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Abstract—The spatial distribution of electrojets during a super substorm on April 5, 2010, is investigated using
magnetic data from AMPERE satellite mission and the global SuperMAG, INTERMAGNET, and IMAGE net-
works. The super substorm was observed during the main phase of a moderate magnetic storm (Dst ~ —81 nT). It
is shown that an unusually strong westward night electrojet developed on a global scale, from the evening sec-
tor to the day sector through midnight. An intense eastward electrojet in the evening sector is detected, due
possibly to the formation of an additional partial ring current during the super substorm. The complex latitu-
dinal layered structure of the electrojets is observed on the day side.
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INTRODUCTION

Super substorms (SSSes) began to be studied rela-
tively recently. This term originally meant intense sub-
storms observed on the SuperMAG magnetometer
networks with ultrahigh values of the SML index of
geomagnetic activity (<—2500 nT) [1]. Despite the
brief period of studying these intense events, different
aspects of them have been examined: the dependence
of SSS emergence on solar activity [2], the presence
and intensity of magnetic storms [1, 2], and the large-
scale structure of the solar wind [3]. It was shown that
SSSes develop only during coronal mass ejections
(CMEs), specifically during interplanetary magnetic
clouds (IMCs), at the front of compressed plasma
(sheath) before a magnetic cloud at high negative val-
ues of IMF B, component, and upon local jumps in
the density and dynamic pressure of the solar wind [4].
The correlation between SSSes and the PC index of
the polar cap, field aligned currents (FACs), inter-
planetary electric and magnetic fields [5, 6], and
geomagnetic induced currents (GICs) has also been
studied [7].

However, aspects of the development of auroral
disturbances (auroras and electrojets) have been stud-
ied little during super substorms. There are only sev-
eral works on this subject that consider separate SSS
events. It was found that auroras developed in an
unusual manner during SSSes. For example, there is
no standard increase in brightness of the equatorial arc
itself before a super substorm. No increase is observed

in the night sector before an aurora’s breakup and sub-
sequent jump poleward [8]. In addition, the western
electrojet extends considerably in azimuth [9, 10].

This paper considers the interesting case of a super
substorm in which a western and eastern electroject
developed in an unusual manner. The SSS event was
observed on April 5, 2010 during the development of
the first magnetic storm (Dst ~ —81 nI') of solar
cycle 24. Many works have been dedicated to studying
this storm [8, 11—16]. Results of the SSS study were
reviewed in [16]. It was shown that in contrast to normal
substorms, an intense eastern ionospheric current
related to intensification of the partial ring current often
appears in the day sector during a super substorm.

The aim of this paper is to analyze the spatial dis-
tribution of geomagnetic disturbances during the
super substorm of April 5, 2010, using data from
AMPERE satellite mission and the global Super-
MAG, INTERMAGNET, and IMAGE networks of
magnetometers, and to interpret the results based on
concepts of global current systems. We analyze distur-
bances at both polar and auroral latitudes, and midlat-
itude positive bays usually associated with the devel-
opment of the substorm current wedge [17].

EXPERIMENTAL DATA

This work is based on an analysis of observations
from SuperMAG (http://supermag.jhuapl.edu/) [18]
and INTERMAGNET (https://www.intermag-
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net.org/) [19] ground-based magnetometers, and the
Scandinavian meridional IMAGE profiles
(http://space.fmi.fi/image/) [20]. The global spatial
distribution of electrojets was determined from maps
of magnetic field vectors obtained on the SuperMAG
network, and maps from a spherical harmonic analysis
of the distribution of magnetic vectors in the iono-
sphere and field-aligned currents obtained using data
from the low-apogee Iridium communication satellites
of the AMPERE system (Active Magnetosphere and
Planetary Electrodynamics Response Experiment,
http://ampere.jhuapl.edu). The AMPERE project
includes simultaneous recording of the magnetic field
by 66 satellites, and maps being constructed every
2 min with averaging over 10 min [21].

The conditions in the solar wind and the interplan-
etary magnetic field (IMF) before the onset of an SSS
were determined using the OMNI CDAWeb database
(http://cdaweb.gsfc.nasa.gov/). The streams and
structures of the solar wind were determined using a
catalog of large-scale solar wind phenomena
(ftp://ftp.iki.rssi.ru/omni/) [22].

