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Abstract. In Earth’s orbit on June 28, 1999, there
was a diamagnetic structure (DS) representing a fila-
ment with a uniquely high speed (about 900 km/s). We
show that the filament is a part of the specific sporadic
solar wind (SW) stream, which is characterized as a
small interplanetary transient. We report the results of
studies on the interaction between such a fast filament
(DS) and Earth’s magnetosphere. Around noon hours at
daytime cusp latitudes, we recorded a powerful aurora
in the UV band (shock aurora), which rapidly spread to
the west and east. Ground-based observations of geo-
magnetic field variations, auroral absorption, and auro-
ras on the midnight meridian have shown the develop-
ment of a powerful substorm-like disturbance (SLD)

(AE~1000 nT), whose origin is associated with the im-
pact of the SW diamagnetic structure on the magneto-
sphere. The geostationary satellite GOES-8, which was
in the midnight sector of the outer quasi-capture region
during SLD, recorded variations of the B, and B, geo-
magnetic components corresponding to the dipolization
process.

Keywords: streamer, filament, diamagnetic struc-
ture; dayside auroras, shock aurora, substorm-like mag-
netospheric disturbance.

INTRODUCTION

Diamagnetic structures (DS) form a basis for the
slow quasi-stationary solar wind (SW) in Earth’s orbit.
Their sources on the Sun are the streamer belt [Sval-
gaard et al., 1974], streamer chains [Eselevich et al.,
1999; Eselevich et al., 2007] or pseudostreamers [Wang
et al., 2007]. These structures in fact represent magnetic
flux tubes (in general, magnetic flux ropes) with plasma
[EselevichV.G., Eselevich M.V., 2005]. On their surface
there is a diamagnetic current decreasing the magnetic
field inside the flux tube and increasing it outside the
tube. Diamagnetic flux tubes hold their angular size
when moving from the Sun to Earth, i.e. they are qua-
sistatic along the entire path [Eselevich V.G., Eselevich
M.V., 2005].

The sporadic SW driven by coronal mass ejections
(CMEs) is recorded in Earth’s orbit as a sequence of
shock waves, shock-heated plasma, and magnetic cloud,
or interplanetary coronal mass ejection (ICME). Inside
the magnetic cloud, we can often see a curved thin
magnetic flux rope with a denser plasma, which is a
filament (or eruptive prominence) ejected from the
Sun’s surface. It is also a DS with the same properties as
in the magnetic flux tube [Eselevich V.G., Eselevich
M.V, 2005].

The analysis of two events [Parkhomov et al., 2015]
of collision between a filament and Earth’s magneto-
sphere has shown that this interaction causes a short-
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term (20-40 min) activation of substorm-like magneto-
spheric processes. They begin in the dayside magneto-
sphere with a burst of auroras in the noon sector (shock
aurora) [Zhou, Tsurutani, 1999]. Note that the shock au-
rora arises not only in the interaction between the mag-
netosphere and interplanetary shocks, but also during
abrupt and large rises in SW proton pressure [Borodkova,
2010]. We examine only the interactions of the magne-
tosphere with SW diamagnetic structures, determined
from the negative correlation coefficient between SW
density jumps and interplanetary magnetic field (IMF)
modulus with the preceding long-term positive or weak-
ly negative IMF B, component. In such cases, after the
shock aurora on the noon side, leading fronts of auroras
spread to morning and evening sectors of the auroral
zone. Three-five minutes after the shock aurora on the
dayside in the magnetotail and on Earth there occurred
phenomena characteristic of substorm events: bursts of
Pil1-2 oscillations, enhancement of electron and proton
fluxes in the geostationary orbit, and auroral electrojet
(the AE index increases to 600 nT). Duration of the dis-
turbance depends on the time of the DS—-magnetosphere
interaction. We call such disturbances substorm-like
(SLD) as in [Huttunen et al., 2002].

Differences between the SLDs we consider and clas-
sical substorms and pseudobreakups of various types lie
in a well-determined energy source — SW DS, duration
of the phenomenon, and its onset on the dayside. Intro-
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ducing the new definition, we take into account that
substorm-like events, which do not develop into a full-
scale substorm [Akasofu, 1971], are called pseudo-
breakups. However, this term has been used to describe
many similar phenomena in subsequent studies [Zhou,
Tsurutani, 2001].

The purpose of this work is to study evolution of high-
latitude disturbances, other than a classical substorm (i.e.
substorm-like), under the influence of SW diamagnetic
structures on the magnetosphere, through the example of a
unique event occurring on June 28, 1999.

1. ANALYSIS OF SOLAR
OBSERVATIONS AND MEASUREMENTS
OF SOLAR WIND PARAMETERS
IN EARTH'S ORBIT FOR JUNE 28, 1999

Let us examine structural features of the SW stream
that interacted with the magnetosphere on June 28, 1999
between 03:30 and 05:12 UT. Figure 1 shows variations
in density, velocity, and temperature of SW protons and
in the IMF modulus as derived from Wind satellite data
for June 25-28, 1999. This Figure indicates that a se-
quence of three interplanetary shocks was recorded in the
SW stream before the interval of interest. The first shock
occurred on June 26, 1999 at ~03:20 UT; the second, on
June 26, 1999 at ~20:00 UT; and the third, on June 28,
1999 at ~02:30 UT. They corresponded to three storm
sudden commencements (SSC): 1) June 26, 1999 at 03:25
UT; 2) June 26, 1999 at 20:08 UT; 3) June 26, 1999 at
02:49 UT. These shocks were caused respectively by the
following halo CMEs (propagating in a direction close to
the Sun—Earth line): 1) CME on June 23, 1999 at ~07:31
UT (solar coordinates N23E42); 2) CME on June 24,
1999 at ~13:31 UT (coordinates N29W13); 3) CME on
June 26, 1999 at ~07:31 UT (coordinates N25E0QQ).

