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Abstract. We propose a possible classification of the 
responses of the magnetosphere to the interaction with 
diamagnetic structures (DS), which form the basis of the 
slow solar wind. The main determinants of the classifica-
tion are the value and orientation of the vertical component 
Bz of the interplanetary magnetic field (IMF) and the solar 
wind density N. We have identified three types of magne-
tospheric responses. Type 1 has two subtypes whose main 
difference is the presence or absence of auroras on the day 
side of the magnetosphere. Within an hour before DS arri-
val, Bz has a positive value (up to 12 nT) or fluctuates 
about 0 in the range from –1 to +1 nT. For both subtypes, 
the duration of substorm disturbances approximately coin-
cides with the duration of DS, and their intensity does not 

exceed AE ~500 nT. Type 2 is characterized by the fact 
that before the contact with DS positive IMF Bz (0–10 nT) 
is recorded for an hour, and at the interface of DS a rapid 
(≤2 min) change in the orientation of the IMF vertical 
component from north to south occurs. For type 3, Bz with-
in an hour before the contact with DS is negative (from –10 
to 0 nT). 

We address the problem of DS energy transfer to the 
magnetosphere.  

 

Keywords: slow solar wind, diamagnetic structure, 
classification of magnetospheric responses, substorm 
disturbance. 

 

 

INTRODUCTION 

Despite years of research, the main question of mag-

netospheric physics about factors that control energy 

transfer into the magnetosphere and substorm intensity 

is still open. A source of energy of magnetospheric sub-

storms is the solar wind (SW) and the interplanetary 

magnetic field (IMF), and the main parameter determin-

ing accumulation of the energy, released during sub-

storms, in the magnetotail is the IMF Bz component. 

Such SW parameters as the plasma velocity and density 

are not regarded as independent energy sources of sub-

storm disturbances, but are included in different com-

bined indices [Vorobjev et al., 2018b].  

Another point of view, based on the statistical analy-

sis performed in [Janzhura et al., 2007], suggests that 

isolated substorm disturbances with sudden com-

mencements are preceded by an increase in the PCN 

index, which reacts to the SW electric field 

El = VSW(Bz
2
+By

2
)1/2sin

2
(θ/2). Here VSW is the SW ve-

locity, θ is the angle between the IMF tangential com-

ponent and the geomagnetic dipole. This means that 

VSW, By, and Bz variations are chiefly responsible for the 

sudden magnetic storms occurring under quiet geomag-

netic conditions.  

The analysis carried out in [Eselevich, Eselevich, 

2005] has revealed that the higher brightness rays of 

streamer belts (heliospheric plasma sheet or HPS) and 

streamer chains that continue from the Sun to Earth's 

orbit are diamagnetic tubes or diamagnetic structures 

(DS) [Parkhomov et al., 2018], which form the basis of 

slow SW. In Earth’s orbit, they are recorded as a se-

quence of DS of different scales and are determined 

from anticorrelation (hereinafter by anticorrelation is 

meant a negative correlation coefficient) between IMF 

modulus variations and SW density jumps. Karlson et 

al. [2015] observed similar structures in SW and in the 

transition layer of the magnetosphere and called them 

diamagnetic plasmoids. However, the term «diamagnetic 

structure» describes a much broader type of slow SW 

structures, and we will therefore use it in our follow-up 

studies. 

The first attempts to study collisions of DS of slow 

SW (at 1 AU Vmax≈250÷450 km/s) with Earth’s magne-

tosphere have shown that the collisions can cause an 

increase in planetary geomagnetic activity, and individ-

ual DS can lead to short-term enhancements of auroral 

magnetic activity, which roughly coincide with the du-

ration of the DS impact in properties similar to sawtooth 

substorms, but have shorter durations and lower intensi-
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ties [Parkhomov et al., 2011; Parkhomov et al., 2018]. 

It is important to note that the concept of sawtooth 

substorms, which represent strong magnetic disturb-

ances whose intensity periodically sharply increases and 

decreases, has been introduced in [Huang et al., 2003, 

Clauer et al., 2006]. Such substorms are associated with 

fast SW streams (Vmax≈450–800 km/s) from coronal 

holes and with southward IMF for at least one hour be-

fore the interaction with the magnetosphere. The south-

ward Bz component may oscillate or be stable. The most 

powerful sawtooth substorms accompanying global 

magnetic storms were observed when the IMF south-

ward component was consistently high before the be-

ginning of the interaction with the magnetosphere. At 

the same time in our papers [Parkhomov et al., 2018; 

Parkhomov, 2019], we have shown that substorms like 

sawtooth substorms but with lower intensity occurred 

when slow SW affected the magnetosphere at both neg-

ative and positive Bz for at least one hour before the 

beginning of the interaction.  

The magnetospheric response is a complex of elec-

trodynamic phenomena in the magnetosphere-

ionosphere system, which comprises magnetic storms, 

magnetospheric substorms, and geomagnetic pulsations 

in a wide frequency range. The main characteristic of 

these phenomena are indices reflecting conditions of 

different magnetospheric regions. The most informa-

tive indices are those that measure the state of magne-

tosphere-ionosphere current systems. The SYMH index 

defines the state of the ring current from low-latitude 

observatories’ data; AE, AL, AU measure the iono-

spheric dynamics in ionospheric currents in the auroral 

zone, and the PCN index indicates the current strength 

of the polar cap. 

The purpose of this paper is to classify magneto-

spheric responses to the interaction with DS in slow 

SW. Features of these responses are better described in 

[Eselevich, 2019], and some their types are presented in 

[Parkhomov et al., 2018; Parkhomov et al., 2019].  

