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Abstract. The paper examines the relationship between the PC index, characterizing the solar wind energy input
into the magnetosphere, and the AL index, characterizing the magnetic substorm intensity for the expansion
phase of isolated substorms recorded in 1998-2017. Magnetic disturbances in the course of the expansion
phase are produced by the DP11 current system with a powerful westward electrojet disposed in the midnight
auroral zone. It is generally accepted that this electrojet is generated by the “substorm current wedge” system
of field-aligned currents (SCW FAC) providing closure of the magnetotail plasma sheet currents through the
auroral ionosphere. As this takes place, magnetic disturbances in the course of the substorm growth phase are
produced by the DP12 current system with westward and eastward electrojets located, correspondingly, in
the morning and evening sectors of the auroral zone, with the electrojets generated by the R1/R2 FAC system
operating in the inner (closed) magnetosphere. The intensity of R1 currents is determined by the “coupling
function” £, which represents the optimal combination of all geoeffective solar wind parameters affecting
the magnetosphere. The DP2 magnetic disturbances generated by the R1 FAC system in polar caps forms
the basis for estimating the PC index, which strongly follows the E,, field changes and correlates well with
the development of magnetic substorms. Analyses performed in AARI revealed the principally distinctive
character of the relationships between the PC index and AL index in the course of the substorm growth (DP12
disturbances) and explosive (DP11 disturbances) phases. The DP12 disturbances, generated by FAC systems in
the closed magnetosphere, are developed in strong relation to the PC index. The DP11 disturbances, generated
by the SCW FAC system, related to the magnetotail plasma sheet, show quite irregular character of relationship
between the PC and AL values: the sudden jumps of the substorm intensity (4Lpeaks) might occur, time and
again, at any value of the PC index and with quite different delay times relative to sudden substorm onset. It
means that the processes in the tail plasma sheet, leading to the formation of a “substorm current wedge” are
determined by the state of the magnetotail plasma sheet itself. The solar wind influence (evaluated by the PC
index) affects but does not control the processes in the magnetotail, unlike those in the inner magnetosphere. It
should be noted in this connection that the intensity of magnetic DP12 and DP11 disturbances, observed in the
course of the substorm growth and explosive phases, is estimated by a single AL index, in spite of the different
origin of these disturbances (R1/R2 and SCW FAC systems). It is necessary to employ two separate indices
characterizing DP12 and DP11 disturbances in order to allow for the effects of the solar wind on the processes
in the inner magnetosphere and in the magnetotail.
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Introduction

Specific magnetic disturbances occurring in high latitudes in the course of intense
aurora were first identified by Birkeland [1] as a “polar elementary storm”. Later a close
relationship of the “polar storms” to magnetic storms (magnetic disturbances extending
over the whole planet) was revealed [2] and the term “substorm” was introduced to denote
magnetic disturbances observed in the auroral zone [3, 4]. The magnetic substorm features
are usually depicted through “equivalent current systems”, i.e. systems of conventional
electric currents flowing in the polar ionosphere, whose spatial distribution and intensity
ensure the really observed allocation of magnetic disturbances (the horizontal H/D, or
X/Y components) at the ground surface. According to [3], an equivalent current system
of a powerful magnetic substorm (DP1) consists of intense westward currents (westward
electrojet) in the morning and night sectors of the auroral zone and closing currents in
the polar cap and in the subauroral latitudes (Fig. 1a). In the case of a moderate substorm
an eastward electrojet was observed in the evening auroral zone. As the following study [5]
showed, the DP1 current system represents a superposition of two separate systems: DP12
system typical of the growth and recovery substorm phases, with westward and eastward
electrojets in the morning and evening sectors (Fig. 15), and DP11 system typical of the
expansion (explosive) substorm phase, with an intense westward electrojet in the night
sector (Fig. 1c¢). The intensity of the westward and eastward electrojets (4L and AU
indices) is estimated by the value of negative and positive magnetic disturbances recorded
in the auroral zone.

Weaker magnetic disturbances, independent of magnetic substorms, were revealed
in the polar caps. The main one is the DP2 disturbance [6—8], represented by two-vortices
current system with focuses in the morning and evening sectors on the pole-ward edge of
the auroral zone and sunward-directed currents in the near-pole region. The DP2 current
system is available continuously, irrespective of the time and season, with the current
intensity increasing under conditions of the southward interplanetary magnetic field (IMF)
[6, 7, 9, 10] and high solar wind velocity [10, 11].

