wedge) appears in the evening side during intense sub-
storms or supersubstorms (Fu et al., 2021; Zong et al.,
2021).

The goal of the paper is to continue the study of
geomagnetic effects and the spatial development of
electrojets during supersubstorms and to verify the
assumption that an additional current wedge of the
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opposite direction formed in the pre-evening sector
during the SSS, leading to an increase in the eastward
electrojet. One of the few isolated events was chosen
for analysis: a supersubstorm observed during the
moderate magnetic storm on May 28, 2011. This SSS
is an isolated event, since it was observed against a
quiet background and there were no disturbances in
the SML index with an intensity exceeding 500 nT. It
should be noted that the SSSs considered earlier cases
(the events of September 8, 2017, and March 9, 2012)
were not isolated; the supersubstorms were observed
against a rather disturbed geomagnetic background
and consisted of a series of peaks in the SML index
with an intensity exceeding ~2000 nT.

2. DATA

In this work, we analyze ground-based observa-
tions from the global network of SuperMAG magne-
tometers (http://supermag.jhuapl.edu/) (Gjerloev,
2009; Newell and Gjerloev, 2011). Also, observational
data from the IMAGE Scandinavian network of sta-
tions (http://space.fmi.fi/image/) (Viljanen and Hak-
kinen, 1997) were used.

The onset and development of the supersubstorm
were determined based on the geomagnetic SML
index taken from the SuperMAG website and magne-
tograms. In the SuperMAG system, the magnetic-
field components are B = (By, By, B;), where N is the
direction toward the local magnetic North; E is the
direction toward the local magnetic East; and Zis the
vertical downward direction (Gjerloev, 2009, 2012;
Newell and Gjerloev, 2011).

The ring-current intensity and distribution over the
MLT sectors were determined with the SMR and
SMR_LT indices, which were also taken from the
SuperMAG website. The SMR index characterizes the
ring-current intensity and is calculated from variations
in the N component of the magnetic field measured by
~100 magnetometers located from —50° to +50° of
geomagnetic latitude. In the SuperMAG project, the
calculation of magnetic activity indices is based on the
identification of four sectors of local time with centers
at 00, 06, 12, and 18 MLT, for which the SMR LT
value is determined (SMR-00; SMR-06; SMR-12; and
SMR-18, respectively). The total value of the SMR
index is then determined from the formula SMR =
(SMR-00 + SMR-06 + SMR-12 + SMR-18)/4 (New-
ell and Gjerloev, 2011).

The intensity of the midlatitude bays was deter-
mined from the MPB index, which was built from
additional material for the electronic version of the
paper (McPherron and Chu, 2017). The MPB index is
calculated from SuperMAG magnetometer data as the
average power of variations in the Xand Y components
of the magnetic field; here, the sum of the squares of
the power of X and Y'is determined at each of 35 mid-
latitude stations. A detailed description of the meth-
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odology for calculation of the MPB index and the lists
of midlatitude stations can be found in (McPherron
and Chu, 2017; Chu et al., 2015).

The global spatial distribution of ionospheric cur-
rents was determined from the maps of magnetic field
vectors obtained by SuperMAG magnetometers and
maps of magnetic disturbances obtained from the
results of a spherical harmonic analysis of magnetic
measurements on 66 simultaneously operating, low-
apogee communication satellites at the altitude of
around 780 km by the Active Magnetosphere and
Planetary Electrodynamics Response Experiment
(AMPERE). A detailed description of the methodo-
logy used to obtain these data can be found at
http://www.ampere.jhuapl.edu.

The solar-wind and IMF parameters were taken
from the CDAWeb database and the catalog of large-
scale solar wind types (ftp://ftp.iki.rssi.ru/pub/omni/
catalog).

3. RESULTS

3.1. Conditions of the Solar Wind
and Interplanetary Magnetic Field

Figure 1 shows the solar-wind and interplanetary
magnetic-field (IMF) parameters observed at 02—
17 UT on May 28, 2011: the magnitude (B;) of IMF,
the Yand Zcomponents of IMF (By, B,), the flow veloc-
ity (¥), the dynamic pressure (P) of the solar wind, and
the geomagnetic indices PC, SYM/H, and SML.