Considering types of the responses, we refer to 

[McPherron et al., 2008], where it is emphasized that 

long-term studies on magnetospheric responses to jumps 

of SW and IMF parameters have identified responses of 

different types: substorms, pseudobeakups, Poleward 

Boundary Intensification (PBI) of auroral emission, 

Steady Magnetospheric Convection (SMC), intervals of 

prolonged high-intensity AE activity, magnetic storms, 

and storm activations. Type of each response depends on 

the combination of parameters of outside forces and in-

ternal state of the magnetosphere. 

We, therefore, use the term “substorm-like disturb-

ance” since the term “substorm” introduced by Akasofu 

[Akasofu, 1964] clearly defines the sequence of physi-

cal processes in the nightside magnetosphere, including 

energy accumulation in the magnetotail, its explosive 

release, and recovery to the undisturbed level. These 

processes last for 1–3 hrs. The magnetospheric respons-

es of interest have many substorm characteristics, but 

differ in dynamics and duration, which determines the 

use of the term.  

DATA AND METHODS  

To address the posed problem, we have used SW 

and IMF observations [https://cdaweb.sci.gsfc.nasa. 

gov/cdaweb/istp_public/], OMNI Combined, Definitive, 

1-minute IMF and Plasma Data Time-Shifted to the 

Nose of the Earth's Bow Shock, plus Magnetic Indices. 

We have analyzed data for 1996–2016. We have select-

ed 210 areas of slow SW with V~250÷450 km/s.  

We chose the areas of slow SW that were free of in-

terplanetary shocks (V~250÷450 km/s) with IMF modu-

lus and SW density variations such that the anticorrela-

tion coefficient varied between r(N, B) ~ –0.6÷–0.9. 

Then, areas with high r were systematized by the nature 

of the IMF vertical component variation at hour inter-

vals preceding the beginning of DS. To exclude the ef-

fect of seasonal variation in the vertical component 

(Russell—McPherron effect) [O'Brien, McPherron, 

2002], the component was considered in the solar-

magnetospheric coordinate system BzGSM. 

Of 360 isolated substorms [http://pgia.ru/content/ 

site/pages/PGI-DATA/List-substo rms_rus.pdf], we 

have selected the events that meet our criteria. Analyz-

ing this list, we have found that ~11 % of substorms 

were linked to fast (V> 450 km/s) SW streams, and 24 

% of substorms associated with slow SW had DS.  

We have identified responses of several types ac-

cording to the sign and value of IMF Bz in SW for at 

least one hour before the arrival of DS in Earth’s orbit. 

The first type: Bz for an hour before the arrival of DS 

has a large positive value (to 12 nT) or fluctuates be-

tween –1÷1 nT. The second type: for an hour prior to 

DS, IMF with large positive Bz (0÷12 nT) is recorded; 

and on the boundary of DS, IMF rapidly (for about two 

minutes) changes its orientation from northward to 

southward. The third type: Bz for one hour before the 

interaction with DS is negative (–10÷0 nT).  

 

Features of type 1 magnetospheric response to 

the interaction with DS. Observational results  

Type 1 responses are characterized by the fact that 

the interaction with DS occurs against the long prior 

existence of predominantly northward Bz, and the onset 

of a substorm-like disturbance is not linked to the 

change in the Bz direction. To illustrate the basic laws of 

the interaction of this type, we analyze an isolated mag-

netic bay, which occurred on December 31, 2007, from 

the PGI-DATA/List-substorms [Vorobjev et al., 2018] 

(Figure 1). 

This interval refers to the structure of the slow solar 

wind, and its source on the Sun is a streamer chain. The 

procedure for identifying the solar source is described in 

[Parkhomov et al., 2019] and is shown below for another 

event. From top to bottom are IMF modulus B, SW plasma 

density NSW, IMF Bz, VSW, pressure P, SW electric field El, 

distance to the bow shock wave Re at 1 AU, indices of au-

roral magnetic and geomagnetic activities AE, AL, SYMH, 

and PCN, derived from OMNI data [http://cdaweb.gsfc. 

nasa.gov/cgi-bin/eval2.cgi]. The rectangle marks DS; in-

side is the correlation coefficient between B and N (r = –

0.94). The thin rectangle indicates the interval correspond-

ing to the maximum development of the substorm. 

http://pgia.ru/content/%20site/pages/PGI-DATA/List-substo%20rms_rus.pdf
http://pgia.ru/content/%20site/pages/PGI-DATA/List-substo%20rms_rus.pdf
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Figure 1. A magnetospheric response to the interaction 

with the diamagnetic structure of the slow solar wind on De-

cember 31, 2007. The red rectangle is the interval of the inter-

action; the thin rectangle marks the interval corresponding to 

the maximum development of the disturbance 
 

Consider the details of the interaction that occurs at 

a low level of magnetic activity (Kp = 1+); SYMH varies 

between – 3.5 ± ± 3.5 nT for two hours before the onset 

of the event. The average value of PCN determined 

from the SW electric field [Troshichev et al., 2006] re-

mains low, 0.38 ± 0.01mV/km, which does not corre-

spond to the level of onset of the substorm. The IMF 

vertical component Bz fluctuates around zero with a 

mean value of Bz GSM = –0.031 ± 0.04 nT. Thus, for the 

previous two hours conditions in SW do not correspond 

to the mode of pumping of energy into the magneto-

sphere. Nonetheless, at 16:40 UT a weak isolated sub-

storm with maximum AE = 190 nT (AL = –179 nT) be-

gins. The onset and duration of the substorm concur 

with the interaction between DS and the magnetosphere, 

and the substorm reaches its maximum intensity at max-

imum deviations of B and N from their mean values 

before the disturbance (marked with a thin rectangle).  

