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A B S T R A C T

The purpose of this study is to generalize the results of investigation of the magnetosphere response to two types
of diamagnetic structures. Type 1 is related to sporadic SW, type 2 - to the quasi-stationary “slow” solar wind
(SW). First, we consider the Type 1 of diamagnetic structures that are connected with sporadic SW, whose source
on the Sun is coronal mass ejections (СМЕs). Near the rear side of a magnetic cloud, one often observes a thin
magnetic rope with a high-density plasma. This rope is ejected by a filament (or an eruptive prominence) from
the solar surface. The rope is a diamagnetic structure with the same properties, as those of a magnetic tube. Such
tubes are diamagnetic, i.e., a diamagnetic current flows on their surface. This current decreases the magnetic
field inside the pipe and increases the latter outside. The total pressure (magnetic plus gas-kinetic) is approxi-
mately constant inside and outside the tube. Tubes keep their angular size during propagation from the Sun to
the Earth, i.e., they are quasi-static. Type 2 represents magnetic tubes (in general case, magnetic ropes) whose
sources on the Sun are the streamer belt and the streamer chains or pseudo-streamers. In the Earth orbit, the SW
diamagnetic structures are detected by the presence of anti-correlation between the SW proton density and the
magnitude of interplanetary magnetic field (IMF). The analysis showed that an interaction of diamagnetic
structures (DSs) with the Earth magnetosphere generates substorm-like (sawtooth) magnetic disturbances in the
nightside magnetosphere. The disturbances are different from classical substorms because of the absence of the
growth phase and of the breakup. The diamagnetic structures related to the quasi-stationary slow SW cause a
global modulation of the magnetic activity and of the ionospheric currents with a period close to the period of
the variations in the SW plasma density and in the IMF strength inside the diamagnetic structure.

1. Introduction

By now, several types of magnetospheric substorms have been es-
tablished depending on the solar wind (SW) conditions and on the
character of its interaction with the magnetosphere. The “classical”
isolated substorms having three phases (growth-expansion-recovery,
Akasofu, 1971) have been studied most completely. The second type of
substorms includes those having double or multiple onsets referred to
as pseudo-breakups (Koskinen et al., 1993). Zhou and Tsurutani (2001)
analyzed the pseudo-breakup concept in detail. In that paper based on
previous investigations, the authors define a pseudo-breakup as a slight,
localized brightening in the midnight sector of the auroral oval. The
brightening is accompanied by a slightly localized magnetic bay.
Pseudo-breakups may manifest themselves at the substorm growth
phase, but, for some reasons, they may not proceed into the expansion

phase. The authors believe that a primary factor (we underline this
especially) determining the emergence of substorm is the energy accu-
mulation in the magnetotail. That accumulation should persist for no
less, than one and half hours before the shock arrival. The third type is
sawtooth events. Such a term was introduced by Henderson et al.
(2006), but the substorms of this type (62 events) were most compre-
hensively investigated by (Troshichev O.A. et al., 2010, Troshichev O.A.
and Janzhura A. 2012). A key feature of such substorms, in contrast to
the other two types, is the absence of the growth phase and of the
breakup.

Analysis of the August 1, 1998 events (Parkhomov et al., 2011)
showed that there was no growth phase in that substorm, and variations
in the solar wind pressure caused a synchronous response in geophy-
sical phenomena observed on the Earth, in the orbit of the Polar sa-
tellite, in geosynchronous orbit, and in the plasma sheet. Therefore, this
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substorm may be referred to type-3, sawtooth events. The substorm was
caused by interaction of the magnetosphere with a structure, in which
the jump in SW plasma density anticorrelated (R∼−0.92) with the
strength of interplanetary magnetic field (IMF).

Similar patterns in the dynamics of the SW density and IMF strength
were observed in magnetic clouds, a part of sporadic solar wind in the
Earth orbit (Parkhomov et al., 2015). It was found sharp anti-correlated
(R∼ - 0.9) jumps of the SW density and IMF strength while the SW
velocity was almost constant. The structures were identified as dia-
magnetic structures (DSs). They are originated from the solar photo-
sphere and transported by the solar wind to the Earth orbit.

DSs represent magnetic tubes (in the general case, magnetic ropes)
with plasma. Such tubes are diamagnetic, i.e. diamagnetic current flows
on the surface of a tube such that it decreases(increases) the magnetic
field inside(outside) a tube. The tubes maintain their angular size
during the Sun-to-Earth propagation, i.e. they are quasi-static
throughout whole their track (Eselevich and Eselevich, 2005). The SW
diamagnetic structures feature sharp and large jumps of the SW pres-
sure and they are distinguished by the anti-correlation between the SW
density and IMF strength.

Hitting the Earth magnetosphere, DSs may cause short-time
(20–40min) activations of magnetospheric processes similar to sub-
storm ones (Parkhomov et al., 2015). They start on the dayside as shock
auroras in the noon sector (Zhou and Tsurutani, 1999). Herewith, un-
like classical substorms, the DS forcing on the magnetosphere also
manifests itself in the cases, when long-living IMF Bz component pre-
ceding a magnetospheric disturbance may be positive or weakly nega-
tive. 3–5min after a shock aurora occurred on the day side, some
phenomena inherent in a substorm are observed at the Earth on the
night side and in the magnetotail: bursts in Pi 1–2 geomagnetic pulsa-
tions, an increase in the electron and proton fluxes in the geosynchro-
nous orbit, and an increase in the auroral electrojet (the АE-index grows
to 600 nТ, and, in cases of especially strong jumps of SW density in a
DS, the AE-index may reach ∼1000 nТ). The duration of magneto-
spheric disturbance is determined by the time of interaction between
the DS and the magnetosphere.