The specific sporadic SW stream observed between
03:30 UT and 04:48 UT on June 28, 1999 (Figure 2) can
be characterized as a small interplanetary transient (SIT).
In fact, SIT is ICME of small size (usually ICME lasts
much longer, for 0.5-1.5 days). According to [Rouillard et
al., 2011], in Earth’s orbit, SIT has the following features:

1) ~1-10 hr decrease or increase in the polar (latitu-
dinal) angle 6 of the magnetic field B (Figure 2, e);

2) rapid decrease in the parameter p=8z P/B? (P is
the ratio of plasma thermal pressure to magnetic
pressure) to <<1 (Figure 2, g), associated with a sharp
increase in B and a decrease in N, at the SIT bounda-
ry (Figure 2, a, b).

SIT generally propagates in the slow quasi-
stationary SW whose velocity in Earth’s orbit Vs, <
(400-450) km/s. In this case, the back of SIT often ex-
hibits a peak of N, whose profile anticorrelates with the
magnetic field profile B.

Such a structure of SW plasma density profiles and
IMF modulus is diamagnetic. According to [Rouillard et
al., 2011], SIT with a diamagnetic structure near the Sun
is caused by eruption of the helmet top of the streamer
footpoint (or the top of the streamer arch structure).
When moving, the N, peak in the back of the transient
may increase due to SIT compression by the overtaking
fast quasi-stationary SW stream [Rouillard et al., 2011].
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Figure 1. Variations in SW and IMF parameters on June
25-28, 1999, as derived from Wind satellite data [http://
cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi]: proton density (a); IMF
modulus (b); velocity along the Sun—Earth line (c); proton tem-
perature (d). Along the X-axis, time in hours starts at 12:00 UT on
June 25, 1999

Figure 2 shows that the event occurring on June 28,
1999 between 03:30 and 04:48 UT (vertical dashed
lines) satisfies the above requirements. But it has a very
important feature: this SIT propagated in the quasi-
stationary fast SW with V,, =600 km/s. The fast SW
originated from a coronal hole (CH), whose center
crossed the central meridian on June 25, 1999. This
conclusion follows from the calculation (G.V. Rudenko
[http://bdm.iszf. irk.ru]) of the coronal magnetic field
from the measured photospheric magnetic field (Figure
3). The calculated positions of the footpoint of the open
magnetic flux tube of this CH are marked with arrows in
Figure 3. Referring to Figure 3, b, the center of gravity
of the calculated footpoint of the CH magnetic flux tube
crossed the central meridian on June 25, 1999 between 0
and 14 UT at a latitude 09=25°. The estimated area of
the tube footpoint in Figure 3, b, S ~5.5:10'° km% This
allows us to determine the maximum velocity V), of the
fast SW stream from this CH at a distance of 1 AU with
the formula [Eselevich et al., 2009]

Vu(S, 00)={(2.25-107°S+500)—4(|6,—By|)}, 1)
where By is Earth’s heliolatitude, S is the area of the

footpoint of the CH magnetic flux tube (in km?). Then,
from the relation

tM(VM) = t0+236.5R0/VM, (2)
where Ry is the solar radius, we find the time ty, of arri-
val of the SW stream from this CH [Eselevich et al.,
2009].

The estimate yields V=590 km/s, ty=07-21 UT for
June 28, 1999. V\, agrees with the observed velocity of
the fast SW from this CH in the early hours of June 28,
1999, and the estimated ty, corresponds to the observed
one up to £12 hr [Eselevich et al., 2009].
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Figure 2. Variations in SW and IMF parameters on June 28,
1999, as derived from Wind satellite data: proton density (a); IMF
modulus (b); velocity along the Sun-Earth line (c); proton tem-
perature (d); IMF polar angle (in the heliocentric coordinate sys-
tem, it is measured from the solar equator, the positive direction is
to the north along the Z-axis) (e); IMF azimuth angle (measured
from the X-axis directed along the Earth-Sun line, along the an-
tisunward Y-axis) (f); plasma parameter B (g). Along the X-axis,
time in hours starts at 01:30 UT on June 28, 1999

At the same time, as can be seen in Figures 1 and
2, after ~ 5 UT on June 28, 1999, immediately after
SIT, the velocity of the fast SW from the CH under
study increases. This is the quasi-stationary SW from
CH as evidenced by the relatively low proton density
N,<10 cm™ and the characteristic value of the mag-
netic field B=4-5 nT (in the interval of at least
06:30-18:00 UT on June 28, 1999, in Figure 1) at a
maximum velocity V=900 km/s. The only difference
is the duration of the stream (arrows in Figure 1, c),
At=12 UT, while the typical 4¢ for fast streams with
Vu~600-900 km/s is from 3 to 5 days.

Such an increase in Vy can be explained if we as-
sume that on June 25, 1999 the area S of the footpoint of
the CH magnetic flux tube after crossing the central
meridian increased about 3 times within several hours.
In this case, according to formula (1), the velocity of the
fast SW from this hole must have increased to ~850
km/s. Such an increase in S is quite possible, since on
June 24-25, 1999 the area of this CH changed (it in-

creased more than 2 times, see Figure 3, a, b).

So, the uniqueness of this event is that the halo CME,
which emerged on June 26, 1999 at ~07:31 UT (coordi-
nates N25E00) and occurred with prominence eruption,
was affected by the fast SW whose speed reached an ex-
tremely high value — almost 900 km/s. The process is as
follows.  According to [http://cdaw.gsfc.nasa.gov/
CME_list], at R=20R, the halo CME had a velocity
V=400 km/s in the plane of the sky; at the same time it
slowed down with acceleration a = —9.8 m/sec’.

