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1. INTRODUCTION

Different geomagnetic disturbances originate as a
result of the solar wind effect on the Earth’s magneto�
sphere. Global magnetic storms are among the most
significant disturbances (e.g., (Akasofu and Chapman,
1972; Gonzales et al., 1994)). A magnetic storm is
characterized by the formation of the ring current, as
estimated by the Dst index, in the inner magneto�
sphere and the ionospheric currents (electrojets) in the
auroral zone, which is characterized by the AL (west�
ward electrojet) and AU (eastward electrojet) indices.
A special class of polar magnetic disturbances is also
distinguished (Troshichev and Tsyganenko, 1978;
Troshichev et al., 1982). These disturbances are gener�
ated in the polar regions by different systems of field�
aligned magnetospheric currents related to the effect
of IMF and the solar wind on the magnetosphere.

The strongest magnetic storms are usually observed
at the beginning of the solar cycle decline phase a
year–a year and a half after the cycle maximum (e.g.,

(Zhang et al., 2007)). This is evidently illustrated by
cycle 23 (Gonzalez et al., 2007). The present�day cycle 24
with an unusually low solar activity, the maximum of
which was registered at the beginning of 2014, also
confirms this circumstance. Two strong magnetic
storms were observed during the decline phase of this
cycle in 2015: on March 17–18 and June 21–23, 2015,
when the Dst values reached –(210–220) nT at the
storm main phase maximum.

Much literature is devoted to the study of strong
magnetic storms. The magnetic storm main phase,
which develops against a background of southward
IMF and high solar wind velocities, has been studied
the most thoroughly. The largest geomagnetic distur�
bances are observed in the nightside sector during this
storm phase. In this case intense auroral electrojets
can move from auroral latitudes to midlatitudes and
even to low latitudes. The magnetic storm initial
phase, which is characterized by positive Dst values,
has been studied least of all. Several researchers, e.g.,
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(Loewe and Prolss, 1997), do not consider the exist�
ence of the magnetic storm initial phase, especially for
storms with gradual commencement, and assume that
this phase does not affect the development of the
storm main phase. However, the physical processes in
the Earth’s magnetosphere are fundamentally differ�
ent during the storm initial and main phases and
develop in different magnetospheric domains.

During different storms, the storm initial phase
duration varies from 10 min to several hours. This
phase starts when an interplanetary shock reaches the
Earth’s magnetosphere and compresses it, causing an
increase in the field strength in the magnetosphere and
on the Earth’s surface. Several researchers (e.g.,
(Schott et al., 1998; Kleimenova et al., 2000, 2011))
indicated that most intense geomagnetic variations
and pulsations with periods of several minutes are
observed in the dayside sector of polar latitudes during
the storm initial phase.

The goal of the work is to analyze the initial phase
of a great magnetic storm of June 21–23, 2015, and its
daytime high�latitude geomagnetic effects in the
Northern Hemisphere. This storm was caused by a
double solar flare of M�class with the following three
coronal mass ejections (www.izmiran.ru/services/)
accompanied by three bursts of the solar wind
dynamic pressure.

Note that the discussed magnetic storm occurred
near the summer solstice, i.e., under the conditions of
increased ionospheric conductivity of the north polar
cap, when the solar plasma can directly penetrate the
throat of the northern cusp. Consequently, most
intense geomagnetic disturbances can be observed
precisely in the north polar cap.

2. CONDITIONS IN THE SOLAR WIND
AND IMF

Figure 1a shows the variations in the IMF By and
Bz components, solar wind velocity (V) and density
(Np), as well as the AL index of auroral magnetic activ�
ity and the SymH index of the ring current intensity for
June 21–23, 2015 (OMNI 1�min database, http://nssdc.
gsfc.nasa.gov/omniweb). Note that the previous day
(June 20) was very quiet (Kp = 0). According to the
SymH variations, the initial phase of the storm gradu�
ally started on June 21 as the appearance and slow
increase in positive SymH values after 12 UT. At that
time, the solar wind density gradually increased at a
constant very low solar wind velocity (~250 km/s), and
the IMF By and Bz components fluctuated about zero.