INTERPLANETARY CONDITIONS
DURING THE MAGNETIC STORM
OF APRIL 5, 2010

The storm of April 5, 2010, was caused by a large
interplanetary coronal mass ejection (ICME) arriving
at the Earth. Its source was a B7.4 class solar flare
recorded at 09:04 UT on April 3, 2010. According to
estimates [23], the initial velocity of the ICME in the
vicinity of the sun was around 1100 km/s, while the
velocity of the leading edge of ICME at the Earth’s
orbit was nearly 800 km/s.

The coronal mass ejection reached the Earth’s
orbit on April 5, 2010, around 08:26 UT [16] and
caused a moderate but prolonged magnetic storm
(Dst ~ —81 nT). Figure 1 presents data on the parame-
ters of the solar wind and the interplanetary magnetic
field (IMF) over the period from 06:00 UT on April 5
to 18:00 UT on April 6, 2010 (on the left), and from
06:00 to 16:00 UT on April 5, 2010 (on the right). The
variations in the By value of the magnetic field, Byand
B, components of the IMF, the velocity (V) and
dynamic pressure (Py,) of the solar wind, and such
geomagnetic indices as PC, SYM/H, and SML are
shown from top to bottom. The magnetic cloud (MC)
and the region of compressed plasma are indicated,
and their boundaries are marked by solid and dashed
red lines (on the left) and a horizontal arrow (on the
right). The moment of maximum SSS development is
shown by the vertical blue line.

The front of the coronal ejection (sheath) reached
the Earth’s orbit at 08:26 UT, with a magnetic cloud
passing from ~13:00 UT on April 5 to ~15:00 UT on
April 6. High negative values of up to —15 nT were
observed for the IMF’s B,component upon the arrival
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of the sheath region, which likely started the develop-
ment of the long-lasting magnetic storm with the
intensity of ~—81 nT. A super substorm (SSS) was
recorded at the beginning of the storm (Dsf ~ —20 nT)
during the sheath, under increasing pressure, density,
and By of the magnetic field. Inside the region of the
sheath, the IMF B, component changed its sign sev-
eral times and reached values of ~—15 nT.

The onset of the super substorm was recorded at
~08:26 UT, according to the sharp drop in the SML
index (Fig. 1, right panel) and the X component of the
magnetic field at the Alaska stations (FYU, CMO, and
GAK) (Fig. 2). The expantion phase lasted for ~1 h
until ~09:30 UT (when the SML index began to fall to
the minimum), having intensified three times
(~09:03, ~09:17, and ~09:29 UT). Once the SML
index reached its lowest value (—2351 nT), the recov-
ery phase began and continued until ~11:30 UT, when
the SML index returned to the pre-super substorm
level after several intensifications. The gradual devel-
opment of the SSS observed during the growth and
expantion phases was described in detail in [8, 15],
where the development of auroras over Alaska was
analyzed.

DEVELOPMENT OF MAGNETIC
DISTURBANCES ON THE EVENING
AND NIGHT SIDES

At the onset of the super substorm, the stations in
the American sector were in the evening and midnight
sectors. The maps of magnetic vectors from the Super-
MAG network presented in Fig. 2a show the global
spatial distribution of magnetic disturbances while
indicating the positions of some terrestrial stations
with magnetograms provided below in Figs. 2b, 2c,
and 3. The maps are constructed for three local min-
ima in the SML index (09:03, 09:17, and 09:29 UT)
according to the jump-wise development of this super
substorm. We can see the disturbances grew stronger
with each new intensification, and the region of their
occurrence expanded (from polar to middle latitudes).
The highest intensity of disturbances was recorded in
the evening and night sectors where the American sec-
tor stations were located. Figure 2a also shows that the
westward electrojet was observed in a very broad lon-
gitudinal sector, from the evening (Alaska) to the
morning (Greenland) and day sectors (Scandinavia).