The goal of this study is to generalize the results of investigations of
magnetospheric responses to diamagnetic structures. We selected and
analyzed the events, in which a long-living positive (or weakly nega-
tive) IMF Bz component preceded the DS collision with the magneto-
sphere, i.e. there was no preliminary energy accumulation for the
substorm in the magnetotail.

First, we address the sources of diamagnetic structures on the Sun,
trace their features in the solar wind, and, then, we describe the effects
of interaction of such structures with the magnetosphere.

1.1. Two types of SW diamagnetic structures

Investigations of the last several decades showed the existence of
two types of DSs in the solar wind: type 1 is related to the sporadic SW,
type 2 is associated with the quasi-stationary slow SW.

We address sequentially each of these types.
Type 1 is related to the sporadic SW. Its source on the Sun is coronal

mass ejections (СМЕs), Fig. 1. The latter are detected in the Earth orbit
in the form of a sequence comprising a shock, shock-heated plasma, and
a magnetic cloud, or an interplanetary coronal mass ejection (ICME).
Inside a magnetic cloud, one often observes a bending thin magnetic
rope with higher-density plasma. This thin rope is a filament (or an
eruptive prominence) ejected from the solar surface, Fig. 1. It is a
diamagnetic structure with the same properties as those for a magnetic
tube of the quasi-stationary slow SW (Eselevich and Eselevich, 2005).

Type 2 forms the basis of the slow quasi-stationary SW in the Earth
orbit. Its sources on the Sun are a belt of streamers (Svalgaard et al.,
1974) and chains of streamers (Eselevich et al., 2007; Eselevich et al.,
1999), or pseudo-streamers (Wang, Y.M.; 2007). Herewith, the slow SW
features a relatively low velocity in the Earth orbit V≈ 250 ÷ 450 km/

s (in the fast SW streaming from coronal holes, the velocity is V≈ 450
÷ 800 km/s) (Eselevich and Fainshtein, 1991).

On the solar surface, the streamer belt separates the regions with the
opposite direction of the radial component of the global magnetic field
(Svalgaard et al., 1974). This implies that, at the streamer belt basis,
there are magnetic field arches, through the tops of which there transits
the neutral line (NL) of the radial component of the solar global mag-
netic field of the Sun. Fig. 2A shows a sequence of loops (with the in-
scription" Streamer belt ") crossing the solar equator, and the neutral
line is indicated by the dashed curve connecting the tops of the loops.
Fig. 2b shows a cross-section of the streamer belt, at the base of which
an arched structure or "streamer helmet" is visible. The arched structure
is manifested by the loops shown in Fig. 2A.

The structure of the coronal streamer belt above the “helmet”
consists in a sequence of pairs of rays with increased brightness (den-
sity) or two closely located rows of rays (see Fig. 2a). The neutral line
passes between the rays of each pair along the belt (as shown by the
solid curve in Fig. 2a) (Eselevich and Eselevich, 2006).

The rays structures forming the belt, in fact, are magnetic tubes (in
general, magnetic wisps) with a plasma of increased density (or in-
creased gas-kinetic pressure) (Eselevich M. and V., 2005). Such tubes
are diamagnetic, i.e. a diamagnetic current flowing at their surface
decreases the magnetic field inside and increases outside the tube. The
total pressure (magnetic plus gas-kinetic), is approximately constant
inside and outside the tube. The tubes retain their angular size during
propagation from the Sun to the Earth, i.e. they are quasi-static
throughout this entire path (Eselevich and Eselevich, 2005).

The portion of intersection of the neutral line with the solar equator
(the horizontal straight line in Fig. 2A) is observed at the Earth's orbit as
a sector boundary of the interplanetary magnetic field (IMF) (Korzhov,
1977). In Fig. 2B, the sector boundary corresponds to a change in the
azimuth angle of the IMF by 180°, as marked with the inscription “The
IMF sector boundary”. In Fig. 2A and B, the correspondence of parts of
the sector boundary is shown by the large arrow with the inscription
“sec".

Streamer chains in the corona appear (in white light), like the
streamer belt, in the form of a sequence of bright (dense) beams. They
bring the slow SW with approximately the same properties as those in
the streamer belt. However, the streamer chains differ from the
streamer belt because in the corona, they separate the regions with the
open magnetic field lines having the equal polarity (Eselevich et al.,
2007). Therefore, the magnetic field structures at the basis of the chains
calculated in the potential approximation appear like double arches (in
general case, an even number of arches), whose tops are shown by the
dotted line in Fig. 2а).

Fig. 1. A scheme of propagation of a sporadic solar wind structure from the Sun
to the Earth in the ecliptic plane as seen from the Northern pole.
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In the Earth orbit, the streamer chains can be found in the form of
high-density plasma streams containing an even number of changes in
the IMF polarity. Those streams are referred to as subsectorial IMF
boundaries (shown by the “subsec” arrow in Fig. 2а., Ivanov et al.,
2002). Herewith, the beams of both the belt and the chains of streamers
representing quasi-stationary diamagnetic structures of the slow SW
can be revealed from the presence of a negative correlation between the
jumps in SW density N and IMF strength B.