It can be seen that a coronal mass ejection (CME)
was observed near the Earth during this time period
(Fig. 1 shows data for a distance of 1 AU). It consisted
of two successive structures: SHEATH and a magnetic
cloud (MC). The turbulent region of compressed
SHEATH plasma with increased density, tempera-
ture, and magnetic field was observed from ~04 UT on
May 27 to ~0620 UT on May 28, and MC was
observed from ~0620 to 2100 UT on May 28. In this
figure, the SHEATH and MC regions are shown as
horizontal arrows. At the end of the SHEATH region,
at around 0300 UT, there was a jump in the solar-wind
parameters corresponding to the arrival of a shock
wave (15); this time instant is shown in Fig. 1 as a ver-
tical solid line. It follows from Fig. 1 that the MC con-
tains a large interval of negative values of the IMF B,
component. At around ~0620 UT, the sharp change of
the B, component of the IMF from +4 to —10 nT
began and the B, IMF remained negative until ~14 UT,
with a minimum value of —13 nT. It was most likely the
long period of negative B, values that led to the devel-
opment of a moderate geomagnetic storm with Dst =
—95 nT.

Against the background of this magnetic storm, the
SSS began to develop with a minimum value of the
SML index of ~—2500 nT. This SSS began at ~0805 UT
(this time instant is marked in Fig. 1 by a vertical
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Fig. 1. Parameters of the solar wind and IMF and the geo-
magnetic indices for 02—17 UT on May 28, 2011. From top
to bottom: the IMF magnitude (B7), By and B, compo-
nents of the IMF (in the GSM system), the velocity and
dynamic pressure of the solar wind, and the geomagnetic
indices PC, SYM/H, and SML. The boundaries of the
magnetic cloud (MC) and the SHEATH regions are indi-
cated by horizontal arrows, the shock wave arrival (IS),
and the SSS onset times are marked by vertical lines (solid
and dashed, respectively).

dashed line), reached a maximum at ~0850 UT, and
terminated at around 0910 UT on May 28, 2011. Thus,
the duration of the SSS was ~1 h. It can be seen that
the SSS began at the main phase of the storm (SYM/H ~
—50 nT), at the beginning of the MC. Before the SSS,
a jump in solar-wind pressure was observed, the B,
component of IMF was negative, and the By compo-
nent was positive.

It can be seen from Fig. 1 that the B,~component of
IMF became negative approximately an hour and a
half before the SSS onset, which contributed to the
influx of the solar-wind energy into the Earth’s mag-
netosphere. The indicator of this process is known to
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Table 1. Geomagnetic coordinates of the SuperMAG stations used in this study

Station MLAT MLON MLT (at 09 UT)
Kaktovik (KAV) 71.5° —94.7° 22
Barrow (BRW) 70.6° —106.5° 21
Fort Yukon (FYU) 67.6° -92.7° 22
College (CMO) 65.4° —93.8° 22
Yakutsk (YAK) 54.9° —157.4° 18
Magadan (MGD) 54.3° —139.3° 19
Paratunka (PET) 46.7° —132.1° 20

be the polar PC index (Troshichev et al., 2014). Figure 1
shows that the PC index rapidly increased from 1 to 7
before the SSS onset. This indicates the incoming of a
very large amount of energy from the solar wind into
the Earth’s magnetosphere.

3.2. Development of the Supersubstorm from Ground-
Based and Satellite Geomagnetic Disturbances

Let us consider the spatial distribution of magnetic
disturbances during the SSS of May 28, 2011. Figure 2
shows the distribution maps of magnetic-field vectors
obtained from SuperMAG data. The top panel shows the
maps for three time instants (0820, 0830, and 0855 UT),
which can be used to trace the dynamics of SSS devel-
opment. In Figure 2a, the magnetic vectors are rotated
clockwise by 90° to show the direction of the iono-
spheric equivalent electric currents. It can be seen
from the continental outlines that the stations of
Alaska and Canada were located in the premidnight
and night sectors, Greenland was located in the morn-
ing sector, Siberia and the Far East were located in the
evening sector (MLT ~ 16—19 h), and Scandinavia,
where the stations of the IMAGE meridional profile
are located, was in the daytime sector. It should be
noted that the location of magnetic stations is nearly
the same as for the case of the SSS of April 5, 2010. It
can be seen that the disturbances began in the night
sector, in northern Canada; then, they intensified, and
the area of their observation expanded, capturing sta-
tions in the north of the United States and propagating
both westward (towards Alaska and the Far East) and
eastward (towards Greenland and Scandinavia). At
the SSS-development maximum, the strongest distur-
bances were observed in the premidnight sector in
Alaska (~2000 nT) and in the night sector in southern
Canada (~1700 nT). The magnetic vector maps show
that the westward electrojet developed on a global
scale, from the evening sector (Alaska) through the
night (Canada) and morning (Greenland) sectors to
the daytime sector (Scandinavia).