At 1645 UT, the arrival of the first interplanetary
shock was registered as an abrupt increase in the solar
wind density from ~10 to ~50 cm–3 against a background
of such quiet magnetic conditions. This arrival was
accompanied by an insignificant increase in the veloc�
ity (from 270 to 350 km/s), as a result of which the solar
wind dynamic pressure increased from 2 to 13 nPa.

According to classical views (Nishida, 1978), such an
interplanetary shock structure can be interpreted as a
fast shock arrival. The IMF By and Bz components
abruptly increased to ~+5 nT, and IMF By remained
almost constant at about –10 nT and IMF Bz varied
within ±5 nT up to 22 UT. At about 22 UT, the IMF
direction changed from southward into northward,
and both components became positive. The solar wind
velocity remained low (about ~350 km/s). Such con�
ditions in the interplanetary medium did not allow a
magnetic storm to develop in spite of a considerable
solar wind impact.

The second shock with a similar structure
approached the Earth’s magnetosphere at 0644 UT on
June 22, but the solar wind pressure jump was almost
twice smaller, and the solar wind velocity abruptly
increased from 350 to 420 km/s. In contrast to the first
event, the IMF Вz values were negative at that time (to
–10 nT) except a short positive impulse at about 06 UT,
and the IMF By values were positive (to +10 nT).

The third, most intense, interplanetary shock
approached the Earth’s magnetosphere at 1838 UT on
the same day. It can be considered an analog of SC,
after which the storm main phase started developing
very rapidly. However, the IMF Вz sign reversal from
negative to positive at about 20 UT stopped the devel�
opment of the storm main phase for a time, as was
observed, e.g., during the main phase of a great mag�
netic storm that occurred on November 24, 2001
(Kleimenova et al., 2015).

3. DAYTIME HIGH�LATITUDE 
GEOMAGNETIC EFFECTS 

OF THE STORM INITIAL PHASE

Three very large jumps in the solar wind density
were observed in the initial phase of the discussed storm:
at 16.45 UT on June 21 and at 0544 and 1838 UT on
June 22. We consider the high�latitude geomagnetic
effects of these jumps. The data of observations on the
IMAGE Scandinavian profile of stations and in the
antipodal (North American) sector were used to
analyze geomagnetic disturbances. The 1�min dif�
ference magnetograms of the geomagnetic field X
and Y components were constructed for studies
based on the method developed by A.E. Levitin
(Levitin et al., 2013, 2014). Magnetic disturbances
were calculated relative to the level of 2009 as the
most magnetoquiet year. The use of difference mag�
netograms (Levitin et al., 2015; Kleimenova et al.,
2015) makes it possible to eliminate quiet daily and
secular variations.

Figure 1b shows the magnetograms of the individual
stations on the IMAGE Scandinavian profile for
June 21–23, 2015, the international codes and geo�
magnetic latitudes of which are presented on the plot
right�hand axis. Most intense geomagnetic distur�
bances were observed during the storm main phase in
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Fig. 1. (a) Variations in the solar wind and IMF parameters and the AL and SymH geophysical indices on June 21–23, 2015;
(b) magnetograms of the individual stations on the IMAGE Scandinavian profile.

the nightside sector as series of magnetospheric sub�
storms at auroral and subauroral latitudes (MUO–
NUR). During the storm initial phase, geomagnetic
activity was most significant in the dayside sector of
very high latitudes (HOR, LYR, NAL).

3.1. The First Shock (June 21, 1645 UT)

Before the arrival of the first shock to the Earth’s
magnetosphere, the geomagnetic conditions in the
near�Earth space was very quiet on June 20: the Kp
index was equal to zero; AL was not larger than 50 nT;
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SymH fluctuated about zero up to 07 UT on June 21,
was weak negative (to –10 nT) during the next five
hours, and remained unchanged (at about +10 nT)
from 12 UT to the shock arrival. The SymH index sud�
denly increased to 50 nT as a result of the shock arrival.
However, this sudden change did not result in the
magnetic storm development, since the solar wind
velocity remained low and the IMF Bz component was
weak positive (Fig. 1a). Before the shock arrival, no
considerable geomagnetic disturbances were registered
on the Earth’s surface; however, prolonged (lasting
about seven hours at ~06–14 UT, i.e., at ~09–17 MLT)
geomagnetic pulsations with periods of several min�
utes and an amplitude reaching ~40 nT (Fig. 2a),
which is typical of the dayside polar cusp projection
(ipcl, irregular pulsations cusp latitudes), were observed
in the dayside sector at very high latitudes (NAL,
LYR, HOR) (Bolshakova and Troitskaya, 1977;
Troitskaya, 1985).