In Fig. 2A they are shown by a sequence of pairs of loops (with the
inscription "Streamer chains or pseudostremers") crossing the solar
equator, and their tops - by two dotted curves.

At the Earth's orbit, a portion of intersection of the streamer chain
with the solar equator is observed as a region with an increased density
of plasma containing an even number of changes in the sign of IMF,
which is called a subsector boundary of IMF (Ivanov et al., 2002). In
Fig. 2B, the subsector boundary corresponds to a double change in the
IMF azimuth angle by 180° and back to - 180°, as marked with the
inscription “The IMF subsector boundary”. In Fig. 2A and B, the cor-
respondence of parts of the subsector boundary is shown by a large
arrow with the inscription “subsec".

In this case, the rays of the belt and streamer chains, which are
quasi-stationary diamagnetic structures of the “slow” SW, are de-
termined by the presence of a negative correlation between the jumps
in the solar wind density N and the IMF strength.

2. Diamagnetic structures related to sporadic solar wind streams

2.1. Analysis of observations on the Sun and of the sporadic SW streams in
the Earth orbit on June 28, 1999

We consider the features of the June 28, 1999 sporadic SW streams
between ∼03:30 UT and 05:12 UT (Fig. 3I). Its source on the Sun was a
halo CME (HСМЕ that originated on June 26, 1999 at ∼07:31 UT
(heliocoordinates N25E00).

This specific sporadic SW stream between about 03:30 UT and 04:48
UT on 1999 June 28 presented in Fig. 3I may be characterized as a
small interplanetary transient (SIT). Indeed, an SIT is a small-size ICME,
whose duration is usually significantly longer, lasting 0.5–1.5 days.
According to (Rouillard et al., 2011), SIT has following features in the
Earth orbit:

Fig. 2. A) A scheme for the magnetic field lines at the
basis of the streamer belt and of the streamer chains
separating the regions on the Sun surface with the
opposite and equal directions of the Sun global
magnetic field radial component, respectively. Single
dotted line is the neutral line of the magnetic field
radial component. The NL transits on the tops of the
magnetic field arcs at the belt basis. Double dotted
line is two neutral lines along the magnetic field dual
arcs at the basis of the streamer chains. B) A scheme
for distribution of the azimuth angle of inter-
planetary magnetic field (IMF) in the Earth orbit at
the Sun's rotation along the red line (ecliptic) on (A).
a) Spatial beam structure of the coronal streamer
belt. b) Cross-section (АА) of the streamer belt. In the
red beams of the upper row of the streamer belt, the
magnetic field is directed from the Sun (+), in the
green beams of the lower row, the magnetic field is
directed to the Sun (−). The neutral line is between
the beams (solid line).
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1) Decrease or increase in the polar (latitude) angle θ of the magnetic
field B during ∼1 ÷ 10 h (Fig. 3(I)f).

2) Fast decrease in the plasma parameter β=8πP/B2 (β is the ratio of
thermal to magnetic pressure) to β< <1 Fig. 3(I)g associated with
a sharp increase of B at the boundary and reduction in SW density
Np (Fig. 3(I)a,b).

A SIT usually propagates in the slow quasi-stationary solar wind,
whose velocity in the Earth orbit is Vsw ≤ 400–450 km/s. Herewith, the
SIT rear part often represents an NP density peak, whose profile anti-
correlates with the profile of the magnetic field B. Such a structure of
the SW density profile and of the IMF strength is diamagnetic.
According to (Rouillard et al., 2011), a source of the SIT diamagnetic
structure near the Sun is an eruption process of a streamer basis helmet
top (or the top of a streamer arch structures). While moving, this NР

peak may be intensified (and accelerated) due to its compression by the
chasing fast streams of the quasi-stationary solar wind (Rouillard et al.,
2011).

As one can see in Fig. 3I, the June 28, 1999 event meets the above
requirements at ∼03:30 UT - 04:48 UT (marked by vertical dotted lines
in Fig. 3I). But it has very important feature: this SIT propagates over
quasi-stationary fast SW, whose velocity is Vsw ≈ 600 km/s. The source
of the fast SW is a coronal hole (CH), whose center intersects the central
meridian on June 25, 1999. This conclusion follows from the calcula-
tion by Rudenko (http://bdm.iszf.irk.ru/) of the magnetic field in the
corona from the measurements of photospheric magnetic field. The
arrow in Fig. 3(II) indicates the calculated position of the CH open
magnetic tube basis. From Fig. 3(II)b it follows that the center of this
CH intersected the central meridian between 0 and 14 UT on June 25,
1999 at θ0≈ 25°. The estimate of the CH tube basis area in Fig. 3(II)b
yields the value of S≈ 5.5·1010 km2. This enables to estimate the
maximal velocity, VM, of the SW stream from this CH at 1 AU and de-
termine the time moment tM, when the SW stream from this CH arrives
the Earth by the following expressions (Eselevich et al., 1999):

VМ(S, θ0)= {(2.25●10−9 S +500) - 4[km/(s·deg)]·(|θ0-B0|)[deg]},
[km/s] (1)

tM (VМ)= t0 + 236.5R0 / VМ, [sec] (2)

where B0 is the Earth heliolatitude, S is in (km2), R0 is the solar radius.
The estimate provides: VM≈ 590 km/s, the tM varies within the

07–21 h range on June 28. The VM velocity value agrees with the ob-
served value of the fast SW from this CH over the first hours on June 28,
and the calculated value tM corresponds to the observation accuracy
within± 12 h (Eselevich et al., 1999).