Figure 2 shows a sequence of images of the south 

polar auroral oval. We can clearly see the evolution of 

the substorm in auroras: the initial brightening at 

16:40:44, the local breakup at 16:51:47, the maximum 

at 17:20:15, and the end at 18:32:22 UT. The picture of 

the evolution in auroras coincides with AE and AL var-

iations and leads to the confident conclusion that DS has 

become an energy source of the isolated substorm con-

sidered. This statement is also argued by the absence of 

the growth phase linked to the long-lived southward Bz, 

the prolonged absence of dynamic pressure P jumps in 

SW, interplanetary electric field El, and hence by low 

PCN. The duration of the substorm coincides with the 

duration of DS. 

Estimate the energy DS contributes to the magneto-

sphere and compare it with the possible energy release 

during the substorm for the interval indicated by the thin 

rectangle. 

 
Estimated Ekin for the December 31, 2007 event 

for DS between 17:00 and 17:30 UT 
 

Take mean SW parameters for the interval Δt ≈30 
min = 1800 s roughly equal to the duration of DS and 
indicated by the thin rectangle in Figure 1: N ≈ 14 cm

–3
; 

VSW ≈ ≈355 km/s; the DS diameter d ≈ ΔtVSW ≈ 1800 
·355≈6.4·10

5
 km; the DS cross-section area S≈π d

2
/4≈ 

3.3·10
11

 km 
2
; the length of DS affecting the magneto-

sphere L ≈30 Re ≈1.9·10
5
 km; the DS volume υ≈LS ≈ 

6.3·10
31

 cm
3
; VSW

2
 ≈1.3·10

15
 (km/s) 

2
; Ekin = NυmpVSW

2
 ≈ 

9.4·10
23

 erg = 9.4·10
13

 J. 

Compare them with the substorm energy release esti-

mated by Akasofu [Akasofu, 1980]. According to his 

calculations, at the beginning of a substorm ε/t≈10
18

 erg/s 

is released, while during a typical substorm 10
18

 erg/s << 

<< ε /t <10 
19

 erg/s is released. 

If the typical substorm duration is ~60 min, the total 

energy may be 5·10
21

 erg<ε< <5·10
22

 erg.  

For different substorms other estimated energy re-

leases for 90-min(E(90)) substorm duration are availa-

ble on the website [http://space-weather.ru/ru/node/32] 

of IKI RAS “Short-Term Forecast of Space Weather”: 

for quiet conditions E(90)<10
14

J; for weak substorms 

E(90)=10
14

–10
15

J; for strong substorms E(90) = 10
15

–

5·10
15

 J; for very strong substorms during a storm 

E(90)>5·10
15

J. 

If we consider that our calculation is made for a 30-

min disturbance, we can see good agreement with the 

estimates presented on this website. 

Thus, observation of the magnetospheric response to 

the slow SW DS effect as a weak isolated substorm and 

estimation of the DS kinetic energy show that the inter-

action between DS of this type and the magnetosphere 

may initiate a substorm-like disturbance (isolated sub-

storm), during which such an amount of energy is re-

leased that is comparable to the energy of a weak sub-

storm, accumulated in the magnetotail due to reconnec-

tion. Here, we do not discuss the mechanism of energy 

transfer into the magnetosphere. 

Other examples of type 1 responses  
Consider some more isolated substorms and substorm-

like disturbances such that their onsets were preceded by 
the long-lived northward IMF component. Next, view crit-
ically the substorm-like events that have been studied in 
[Tagirov et al., 1998; Parkhomov et al., 2005; Keika et al., 
2009]. Sources of these events were assumed to be dynam-
ic pressure jumps in SW, which were caused by sharp 
jumps in the SW density. We examine these events as 
magnetospheric responses to the DS-magnetosphere inter-
action. The events are illustrated in Figure 3, a –c. 

http://space-weather.ru/ru/node/32
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Figure 2. Sequence of images of the polar ionosphere of the Southern Hemisphere taken by the Polar satellite with the aid of 

the PO_ LEVEL1_UVI device having the LBHL filter in the December 31, 2007 event 

 

 

Figure 3. Examples of magnetospheric responses to the interaction with DS at preceding northward Bz on June 26, 1998, De-

cember 09, 1996, June 21, 2007. From top to bottom: modulus of IMF B, SW plasma density N, IMF Bz component (Bz GSM), VSW 

at 1 AU, AE, SYMH, and PCN. Rectangles mark DS; inside is the correlation coefficient. According to OMNI data 

[http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi] 

 
Details of the substorms are given in [Parkhomov et 

al., 2005] (a), [Tagirov et al., 1998] (b), [Keika et al., 
2009] (c). Let us consider each event in more detail.  

 

The June 26, 1998 diamagnetic structure 

That day at 10:10 UT, the Interball satellite near the 
magnetopause in SW recorded an abrupt increase in N 
by 21 cm

–3
, a decrease in B by 8 nT, and recovery to the 

initial level at the time interval of ~20 min. The correla-
tion coefficient r(N, B) = –0.83. Such an event can 
therefore be interpreted as DS. It is noteworthy that 
VavSW = 484 ± 10.5 km/s) and IMF components do not 
experience appreciable variations (Bav= 11.77 ± 1.35 
nT), and the vertical component Bz over the interval of 
interest is positive, 3.9 ±2.67 nT ( Figure 3, a). Positions 
of satellites on June 26, 1998 are given in Table 1. 