On the magnetograms of high�latitude observato�
ries, the shock arrival (1645 UT, i.e., ~20 MLT at the
IMAGE meridian) was observed as a sharp pulse in the
magnetic field X component, which is negative at
higher latitudes (NAL, LYR, HOR) and positive at
lower latitudes (Fig. 2a). The pulse sign reversal was
observed between BJN and SOR observatories. This
makes it possible to assume that the projection of the
boundary between open and closed field lines in the
dusk sector was between BJN (Φ ~ 71°) and SOR
(Φ ~ 67°). Unfortunately, the sea is located between
these observatories; i.e., ground�based observations
are absent. It is interesting to note the BJN pulse was
initially negative and subsequently rapidly reversed its
polarity and became positive as at lower�latitude
observatories. This may result from the fact that the
projection of this boundary rapidly moved toward BJN
along latitude.

The magnetograms of the polar observatories in the
near�noon (RES, CBB) and postnoon (THL, GDH)
sectors are presented in Fig. 3a, which demonstrates
the observatory geomagnetic coordinates and MLT.
Figure 3a indicates that a negative magnetic bay
started at polar latitudes in the prenoon (RES, CBB)
and postnoon (THL, GDH) sectors, as well as in the
dusk sector (NAL, LYR, HOR; Fig. 2a) when the IMF
By sign reversed from positive to negative (the upper
plots in Fig. 3a); i.e., the westward polar electrojet with
the maximal amplitude in the prenoon sector at RES
developed. Such disturbances in the polar region have
long been known (e.g., (Nikol’skii, 1961; Feldstein,
1976)) and were called the polar electrojet (PE). It was
established (e.g., (Kuznetsov and Troshichev, 1977))
that these disturbances are maximal near the dayside
polar cusp projection and are usually observed in sum�
mer when IMF Bz > 0. Researchers began to denote
these disturbances as the DP3 current system and polar
disturbances controlled by the IMF By sign as DPY
currents.
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The bay amplitude rapidly decreased with latitude
and is almost imperceptible at CBB, which is located
equatorward of RES by ~6°. The bay sign is opposite
in the postnoon sector at THL and GDH, which
makes it possible to assume that the magnetospheric
boundary was between these observatories as before the
dynamic pressure jump arrival (different pulse polarity).
This is also confirmed by the schematic location of the
auroral oval presented in Fig. 3b, where the auroral oval
position in the selected time interval according to the

OVATION model (http://sd�www.jhuapl.edu/Aurora/
ovation/ovation_display.html) is shown in geographic
coordinates. Figure 3b indicates that RES and THL
were within the polar cap, CBB was near the cap
boundary, and GDH was in the closed magnetosphere
during the entire period under discussion.

In the dusk sector, the magnetic storm was first
observed in the Y component and then in the X com�
ponent of the magnetic field on the IMAGE Scandi�
navian profile (Fig. 2a). The vector diagram of high�
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latitude geomagnetic variations presented in Fig. 2b
indicates that the vortex sense of rotation at higher
(NAL, LYR, HOR) and lower (BJN, SOR) latitudes
was opposite. Note that vortex structures were not

observed in the magnetic field, and the field was
directed identically at all latitudes before the arrival of
the solar wind pressure jump to the Earth’s magneto�
sphere. We can assume that all of these observatories
were in the closed magnetosphere before the pressure
jump, and only the lowest�latitude two observatories
(BJN and SOR) remained in the closed magneto�
sphere after the jump, whereas the higher�latitude
observatories (NAL, LYR, HOR) were in the region of
the open field line projection.

3.2. The Second Shock (June 22, 0544 UT)

By the arrival of the second shock, the geomagnetic
situation in the near�Earth space became quiet (Fig. 1a),
and conditions similar to the period before the first
shock arrival were formed. The solar wind dynamic
pressure (density) jump was weaker in this case than in
the first event but occurred against a background of
negative IMF Вz values, which resulted in the develop�
ment of auroral electrojets with AL values reaching
~600–700 nT. However, the storm main phase onset
was hindered (Fig. 1a) by the appearance of positive
IMF Вz values at ~09–14 UT.