At the same time, as seen in Fig. 3(I)d, after 5 h on early June 28,
1999, directly after the SIT, one observes an increase in the velocity of
fast SW from the addressed CH. That it is the quasi-stationary SW from
CH evidences a relatively small value of Np < 10 cm−3 and the char-
acteristic value of the magnetic field B≈ 4–5 nТ (within, at least,
06:30–18:00 UT on June 28, 1999 from theWIND data, but they are not
shown here) at the maximal velocity VМ≈ 900 km/s. The only differ-
ence is the stream duration that, at the semi-height VМ is near Δt≈ 12 h
(from the WIND data), whereas the typical value Δt for fast streams
with VМ≈ 600–900 km/s is within 3–5 days.

It is possible to elucidate such an increase in VМ, as long as one
admits that the June 25 area S of the CH magnetic tube basis was in-
creased within several hours by approximately a factor of 3 after in-
tersection of the central meridian. Herewith, according to Formula (1),
the velocity of the fast SW from this hole should grow up to ∼850 km/
s. Such an increase in S was quite possible, because in the previous day
between 24 and 25 June 1999, the CH area S had already changed
(increased by more, than a factor of 2 in Fig. 3 II).

In summary, the uniqueness of the addressed case is in that the
НСМЕ that originated at ≈07:31 UT on June 26, 1999 (heliocoordi-
nates N25E00) and was accompanied by the filament eruption, un-
derwent a forcing from the fast SW, whose velocity reached an ex-
tremely high value of almost 900 km/s.

The sequence of the process appears like the following. According to
[http://cdaw.gsfc.nasa.gov/CME_list/] at R≈ 20R0, the HСМЕ had the
velocity in the sky plane V┴=400 km/s, and underwent a deceleration
with the rate of a=−9.8m/s2. This implies that its velocity in the
radial direction did not exceed VR≈ 1.8V┴ ≈720 km/s according to
(Schwenn et al., 2005). That velocity was also continuously decreasing
due to the СМЕ deceleration during the expansion toward the Earth.

However, as long as, the area of the CH magnetic tube basis in-
creased for several hours by approximately a factor of 3, upon inter-
section the central meridian on June 25, 1999, then the velocity of the

Fig. 3. (I) Variations of the solar wind
parameters on 28 June 1999 according to
the WIND satellite data: a) plasma density,
b) IMF strength, c) velocity along the Sun-
Earth line, d) proton temperature. (II) The
results of Rudenko's calculations (http://
bdm.iszf.irk.ru/.) in the potential approx-
imation of the positions of the bases of open
magnetic tubes corresponding to coronal
holes (CH). The image (a) is given at 14:28
UT 24 June 1999, (b) - at 14:28 UT 25 June
1999. Symbols “plus” and “mines” indicate
the direction of the magnetic field outward
and toward the Sun, respectively.
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fast SW from the hole could increase up to ≈900 km/s. As a result, the
СМЕ with the diamagnetic structure (filament), having comparatively
low velocity, was overtaken and dragged by the fast SW, and then it was
detected in the Earth orbit like a SIT moving with V≈ 900 km/s.

2.2. Magnetospheric response to the June 28, 1999 diamagnetic structure

The magnetospheric response to a diamagnetic structure can be
detected by variations in the planetary and local (obtained from a
limited magnetometer network) indices of magnetic activity. Fig. 4
shows the variations in the indices, in the SW parameters, and in the
IMF. There is also a fragment of the magnetogram from the observatory
located at near-midnight hours of local time, when the DS hits the
magnetosphere.

As seen in Fig. 4, the interaction results in a sharp global increase in
the magnetic activity. The main feature is the evolution of phenomena
proper for an auroral substorm in the near-midnight sector. We draw
attention to this, because, prior to the disturbance onset, the IMF ver-
tical component had great positive values within 5 h (Fig. 4c), while, for
the negative Bz, the substorm growth phase lasts ∼1 h. In the present
event, Bz had the southern direction for only 10min (Fig. 4) before the
DS arrival. The AE index, characterizing the magnetic activity in the
auroral region, reached 1200 nТ and then persisted at ∼800 nТ during

the interaction of DS with the magnetosphere.
Fig. 5 presents the dynamics features for the energetic particle

precipitations and the auroras observed by the Polar satellite with the
LBHL (Lyman-Birge-Hopfield long 155–188 nm) and LBHS (Lyman-
Birge-Hopfield short 140.0–150.0 nm) filters. The satellite was in the
noon region of the magnetosphere at geocentric distance ∼4 Re at
04–06 UT June 27, 1999.

An abrupt increase of the electron flux in the 102–103 eV energy
range and of the proton flux in the 103–104 eV energy range started at
0512 UT (Fig. 5a). This time moment coincided with a sharp increases
of H-component at the observatories of the noon meridian (the SYM-H
index reached ∼100 nТ in Fig. 4), and with the start of intense geo-
magnetic pulsations recorded in the Pc1 frequency range (Tsegmed,
2002). The pulsations are originated from precipitations of energetic
proton (the arrow in Fig. 5а).