The physical mechanisms responsible for the substorms and polar cap magnetic
disturbances came to light when transverse magnetic deviations in the magnetosphere
were revealed in the course of spacecraft experiments [12—17]. It became evident that
the ground magnetic disturbances are related to various systems of the magnetospheric
field-aligned currents (FAC). The main FAC system is the Region 1 (R1) system, with
the currents flowing into the ionosphere on the dawn side and out of the ionosphere on
the dusk side of the poleward edge of the auroral zone. The R1 FAC system operates
constantly, irrespective of the season and IMF polarity, with the current intensity increasing
under conditions of the southward IMF.
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Fig. 1. Equivalent current systems of magnetic disturbances: (¢) magnetic substorm DP1 [3],
(b) polar cap DP2 disturbance [9], the substorm growth and expansion phase disturbances DP12 (c)
and DP11(d) [5]

Puc. 1. DxBHUBaNEHTHBIE TOKOBBIE CUCTEMBI BHICOKOIIMPOTHBIX MATrHUTHBIX BO3MYIIECHHUI: () Mar-
HutHas cyooyps DP1 [3], () DP2 marautHOE BO3MyIIEHHE B MOJSAPHOH MIanke [9], BO3MyIIeHNS Ha
(aze pocra DP12 (¢) u na B3pbBHO# (aze DP11 (d) cy60ypu [5]

Model calculations of ionospheric electric fields and currents generated by
the field-aligned currents were performed [18, 19] using experimental data on field- aligned
currents and ionospheric conductivity in the polar cap. The results of the model calculations
demonstrated full agreement with “equivalent current systems” obtained in [9, 10] based
on the data of the ground magnetic observations, indicating that “equivalent systems”
represent the real ionospheric current systems generated by field-aligned currents in
the well-conducting polar ionosphere. Conclusion was made [20] that the field-aligned
currents are responsible for the generation of magnetic activity in the polar cap and auroral
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Fig. 2. Pattern of (a) field-aligned currents derived from spacecraft data [14] and (b) the substorm
current wedge short-circuiting the neutral sheet current in the magnetotail [26]

Puc. 2. Cuctemsl npoponbsHbIX TOKOB (@) R1 1 R2, nefictByronue B 3amkHyTO# Marautocdepe [14],
u (b) cyobypesoii TokoBbiit KiauH (SCW), CBSI3BIBAIOIINI TOKH B XBOCTE MarHUTOC(Epbl C HOHO-
cdepoii [26]

zone. The results [18, 19] were confirmed afterwards in more detailed and complicated
analyses [21-24].

The substorm expansion phase (jump of the westward electrojet intensity in the night
auroral zone) is related to the action of a specific “substorm current wedge” (SCW)
FAC system [25], which includes plasma sheet currents in the magnetotail, a westward
electrojet in the night auroral zone, and connecting field-aligned “Birkeland currents”.
It was suggested [26] that the solar wind energy, which is not directly dissipated via
auroral electrojets in the course of the growth phase, is stored as a consequence of
magnetosphere convection, in the tail magnetosphere in the form of magnetic energy by
enhancing the neutral sheet — tail current circuit. After the storage period (substrorm
growth phase) the magnetic tension is suddenly released by short-closing the neutral sheet
current through the midnight auroral ionosphere by means of Birkeland currents (Fig. 2b)
marking a sudden substorm onset (SO).

Given that the DP2 disturbances increase is invariably followed by substorm
development, it was suggested [27] that the polar cap magnetic activity can be used
as an indicator of the magnetosphere state. Analysis of relationships between the DP2
disturbances, evaluated based on the data of magnetic observations at the near-pole station
Vostok (Antarctic), and various “coupling functions” proposed for the description of
relationships between the solar wind parameters and magnetic disturbances, showed [28]
that the DP2 disturbances correlate the best (R = 0.80) with the coupling function
E, =V, (B} + B}2)"sin’(0/2) proposed by Kan and Lee [29], where V', is the solar
wind velocity, B, and B, are the IMF components, © is the angle between the geomagnetic
dipole and transverse IMF component B, = (B, + B,?)"?. This result is indicative of
the £, function as an optimal combination of the geoeffective solar wind parameters
ensuring the highest intensity of the R1 field-aligned currents generating DP2 disturbances.
As a consequence, the polar cap magnetic activity index PC began to be used in AARI
in collaboration with the Danish Meteorological Institute (DMI) [30]. The PC index
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Fig. 3. Behavior of the PC and AL indices in the course of isolated substorms with the PC growth
period AT = 20-45 min for 3 levels of PC value at the moment of a sudden substorm sudden (PC,):
1.0 mV/m, 1.5 mV/m and 2.0 mV/m [36]