Figures 2b, 2¢ present magnetograms from selected
stations in the United States and Greenland. Figure 2b
shows variations in the X component of the magnetic
field from 06:00 to 13:00 UT on April 5, 2010, for the
stations in Alaska (KAV, FYU, CMO, and GAK)
located in the auroral zone (from ~63.4° to ~71.5°
CGLAT). At 08:30 UT, strong magnetic field varia-
tions began that showed three minima (~2500 nT) cor-
responding to three intensifications. The lower panels
in Fig. 2b show disturbances of the X component at
Vol. 86
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Fig. 1. Parameters of the solar wind and IMF plus PC, SYM/H, and SML geomagnetic indices for the intervals from 06:00 UT
on April 5, 2010, to 18:00 UT on April 6 (left) and 06:00 to 16:00 UT on April 5 (right). From top to bottom: variations in the By
value of the magnetic field; IMF components By and B, in the GSM system; velocity and dynamic pressure of the solar wind;
and PC, SYM/H, and SML geomagnetic indices. Boundaries of the magnetic cloud and the region of the compressed plasma
sheath are marked by vertical solid and dashed red lines (left) and the horizontal blue line (right). The moments of SSS observa-

tion are shown by the vertical blue line.

stations FRN and HON in the same longitude sector
at middle latitudes (42.6° and 20.1° CGLAT). Fairly
intense positive bays (~60 and ~30 nT) were recorded
here in a wide range of latitudes (~20° CGLAT).

Figure 2c shows variations in the X component for
stations of the post-midnight (SMI, MEA) and morn-
ing sectors (NAQ) of the auroral zone (from ~65.8° to
~67.5° CGLAT) and the midlatitude stations (FRD,
BOU, TUC) (from ~48.5° to ~39.3° CGLAT). We can
see that in contrast to the night sector, the negative
bays were less intense (~—1200 nT) in the morning
sector and were observed at higher latitudes. Positive
bays (~20—30 nT) were detected at midlatitude sta-
tions FRD, BOU, and TUC.
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DEVELOPMENT OF MAGNETIC
DISTURBANCES ON THE DAY SIDE

Figure 3 shows the magnetic disturbances from
04:00 to 12:00 UT on April 5, 2010, recorded by the
IMAGE chain of magnetometers (from ~57.3° to
~76.6° CGLAT) and at several stations of middle and
low latitudes, e.g., BOX, KIV, PAG, and TAM (from
~8.9° to ~54.5° CGLAT). Stations BJIN—NAL
recorded negative magnetic bays (~—700 nT) at polar
latitudes (>~70° CGLAT). At auroral latitudes, the
bays became positive (~+500 nT) at stations SOR—
SOD (~67.8—63.9° CGLAT). Starting from station
NUR (~57.3° CGLAT), the bays changed their sign
again and became negative (~—120 nT). Negative bays
were recorded in Bork (BOX, ~54.5° CGLAT, Rus-
2022
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Fig. 2. Development of magnetic disturbances, according to SuperMAG data. The instantaneous maps (09:03, 09:17, and
09:29 UT) of magnetic disturbances with indicated ground-based stations: (a) Midnight (bottom), noon (top); X component of
the magnetic field from 06:00 to 13:00 UT on April 5, 2010, for stations KAV, FYU, CMO, and GAK in Alaska (upper panel),
and midlatitude stations FRN and HON (bottom panel). (b) The plot gives the names of the stations, the geomagnetic coordi-
nates (CGLAT), and the MLTs (numbered arrows). (¢) X component of the magnetic field for stations SMI, MEA, and NAQ in

the auroral zone (upper panel) and midlatitude stations FRD, BOU, TUC (bottom panel).
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sia), Kiev (KIV, ~46.6° CGLAT, Ukraine), and
Panagyurishte (PAG, ~42.7° CGLAT, Bulgaria).
Negative bays (~60 nT) also occurred in the vicinity of
the equator at the TAM station (~8.9° CGLAT, Alge-
ria). Thus, on the day side, we observed an unusual
pattern in the latitudinal distribution of the magnetic
disturbances that can be described as a layered cake.