Electron precipitations cause activation of auroras. On the sequen-
tial frames in Fig. 5b, one can see that after the initial brightening at
5:00:07 UT at the latitudes of the daytime polar cusp (∼72°÷76°) at
0511:46 UT, a strong brightening occur near the noon meridian, and
the glow forefronts move onto the dawn and dusk sides. One can see
clearly a displacement of the glow eastern edge in Fig. 5b (Frame
0516:04 UT), where the glow front reached the premidnight sector
(∼02h), and, in Fig. 5с, one can see a joining of the glow boundaries at
the midnight meridian (Frame 0518:12 UT). At 0523:43 UT, it is ap-
parent that the glow encompasses the entire auroral oval that is one of
the main substorm signatures.

From the ground-based observations by zenith photometers at the
midnight meridian (GILLIАM Observatory), an abrupt (by a factor of
10) increase in the 486 nm glow intensity starts at 67° latitude at
∼0514:30 UT, i.e. ∼3min after the sharp increase in the glow
brightness on the dayside (Fig. 5d). Like shown by (Zhou and Tsurutani,
1999), the propagation velocity of the shockaurora forefront toward
dawn and dusk is determined by the shock velocity along the magne-
topause and it is 6–11 km/s. In the present case, the glow onset on the
nightside is observed ∼3min after the glow increase on the dayside.
Probably, such a small lag may be associated with a high propagation
velocity (∼900 km/s) of the diamagnetic structure in the solar wind.

Another confirmation of the generation of the substorm disturbance
caused by the interaction with DS is the variations in the geomagnetic
field detected by GOES-8 in geosynchronous orbit. The sequence of the
response phenomena in the quasi-trapped region in the nightside
magnetosphere is the following. First, a sharp increase of H-component
was caused by an increase in the Chapman-Ferraro currents at the
magnetopause and by the magnetosphere compression (Line 1). Then,
GOES-8, located in the quasi-trapped outer magnetospheric region near
the midnight meridian, detected variations in the Bz and Bx compo-
nents of the geomagnetic field (rectangles II, III in Fig. 6a and b). The
variations are characteristic of the geomagnetic field dipolization. This
is one of the main signatures of a substorm (Sergeev et al., 2012; Lui,
2001).

All the above allows us to believe that the power source for the
substorm-like phenomenon in the magnetosphere is a DS in the fast SW
stream. We obtained a similar conclusion in the analysis of substorms
on August 1, 1998 (Parkhomov et al., 2011). The intervals in solar
wind, where the density variations anti-correlated with the IMF
strength, were established to be a cause of synchronous response in the
geophysical phenomena observed on the Earth, in the orbit of Polar
satellite, in the geosynchronous orbit, and in the plasma sheet. A jump
in the SW pressure under weakly negative IMF Bz, whose amplitude
increases at the jump, may be not only the substorm trigger, but it can
also further determine the release of the energy arriving from the solar
wind.

Zhou et al. (2013) considered a similar model for the SW pressure
jump forcing. According to the model, the jump of the SW density and
of the IMF strength may be identified as a DS. The structure propagates
with a high speed solar wind along the magnetotail and compresses the

Fig. 4. Magnetospheric response to the June 28, 1999 diamagnetic structure
(from top to bottom): a) variations in the AE index, b) variations in the SYM-H
index, c) variation in the IMF Bz component, d) variation in the SW density, e)
variation in the IMF strength, f) fragment of the FCHU Observatory magneto-
gram (Фgm = 69°, 7) at the local midnight (MLT = UT - 6,4), g) local AE index
from the IMAGE magnetometer network located on the dawn side (MLT = UT
+1.2). The diamagnetic structure is denoted by the rectangle, and the arrow
marks the onset of the DS coupling with the magnetosphere.
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Fig. 5. Variations in the electron and proton fluxes near the noon meridian from observed by the Polar satellite, b) sequence of the LBHL-filtered images of glows
from the Polar satellite, c) the same interval of observations, but by using the LBHS filter, d) the data from the ground-based zenith photometer near the midnight
meridian MLT∼23:00 (CILLIAM). The arrow in Fig. 5а denotes the instant of a sharp increase in the particle flux and the onset of the increase in aurora brightness at
the noon meridian.
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tail magnetosphere. This results in the energy transport to the plasma
sheet and in the evolution of the processes similar to those occurring
during a classical substorm. After the tail thinning down to 80% (Zhou
X., 2013), earthward plasma flows and dipolization fronts appear si-
milarly to those in Fig. 6b. These phenomena lead to the processes in
the auroral region, which are similar to an auroral substorm.

A peculiarity of the present event and its difference from a shock-
aurora is a weak increase of the glow at ∼73–78° latitudes observed at
0500:07 UT in the near-noon sector within 11–13 MLT, which starts at
the same time when Bz changes its direction from northward to
southward. But the sharp increase of glow occurs later, at 0511:46 UT,
at the moment of the jump in the SW density and the Bz turning
northward (Fig. 4). Therefore, in the present case, one cannot deny the
role of magnetic reconnection in the energy transport from the solar
wind into the magnetosphere. A short-time existence of the southward
IMF component may be likened to a valve opening the DS energy
transport into the magnetosphere. But we should again emphasize that
the southward orientation of IMF lasts only ∼10min, while classical
studies of substorms indicate that the substorm onset should be pre-
ceded by the southward IMF orientation for ∼1 h, which determines
the substorm growth phase duration. One may assume that, in the
present case, the growth phase of substorm-like disturbance (SLD)
started at the moment of the IMF turning southward and lasted for
10min (Fig. 4).