Puc. 3. [loBenenne PC 1 AL MHIEKCOB B XOJI€ M30JIMPOBAHHBIX MarHUTHBIX CyOOyph C IEPHOIOM
pocra PC unpekca AT ot 20 1o 45 muH, s 3 ypoBHel BenmnunHbl PC WHAECKCA B MOMEHT Hadaia
cy60ypu (PC): 1,0 MB/m, 1,5 MB/m 1 2,0 MmB/m [36]

is calculated based on the data of magnetic observations at the Thule observatory in
Greenland (PCN index) and at Vostok in the Antarctic (PCS index). The following studies
showed a close relationship between the 15-min PC and auroral elecrtrojet indices [31-33].
Basing on these results the International Association of Geomagnetism and Aeronomy
(IAGA) endorsed the PC index as a proxy for the energy that enters into the magnetosphere
during the solar wind — magnetosphere coupling [34, 35].

Transition to the 1-min scale of indices revealed a distinction in the behavior of
the PC and AL indices in the course of the substorm growth and expansion phases.
Whereas the relationship between the 1-min PC and AL indices at the growth phase
remains mainly the same for various substorms, the relationship at the expansion phase
changes from one substorm to another. Fig. 3 [Troshichev et al. [36] shows, as an
example, the relationship between the PC and AL indices in the course of isolated
substorms (thin red lines) for three levels of the PC, index at the moment of a substorm
onset (T=0), which are marked in the graphs by a vertical line, with the mean PC and
AL values represented by thick solid lines. One can see that the AL index before SO
increases in good agreement with the PC growth, whereas the relationships between the
corresponding PC and AL indices after SO can be quite different: from full agreement
to independence. To clarify this issue, a comprehensive analysis of the relationships
between the PC and AL indices in the course of the substorm expansion phase was
carried out for isolated magnetic substorms recorded over 20 years (1998-2017). The
results of the analysis are presented in this paper.
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Method of analysis

To identify the substorm event, the same criteria were used as in study [36]:
(1) the magnetic disturbance event was regarded as a substorm if the SO amplitude
(AL decrease value) within 15 minutes was more than 100 nT, (2) only isolated disturbances
were examined, which arise on the background of quiet conditions (4L <200 nT) lasting
one hour or more prior to SO. Thereafter these substorms were separated into different
categories in accordance with the relationship between the AL and PC indices in the
course of the substorm. The PC index in the winter polar cap (PCwinter) index was taken
for examination with regard to results demonstrating that the correlation between the AL
and PCwinter indices is always better than that between the AL and PCsummer indices.
The index PCmean = (PCwinter + PCsummer)/2 was used for the equinox season.

The following quantities have been evaluated for each individual substorm:

PCmax — maximal value of the PC index in the course of a substorm expansion
phase;

ALcorr — corresponding value of the AL index at the moment of PCmax;

Alpeak — amplitude of the AL index maximal jump during a substorm expansion
phase; in the case of some jumps with an equal amplitude, the central of them is taken
as Alpeak; if the AL maximal jump is recorded a few minutes after the PCmax moment,
just this AL jump was taken as Alpeak; in the case of the AL index increase without jumps
in the course of an expansion phase, the A/peak index was regarded as unavailable;

DTmax — time interval between SO and PCmax moments in the course of a substorm
expansion phase;

DTpeak — time interval between SO and PCpeak moments in the course of
a substorm expansion phase.

Results of analysis

Different types of relationships between PC and AL indices

Magnetic disturbances observed over the period 1998-2017 have been examined and
substorms satisfying the criteria indicated above (N = 820) have been identified. These
substorms were divided into 7 categories shown below, according to particularities of
the relationship between the PC and AL indices in the course of each individual substorm.
Typical examples of these categories are presented in Fig. 4—10, where the vertical black
line marks the substorm sudden onset time T, whereas the horizontal red line denotes
the appropriate value of the PC index at this moment (“PC critical level”). It could be
noted that this critical level usually lies in the range of PC from ~0.5 to 1.5 mV/m, in full
agreement with the results [36]. It should be born in mind that the division of substorms
into these categories is conditional to some extent since in many cases the real substorms
demonstrate signatures of different categories concurrently. In such a case the most
representative signature was taken into account for categorization.