The magnetograms at the high�latitude observato�
ries on the IMAGE Scandinavian profile and the vec�
tor diagrams of high�latitude magnetic disturbances
for June 22 are shown in Figs. 4a and 4b in the same
format as was shown in Figs. 2a and 2b for June 21 but
on a scale differing by a factor of 5, since more intense
disturbances were observed at the end of that day. In addi�
tion, the arrival of the third, most intense, interplanetary
shock at 1838 UT is shown in Figs. 4a and 4b.

The solar wind density jump at 0544 UT resulted in
the generation of a daytime polar substorm (magnetic
bay), which was registered before ~12 UT, i.e., from
~09 to ~15 MLT, at NAL, LYR, and HOR. A positive
bay was observed in this case, which corresponds to
eastward PE and is typical of IMF By > 0. Distur�
bances developed only in the field Х component at that
time, and the vectors were northward on the vector
diagram (Fig. 4b) at NAL, LYR, and HOR; i.e., the
ionospheric current flows along the parallel. A bay is
absent at BJN. According to these data, we can assume
that the projection of the boundary between closed
and open geomagnetic field lines was located between
HOR (Φ ~ 74°) and BJN (Φ ~ 71°).

At that time, a positive magnetic bay was observed
in the antipodal (i.e., near�midnight) sector of polar
latitudes (Fig. 5a, 22–02 MLT, RES, CBB) and in the
dawn sector (04–09 MLT, THL, GDH). According to
the OVATION model concepts, all of these observato�
ries were located in the polar cap during the period
under discussion (Fig. 5b).

3.3. The Third Shock (June 22, 1838 UT)

The arrival of the third shock was registered at the
beginning of the storm main phase. A very consider�
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able (up to ~60 nPa) jump of the solar wind dynamic pres�
sure, accompanied by a huge negative (about –40 nT)
excursion in IMF Вz, caused an intense (about +60 nT)
positive pulse in SymH (Fig. 1a) and intense (up to
~1500 nT) electrojets at auroral latitudes. At that
time, the Scandinavian meridian was in the dusk sec�
tor (21 MLT) of the magnetosphere; therefore, such a
situation naturally resulted in the development of
intense substorms. Note that two considerable intensi�
fications were observed at ∼61–67° geomagnetic lati�
tudes (OUJ–MAS), which were combined into a very
large intensification (Fig. 1b) at lower latitudes

(HAN–NUR). A magnetic bay of a slightly different
configuration, accompanied by intense fluctuations,
was also observed at polar latitudes, which is evident in
Fig. 1b. This disturbance corresponded to the appear�
ance of a left�handed vortex (Figs. 4a, 4b), which
interrupted the previous negative magnetic distur�
bance caused by negative IMF By values.

3.4. Convection in the Polar Cap

It is known (e.g., (Moretto et al., 2000; Lukianova,
2004)) that the approach of the solar wind dynamic pres�
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sure jumps to the Earth’s magnetosphere affects the dis�
tribution of large�scale ionospheric plasma convection at
high latitudes. The data of the SuperDARN ground radar
system (http://vt.superdarn.org/tiki�index.php?page=
Conv+map+overview), including the polar convec�
tion maps obtained by synthesizing the incoherent
scatter radar observations and the known statistical
models (e.g., (Cousins and Shepherd, 2010)), were
used to consider variations in high�latitude convection
caused by dynamic pressure (Psw) jumps. Figure 6
presents the polar convection distribution during (a)
the first and (b) the second solar wind dynamic pres�
sure jumps. The convection patterns for the same UT
intervals on the previous very quiet day (June 20),
when all parameters of the solar wind plasma and
magnetic field had minimal values and the IMF By
and Bz remained close to zero for a long time (more than
a day), are shown in Figs. 6a and 6b for comparison.