2.3. Inference to the DS related to sporadic SW

The diamagnetic structure in the sporadic solar wind generated a
powerful substorm-like disturbance in the magnetosphere upon the
long-lasting (∼5 h) northward IMF. The maximal intensity of dis-
turbance (AE=1262 nТ) is comparable with the value of a classical
substorm. One may attribute the observed disturbance to a saw-tooth
substorm because of the following features: the dipolization pattern of
geomagnetic variations in the outer quasi-trapped region, the dynamics
of the auroral absorption, the dynamics of the ionospheric current
systems, and the drift of the source of the irregular geomagnetic

pulsations to the midnight meridian. We provided the arguments in
favor of the assumption that the disturbance involves the elements in-
herent in substorms in Figs. 4–6. The analysis shows that the onset of
SLD is related to the DS interaction with the magnetosphere and it is
accompanied with the following phenomena:

1) an abrupt enhancement in energetic particle precipitations at the
noon and midnight meridians;

2) emergence of a homogeneous glow arc in the UVI range on the day
side at latitudes of the cusp with its subsequent sharp brightening;

3) west- and eastward motion of the glow forefronts from the noon
meridian and the subsequent joining of the glow edges in the auroral
oval.

The magnetospheric disturbance caused by the diamagnetic struc-
ture lasted ∼60min.

3. Diamagnetic structures in the quasi-stationary slow SW

3.1. Analysis of observations on the Sun and parameters of the streamer belt
segment in the Earth orbit on July 15–16, 1998

We consider a case of diamagnetic structure related to a segment of
the streamer belt observed at the Earth orbit. To identify this segment,
we use the follow reliably stated and experimentally tested provisions
(Eselevich et al., 2007):

1) The source of segment on the Sun surface should be located in vi-
cinity of the point, where the streamer belt crosses the ecliptic. On
the synoptic chart in Fig. 7, the streamer belt corresponds to the
neutral line (NL) separating the positive (solid curves) and negative
(dotted line) polarities of the magnetic field. One can see that, at
time moment t0= 10 July 1998, the vicinity of intersection between
NL and the ecliptic passes the central meridian. This region is the
source of the slow SW, whose arriving time to the Earth orbit (tEarth)
can be calculated.

2) The arriving time tEarth for the streamer belt segment is determined
by the formula (Eselevich et al., 2007)

tEarth≈ t0 +4.6 х 104/V(km/s), (hours) (3)

According to (Eselevich M. V., 2005) in the Earth orbit, the velocity
of the slow SW flowing in the streamer belt can be estimated of
V≈ 350 km/s with uncertainty of several tens of km/s. The propaga-
tion time in the calculation of tEarth (in according to Eq (3)) is usually
assumed to be 5.5 days, which correspond to the tEarth∼ 12 UT on 15
July 1998 (dotted arrow in Fig. 8с).

3) In the Earth orbit, the streamer belt segment that is usually re-
ferred to as the heliospheric plasma sheet (HPS) should feature a higher
density with N> (10 ± 2) cm−3, a low SW velocity V≈ 300–450 km/
s, and the presence of the IMF sector boundary inside HPS. This implies
that the change in the sign of azimuth angle Ф defining the IMF di-
rection (toward or outward the Sun) should occur an odd number of
times.

As seen in Fig. 8е, the SW velocity at 1 AU is≈ 320 km/s at the time
moment derived from Eq (3). This implies that the more exact arrival
time (by Formula (1)) for the segment of streamer belt at 1 АU
is≈ 0000 UT on 16 July (solid arrow in Fig. 8с). The segment features
the maximal density N≈ 47 сm−3 and the IMF sign changes from po-
sitive to negative value in Fig. 8с. This corresponds to the sequence of
the solar global magnetic field sign change, when the NL crosses this
streamer belt segment at the central meridian on July 10 (≈00:00 UT)
in Fig. 3. I.е., it is, indeed, the source of the HPS site. It should be noted
that the maximal value of the SW density at this HPS site is unusually
great and reaches almost 47 сm−3 (Fig. 8d). This might be related to a

Fig. 6. Variations in Bz and Bx geomagnetic field components measured by
GOES-8. a) The satellite orbital position during the coupling with the DS; b) I
denotes the onset of the glow increase at the noon meridian, II, III denote the
instants of the onset of the Bz, Bx anti-phase motion in the magnetic field at
geosynchronous orbit (dipolization intervals).
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strong dependence of N from the angle λ of HPS inclination to the solar
equator.

In fact, according to (Eselevich М. and V., 2005), there is a notion of
horizontal and oblique HPS sites. Near the Sun, the angle λ corresponds

to the NL inclination to the solar equator, when this site crosses the
central meridian. The HPS site subtending<10° with the ecliptic plane
is referred to as horizontal, and, as long as the λ > 10°, this site is
regarded as oblique. The HPS horizontal site experiences minimal dis-
tortions, when the slow SW composing this site expands from the Sun
because it does not collide with the fast SW emanating from coronal
holes. On the other hand, the HPS oblique site often undergoes an ad-
ditional compression (of the plasma density and the magnetic field) due
to the collision with the fast SW. Herewith, the more the λ, the stronger
the additional compression (Eselevich and Fainshtein, 1991).