“PC-concerted” substorms (N = 49) are disturbances with AL increase going on
in good agreement with the PC gradual growth (Fig. 4); the intervals with the PC growth
slowing-down are accompanied by the AL rise fall-dawn. The substorm intensity reaches
maximum simultaneously with the PC index (“PCmax moment”) and thereupon decreases.
As this takes place, changes in the AL index can outstrip or delay for a few minutes
relative to the PC index changes (Fig. 4a). Usually, the substorm intensity is higher for
events with a larger “PC| critical level”.
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Fig. 4. Changes of the PC and AL indices in the course of “PC — concerted ” substorms

Puc. 4. Ismenenus PC u AL MHAEKCOB B XOJI¢ «COMIacOBaHHBIX ¢ PC» cy00yph

“PC-followed” substorms (N = 330) are disturbances with one or more ALpeaks of
different or approximately equal intensity, which are observed during the rise of the PC index
and its presence at the top (Fig. 5). In the case of a “delayed” substorm (Fig. 5a), ALpeaks
continue to appear after the PCmax moment and a maximal intensity of the substorm can be
reached during the PC drop. In the case of “advanced” substorms (Fig. 5b, ¢), the ALpeaks
are observed before the PCmax moment and substorm intensity falls simultaneously with
the PC index decrease or previously. The relationship between the PCmax and ALpeak
values changes from one substorm to another, with the substorm intensity related to
the PC critical level.

a) P 28 February 1998, T = 04:50 UT l:) 12 January 1999, T = 11:52 UT ¢ 20 November 2002, T, = 17:22 UT

6
54 (‘/W \\
E 3 3 4] “’\M
=
1S 34
?f; 2 2 ] Tacs
o L~ 1 Y
g f/ A \Ls "
0 0 -1
00— 0 -~ 0
-100] ) | 1] ) c200] [
'E— -200 WN\/\I/ -200- 400
% —3001 -300 600
2 400 400/ -800
~1
< 500 -500] 000
T T 20
60 -30 0 30 60 9 120 -60 -30 O 30 60 90 120 150 -90 -60 -30 O 30 60 90 120
Time, min Time, min Time, min

Fig. 5. Changes of the PC and AL indices in the course of “PC — followed” substorms

Puc. 5. U3menenus PC u AL MHAIEKCOB B Xozie CyO0ypb, «CIeayonmx n3MeHeHmsM PC HHIeKcay
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“SO-peaked” substorms (N = 58) are a specific variety of PC-accompanied
substorms, where the first extremely high Alpeak arises just at the SO moment (Fig. 6).
In this case the relationship between the PC and AL values can be strongly changed even
in the course of one individual substorm (see Fig. 6a, b, c¢). Sometimes the first Alpeak
turns out to be the main peak during the substorm but usually it is followed by other
peaks. Again, the intensity of substorms is higher for events with a larger PC critical level.
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Fig. 6. Changes of the PC and AL indices in the course of “SO-peaked” substorms

Puc. 6. U3menenns PC u AL nHAEKCOB B X0oz€e cyOOyph ¢ MAKCHIMyMOM WHTEHCHBHOCTH B Hadaye
cy00ypu

“PC-reversed” substorms (N = 99) are another variety of “PC-followed substorms
(Fig. 7) starting in a way that is evidently related to the “PC reverse” transformation, when
the PC index suddenly changes from drop down to jump up. The substorm beginning is
stimulated even by an insignificant PC reverse in the course of the PC index increase
(Fig. 7b) or decrease (Fig. 7c), as well as when the PC index stays more or less invariable
for a long period of time. The substorm can be initiated also when the PC, is negative
if the PC reverse amplitude and rate are great (Fig. 7a). It is reasonable to suggest that
the PC reverse is always conducive to the development of a substorm, but the start of
a substorm is actually determined by the total state of the system.