To complete the global pattern of magnetic distur-
bances, we used data from magnetic observations by
the AMPERE satellite mission. Figure 4 presents
maps from a spherical harmonic analysis of the distri-
bution of magnetic disturbance (on the left) and the
field-aligned currents (on the right) calculated with
these data for intervals close to 09:30 UT with indica-
tion of the positions of some ground-based stations.
Downward currents are marked in blue; upward cur-
rents are shown in red. Magnetic data from the
AMPERE satellite mission (the left panel in Fig. 4)
illustrate the formation of an intense eastward electro-
jet over Eastern Siberia in the day—pre-midnight sec-
tor between downward and upward currents. Since
there were no ground-based stations in this region, it
is not seen on the SuperMAG map (Fig. 2). At the
same time, the map in the left panel in Fig. 4, con-
structed using results from the spherical harmonic
analysis of magnetic field recordings by low-apogee
communication satellites of the AMPERE system,
shows that the westward electrojet expanded from
Alaska toward Scandinavia, through North America
and Greenland (from the night side through the
morning side to the day side). Both electrojets were
detected over Scandinavia where the IMAGE merid-
ian was found (Figs. 3 and 4), though at different lati-
tudes. The westward electrojet was detected over
Spitsbergen; the eastward one, at auroral latitudes.
The westward current was detected again at subauroral
and middle latitudes.

RESULTS AND DISCUSSION

Our analysis of the super substorm on April 5, 2010,
showed that the westward electrojet extended consid-
erably in longitude: from the evening sector (Alaska)
to the morning sector (Greenland) and the day sector
(Scandinavia). The most intense disturbances were
recorded in the pre- and post-midnight sectors at
auroral latitudes; weaker disturbances were observed
at polar latitudes in the morning and day sectors. This
confirms the results obtained in [9, 10] for other SSS
events.

Figure 4 shows the development of the intense
eastward electrojet in the early evening sector was a
feature of the ionospheric currents during the SSS on
April 5, 2010. The formation of such an eastward elec-
trojet can be attributed to the unusual intensification
of the partial ring current that was observed during this
super substorm [16]. It is known that during magnetic
storms associated with a bow shock and contraction of
the magnetosphere, the ring current intensifies at
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Fig. 3. X component of the magnetic field from 04:00 to
12:00 UT on April 5, 2010, for several stations of the
IMAGE and SuperMAG networks. Upper panel: NAL,
BJN, SOR, and MAS. Bottom panel: SOD, NUR, BOX,
KIV, PAG, and TAM. The format is the same as in Fig. 2b.

around 12 MLT. But in this event, an additional
increase in ring current was recorded at ~15 MLT. It
was likely caused by interaction between charged par-
Vol. 86
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Fig. 4. Maps of magnetic disturbances and field-aligned currents, made with data from AMPERE satellite mission in corrected
geomagnetic coordinates for the interval 09:26—09:36 UT. Location of ground-based stations are indicated. Left: Map from
spherical harmonic analysis of magnetic disturbances. Right: Map of the distribution of field-aligned currents. The upward cur-
rent is marked in red; the downward current, in blue. Midnight is at the bottom; noon. is at the top. The current density varies

from —1 to +1 uA/m2 on the color scale.

ticles in the inner magnetosphere and ULF waves
resulting from a bow shock wave [16, 24, 25].
AMPERE data show this additional ring current was
close to the ionosphere on the eastward electrojet
(Fig. 4).

It is obvious that both electrojets (eastward and
westward) developed on a global scale and tried to
reach the day side, surrounding the polar cap from dif-
ferent sides. The alternating field-aligned currents
associated with both electrojets thus occurred at dif-
ferent latitudes in the day sector, resulting in the for-
mation of the complex layered pattern of field-aligned
currents and their respective ground-based magnetic
bays recorded on the IMAGE meridian.

CONCLUSIONS

The super substorm observed on April 5, 2010, was
characterized by an unusual spatial pattern of auroral
electrojet development. (1) There was a strong west-
ward electrojet on a global scale in the evening and
night sectors, from the evening side at auroral latitudes
to the day side in the polar region. (2) A nontypical
latitude effect of a layered cake in magnetic bays was
recorded on the day side. It was attributed to the com-
plex structure of field-aligned currents when the
observer meridian was located near the ends of the
westward and eastward electrojets. (3) Data from
AMPERE satellite observations showed that in con-
trast to the typical scenario of the development of clas-
sical substorms, an intense eastward electrojet was reg-
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istered during the considered super substorms in the
pre-evening sector, confirming the hypothesis in [16]
about the formation of an additional partial ring cur-
rent close to the eastward electrojet during the SSS.
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