Figure 2b shows the magnetograms of some sta-
tions in Alaska according to the SuperMAG data
(http://supermag.jhuapl.edu/). Variations in the N
component of the magnetic field are shown at the fol-
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lowing four stations in Alaska: Kaktovik (KAV), Bar-
row (BRW), Fort Yukon (FYU), and College (CMO)
from 06 to 11 UT on May 28, 2011. Table 1 gives the
geomagnetic coordinates of all stations used in this study.
These stations were located in the near-midnight sector;
starting from ~0825 UT, strong negative bays (more than
~1000 nT) were observed here. In this case, the strongest
disturbances were recorded at the auroral latitudes, at
CMO and FYU stations (~—2200 nT).

It is rather difficult to estimate magnetic distur-
bances in the evening sector due to the sparseness of
the network of magnetic stations over the large Sibe-
rian region. Figure 2c shows the magnetograms of
some stations in Siberia and the Far East obtained
according to SuperMAG data. Variations in the N
component of the magnetic field are shown at the fol-
lowing three stations in Eastern Siberia and the Far
East: Yakutsk (YAK), Magadan (MGD), and Para-
tunka (PET). Table 1 gives the geomagnetic coordi-
nates of these stations. It can be seen that sufficiently
intense positive bays were observed at these stations.
The largest disturbances (~220 nT) were recorded in
the evening sector (~18 MLT) at Yakutsk; the ampli-
tude of the bays decreases from Yakutsk (YAK) to
Kamchatka (PET). It should be noted that the ampli-
tudes of positive bays for ordinary substorms are nor-
mally much smaller (~20—30 nT) (Guineva et al., 2021).
The positive bays indicate the presence of an intense
eastward electrojet. However, to draw more reliable
conclusions about magnetic disturbances and the
positions of electrojets, one should use satellite data
from the AMPERE project.

Figure 3 shows the results of the analysis of mag-
netic disturbances according to measurements con-
ducted by 66 AMPERE satellites at an altitude of 780 km
on May 28, 2011. The maps of the spherical harmonic
analysis of magnetic disturbances (left) and maps of the
distribution of field-aligned currents (right) are shown,;
the upward and downward currents are marked with cir-
cles and crosses, respectively. The maps are built in geo-
magnetic coordinates for the Northern Hemisphere;
noon and midnight are at the top and bottom of the map,
respectively. It should be noted that the AMPERE
website (http://www.ampere.jhuapl.edu) presents the
field-aligned current distribution maps in color: the
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Fig. 2. Observations on the SuperMAG network during the SSS: maps of the spatial distribution of magnetic-field vectors rotated
by 90° to show (a) the direction of ionospheric equivalent electric currents and variations in the N component of the magnetic
field at individual stations in (b) Alaska and (c) Eastern Siberia and the Far East.

upward currents are in red, and the downward currents
are in blue. When color drawings are converted into
black-and-white ones, these colors become indistin-
guishable; therefore, we used special symbols (crosses
and circles). However, data on the intensity of currents
are completely lost here, and only their position and
spatial development can be assessed.

Figure 3 shows the maps for two time instants close
to 0830 and 0900 UT, i.e., at the beginning and at the
maximum of the SSS development (Figs. 3a and 3b).
It can be seen that two extended electrojets were
recorded at approximately 0830 UT: the westward
electrojet, which was observed from premidnight to
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late morning hours of local time, and the eastward
electrojet, which was observed from noon to late eve-
ning hours. The westward electrojet is located between
the downward and upward currents, and the eastward
one is between the upward and downward currents. It
can be seen that the geomagnetic disturbances develop
in auroral latitudes in the night sector and in polar lat-
itudes in the morning and daytime sectors.

At the maximum development of the SSS at
around 0900 UT, the currents intensified, expanding
in latitude; this was especially manifested in the night
sector at around midnight, and the downward and
upward currents expanded by almost two times. In the
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Fig. 3. Maps of the spherical harmonic analysis of magnetic disturbances on May 28, 2011 (left) and maps of the distribution of
field-aligned currents (right) according to the AMPERE project data. The upward and downward currents are marked with circles
and crosses, respectively. The maps were built in geomagnetic coordinates for the Northern Hemisphere for two time instants:
(a) 0820 UT and (b) 0855 UT. Noon (top), midnight (bottom), 06 MLT (right), and 18 MLT (left).

evening sector, an additional downward current of
~15—18 MLT (Fig. 3b) and a huge vortex of distur-
bances over Eastern Siberia (~16—19 MLT) appeared.
This indicates an increase in the eastward electrojet in
this region, which may be due to the additional partial
ring current that appears in this MLT sector (this will
be shown below).