This means that its velocity in the radial direction
was, as evidenced by [Schwenn et al., 2005], at most
V,=1.8V,=720 km/s and, moreover, continuously de-
creased due to CME deceleration when moving to Earth.

However, if on June 25, 1999 for several hours the
area of the footpoint of the CH magnetic flux tube after
crossing the central meridian increased approximately
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Figure 3. Positions of footpoints of open magnetic flux
tubes corresponding to coronal holes, calculated in the poten-
tial approximation [http: //bdm.iszf. irk.ru]: for 14:28 UT on
June 24, 1999 (a); for 14:28 UT on June 25, 1999 (b). Plus is
the direction of the magnetic field from the Sun; minus, to the
Sun
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threefold, the velocity of the fast SW from this CH
might have increased to ~900 km/s. As a consequence,
the CME along with the DS (filament), which decelerat-
ed and had a relatively low speed, was overtaken and
carried away by the fast SW; then it was recorded in
Earth’s orbit in the form of an interplanetary transient
with small dimensions moving at V=900 km/s.

2. MAGNETOSPHERIC RESPONSE
TO DS ON JUNE 28, 1999
2.1.  Analysis of SW observations before the

magnetopause and in the geostationary orbit

The DS front in Earth’s orbit was registered by three
satellites (Figure 4, a, Table 1). The delay between the
arrival of the DS front at the Geotail and Interball-1
satellites is 7 min. This delay was caused by the inclina-
tion of the front to the Earth—Sun line with the normal n
= (-0.55, —-0.54, 0.64) in the solar ecliptic coordinate
system. The normal to the DS front was determined
from the following considerations. Knowing coordinates
of satellites when a disturbance is passing through them
and times of detection of the front of the disturbance
with instruments onboard these satellites and assuming
that the front is flat and propagates with SW velocity,
we can determine its propagation direction. To use this
method, at least three satellites must be in SW. The ac-
curacy of this method is low (20-30 %). As indicated by
the direction of the normal, the first contact with the
magnetosphere occurred on the dusk-noon side, and
probably therefore the response was registered earlier in
the geostationary orbit than by Interball-1 and IMP-8. In
terms of the 1 min interval of discretization of data from
satellite magnetometers, the advance was 2 min for
GOES-8 and 3 min for GOES-10 (up to £ 0.5 min) with
respect to the beginning of registration of the SW proton
flux jump aboard Interball-1, which was ahead of the
near-Earth shock front (Figure 4, a).

Note features of geomagnetic variations for the ge-
ostationary satellite GOES-8, which was in the outer
quasi-capture region in the midnight meridian (Figure
4, b), essential for interpreting a disturbance type.

The magnetometer of the satellite recorded char-
acteristic variations in the B, and B, components
(Figure 4, ¢). The moments of the beginning of inter-
vals of antiphase B, and B, variations are marked
with rectangles 11 (05:25-05:27), 111 (05:31-05:38) in
Figure 4, c.

Table 1

Coordinates of GSE satellites for June 28, 1999 at 05:12 UT

Satellite Xgse, Km Yase, Km Zgse, km
ACE 1.49560-10° 250542 -29671.6
Wind 1.3351-10° —1.4355-10° -16365
Geotail 72253 1.7019-10° 3003
IMP-8 197838 -111795 -116679
Interball-1 143194 -99865 -41207
GOES-8 -38699 -2568 16567
GOES-10 -20629 35179 10716
Polar 15576 -43143 16316
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Figure 4. Leading DS front, position of satellites in SW and
inside the magnetosphere (a); GOES-8 satellite trajectory in the
outer quasi-capture region in the midnight meridian (b), the
rectangle indicates the dipolization interval. Variations in the B,
and B, components from GOES-8 data (c): | is the beginning of
the intensification of the glow in the noon meridian; Il, 111 are
the moments of the beginning of antiphase variations in B,, B, in
the geostationary orbit (dipolization intervals)

These antiphase variations in B, and B, can be interpret-
ed as manifestation of the dipolization effect of the ge-
omagnetic field, which is an indispensable attribute of a
substorm [Lui, 2001]. A peculiarity of the event under
study is that the dipolization occurred not at the begin-
ning, but in the active phase of the substorm-like dis-
turbance.

2.2.
response

Features of the global magnetospheric

The SW stream, whose structure is described in In-
troduction, caused a magnetospheric response having
several features that distinguish it from the commonly
observed magnetospheric disturbances driven by SW
sporadic structures. Features of the global magneto-
spheric response are illustrated in Figure 5.

On June 25-28, 1999, there were three weak
magnetic storms (rectangles I, II, 1) with sudden
commencements (1, 2, 3 in Figure 5) [http://www.ob-
sebre.es/en/rapid].

The storms are classified as weak according to the K,
index total for June 26-28 (XK,=26— and 26+ respective-
ly). SSC of the first storm was recorded on June 26, 1999
at 03:25 UT with maximum Dst=-15 nT at ~12 UT on
June 26, 1999. SSC of the second storm occurred at ~20:15
UT on June 26, 1999 with maximum Dst=-22 nT at ~23
UT on June 27, 1999. This storm had three powerful sub-
storms with AE,,x=1350 nT at 18:28 UT.
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Figure 5. Variations in IMF B, (a), SW pressure (b), geomag-
netic indices AE (c), SYM-H* (d), and SYM-H (). The arrow
indicates the beginning of SLD and the subsequent storm induced
by DS. Rectangles I, I, 11l denote intervals of weak magnetic
storms.