 

Table 1 

Satellite UT Coordinates 
xGSM, Re yGSM, Re zGSM, Re 

Interball-1 10:10 15.3280  –10.9960  –10.1860 

WIND 10:10 60.5  64.34  –12 

GOES 8 10:10 –1.34424  –6.21302  1.81636 

GOES 9 10:10 –5.81737  –1.35223  2.83467 

Polar 10:10 3.51  1.86 6.81 

This event is distinctive in that there were shock-type 
auroras in the dayside magnetosphere after the contact with 
DS [Spann et al., 1998; Zhou, Tsurutani, 1999] (Figure 4), 
whereas at the night side there was a short-term enhance-
ment of the westward electrojet [Parhomov et al., 2005], 
which started after dipolization of the geomagnetic field at 
the midnight side (Bx and Bz in antiphase) (Figure 5, c), 
recorded by the geostationary satellite GOES-9, which was 
at the midnight side along the axis of the plasma sheet.  

Intensification of auroras in the polar cap at a 70°–

75° latitude started in the 09–12 MLT sector at 10:19:57 

(Figure 4). Until 10:30 UT, auroral activity is observed 

in the polar cap, and then it gradually increases in the 

21–0 MLT sector until ~10:45 UT at latitudes of the 

auroral oval. This moment coincides with the beginning 

of dipolization in the plasma sheet and with the occur-

rence of a negative bay according to CPS observatory 

data (vertical line in Figure 5, c). The Polar satellite 

crossed the north cusp at a distance of ~7 Re and ~ 14 

MLT and, judging from the spectrum (Figure 5, b), de-

tected a hot plasma in the magnetic layer, which ap-

peared due to the passage of DS. Duration of the hot 

plasma recording (10:21–10:35 UT) roughly corre-

sponds to the duration of DS, which might confirm the 

relationship between these phenomena. Coordinates of 

the satellites are listed in Table 1.  

http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi
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Figure 4. Sequence of auroras during the DS-magnetosphere interaction on June 26, 1998. Images are from the Polar satellite 

with the LBHL filter 

 

 

Figure 5. Two stages of the DS-magnetosphere interaction: a — stage 1. Oscillations with nonstationary spectrum at the net-

work of dayside observatories, which are generated by particle precipitation from the radiation belt during sharp compression in 

the noon-side magnetosphere (Lovozero, Λ = 35°.08, Ф= 67°.97; Borok, Λ = 38° 33 Ф = 58°.03; Mondy, Λ = 104°.45 Ф = 

52°.17; Cape Schmidt, CPS, Λ = 68°.92 Ф=180°.52); b — energy distribution of ions and electrons detected by the Polar satel-

lite. Recording time coincides with the DS passage; a— stage 2. Variation in the H component derived from the pre-midnight 

observatory data and Bx and By variations detected by the satellite GOES-9 near the midnight sector along the plasma sheet axis 

 

The material presented shows that DS and the mag-

netosphere at positive Bz interact in two stages. At the 

first one, due to the sharp compression of the magneto-

sphere (the bow shock shifts by 1.5 Re, as derived from 

OMNI data) particles precipitate from the transition 

region into the ionosphere of the polar cap at dayside 

cusp latitudes (Figure 4, the 10:19:57 UT image), which 

leads to an abrupt increase in auroras. Particle precipita-

tion from the transition layer are also recorded in the 

magnetosphere in the Polar orbit at a distance of ~7Re in 

the dayside sector of ~14 MLT (Figure 5, b). 

Particle precipitation from the radiation belt leads to 

an increase in thermal plasma anisotropy and to genera-

tion of electromagnetic ion cyclotron (EMIC) waves 

with nonstationary spectrum (Figure 5, a) [Yakhnin et 

al., 2019]. 

The second stage starts after dipolization of the ge-

omagnetic field at the midnight side. As the disturbance 

develops, plasma moves from noon to midnight (the drift 

velocity is 6–11 km/s [Zhou, Tsurutani, 1999]) and 

reaches auroral latitudes in the 18–00 hr sector, where the 

ionospheric current is amplified, which causes the nega-

nT 
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tive bay observed at the pre-midnight observatory. After 

the DS passage, magnetospheric activity returns to the 

undisturbed level. 

 

The December 09, 1996 diamagnetic structure  

A short substorm differing from that considered in 

the absence of dayside auroras, and also without growth 

phase occurred on December 09, 1996 at 21:35–22:30 

UT (AEmax=240 nT, ALmax=–200 nT). The mean Bz 

component from 19:00 to 21:30 UT was 1.59 ± 1.24 nT, 

i.e. Bz was predominantly northward for 1.5 hr. Tagirov 

et al. [1998] have shown the substorm began at 21:40 

UT against positive, slightly varying IMF Bz.  

The substorm commenced with a sudden brightening 

of the quiet auroral arc at a latitude of ~72° in the dusk-

midnight sector (Figure 6, a) and with two bursts of 

Pi2–Pi1B geomagnetic pulsations (Figure 6, b). Se-

quence of the auroras is shown in Figure 6, c. We can 

see the oscillatory nature of the AE rise to a maximum 

of 249 nT (Figure 3, b). The main difference from the 

June 26, 1998 event lies in the fact that there were no 

auroras detected at the noon side because Polar was at the 

nightside of northern midlatitudes x~(–3÷–4)Re, ~ 21 LT. 

Tagirov et al. [1998] believe that a substorm is trig-

gered by a sharp jump of the dynamic pressure, and the 

substorm duration is determined from the duration of 

auroras.Polar UVI images (Figure 2 [Tagirov et al., 

1998]) show the brightness of auroras and the size of the 

convexity continued to increase until 22:09 UT. The 

convexity almost disappeared by 22:18 UT. Referring to 

Figure 3, b, the moment of the dynamic pressure jump 

coincides with the beginning of the DS-magnetosphere 

interaction. 