3.3. Ring Current Development
during the Supersubstorm

The development of the ring current during the
SSS can be assessed with the SMR and SMR_LT indi-
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ces, which characterize the ring-current intensity and
distribution over the MLT sectors. Figure 4 shows the
variations in the SMR and SMR_ LT indices from 0600
to 1300 UT on May 28, 2011. We also add the SML
index to the figure to compare the dynamics of the ring
current and the SSS and add the MPB index to esti-
mate the intensity of midlatitude positive bays. The
top panel clearly shows the beginning and develop-
ment of the SSS. The SSS started at ~0805 UT and
reached its maximum at ~0850 UT. Below, the varia-
tions in the SMR_LT ring-current index are shown for
four different MLT sectors (night, morning, noon,
and evening). Different MLT sectors are shown with
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Fig. 4. Variations in SML, SMR_LT, and MPB indices from 0600 to 1300 UT on May 28, 2011. Small symbols on the graphs for
the SMR index indicate different MLT sectors: SMR-00 (cross); SMR-06 (rhombus); SMR-12 (triangle); and SMR- 18 (asterisk).

different symbols on the SMR LT plots: SMR_00
(cross), SMR_06 (rhombus); SMR_12 (triangle); and
SMR_18 (asterisk).

It can be seen that the ring-current intensity
steadily increases, the SMR index reaches its mini-
mum values ~—150 nT at around ~11—12 UT, and this
occurs in the night, evening, and daytime sectors
(SMR_00,SMR_18,and SMR_12). It should be noted
that the time ~11—12 UT corresponds to the maxi-
mum development of the magnetic storm on May 28,
2011 (Fig. 1). However, the SMR 12 and SMR 18
plots show the second additional minimum at around
~0850 UT, which coincides with the minimum in the
SML index, i.e., it corresponds to the maximum phase
of the SSS development. This proves that the ring cur-
rent increased in the afternoon and evening regions of
the magnetosphere during the SSS development.

It can be seen that the minima in the SML and
SMR_LTindices are characterized by a strong burst in the
MPB index. Thus, at ~0850 UT, a large peak appeared in
the MPB index with a maximum of ~4000 nT?, which is
associated with strong disturbances at midlatitudes
(positive bays). In our event, sufficiently intense posi-
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tive bays (~100—200 nT) were recorded at stations
located in Eastern Siberia, the Far East, Japan, and
North America, some of which were presented above
(Fig. 2¢). It should be noted that these are very large
values for both the MPB index and the amplitudes of
positive bays; their values are several times lower
during ordinary substorms (Guineva et al., 2021).

4. DISCUSSION

The supersubstorm observed against the back-
ground of the magnetic storm on May 28, 2011, arose
under very favorable conditions in the solar wind and
IMF: the MC passed by the Earth, a long period of
negative values of the IMF B, component was
observed, and a local pressure jump occurred. In addi-
tion, a shock wave (1S) was recorded at the end of the
SHEATH region at approximately 03 UT (Fig. 1).
Therefore, although the appearance of the SSS is
associated with the MC of the solar wind rather than
its front (SHEATH), this SSS can be attributed to
those associated with the development of shock waves.
One such event is the SSS observed at the beginning of
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Fig. 5. Substorm current wedge (SCW) model for ordinary substorms (left) and for supersubstorms (right). This figure was taken

from Zong et al. (2021).

the storm on April 5, 2010, which has been considered
in several studies (Hajra et al., 2018; Nishimura et al.,
2020; Zong et al., 2021). Both supersubstorms were
isolated, but the SSS on April 5, 2010, consisted of
several intensifications, while the event on May 28,
2011, was simpler. It should be noted that the location
of magnetic stations during the development of both
SSSs was similar: the stations in Alaska and Canada
were located in the night sector, the Greenland sta-
tions were in the morning sector, the stations of the
IMAGE network were in the daytime sector, and the
Siberian stations were located in the evening sector
(Fig. 2).