The first Psw jump at 1645 UT on June 21 was
caused by a sharp solar wind density jump without a
considerable increase in the solar wind velocity. When
the Psw jump arrived, the IMF By component became
negative and the IMF Bz component turned north�

ward. Figure 6a indicates that convection vortices were
localized as before (within 70° geomagnetic latitude)
after the Psw front arrival. As compared to the quiet
day (June 20), the morning vortex extended along lon�
gitude and reached the postnoon sector. In addition,
polar convection vortices related to the formation of
the system of the NBZ field�aligned currents, which
were not observed on the quiet day (June 20), started
forming. Such a convection pattern agrees with the
conclusions made in (Lukianova, 2004). Note that a
negative magnetic bay (Fig. 3a) was observed at that
time on the Earth’s surface near the pole from the
morning (RES) to postnoon (THL) MLT hours at neg�
ative IMF By values; i.e., westward PE was observed.

As was indicated in (Belenkaya et al., 2004), the
transient current system, which contains the NBZ
field�aligned currents, the zone�1 currents, and the
Pedersen ionospheric currents in the open field line
region closing the currents indicated above, can
develop in response to the compression of the mag�
netosphere under the action of the solar wind dynamic
pressure jump at the positive IMF Bz component. The
result of the appearance of such a transient current
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system is that spreading currents are absent (during
approximately 30–40 min) in the closed field line
region and the magnetic field of the transient current
system can be registered on the Earth since the Fuku�
shima theorem is violated. A similar pattern was prob�
ably observed in the discussed case.

The polar convection distribution after the second
Psw jump on June 22 is presented in Fig. 6b, which
shows the convection maps at 0620 UT on June 22 and
at the same time on a very quiet day (June 20) for com�
parison. In contrast to the first Psw jump (June 21), dur�
ing the second Psw jump, the IMF Bz and By values
were negative and positive, respectively. It is clear that
a considerable convection enhancement with the pre�
dominance of the evening vortex and the convection
expansion toward lower latitudes (to 60° geomagnetic
latitude) was observed after the arrival of the Psw front
as compared to the quiet day, which is also observed on
the auroral oval location map at that time presented in
Fig. 5b. In addition, the morning convection vortex
considerably expanded along longitude toward the
postnoon sector, and the potential drop through the
polar cap increased by a factor of more than 1.5. A
positive magnetic bay with a very wide longitudinal
interval, extending from near�midnight (Fig. 5a, RES)
to postnoon (Fig. 4a, LYR–NAL) MLT hours, was
observed on the Earth’s surface at that time, which
indicates that extensive PE existed at IMF By > 0.

4. DISCUSSION

We noted above that special space weather condi�
tions (Fig. 1a) resulted in an atypically long initial
phase of one of the strongest magnetic storms in cycle
24 (observed on June 21–23, 2015), when the SymH
index values reached –220 nT during the storm main
phase. Three interplanetary shocks characterized by
enormous solar wind density jumps to 50–60 cm–3

approached the Earth’s magnetosphere during the
storm initial phase. Although these jumps were
observed against a background of a relatively low
(~350–400 km/s) solar wind velocity, they caused
considerable daytime geomagnetic disturbances at
polar latitudes (PE).

The storm occurred near the summer solstice, i.e.,
under the conditions of increased ionospheric con�
ductivity of the polar cap, when the solar plasma can
directly penetrate into the northern cusp throat. This
promoted the appearance of considerable magnetic
disturbances in the north polar cap.

Figure 2a indicates that ipcl geomagnetic pulsa�
tions typical of the dayside cusp latitudes (e.g.,
(Bolshakova and Troitskaya, 1977; Troitskaya, 1985;
Kurazhkovskaya and Klain, 1997)) were observed in
prenoon MLT hours at the highest�latitude observato�
ries of the IMAGE profile (NAL, LYR, HOR) under
very quiet geomagnetic conditions (Kp = 0) before the
first shock arrival. Figure 7a shows these pulsations fil�

tered in the 2–7 mHz band typical of ipcl oscillations.
It is evident that most intense pulsations were observed
at LYR and HOR. The pulsation amplitude consider�
ably decreased with increasing and decreasing lati�
tude. Such a latitudinal distribution of the pulsation
amplitude indicates that these observatories were near
the dayside cusp equatorial projection but in the closed
magnetosphere at that time.