The geomagnetic field returned to the undisturbed
level in the early hours of June 28, 1999 (Ko_3= 2).
The third SSC is not marked in the catalog
[http://www.obsebre.es/en/rapid]. However, the analy-
sis of magnetograms from observatories, which are
used to determine SSC in the catalog, has shown that
at 02:49 UT there was a ~3 min jump of the H compo-
nent with a maximum value of ~21 nT at the observa-
tories of the daytime sector (Alibag, Kakioka, Honolu-
lu). After the SSC, surface currents increased and the
SYM-H index reached 25 nT; at 04:00 UT, the SYM-H
index sharply dropped, reflecting the amplification of
the ring current similar to the amplification in the
storm main phases (up to =18 nT).

In the subsequent three-hour interval, magnetic ac-
tivity increased sharply (Kg3_6=6+). The increase in ge-
omagnetic activity in this interval is associated with the
effect of the SW diamagnetic structure on the magneto-
pause, in contrast to the three previous increases caused
by interplanetary shock waves. The global network In-
termagnet at 05:09 UT recorded a global sharp increase
in the H component. Observatories of the daytime sec-
tor, whose data are used to determine the SYM-H and
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Dst indices, registered positive sharp increases in the H
component up to 110 nT within one minute. But this
disturbance in the catalog is not classified as SSC. In
general, according to the combination of morphological
features, disturbance 111 can be classed as a weak mag-
netic storm with SSC at 02:49 UT. At the beginning of
the storm main phase, there was a sharp increase in ge-
omagnetic activity due to the DS—magnetosphere inter-
action. During this storm at ~11 UT on June 28, 1999,
Dst was maximum among these three storms (-41 nT).
Given the large pressure jump at 05:12 UT and follow-
ing the results obtained in [O’Brien, McPherron, 2002],
from the SYM-H variation we excluded the contribution
of surface currents amplified by magnetosphere com-
pression at the magnetopause:

SIM-H*=SIM-H —10(\/3(,-1.5). ©)

The comparison of the SYM-H variations with the
corrected variation (Figure 5, d, e) shows that the pres-
sure jJump in DS occurred at the beginning of the main
phase of the third magnetic storm.

The SW proton density jump at 05:09 UT caused a
powerful magnetospheric disturbance — dayside and
nightside auroras, global amplification of ionospheric
currents and magnetic activity with maximum values of
the AE index of 1262 nT at 05:13 UT and 1033 nT at
05:37 UT. It is very important that the SW proton densi-
ty variation within 05:09-05:55 UT is anticorrelated
with the IMF modulus:

R(B, Ny)=—0.840.1.

This SW structure is diamagnetic [Parkhomov et al.,
2015].

The magnetospheric disturbance in the interval
05:12-06:00 UT is very similar in its manifestations to
the substorm [Akasofu, 1971]. However, it began on the
dayside, without preliminary phase of energy accumula-
tion in the magnetotail (the IMF vertical component had
been oriented to the north for 5 hours before DS arri-
val); the duration of the disturbance depends on the size
of DS in Earth’s orbit. As already mentioned in Intro-
duction, such a complex of phenomena caused by inter-
action between the magnetosphere and the SW diamag-
netic structure is called a substorm-like disturbance.

It is important to note that in the interval June 25—
28, 1999 under study, storms (and substorms as their
constituents) occurred at different preceding orienta-
tions of the IMF vertical component: first and second
storms with predominantly southward B,. During the
DS-magnetosphere interaction, B, was positive.

We should emphasize that before the disturbance,
the IMF vertical component was directed to the north
for ~5 hrs before the interaction with DS
(B;ay=5.2944.21 nT). The southward B, component was
recorded for a short time in intervals 04:59-05 10 UT
(B, a=—4.54+1.67 nT) and 05:10-05:12 UT (Buay=—
3.8+3.4 nT); then the vertical component was again
consistently northward, varying within 0-8 nT. We be-
lieve that the amount of energy released in the SLD
cannot have been accumulated in the magnetotail for 10
minutes the southward B, component existed.
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Figure 6. Variations in the position of the bow shock
boundary and the magnetopause (x coordinate): bow shock
(according to [http://cdaweb.sci.gsfc.nasa.gov/cdaweb/
istppublic]) (a), magnetopause calculated by the model [Lin et
al., 2010] for June 27, 1999 (b); the same for June 28, 1999 (c,
d). Arrows indicate onsets of the substorm and SLD

Particularly noteworthy are variations in the position of
the shock front and magnetopause (Figure 6), which are
synchronous with variations in the proton density and SW
dynamic pressure. The position of the magnetopause is
calculated by the model developed in [Lin et al., 2010], and
the position of the bow shock is taken from
[http://cdaweb.sci.gsfc.nasa.gov/cdawebl/istp_public].

In interval Il (Figure 5) during powerful substorms,
the boundary of the magnetosphere moves away from
Earth when SW proton density falls, and the maximum
of the substorm intensity is observed against the ex-
panding magnetosphere (Figure 6, a, b). Conversely,
SLD in interval Il (Figure 5) begins after the proton
density jump and, accordingly, after the magnetosphere
compression (Figure 6, c, d).

The above facts allow us to make a preliminary con-
clusion that the two magnetospheric disturbances had
different energy sources comparable in the AE index.
Since in interval 11 before the substorm, which began on
June 27, 1999 at 17:20 UT (Figure 5), the B, component
was predominantly southward for about 4 hrs, we can
assume that the energy source of this substorm
(Amax=1350 nT) was the energy accumulated in the
magnetotail due to reconnection of IMF and magneto-
spheric field lines [Lui, 2001].

As in interval Il (Figure 5) before the onset of SLD
the B, component was northward for ~5 hrs, the recon-
nection did not cause energy to be stored in the magne-
totail. Before the SW pressure jump, jumps of all IMF
components were recorded; therefore, we can suppose
that the source of SLD is a strong compression of the
magnetosphere by the SW diamagnetic structure and DS
energy input to the magnetosphere.