“PC-fluctuated” substorms (N = 127) are disturbances related to PC index regular
fluctuations, such as “PC-waved” alternations with a period of more than 20 minutes, or
“PC-oscillated” alternations with periods shorter than 15 minutes. In the case of “PC-waved”
substorms, the disturbance usually starts with an onset of the second (or third) wave of
the PC index increase, continues for about one hour and finishes thereupon (Fig. 8a),
the PC values lie in the range from 0 to 3 mV/m. The intensity of “PC-waved” substorms
(ALmax magnitude) can reach the value ~ —350 nT, depending mainly on the PC critical
level. “PC-oscillated” substorms present a total response of magnetic activity to short-
period alternations of PC, without any evident relationship of the substorm onset to the PC
index growth or decrease (Fig. 8b). Usually, short PC oscillations are observed against the
background of long PC-waved alternations (Fig. 8c). In these cases, the relationship between
the PC and AL index remains identical to that for pure “PC-waved” or for “PC-oscillated”
substorms depending on the amplitude of PC index waves and oscillations, the substorm
intensity (4L index) is changed in the range from ~ —-200 nT to —400 nT.
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Puc. 8. U3menenus PC 1 AL nHAEKCOB B X0/1e Cy0Oypb, «CBSI3aHHBIX C KOJIeOATEIbHBIMH H3MEHEHUSIMH
BesmurHbl PC HHAEKCay: BOJIHEI (a), ocumnsud (b), KOMOMHUPOBAHHEIE (C)

“PC-fluctuated” substorms appear to be associated with the effect of the PC-fluctuated
pack passage, rather than the effect of the separate PC index growth. Although
“PC-fluctuated” substorms usually start at the beginning of the corresponding pack,
sometimes they are observed in relation to the pack maximum or after this maximum, with
the substorm intensity being rather limited. Situation changes if the PC index fluctuations
occur against the background of gradual PC index increase. Fig. 9 gives examples of
“PC-increase/ fluctuated” substorms (N=134) that developed with the PC value increase in
the case of waived (a), oscillated (») and combined (c) alternations of the PC index. One
can see that the relationship between the PC and AL values in such a case becomes similar
to that for “accompanying” substorms, and the substorm intensity is significantly increased.
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Fig. 9. Changes of the PC and AL indices in the course of “PC-increase/fluctuated” substorms
occurring against the background of the PC gradual growth in the case of waived (a), oscillated ()
and combined (c) PC alterations.

Puc. 9. Usmenenus PC v AL MHAEKCOB B X071€ Cy00ypb, «CBSI3aHHBIX C KOJIEOATEIbHBIMH H3MEHEHHSIMH
BenmunHbl PC uHzekca Ha (oHe mocreneHHoro pocta PC uupekcay: (a) BOIHEL, (b) OCHUIUIANNH,
(c) xomOuHUpOBaHHBIE H3MeHeHus PC HHAEKCA

“Unrelated” substorms (N = 23) are disturbances that start in the absence of
distinct PC index changes at the moment of a sudden substorm onset (Fig. 10). Substorm
can start with the PC index unvarying (a), or decreasing (b), or irregularly changin
(¢). This category of magnetic disturbances, few in number, implies the possibility of
substorm development even under conditions of ineffective solar wind impact on the
magnetosphere.

a) a0 19 November 2009, T, = 11:22 UT bgc 18 April 2000, T, = 08:26 UT C3)G30 December 2012, T, = 11:06 UT
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Fig. 10. Changes of the PC and AL indices in the course of “PC-unrelated” substorms occurring in
the absence of distinct PC index signatures related to the substorm sudden onset

Puc. 10. U3menenus PC n AL MHAEKCOB B X071€ CyOOyph, HE CBSI3aHHBIX ¢ BapHarusamu PC uHieKkca
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Statistically justified relationship between the PC and AL indices

Statistical analysis of relationships between the values of the PC and AL indices
has been performed for all the categories of substorms (“PC-concerted”, “PC-followed”,
“SO-peaked”, “PC-reversed”, “PC-increase/fluctuated”), which demonstrated an
evident relationship of the substorm progression to the PC index growth in the course
of the expansion phase. Fig. 11 shows an example of relationship between the PCmax

ALcorrvs PCmax ALpeak vs PCmax
1200 1200
a) b) .

1000 s 1000 . //
= 800 = 800 S ~
< § .