The arrival of the first dynamic pressure jump
resulted in the compression of the magnetosphere,
such that the Spitsbergen archipelago (NAL, LYR,
HOR) was already outside the closed magnetosphere,
i.e., within the polar cap by 1730 UT (Fig. 2b). Day�
side PE with the maximal amplitude in the dayside
sector (RES) appeared near the pole (Fig. 3a). At
lower latitudes, ipcl geomagnetic pulsations (Fig. 7b)
typical of the cusp projection were registered at CBB.
This makes it possible to assume that CBB was near
the boundary between closed and open geomagnetic
field lines, which is confirmed by the calculated (the
OVATION model) position of the auroral oval (Fig. 3b).
The convection map (Fig. 6a) indicates that convec�
tion was enhanced in the dawn sector of the polar
region in this case.

The arrival of the second shock at 0544 UT caused
the development of a daytime positive magnetic bay in
a very wide longitudinal interval extending from noon
to postnoon MLT hours (Figs. 3a, 5a). The convection
maps (Fig. 6b) indicate that the morning convection
vortex expanded into the postnoon sector. Intense
field fluctuations, which can be considered among
very long period (vlp) geomagnetic pulsations with
periods about 15–40 min, e.g., in (Kleimenova et al.,
1985, 1986; Bolshakova et al., 1987, 1988), were
observed in the near�noon sector of polar latitudes
(the IMAGE Scandinavian profile) against a back�
ground of this magnetic bay. These pulsations are
observed only in summer (i.e., at a very high iono�
spheric conductivity) near the cusp polar boundary
(i.e., outside the closed magnetosphere) with ampli�
tudes reaching several hundreds of nanoteslas. In the
Northern Hemisphere, vlp pulsations are as a rule reg�
istered when IMF By values are positive and IMF Bz
values are negative, as was observed in the event under
discussion. The appearance of vlp geomagnetic pulsa�
tions at NAL, LYR, and HOR indicates that these
observation points were outside the closed magneto�
sphere. This is also observed on the auroral oval maps
shown in Fig. 5b.

The generation of vlp pulsations can be related to
instabilities near the dayside magnetopause in the
region of reconnection in the low�latitude boundary
layer (Bolshakova et al., 1987). Fluctuating field�
aligned currents, the ionospheric effect of which on
the Earth’s surface will be registered as vlp geomag�
netic pulsations (Bolshakova and Troitskaya, 1982;
Kleimenova et al., 1986), can appear as a result of pul�
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sating transient reconnection at the magnetopause
(flux transfer events, FTEs).

5. CONCLUSIONS

We studied the daytime high�latitude geomagnetic
effects of an unusually long initial phase of the mag�
netic storm that occurred on June 21–23, 2015, which
was among the largest (SymH ~ –220 nT) magnetic
storms in cycle 24 of the solar activity. Three interplan�
etary shocks with considerable solar wind density jumps
(up to 50–60 cm–3) at a low solar wind velocity (350–
400 km/s) approached the Earth’s magnetosphere
during this phase.

We indicated that the first two dynamic impacts did
not result in the development of a magnetic storm, since
the IMF Bz remained positive for a long time after these

impacts, but they caused daytime polar magnetic sub�
storms (PE) in a wide interval of longitudes.

We concluded that the dynamics of convective vor�
tices and the related reconfiguration of the field�
aligned currents can result in spatiotemporal fluctua�
tions in closing ionospheric currents, which can be
registered on the Earth’s surface as intense magnetic
bay�like disturbances (PE) at polar latitudes.

The constructed magnetic field variation vector
diagrams at high latitudes and the behaviour of the
observed high�latitude long�period geomagnetic pul�
sations (ipcl and vlp) made it possible to specify the
spatiotemporal dynamics of the boundary between
closed and open geomagnetic field lines.

We discussed in detail the spatiotemporal singular�
ities of daytime polar substorms caused by solar wind
dynamic pressure jumps and their relation to the IMF
parameters. We indicated that only the third most
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Fig. 7. Ipcl geomagnetic pulsations on June 21, 2015, filtered in the 2–7 mHz band at (a) the high�latitude IMAGE stations at
04–09 UT and (b) CBB and GDH stations in the 15–20 UT interval.
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intense shock, which approached the Earth’s mag�
netosphere against a background of very large negative
IMF Bz values, resulted in the rapid development of
the two�step main phase of this storm.
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