Analysis of geomagnetic disturbances showed that
the ionospheric currents during the supersubstorm on
May 28, 2011, developed on a global scale: from the
postmidnight to evening sectors surrounding the
Earth. During the SSS development, a very intense,
westward electrojet was observed with a maximum in
the night sector (~00 MLT), which extended to the
noon sector (Figs. 2 and 3). It should be noted that
such a global development of the westward electrojet is
characteristic of all the SSSs considered -earlier
(Despirak et al., 2020, 2021).

In addition, as seen from Fig. 3b, the development
of the extended westward electrojet was accompanied
by a large positive variation in the N component of the
magnetic field (~200 nT) at geomagnetic latitudes from
~45° to ~55°, which could have led to the observed
pulse of the MPBindex of ~4000 nT?. It should be noted
that the SSS of April 5, 2010, was also accompanied by
intense positive bays, and a large burst in the MPB
index (~6000 nT?) was observed.

Recent SSS studies (Zong et al., 2021) associated
with a shock wave in the solar wind, including the
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events of April 5, 2010, indicated that during these
events an intense, eastward electrojet form on the eve-
ning side (~18 MLT). This was assumed to be associ-
ated with the amplification of the partial ring current
in this MLT sector. A similar amplification of the ring
current is also observed in the SSS on May 28, 2011
(Fig. 4). It can be seen that the plots of SMR 12 and
SMR_18 (partial ring-current indices in the daytime
and evening sectors, respectively) contain an addi-
tional minimum at around ~0850 UT, which coin-
cides with the minimum in the SML index. This indi-
cates that the ring current increased in the afternoon
and evening regions of the magnetosphere during the
SSS development. This emerging additional ring cur-
rent closes through field-aligned currents on the east-
ward electrojet; i.e., it is assumed that an additional
current loop (an additional substorm current wedge)
appears on the evening side during intense substorms
or SSSs (Fu et al., 2021; Zong et al., 2021). This is
shown in Fig. 5 taken from Zong et al. (2021), which
shows a substorm current wedge (SCW) model
observed during normal substorms (left) and an SSS
development model (right) consisting of two current
wedges, an ordinary wedge (associated with the west-
ward electrojet on the night side) and an additional cur-
rent wedge (associated with the amplified eastward elec-
trojet and the formation of an additional partial ring cur-
rent on the evening side). It follows from Figs. 2 and 3
that there was also an increase in the eastward electro-
jet in the 15—18 MLT sector in our case. During the
explosive phase of the SSS, this MLT sector involves
an additional downward current, which may be asso-
ciated with the appearance of the partial ring current
(Fig. 4).

The mechanism of the formation of an additional
ring current and the acceleration of charged particles
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of the ring current during a supersubstorm has not yet
been sufficiently studied. Intuitively, it is clear that a
huge number of particles can enter the inner magneto-
sphere during an SSS caused by a shock wave. They
can make a significant contribution to the ring current.
However, the physical mechanism of this process is
still unclear. Several possibilities are discussed in the
literature: for example, the energy accumulated in the
magnetotail lobes can be released during dynamic
pressure pulses, or sudden global magnetospheric
compression can induce field-aligned currents that
cause ionospheric Joule heating (Tsurutani et al.,
2016). Another source could be the plasma waves gen-
erated from collisions with a shock wave, which cause
the acceleration and precipitation of particles into the
magnetosphere (Zong et al., 2012). It was recently
shown that fast plasma flows and plasmoids that arise
during SSSs contain a large amount of oxygen ions;
i.e., calculations should also take into account the
contribution of heavy oxygen ions (Zong et al., 2021).
Further research is needed for reliable conclusions.

5. CONCLUSIONS

This is a study of planetary geomagnetic distur-
bances in the main phase of a moderate magnetic
storm caused by an interplanetary MC approaching
the Earth’s magnetosphere during an isolated super-
substorm (SSS) observed on May 28, 2011.

Like those in the SSS cases considered earlier, the
ionospheric currents during this SSS developed on a
global scale: an intense and extended westward elec-
trojet (with a maximum at around midnight) was
observed in the midnight, morning, and daytime sec-
tors, and an intense, eastward electrojet was observed
in the afternoon and evening sectors. The develop-
ment of these global currents was accompanied by
intense positive bays, which was reflected by a signifi-
cant burst in the MPB index (~4000 nT?).

We found that the SSS development was accompa-
nied by a significant increase in the eastward electrojet
in the afternoon—evening sector (~15—18 MLT),
where an additional, inflowing, longitudinal current
appeared. An additional ring current was also concur-
rently observed in this sector. These facts favor the
assumption of an additional substorm current wedge
that arose on the evening side during a supersubstorm
and closed on the eastward electrojet.
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