Thus, duration of the substorm from 21:40 to 22:18 

UT coincides with our definition of DS duration. Figure 

3, b indicates that a sharp increase in AE starts with a 

slight delay after the interaction of DS (rectangle) with 

the magnetopause. Note that AE does not return to the 

pre-disturbance level since another, more intense sub-

storm begins. 

  

The June 21, 2007 diamagnetic structure  

Keika et al. [2009], using a large amount of satellite 
and ground-based observations, have examined the June 
21, 2007 substorm whose explosive phase began less 
than two minutes after the interaction between the mag-
netopause and the SW dynamic pressure jump. Figure 3, 
c shows that it is not simply a pressure jump, but the 
onset of DS such that the anticorrelation between N and 
B r = –0.74. 

Just as in the December 09, 1996 substorm, the ac-

tive phase begins without preliminary energy accumula-

tion in the magnetotail. Figure 4 in [Keika et al., 2009] 

presents keograms of auroras from the Polar satellite in 

the Southern Hemisphere, which demonstrate the onset 

of the substorm in auroras without growth phase. 

In addition to data from [Keika et al., 2009], for the 

June 21, 2007 event in Figure 7 we present images of 

the south polar ionosphere similar to those shown in 

Figure 4 of the cited paper. At 12:43 UT, we can see the 

initial brightening of the quiet arc, and at 12:46:45–

12:47:22 UT a sharp increase occurred in the glow of 

auroras (breakup) at magnetic latitudes 60°–70° and in 

the range 21–03 MLT. The onset of the aurora brighten-

ing coincided with the DS-magnetopause interaction 

and with the sharp increase in AE at 12:46 UT (Figure 3, 

c). Also noteworthy is the aurora brightness modulation 

associated with N and B variations. Variations of the 

SW and IMF parameters are also reflected in AE and 

SYMH variations in Figure 3, c.  

Thus, a source of the June 21, 2007 substorm is DS. 

By hypothesis [Keika et al., 2009], development of this 

substorm is linked to the emergence and propagation of 

a compression wave into the magnetotail, which, as we 

have found out, is driven by the DS-magnetopause in-

teraction. According to [Keika et al., 2009], propagation 

of the compression wave did not cause compression of 

flanks of the magnetosphere. Therefore, the authors 

believe that this substorm might have been triggered by 

the electric field induced by the compression wave, 

which was directed to the dawnside magnetosphere, i.e. 

opposite to the convective electric field (aka dawn—

dusk field). 

Such an alternative mechanism has been discussed 

in [Araki, 1994]. Note that the main causes for the con-

vection reduction in the plasma sheet and for the subse-

quent development of the substorm are usually consid-

ered to be either a change in the Bz direction from 

southward to northward or a decrease in By [Lyons et 

al., 2003, 2005]. For this event [Keika et al., 2009], it 

has been shown that there were no such changes in the 

IMF vector components before the substorm. According 

to the time analysis carried out by the authors, the com-

pression wave reached the magnetotail after the onset of 

the substorm. Let us make an additional comment on the 

sudden pulse that is regarded as a trigger of the sub-

storm [Keika et al., 2009]. Note first that in the catalog 

[http: //www.obsebre.es/en/rapid] there were no sudden 

storm commencements SSC and SI recorded that day. 

Our analysis of data from the International Real-Time 

Magnetic Observatory Network INTERMAGNET also 

suggests that at the time of interest it is not SI that is 

recorded but a global positive disturbance caused by 

magnetosphere compression and lasting for ~50 min. 

Note the behavior of PCN in the three events con-

sidered. According to [Troshichev, Sormakov, 2019], 

the onset of a magnetospheric substorm is always pre-

ceded by an increase in the index. The sudden substorm 

commencement is generally linked to a marked increase 

in PCN occurring 0–10 min before the commencement. 

More than 75 % of substorms begin at PCN=1÷2 mV/m. 

Nonetheless, in our cases an increase in PCN 20 min 

before the onset of the substorm disturbance from ~1 to 

~2 mV/km was observed only in the June 26, 1998 

event. PCN varied at a level of ~0.5 mV/km on Decem-

ber 09, 1996, and it sharply decreased from 4 mV/km to 

0 on June 21, 2007. Another common pattern of the 

substorm disturbances considered is a sharp increase in 

the SYM-H- index by 10–50 nT, coinciding in the rise 

time and duration with those of DS, which is character-

istic of the interaction of the magnetosphere with inter-

planetary shocks and MHD discontinuities in SW plasma. 

http://www.obsebre.es/en/rapid
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Figure 6. Sequence of auroras during the DS-magnetosphere interaction on December 09, 1996. Images of auroras taken by 

the Polar satellite with the PO_KO_ UVI instrument (a); sonograms of geomagnetic pulsations from the Lovozero observatory 

(b); images from the Polar satellite with the LBHL filter (c) 

 

 

Figure 7. Sequence of the June 21, 2007 substorm in auroras. The aurora images were taken by the Polar satellite with the 

PO_KO_UVI instrument 

 

We can draw the following general conclusions 

from the analysis of the DS-magnetosphere interaction 

at the preceding long-lived northward IMF vertical 

component and in the cases when during the interac-

tion the component does not change its direction into 

southward. 

1. When DS interacts with the magnetosphere, 

substorm disturbances of two types are generated. The 

probable reason for the difference may be the differ-

ence between the density jump and the rate of its in-

crease. At a high and sharp density jump, a disturbance 

begins with midday-side shock auroras generated by 

precipitation of particles from the transition region and 

their subsequent drift to the night side, by dipolization 

of the magnetic field in the nightside magnetosphere, 

and by onset of a substorm. Typical examples are ob-

served on June 26, 1998 (10:11 UT), August 01, 1998 

(16:19 UT), June 15, 2000 (01:02 UT), etc.  