49

2.3. Analysis of the auroral response to DS
from satellite auroral images and ground-based
geomagnetic observations

Let us perform a comparative analysis of auroral ob-
servations, auroral absorption, geomagnetic variations,
and geomagnetic pulsations to find differences between
classical substorms and SLDs.

June 27, 1999 substorm

The IMF vertical component in the interval 11:30—
24:00 UT was predominantly southward with three 20 min
intervals when it was northward, and, as a consequence,
there were three substorms in this interval. Consider in
detail the substorm occurring at 17:20-19:10 UT (Figure 7,
a—C). The substorm develops according to the well-known
scenario, and differences from SLD are manifested them-
selves in the development of the substorm initial phase,
particularly in the dynamics of auroras in the UVI range
(we have used Polar satellite observations). Satellite imag-
es of auroras were taken using LBHL and LBHS filters
[Torr etal., 1995]. Figure 7, a—c presents: B, variations (a);
a fragment of the magnetogram (H component) from the
Barrow Observatory (BRW, geographic coordinates 71.32°
N, 203.38° E) of the night sector and moments of Pi2 ob-
servation at middle latitudes (arrows) (b); satellite images
of auroras with the LBHS filter (c).

In the interval of interest, there is a classical substorm
in auroras, which begins with intensification of brightness
of the quiescent arc near the midnight meridian (17:24:17
UT frame in Figure 7, c) [Akasofu, 1971]. After the
breakup, the arc of auroras moves to the west, and in the
recovery phase, the auroras move to the east. It can be seen
here that the auroras in longitude cover the area from 23 to
06 MLT in the latitude interval 58°-72° N.

Along with the substorm in auroras, a substorm occurs
in auroral absorption [http://aurora.phys.ucalgary.ca/
cgibin/rio]. The absorption starts at 17:30 UT and
reaches a maximum value of 1.5 dB at 18:30 UT at Fort
Churchill Observatory (not shown).

The Barrow Magnetic Observatory, located in the
morning sector (05 MLT), records a negative bay-like dis-
turbance of the H component with a maximum amplitude
of 860 nT (Figure 7, b). The mid-latitude station Mondy in
the midnight sector records bursts of Pi2 oscillations. Thus,
all the data shown in Figure 7, a—c suggest that the June
27, 1999 magnetospheric disturbance is an auroral sub-
storm. It is important that the substorm develops when the
magnetopause and bow shock move away from Earth
(Figure 6, a, b).

Substorm-like disturbance on June 28, 1999

Unlike the substorm we have analyzed, the source of
SLD is a strong magnetosphere compression by the SW
structure we identified as DS. The main feature of this
structure [Parkhomov et al., 2015] is a high negative cor-
relation coefficient between B and N,. In the event we
analyze, R (B, N,) = —0.8+0.1. Note once more that before
the disturbance began, before the DS-magnetosphere
interaction, B, was northward for ~5 hrs. Southward turn-
ings of B, near the magnetopause (Figure 4, a) are rec-
orded by satellites (IMP-8, Geotail, Interball-1) from
04:59 to 05:10 UT, and then the vertical component is
again steadily northward.
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Aurora dynamics

The main features of the auroral magnetosphere re-
sponse to DS are the appearance of an intense glow in
the UVI range on the noon side at polar cusp latitudes
and the rapid spread of the glow to the night side (Fig-
ure 8, b, LBHL filter). Images captured with the LBHS
filter (Figure 8, c) clearly show the aurora dynamics.

The auroras that occur in the daytime polar cusp upon
interaction of the magnetosphere with interplanetary
shocks and SW high-pressure regions are called shock
aurora and have been discussed in many papers [Zhou,
Tsurutani, 1999, 2001; Zhou et al., 2009]. We examine
the interaction not with a shock wave, but with DS.

The peculiarity of the event under study and its dif-

4 Bz

ference from the shock aurora lies in the fact that a
slight increase in the aurora at latitudes ~73-78° in the
near-noon sector 11-13 MLT begins at 05:00:07 UT -
at the moment of IMF B, reversal from north to south.
But a sharp increase in the aurora brigtness occurs at
05:11:46 UT — at the moment of SW proton density
jump and northward turning of B,. Therefore, in the
event of interest we cannot discount the role of recon-
nection in the energy transfer from SW to the magne-
tosphere. But we should emphasize once again that the
lifetime of the southward B, component was ~10 min,
while classical works on substorms suggest that the
substorm onset is preceded by 1 hr existence of south-
ward B,, which determines the growth phase.

27.06.1999
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Figure 7. Sequence of development of a classical auroral substorm: IMF B, variations (a); H component variations (b) at the Bar-
row Observatory. The rectangle indicates the time when Polar satellite observed auroras. Arrows denote moments of recording of Pi2
oscillations at the mid-latitude station Mondy. Panel a shows auroral images from the Polar satellite (LBHS filter)
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Table 2
No Station Name Abbreviation Geographic latitude Geographical longitude
1 | Pinava PINA 50.20° 263.96°
2 | Island lake ISLL 53.86° 265.34°
3 | Gillam GILL 56.38° 265.36°
4 | Fort Churchill FCHU 58.76° 265.92°
5 | Eskimo Point ESKI 61.11° 265.95°
6 | Rankin Inlet RANK 62.82° 267.80°
7 | Taloyk TALO 69.54° 266.45°

We can assume that in the event under study the
growth phase of SLD began with the reversal of the
IMF vertical component and lasted for 10 min.

Figure 8, a shows variations in the AE index of auroral
geomagnetic activity and IMF B, component. The rectan-
gle marks the DS observation time. It can be seen that be-
fore the magnetosphere-DS interaction the IMF vertical
component had been southward for 10 min. However, for
such a short lifetime of the negative B, component the
amount of energy that was then released in SLD cannot
have flowed into the magnetosphere.