In the present case, the NL inclination angle is maximal and is
λ≈ 90° (Fig. 7). As a result of a strong additional compression by the
fast SW, the maximal density of 47 сm−3 is recorded at the HPS site.
(From the IMP-8 and Geotail data, the density N may be even more,
around ≈70 cm−3). In Fig. 8d, the maximal-compression site with
diamagnetic properties (marked DS) is also referred to as the corotating
interaction region (CIR).

3.2. Terrestrial response to the July 15–16, 1998 diamagnetic structure

According to the estimates above, the midpoint of the corotating
structure should reach the Earth orbit on July 16, 1998 approximately
at 0000 UT. Herewith, the HPS has a finite temporal size of about 10 h
(Fig. 8d). Therefore, the observations by Geotail and IMP-8 located ∼4
Re upstream of the magnetopause recorded the start of the SW density
growth from 45 to 70 cm-3 a little earlier, at 2100 UT (Fig. 9). The
terrestrial disturbance caused by this structure may be defined as a
small magnetic storm with a sudden commencement at 2114 UT. The
storm growth phase (DCF) continued until 0000 UT on July 16, 1998
and then there was a drop in the H-component (with the minimum
Dst=−46 nT at ∼0500 UT) (Fig. 8g). The auroral magnetic activity
increased abruptly at 0000 UT on July 16: AE reaches ∼800 nТ at 0340
UT and ∼1600 nТ at 1700 UT (Fig. 8f).

A sudden commencement in the form of the jump in H-component
at the bulk of the Intermagnet observatories manifested itself in the
growth of SYM-Н index from 11 to 21 nТ at 2115 UT (Fig. 9). At the
magnetic observatories in the auroral region, a burst of geomagnetic
pulsations Psc 2–5 was recorded in the noon sector (Fig. 9). Such a burst
is a conventional indicator for a sudden impulse or a storm sudden
commencement.

An important feature of the variations in the SW density and in the
IMF strength from observations by the Wind satellite far from the Earth
and by the Geotail and IMP-8 satellites near the magnetosphere is the

Fig. 7. Synoptic chart of Carrington Rotation 1938 for the Sun magnetic field. The chart was calculated in potential approximation (http://wso.stanford.edu/>):
solid curves are the positive polarity, the dotted line being the negative polarity. NL is the neutral line of the Sun global magnetic field.

Fig. 8. Parameters of the Interplanetary magnetic field (a–c) and of the solar
wind plasma (d, e) for the streamer belt segment in the Earth orbit or the he-
liospheric plasma sheet (the horizontal arrow shows the HPS). The rectangles
denote the HPS and the CIR-related diamagnetic structure. The magnetospheric
response is presented by the AE and SYM-H indices (f, g).
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anti-correlation in their variations: the cross correlation coefficient of
−0.75 is found within the interval from 2140 to 2359 UT on July 15,
1998. This enables to identify the variations in the SW parameters and
in the IMF as a diamagnetic structure (the inner rectangle in Fig. 8 and
the rectangle in Fig. 10).

Another feature of the 1900–2200 UT interval is a positive value of
the IMF Bz component (0.60 ± 0.91 nТ), Fig. 10с. This fact may be an
argument in favor of the assumption that the source of the magneto-
spheric disturbances manifesting themselves in the AE index growth as
many as 240 nТ on July 15, 1998 and its modulation is an HPS dia-
magnetic structure.

Let us consider the features of the magnetospheric response at the
noon meridian in the geosynchronous orbit and on the ground. As seen
in Fig. 11b–d, a sharp increase in the SW density generates the storm
sudden commencement recorded by the CANOPUS network of mag-
netometers located on the sunlit hemisphere. At the Fort Smith (FSMI)
Observatory (Fig. 11b), located during the interaction near the noon
meridian, as well as at other CANOPUS network observatories (Fig. 9),
a train of geomagnetic pulsations Psc2-3 is recorded that is an indicator
of a sudden commencement. After that, one observes the H-component
growth with a superposition of long-period (10–15min) oscillations.
The Geotail detected similar periods in variations of the IMF strength
and of the SW density.

GOES-9 was located near the noon meridian at this time and de-
tected a sharp increase of geomagnetic field Bz component (Fig. 11с)
and a sharp drop in the electron flux with Е<2MeV (Fig. 11d). On

both curves, one can see superimposed oscillations with a period, close
to the oscillation period of the IMF modulus and of the SW density in
the diamagnetic structure.

Let us consider the features of the magnetospheric disturbance
evolution at the midnight meridian in the auroral oval (Fig. 12а). On
the magnetogram from the Tromso Observatory (Ф = 69°.66,
MLT = UT+1.2) of the IMAGE meridional network, one can see the
variations proper for an auroral substorm: there are three sequential
sharp drops in the H-component. The sequence of bay-like recurrent
disturbances 1–3 in Fig. 11а resembles saw teeth.

Troshichev and Janzhura (2012) studied such sequences of sub-
storms and referred to the latter as sawtooth substorms. Based on
analysis of the relation of recurrent bay-like magnetic disturbances in
the auroral region to the dynamics of the auroras and fluxes of the
particles in the geosynchronous orbit, the authors showed their differ-
ence from classical magnetospheric substorms: the absence of the aur-
oral breakup. Another distinctive feature of such kind of substorms is
the absence of the growth phase related to the energy accumulation at
the magnetotail upon magnetic reconnection of the IMF and magne-
tospheric magnetic field lines. The latter is distinct characteristic of
classical substorms, which is related to presence of a long-lasting
southward IMF. We remind that, in the present case, magnetospheric
disturbances were preceded by a long-lasting northward orientation of
Bz.