2. In the cases when the interaction with DS does 

not excite shock auroras at the midday side, a substorm 

begins with generation of a compression wave, its 

propagation into the magnetotail, and with triggering 

of a substorm due to the fact that the IMF jump causes 

the dawn—dusk electric field and the energy input to 

the magnetosphere to increase. 

3.  The duration of such isolated substorms ap-

proximately coincides with the duration of DS, and the 

intensity does not exceed AE ~500 nT. 
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Features of type 2 magnetospheric response to 

the interaction with DS. Observational results 

Let us assign the responses during which for a long 

time (more than 1 hr) the IMF northward vertical com-

ponent was recorded and the moment when Bz changed 

its direction into southward to –3 ÷ –10 nT coincided 

with the beginning of DS, to type 2. After sharply devi-

ating to the south, Bz smoothly (to ~3 hr) returns to the 

positive direction during the substorm (Figure 8, a). The 

date of this event, February 27, 1998, is taken from 

[Janzhura et al., 2007]. Such events are also shown in 

Figure 9, a–c. 

The duration of the substorm disturbance coincides 

with the duration of DS. The dynamics of type 2 respons-

es is similar to the dynamics of the classical substorm in 

the presence of the growth phase, which begins when DS 

interacts with the magnetosphere and when Bz changes 

direction.  

Before turning to the analysis of the magnetospheric 

response of this type to DS at 1 AU, we use the re-

sponse as an example to show how to identify the solar 

source of DS. 

Figure 8, b illustrates hourly-resolved changes in 

SW parameters from February 24, 1998 to March 02, 

1998, the period includes the time interval of the DS of 

interest (marked with vertical lines). The fact that this 

area is connected with the streamer belt is evidenced by 

the presence of a change in the azimuthal magnetic field 

by ~180°, from ~90° to ~270°, in its vicinity, i.e. the 

IMF sector boundary. 

To identify its source on the Sun, we proceed from the 

following established and experimentally verified assump-

tion [Eselevich et al., 2007]: a source on the solar surface 

should be located in the vicinity of the intersection point of 

the streamer belt and the ecliptic. On the synoptic map, to 

the streamer belt corresponds the neutral line (NL) (thick 

solid line NL in Figure 8, c) of the global magnetic field, 

which separates positive (solid curves) and negative 

(dashed line) field polarities in Figure 8, c. We can see that 

at t0 (February 23, 1998, ~01:00 UT) the vicinity of the 

intersection point of NL and the ecliptic (marked with a 

circle) crosses the central meridian (vertical line). This part 

of NL is a source of slow SW such that the time of its arri-

val in Earth’s orbit tEarth can be calculated from the formula 

[Eselevich et al., 2007] 

tEarth ≈ t0 + 4.6·104/V, hr    (1) 

where V is the velocity of the region of slow SW at 1 

AU considered (km/s). 

Referring to Figure 8, b, in Earth’s orbit the velocity 

of slow SW in DS V ~ 320 km/s. Therefore, the transit 

time according to Formula (1) is ~6 days, which corre-

sponds to tEarth ~ 4 hrs on February 29, 1998. It up to 1.5 

days or 25 % of the transit time corresponds to the posi-

tion of the IMF sector boundary in Figure 8, b. This 

accuracy is acceptable in view of the small inclination 

of NL, calculated in the potential approximation in Fig-

ure 8, c, to the equator, the more so since in the period 

from at least February 26, 1998 (00:00 UT) to February 

29, 1998 (10:00 UT) there are no other sector bounda-

ries. Figure 8, c shows that the DS with the IMF sector 

boundary is part of the heliospheric plasma sheet (HPS), 

which is notable for the high density with N> 10±2 cm
−3

 

and relatively low V ~ 320−450 km/s. 

Having identified the solar source of DS, we consid-

er its magnetospheric response. Figure 8, a indicates 

that, unlike type 1 magnetospheric responses, after pre-

ceding prolonged (1.5 hr) northward Bz on the DS 

boundary at 06:25 the IMF vertical component turns 

southward. This moment coincides with the beginning 

of DS, which is found from the anticorrelation between 

B and N (r = –0.85), taken from ACE satellite observa-

tions. The time of DS onset is recalculated taking into 

account the movement of the structure from the satellite.  

From the AE variation we can define the magneto-

spheric response as a substorm from its dynamics close 

to the classical substorm. Figure 8, a shows the presence 

of the growth phase lasting for ~1 hr. Fluctuations with 

a period ~5–15 min are superimposed on AE and AL 

variations. Such fluctuations are defined as long-period 

pulsations Pi3 (Ps6) associated with substorms [Nishida, 

1980]. The presence of fluctuations with long periods 

(30–120 min) is also characteristic of sawtooth sub-

storms [Troshichev et al., 2011].  

The data presented in Figure 8 shows that the HPS 

DS energy originating from the streamer belt, when 

colliding with Earth’s magnetosphere, causes a magne-

tospheric response in the form of an isolated substorm. 

The substorm duration coincides with the DS duration. 