Let us consider the auroral dynamics. Successive
frames (Figure 8, b, c) show that after the initial bright-
ening at 05:00:07 UT at daytime polar cusp latitudes
(~72°-76°) at 05:11:46 UT the brightness near the noon
meridian strongly increases and aurora fronts begin
moving to morning and evening sides. The shift of the
eastern edge of the glow is very distinctly seen in Figure
8, b (05:16:04 UT frame), in which the glow front
reached the pre-midnight sector (~02™). Figure 8, c
shows closing of aurora boundaries in the midnight me-
ridian (05:18:12 UT frame) and that the glow covers the
entire auroral oval (05:23:43 UT frame).

As derived from ground-based aurora observations
made with zenith photometers in the midnight meridian
(Gillam station, GILL), a sharp (tenfold) increase in the
aurora intensity in the 486 nm line begins at a latitude of
67° at ~05:14:30 UT, i.e., ~ 3 min after the sharp in-
crease in auroras on the dayside (Figure 8, d).

Zhou, Tsurutani [1999] have shown that the velocity
of propagation of a leading shock aurora front to sunrise
and sunset depends on the velocity of propagation of a
shock along the magnetopause and amounts to 6-11
km/s. In the event of interest, the glow on the nightside
begins ~3 min after the enhancement of the glow on the
dayside. It is likely that such a little delay can be attribut-
ed to the high propagation velocity of DS in SW (~900
km/s).

Dynamics of auroral absorption, electrojet and ge-
omagnetic pulsations

Peculiarities of the development of the disturbance
on the nightside of Earth are shown in Figure 9.

Here we present data from the meridional network
CANOPUS (MLT ~23-01 hr) with high temporal reso-
lution (5 s sampling frequency) in a geomagnetic lati-
tude range 61.15-79.65° (geographical coordinates of
the stations are listed in Table 2) from 04:40 to 06:00
UT: fragments of riometer records (a) and magneto-
grams of the H component (b), as well as fragments of
magnetograms filtered in the frequency range of Pil
geomagnetic pulsations (10-45 s) (c). Vertical line 1 in

Figure 9, a—c indicates the time of a sharp aurora en-
hancement in the UVI range (05:11:49 frame in Figure
8, b) in the noon meridian. The rectangle indicates the
DS recording time. Arrows point to: the beginning of
the negative bay in the H component, the beginning of
recording of maximum geomagnetic pulsations Pil,
and the beginning of the bay in auroral absorption at
each station. All these phenomena constitute a sub-
storm complex [Akasofu, 1971].

The sequence of the phenomena is as follows. 11
minutes after the sharp increase in the H component
caused by amplification of Chapman-Ferraro currents at
the magnetopause and by magnetosphere compression,
GOES-8, which was located in the outer quasi-capture
region in the midnight meridian, records variations in
the B, and B, geomagnetic components (Figure 9, a-c,
rectangles 2, 3), characteristic of the dipolization of the
geomagnetic field — one of the main features of sub-
storms [Sergeev et al., 2012; Lui, 2001].

At 05:13 UT, the station ISSL (¢=53.86°) registers
the beginning of the negative bay in auroral absorption.
Absorption of this type is caused by precipitation of
energetic electrons with energies E=10-40 keV from
the plasma layer of the magnetotail. The bay in the ab-
sorption begins later at the northern stations than at
southern ones, and this behavior is one of the typical
features of substorms [Akasofu, 1971]. At the south-
ernmost station of the meridional network PINA
(9=50.20°), no precipitation is recorded (Figure 9, a).

Let us examine the dynamics of the auroral electro-
jet from H-component variations. Referring to Figure 9,
b, the southernmost meridional station PINA near the
local midnight (MLT=0:35) at the time marked with the
vertical line records a sharp increase in the H compo-
nent, which coincides with a similar increase registered
at low-latitude stations in the dayside hemisphere. This
increase was caused by the magnetosphere compression,
abrupt shift of the magnetopause, and amplification of
Chapman-Ferraro surface currents at the magnetopause.
After passing the leading DS front, the geomagnetic
field gradually returns to the undisturbed level, as at
other mid-latitude stations. However, at the station ISLL
located to the north (¢p=54°), at 05:15 UT there is a de-
crease in the H component (arrow). The beginning of
the negative bay in the H component, as well as the be-
ginning of the bay in the absorption, shifts to the north-
ern stations. The depth of the bay increases as it shifts
northward with a maximum of ~450 nT at the FCHU
station. A northward shift is also observed for the max-
imum amplitude of irregular pulsations (Figure 9, c).
The same behavior of the drift of the maximum ampli-
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tude of irregular geomagnetic pulsations Pil, typical for
the substorm active phase, was found from observations
at the Norilsk meridional network of stations [Par-
khomov, Rakhmatulin, 1975].

The change in the direction of the equivalent iono-
spheric current over stations of the meridional network
as SLD develops and the electrojet shifts to the north is
clearly seen in Figure 10, a. This Figure presents frag-
ments of maps of equivalent ionospheric current vec-
tors, calculated by the method worked out in [Par-
khomov et al., 2011], over stations whose magneto-
grams are given in Figure 9 at the moments correspond-
ing to the vertical lines in Figure 10, b. This Figure also
shows variations in the SW proton density and IMF
modulus B (DS is denoted by a rectangle). It is apparent
that before the disturbance at 05:07:00 UT currents over
all the meridian stations flow to the east, and the maxi-
mum current flows over the northernmost station
TALO. At the moment corresponding to the SW maxi-
mum dynamic pressure (05:12 UT) and maximum
Chapman-Ferraro currents at the dayside magneto-
pause, the eastward currents are amplified synchronous-
ly over the meridian stations with a maximum value
above the RANK station. The current over PINA holds
its eastward direction during the entire disturbance
caused by DS.