We analyzed the causes of sawtooth substorms occurred in 62 cases
cited in Tab. 7.10 from (Troshichev and Janzhura, 2012). All of these
cases were shown to be a result of forcing on the magnetosphere from
diamagnetic structures related either to the sporadic SW, or to the
quasi-stationary slow SW. Тhus, the results of data analysis presented
for the July 15, 1998 event in Figs. 8, 10 and 11 are in good agreement
with the conclusions by (Troshichev and Janzhura, 2012) about the
existence of sawtooth substorms. Troshichev and Janzhura (2012)
based their analysis on a great number of events. But, in addition to

Fig. 9. Dynamic spectra of geomagnetic pulsations at the high-latitude ob-
servatories on dayside. The spectra show the Psc geomagnetic pulsations as an
indicator of the sudden commencement at 21:15 UT. At the same time, a sharp
jump of the H-component was recorded at the world network of magnetic ob-
servatories.

Fig. 10. Global response of the magnetosphere to the coupling with the dia-
magnetic structure inside HPS. a) variation in the AE index, b) variation in the
SYM-H index, c) variation in the IMF Bz component, d) variation in the SW
density, e) variation in the IMF modulus. The arrow marks the sudden com-
mencement, the rectangle marks the time of the DS observation.
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their conclusions, our analysis enables to determine the sources of
sawtooth substorms. Those are the SW diamagnetic structures.

In addition to this conclusion, we note that the increase in the
magnetospheric activity is also associated with a fast Bz turning
southward against the increased SW pressure. I.e., probably, both these
factors produce conditions for an abrupt enhancement of the energy
transport into the magnetosphere. Thereby, the analysis of the ob-
servations on the Sun, in the solar wind, upstream of and inside the
magnetosphere shows that an SW diamagnetic structure may be an
energy source of a powerful magnetospheric disturbance: a magnetic
storm and sawtooth substorms.

Another feature of the DS interaction with the magnetosphere is a
global modulation of the geomagnetic field and particle fluxes in the
geosynchronous orbit with a period close to the variation in the SW
density and in the IMF strength in the diamagnetic structure. First of all,
this modulation manifests itself in variations of the global geomagnetic
activity planetary indices (AE, РС, and SYM-H) with the same period
(Fig. 12а). The cross correlation coefficients between the index varia-
tions are equal to, respectively: R (AE, SYM-H)= 0.41, R (AE,
PC)= 0.58, R (PC, SYM-H)= 0.43.

Another confirmation of the magnetosphere global modulation is
yielded in Fig. 12b and c within the 2140–2305 UT interval. In this
interval, one observes a train of long-period variations/oscillations of
the equivalent ionospheric currents proportional to the mean inductive

geomagnetic field over the observatories in all the latitude ranges from
the northern polar cap to the southern one. The period of variations in
the equivalent currents is close to the variations in the planetary indices
of the geomagnetic activity and of the interplanetary electric field, and
also correlates with the variation in the SW density (pressure) and in
the IMF strength.

We provide another demonstration of generating a sawtooth sub-
storm as a result of the DS interaction with the magnetosphere. Fig. 13
shows maps of vectors of the equivalent ionospheric currents for the
moment of sudden commencement and for the moment of sawtooth
substorm maximal evolution. The technique for calculation of the maps
is described by (Parkhomov et al., 2015).

At the 2114 UT sudden commencement, the Sq current system is
intensified on the sunlit hemisphere (Fig. 13а). At the midnight mer-
idian (IMAGE network), at the auroral oval latitudes, there is an in-
crease in the eastern current. This increase is determined by a growth in
the vector length and by the prevailing eastern orientation of the vec-
tors. At 2306 UT, one observes the maximal drop in the H-component at
the Tromso Observatory (Fig. 11а). On the vector map, at auroral la-
titudes and near the midnight meridian, one can see (from the pattern
of the vector distribution) an increase in the current and the prevailing
western orientation of the vectors (Fig. 13b).

3.3. Inference to the DS related to the quasi-stationary slow SW

The diamagnetic structure related to the quasi-stationary slow SW
generated a complex disturbance in the magnetosphere. The dis-
turbance was modulated by the variations in the SW density and in the
IMF strength with a ∼10–15min period, and includes:

1. A jump of and variations in the geomagnetic field and in the electron
flux (Е<2MeV) observed in the geostationary orbit in the noon
sector.

2. A sudden commencement of the magnetic storm and synchronous
oscillations of the magnetic field with a ∼14-min period on the
sunlit hemisphere.

3. A sawtooth substorm on the midnight side of the magnetosphere.
4. A global modulation of the magnetic activity and of the equivalent

ionospheric currents.
5. The duration of the magnetospheric disturbance was determined by

the time of structure interaction with the magnetosphere.

4. Conclusions

1. The interaction of the diamagnetic structures, having their sources
on the Sun and transported to the Earth by the solar wind, with the
magnetosphere generates substorm-like (sawtooth) magnetic dis-
turbances in the nightside magnetosphere. The latter differ from
classical substorms because of the absence of the growth phase and
of the breakup.

2. The diamagnetic structures related to the quasi-stationary slow SW
cause a global modulation of the magnetic activity and of the io-
nospheric currents with a period, close to the period of the varia-
tions in the SW plasma density and in the IMF strength inside the
diamagnetic structure.
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