Simply put, the energy of the substorm considered de-

pends not only on the energy accumulated in the magne-

totail due to reconnection of IMF lines and the geomag-

netic field, but also on the input of SW DS kinetic ener-

gy to the magnetosphere during the growth phase.  
The features of the type 2 magnetospheric response are 

confirmed in Figure 9. Here, as in the example in Figure 8, 
the substorm growth phase begins after Bz turns to the 
south and after DS starts to interact with the magneto-
sphere. Another feature is that onsets of the substorms con-
cur with a decrease in SYMH, i.e. with the amplification of 
the ring current, which distinguishes this type of response 
from the type 1 response such that SYMH sharply increases 
due to  current amplification, induced by magnetosphere 
compression, at the magnetopause. On the contrary, a 
sharp decrease in SYMH reflects the amplification of the 
ring current and the onset of a magnetic storm. The highest 
negative SYMH = –60 nT was observed for the response to 
DS on December 14, 2015, when the SW density in the 
structure varied from 20 to 60 cm

–3
. That day, AE reached 

~2000 nT at constant VSW ~ 400 km/s (Figure 9, c). Prior to 
the substorms, PCN did not exceed 0.5 mV/m and in-
creased to 4 mV/m synchronously with an increase in AE. 
This periodicity of the PCN variation is not consistent with 
the results received in [Troshichev et al., 2011], where it 
has been shown that in 75 % of cases the substorm explo-
sive phase begins at PCN = 1÷2 mV/m, regardless of the 
growth phase duration and the substorm type. 

 

Conclusions from the analysis of the type 2 response 
to the DS-magnetosphere interaction 

The main feature of the type 2 magnetospheric re-
sponse is that the moment of the DS-magnetosphere inter-
action concurs with the moment of the change in the IMF 
vertical component polarity sign. The second feature lies in 
the presence of the growth phase from the time of the  
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Figure 8. Type 2 magnetospheric response (a) to the interaction with DS of slow SW on February 27, 1998. The thick rec-

tangle marks the entire DS; and the thin rectangle, part of DS that coincides with the duration of the growth phase of an isolated 

substorm. From top to bottom: IMF modulus B, SW plasma density N, IMF Bz (Bz GSM), VSW at 1 AU,  AE, SYMH, and PCN indi-

ces. DS are indicated by rectangles with the correlation coefficient inside. The growth phase is the preliminary phase. A region of 

the streamer belt (b) in Earth’s orbit or the heliospheric plasma sheet HPS (marked with a rectangle). From top to bottom: IMF 

modulus, latitude angle Θ, IMF azimuth angle Ф, SW plasma temperature, SW plasma density, SW velocity. Derived from OM-

NI data [http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi]; synoptic map (c) of 1933 Carrington rotation for the solar magnetic field, 

calculated in a potential approximation [http://wso.stanford.edu/]: solid curves indicate positive polarity, the dotted line shows 

negative polarity, NL is the neutral line of the global solar magnetic field; the circle marks the vicinity of the point of intersection 

of NL with the ecliptic  
 

 

c 

http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi
http://wso.stanford.edu/
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Figure 9. Examples of the type 2 magnetospheric response for February 28, 2006, August 02, 2012, December 04, 2015. 

From top to bottom: IMF modulus B, SW plasma density  N, IMF Bz component (BzGSM), SW velocity at 1 AU (Vsw), AE, SYMH, 

and PCN indices. DS are indicated by rectangles with the correlation coefficient inside. The growth phase is the preliminary 

phase. According to OMNI data [http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi] 

 
polarity reversal to the onset of the substorm disturbance. 
The type 2 magnetospheric response to the interaction with 
DS is the closest to the concept of substorm. It is important 
to emphasize that in the cases considered the substorm 
energy is provided by two sources — the kinetic energy 
transported by DS and the energy stored in the magnetotail 
due to the classical mechanism of reconnection of the ge-
omagnetic and interplanetary fields. 
 

Features of type 3 magnetospheric response to 

the interaction with DS. Observational results 

The main feature of type 3 responses is a large nega-

tive value (–10÷0 nT) of Bz for one hour before the in-

teraction with DS. 

Referring to Figure 10, a–c, the arrival of DS in 

Earth against preceding large negative Bz causes a sharp 

increase in magnetic activity throughout the magneto-

sphere. The ring current is amplified in the auroral zone 

and in the polar cap, which manifests itself as a sharp 

increase in SYMH, AE, and PCN coinciding with the mo-

ment of the DS-magnetosphere interaction. The duration of 

the substorm disturbances is the same as that of DS. 

The most striking case is the December 23, 2002 

event during which the increase in auroral activity 

was as large as 1200 nT (Figure 10, c). In this case, 

spatial and temporal scales of DS in SW and DS in 

the transition layer proved to be close, which means 

penetration of the DS into the transition layer through 

near-Earth bow shock [Karlson et al., 2015]. The 

sharp increase in the indices coinciding with the DS 

duration is observed for the April 21,1997 and April 

05, 2006 events in Figure 10, a– c, as well as for the 

December 20, 2011 and November 27, 2010 events, 

which we omit here, but have examined. All the type 

3 responses exhibit the oscillatory nature of AE varia-

tions with periods of 20 to 60 min. This allows us to 

classify substorm disturbances as sawtooth. In all the 

cases considered, the DS-magnetosphere interaction 

occurs against intense preceding magnetic disturb-

ance of the magnetosphere, therefore we cannot iden-

tify the growth phase of the disturbance and should 

reckon its beginning from the previous high level of 

activity. Also noteworthy is high PCN (> 2.5 mV/km) 

in all the events under study. 

Conclusions drawn from the analysis of type 3 re-
sponse to the DS-magnetosphere interaction 

The main feature of the type 3 response to the DS-
magnetosphere interaction is a sharp increase in the 
magnetospheric disturbance level and amplification of 
current systems, measured by SYMH, AE, and PCN. 
Another feature is the presence of long-period (8–25 min) 
SYMH and AE fluctuations, which allows us to assign 
responses of this type to sawtooth substorms. The dura-
tion of the magnetospheric response is equal to the dura-
tion of the DS kinetic energy input to the magnetosphere. 