At 05:15 UT, the direction of the current over ISSL
changes to the westerly direction, and at 05:22 UT the
westward current over GILL is amplified (this moment
coincides with the beginning of the negative bay in the H
component (arrow in Figure 9, b)).

At 05:24 UT, the maximum of the westward current
moves to the latitude of the FCHU station, and at 05:30

UT it reaches the RANK station. Above PINA and TALO,
the eastward current holds its direction. Thus, maps of
equivalent ionospheric currents also show the dynamics of
currents which is characteristic of substorm events.

Note that the beginning of the geomagnetic field dipo-
lization in the geostationary orbit aboard GOES-8 can be
identified at 05:25 UT (rectangle Il in Figure 9), and the
second dipolization interval is recorded at the maximum
of the SLD active phase, i.e. the dipolization in the outer
quasi-capture region occurs during SLD caused by the
magnetosphere-DS interaction.

3. DISCUSSION

In [Zhou, Tsurutani, 2001, Zhou et al., 2009] based
on long-term studies of the magnetospheric response to
jumps of SW and IMF parameters, responses of various
types have been identified which include substorms,
pseudobreakups, intensification of polar auroras, stable
magnetospheric convection, intervals of long-term high-
intensity AE activity, magnetic storms, and storm acti-
vation. The response of each type is determined by a
certain combination of parameters of external forcing
and internal state of the magnetosphere.

Zhou et al. [2003] analyze several shock aurora
events when the magnetosphere is subject to interplan-
etary shocks and pressure impulses from observations
of auroras in the UVI range at the Polar satellite and
electrons and protons at the FAST and DMSP satel-
lites. Particularly noteworthy is the case of the impact
of a 4 nPa SW pressure jump on the magnetosphere,
with the IMF positive vertical component on August
04, 1997.
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Figure 9. Geomagnetic response in the midnight meridian of the CANOPUS network (MLT ~23-0™): variations in the
auroral absorption intensity in a geographic latitude range 50.20°-69.54° (geomagnetic latitudes 61.15°-79.65°) along the merid-
ian at ~23 MLT (a); H-component variations (b); variations in the intensity of geomagnetic pulsations in the Pil frequency range
(1545 s) (c). Solid thin line I indicates a sharp increase in the glow in the noon meridian. Arrows show the time of the beginning
of the phenomenon at each station. The rectangle DS marks the time of observation of the diamagnetic structure. Rectangles 11,
111 correspond to the intervals of dipolization in Figure 4, c. Numbers of the station correspond to Table 2
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Figure 10. Fragments of maps of equivalent current vectors in the meridional network CANOPUS (MLT ~23-0™), which
demonstrate changes in the direction of the equivalent ionospheric current when the electrojet boundary moves northward during
a substorm (a); variations in IMF (B,) and SW (N,) parameters in the interval of interest (b). Vertical lines show the time for
which the maps of vectors are drawn. Station numbers are indicated in accordance with Table 2

As can be seen in Figure 4 from the article [Zhou et
al., 2009] and follows from its description, the auroras
began in the noon meridian and spread to the
nightside.

According to results [Zhou et al., 2009] at 02:36:53
UT, aurora brightnenings enhanced in the noon sector
and on the morning side. At 02:39:57 UT, a 2 kR auro-
ral brightening was in the 09:00-12:00 MLT sector
between 72° and 80° geomagnetic latitudes. Auroras
near the local midday spread to low latitudes to the 65°
geomagnetic latitude. This agrees with the results ob-
tained in [Liou et al., 2002] on noon auroras caused by
interplanetary shocks. The auroral intensity was 1 kR
in the sector from 65° to 73° geomagnetic latitude and
then sharply decreased at 02:43:01. The auroral inten-
sity at the near-polar boundary of the morning side of
the polar oval was 1.3-1.8 kR. On the evening side, the
auroral intensity increased then and the brightening
spread to the nightside of the oval, as indicated by the
following two images taken at 02:46:05 and 02:49:09”
(our italics).

If we consider variations in the SW proton density
and IMF modulus B in the interval 02:30-03:05 UT on
August 04, 1997, we can interpret them as features of DS
being a part of CME. In this interval, the SW proton den-
sity and IMF modulus change in antiphase: the correla-
tion coefficient R (B, N,) ~-0.3.

An additional argument for our conclusion is the
analogy of current systems on June 28, 1999 (Figure 11)
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and August 04, 1997 (Figure 12), arising from the de-
velopment of SLD. The maps of vectors of equivalent
ionospheric currents show that in both the events a cur-
rent system DP-2 with a powerful westward current
appears on the nightside (for both the events the maps
are drawn for a moment of 17 min after the magneto-
pause-DS interaction).

Another confirmation of the above assumptions can
be found in [Tagirov et al., 1998], where two substorms
of December 09, 1996, which followed one after anoth-
er with an interval of one hour and differed significantly
in sources, have been studied. The beginning of the
former is clearly related to the magnetosphere-DS in-
teraction with the IMF northward vertical component.
For this structure, according to our calculations, R(B,
N,)=-0.91+0.02. The substorm is classified by Tagirov
et al. [1998] as pseudobreakup. For our research, an
important point is that this magnetospheric disturbance
was caused by DS. The latter (classical) substorm did
not have explicit external triggers, but it began after a
long existence (~ 1 hr) of southward IMF before SW
with a high pressure area approached the magneto-
sphere.