 

DISCUSSION  

The observations we have made suggest that the sub-
storm energy is determined not only by the traditional 
mechanism of reconnection of geomagnetic and inter-
planetary field lines, but also by the input of the SW 
kinetic energy transferred by diamagnetic structures. 
The transfer mechanism depends on the direction of the 
IMF vertical component. In the case of northward com-
ponent that precedes the interaction with DS and does 
not change direction after the interaction, there are two 
types of substorm disturbances. In the first one, the 
magnetosphere compresses and the solar wind plasma 
flows to the dayside cusp. As a result, in the dayside 
magnetosphere there are shock auroras, precipitation of 
particles from radiation belts, and excitation of Hertz 
range geomagnetic pulsations with nonstationary dynamic 

http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi
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Figure 10. Three examples of the type 3 response to the DS-magnetosphere interaction on April 21, 1997, April 05, 2006, 

and December 23, 2002. From top to bottom: time dependence of the IMF modulus (B), SW plasma density (N), IMF Bz (Bz GSM), 

VSW at 1 AU, AE, SYMH, and PCN. DS are indicated by rectangles with the correlation coefficient inside. According to OMNI 

data [http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi] 

 

spectrum. As the plasma drifts to the night side and due 

to dipolization of magnetic field lines, plasma sheet 

particles precipitate from the magnetotail, and westward 

electrojet currents increase sharply. Auroras spread 

across the auroral oval. 

Substorm disturbance of the second type at positive 

Bz are associated with the generation of a compression 

wave, its propagation to the magnetotail, and substorm 

triggering. It is possible that under such conditions two 

mechanisms of energy pumping into the magnetosphere 

may be effective: fast that is linked to pressure, and 

slow associated with electromagnetic induction due to 

the impact of a positive electric field induced in the in-

terplanetary (IP) medium. 

This idea is consistent with the conclusions drawn in 

[Parkhomov et al., 2011] that the magnetosphere com-

pression increases the energy of plasma sheet particles 

and amplifies global current systems. The IMF jump 

causes the dawn—dusk electric field and the energy 

input into the magnetosphere to increase. The magneto-

sphere compression leads to an increase in the pitch-

angle diffusion of plasma sheet electrons and in aurora 

activity. 

Type 2 substorm disturbances are similar to the clas-

sical substorm in morphological characteristics and evo-

lution dynamics. In this case, simultaneously with the 

DS-magnetosphere interaction, the IMF vertical compo-

nent, which for more than 1 hr before the interaction 

was northward, becomes southward. Energy accumula-

tion in the magnetotail comes from two sources of mag-

netic energy — transfer of the magnetic energy of re-

connection and the part of SW kinetic energy that enters 

the magnetosphere. In this regard, refer to [Lundin et 

al., 2003; Dmitriev, Suvorova, 2015], which show the 

possibility of pulsed SW plasma flow through the day-

side magnetopause via jets. According to [Dmitriev, 

Suvorova, 2015], the mean plasma stream in penetrating 

jets is ~3·10
8
 cm

–2
s

–1
, which is 1.5 times greater than the 

SW stream.  

An example of observation of the type 2 magneto-

spheric response during which there was a large-scale 

jet [Dmitriev, Suvorova, 2015] penetrating from the 

magnetosheath into the magnetosphere, when it inter-

acts with DS, is given in Figure 11, a–c. The DS-

magnetosphere interaction begins at 15:20 UT. That 

time there are SW density, IMF modulus, and vertical 

component jumps (Bz varies from –4 to +2 nT). From 

16:30 to 19:30 UT, DS (r = –0.75) is observed. At 16:53 

UT, Bz jumps sharply to the south, which coincides with 

the beginning of the recording of the jet. THEMIS-C on 

June 3, 2007 at 16:53–17:20 UT observed in the transi-

tion layer the energy flux density that appeared to be 

higher than that of incoming SW, which was detected 

by the interplanetary monitor ACE, such that their ratio 

Rtot>1. In Figure 11, a–c, this interval is denoted by 1. 

At the same time, THEMIS-A detected penetration of 

transition layer plasma with energies of about hundreds 

of electron volts into the magnetosphere. At 17:11–

17:16 UT, THEMIS-A watched the very jet that sub-

stantially disturbed the stationary geomagnetic field. 

Thus, on June 3, 2007 at 16:53–17:20 UT a large-scale 

jet was generated, whose interaction with the magneto-

pause led to penetration of transition layer plasma into 

the dayside magnetosphere. We can assume that pene-

tration of the jet into the magnetosphere simultaneously 

with the turn of Bz to the south triggered the substorm.  

http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi
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Figure 11. Type 2 magnetospheric response to the interaction with DS in the course of which THEMIS satellites on June 3, 
2007 at 16:32–17:20 UT recorded plasma penetration from the transition layer into the magnetosphere. Numeral 2 denotes the 
entire jet; and numeral 1, its most intense part. From top to bottom (a): IMF modulus B, SW plasma density N, IMF Bz (Bz GSM), 
VSW at 1 AU, AE, SYMH, PCN. DS is denoted by a rectangle with the correlation coefficient inside. According to OMNI data 
[http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi]. A fragment of Figure 11, a corresponding to the interval of jet observation (b). 
From top to bottom (c): ratio of the total energy flux density Rtot in the transition layer and in SW as derived from THEMIS-C 
and ACE data respectively; spectrogram of ions according to THEMIS-C data; magnetic field intensity derived from THEMIS-C 
(red curve) and THEMIS-A (blue curve) data 

 

Type 3 magnetospheric responses occur when DS 

propagates against large values of the southward verti-

cal component. In this case, intense substorms (AE ~ 

2000 nT) occur which are accompanied by ~20–60 min 

current fluctuations, which is typical of sawtooth sub-

storms [Troshichev et al., 2011] at a constant slow SW 

velocity. 
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