Huttunen et al. [2002] have examined substorm-like
events during a strong magnetic storm. They have con-
cluded that under the SW conditions considered, the ampli-
fication of the auroral electrojet as part of substorm activa-
tion is directly determined by IMF and SW parameters
rather than dynamic processes in the magnetotail.
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Figure 11. SLD on June 28, 1999: variations in SW proton density and IMF vertical component modulus (a); a map of vec-
tors of equivalent ionospheric currents for 18:30 UT (b); variations in the average geomagnetic field strength induced by the
equivalent ionospheric current in given latitudinal intervals (c); an auroral image from the Polar satellite (d). The dotted line de-
notes the terminator line, the solid line represents the magnetic equator, the asterisk indicates the position of the subsolar point,
arrows show the preferred direction of ionospheric currents. The DS horizontal line is the DS observation time, the vertical line is
the time of calculation of parameters. H,, is the average geomagnetic field strength produced by an equivalent ionospheric cur-
rent in a given latitude range (c). In the upper right-hand corner (c) is the geomagnetic field strength average over the observato-
ries in a given latitude range at the time indicated by the vertical line

It has been found that the intervals in SW in which
the SW density variations in antiphase with IMF modu-
lus variations cause a synchronous response in geophys-
ical phenomena observed on Earth, in the Polar orbit, in
the geosynchronous orbit, and in the plasma layer of the
magnetotail. The SW pressure rise with weakly negative
B, whose amplitude increases at the time of the rise can
not only trigger a substorm, but also determine the re-
lease of energy coming from SW.

A similar model of the impact of SW pressure rise
has been described in [Zhou et al., 2013]. According to
the model, DS propagating at a high velocity in SW
along the magnetotail compresses the tail. This leads to
energy transfer to the plasma layer and to the develop-
ment of processes analogous to those occurring during
the classical substorm. Subsequent to the magnetotail
compression to 80 % [Zhou et al., 2013], there emerge
earthward plasma streams and dipolization fronts simi-
lar to those shown in Figure 4, ¢. These phenomena
cause processes in the auroral zone similar to auroral
substorms.

The time of SLD activation depends on spatial di-
mensions of a filament (DS). In the June 28, 1999
event, ~5 min (05:19 UT, arrows in Figure 9, a—c)
passed from the moment of the magnetosphere-DS
interaction (05:11:40 UT), determined from the highest
brightness of auroras in the UVI range in the noon
meridian (Figure 9, b), to the intensification of precipi-
tation and auroral electrojet of SLD in the midnight
meridian. The same delay time for the intensification
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of auroras on the nightside has also been found for the
August 04, 1997 event in [Zhou et al., 2003]. In Figure
10, the vector of the equivalent current over ISLL
changes its direction at 05:15 UT; therefore we can
take 05:17 UT as the average time of the SLD onset.

In the event we analyze, the source of energy of the
powerful SLD with AE,.x=1280 nT was DS in the SW
stream after a long period of existence of northward B,.
The energy of this structure was dissipated in the pro-
cesses comprising the SLD, without being previously
accumulated in the magnetotail.

One final comment is that, despite the abundance of
publications on the problem we address, it is far from
clear understanding due to the variety of SW inhomoge-
neities and many degrees of freedom of magnetospheric
conditions. Therefore, it is very difficult to uniquely
identify the magnetospheric response to IMF reversal or
pressure rise. They often work together and generate
SLD, as in the event considered.

4. MAIN RESULTS

The data analysis has revealed not only qualitative
similarity, but also some differences in the onset, devel-
opment, and decay of the examined magnetospheric
disturbances caused by different energy sources — re-
connection of IMF and magnetospheric field lines in the
first substorm and the magnetosphere-DS interaction in
SLD. The main differences in the dynamics of the two
geomagnetic disturbances considered are as follows.
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Figure 12. The same as in Figure 11 for the August 04, 1997 SLD. The map of vectors of equivalent ionospheric currents is

given for 18:20 UT (b)

1. The classical substorm (Figure 5, interval Il) oc-
curred after the long existence of the southward B,, began
spontaneously, without apparent abrupt changes in SW and
IMF. The maximum intensity of the substorm was
AE=1350 nT. The picture of the development of auroras,
as derived from Polar satellite observations, and auroral
absorption, according to data from the meridional network
of riometers, corresponds to the dynamics of the develop-
ment of the auroral substorm [Akasofu, 1971]. The sub-
storm from the activation phase to the recovery phase last-
ed for ~2 hrs.

2. In interval 11l (Figure 5) there was a magneto-
spheric disturbance the source of which was SW DS and
which occurred after a long existence (~ 5 hrs) of the
IMF northward vertical component. The maximum in-
tensity of the disturbance AE=1262 nT is comparable
with the AE index of the classical substorm. According
to geomagnetic variations in the outer quasi-capture
(dipolization) region, the dynamics of auroral absorp-
tion, ionospheric current systems, and the drift of the
source of irregular geomagnetic pulsations in the mid-
night meridian, the observed disturbance can be classi-
fied as a substorm. The assumption that the disturbance
contains elements inherent to substorms is confirmed by
the data presented in Figures 8, b—c, 9, a, b, and 10,
which show the beginning of the development of the
SLD after the magnetosphere-DS interaction (Figure
10) and the appearance of a homogeneous arc of aurora
on the noon side in the UVI range at the daytime cusp lati-
tudes with its subsequent sharp brightening and motion of
the aurora fronts to the west and east of the noon meridian
(Figure 8, b, c). This disturbance lasted for ~ 50 min.

3. Founding on the dynamics and the time of devel-
opment of SLD, we can distinguish four phases of the
disturbance, similar to those of the classical substorm:
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growth, explosive, active, and recovery. The growth
phase lasts from the beginning of the magnetosphere—
DS interaction to the beginning of the movement of the
western and eastern fronts of auroras (05:00-05:11 UT),
breakup (05:12-05:18 UT), active (05:18-05:32 UT)
and recovery (05: 32-06: 12 UT) phases.
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