8 10 12 4 6 8 10 12
PCmax, mV/m PCmax, mV/m

Fig. 11. Relationship between the substorm intensity parameters ALcorr (a) and ALpeak (b) and
maximal value of the PC index (PCmax) in the case of “PC-followed” substorms

Puc. 11. 3aBucuMocTh MapaMeTpoB HHTEHCUBHOCTH cy00ypu ALcorr (a) u ALpeak (b) oT MakcuMaib-
Hoit BenmmunHbl PC uHAekca (PCmax) B ciydae cy00ypb, «CIeayomux u3MeHeHHsIM PC HHIEKCa»
Table 1

Parameters of linear relationship between the substorm intensity (4Lcorr) and PCmax
value (ALcorr = B, + B,-PCmax)

Tabnuya 1
IMapameTtps! uHeliHON cBs3U Mexkay napamerpamu ALcorr u PCmax
Category of substorm | Indicator | Interception 8, | Slope B, | Correlation R | Number
Concerted ALcorr 147 87 0.90 49
Followed ALcorr 111 66 0.70 330
SO-peaked ALcorr 78 75 0.80 58
PC-reversed ALcorr 123 57 0.71 99
PC-increase/waived ALcorr 92 78 0.67 65
PC-increase/oscillated ALcorr 57 96 0.57 69
Table 2

Parameters of linear relationship between the substorm intensity (4Lpeak) and PCmax
value (ALpeak = B, + B,-PCmax)

Tabnuya 2
ITapameTtps! 1uHelHOI cBA3U Mexay napamerpamu ALpeak n PCmax
Category of substorm | Indicator | Interception B, | Slope B, | Correlation R | Number
Followed ALpeak 150 76 0.70 298
PC-reversed ALpeak 160 76 0.72 86
PC-increase/waived ALpeak 123 106 0.73 59
PC-increase/oscillated ALpeak 116 119 0.73 65
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values and the substorm intensity quantities ALpeak and ALcorr in the case of the category
of “PC-followed” substorms, large in number. Both quantities, 4ALpeak and ALcorr,
are linearly related to the PCmax value with the coefficient of correlation R = 0.70.
Similar results were obtained for other categories of substorms (Tables 1 and 2). Thus,
the majority of the isolated magnetic substorms (~82 %) demonstrate linear linkage
between the PC index value and the substorm intensity in the course of the substorm
expansion phase. The best correlation between PCmax and ALcorr (R = 0.899) is observed
in the case of “PC-concerted” substorms, which demonstrate consistency between PC
and AL indices alternation. Note that the high correlation between the 4L and PC indices
(R = 83) is typical of the DP12 disturbances during the substorm growth phase [36].
The lowest correlation between PCmax and ALcorr in the course of the expansion phase
is observed for “PC-increase/waived” substorms (R = 0.67) and “PC-increase/oscillated”
substorms (R = 0.57), related to the combined effect of PC index increase and passage
of the PC-fluctuated packs. The remaining 18% are “PC-fluctuated” substorms, which
exhibit the PC-fluctuated pack passage effect.

On the other hand, the results of the analysis indicate that maximal AL values
(ALpeaks) can be recorded at any moment in the course of the substorm expansion phase:
just at the SO moment 7, during the whole interval between the moments of PCmax
and 7;, at the PCmax moment and after it. It implies that the delay time of the ALpeaks
accomplishment relative to the SO moment is not related to the values of ALpeaks or
PCmax. To verify this supposition, we examined the statistically justified relationship
between the time intervals DT(4Lpeak) (time duration from moment 7, to moment of
ALpeak) and the values ALpeak and PCmax. The results of the analysis, presented in
Fig. 12 for the category of “followed” substorms demonstrate that the moment of the
Alpeak appearance (characterized by intervals DT(A4Lpeak)) is not related either to the
PCmax value (R = 0.23) or to the ALpeak value (R = 0.38). The same results have
been obtained for other substorm categories. It implies that substorm power bursts
(ALpeaks), related to the “substorm current wedge” FAC system action, are most likely
controlled by the current state (steady or unsteady) of the neutral sheet current circuit
in the magnetosphere tail.

DT(ALpeak) vs PCmax DT(ALpeak) vs ALpeak
60 60
a) . . b) . .
50 - 50 =
.- .I L] - - = l. . - -
£ 40 - - = £ 40 — = '_ =
g 30 .| B = (™ e g 30 L L] ]
S [ o i | ——T S ".r.'-_-i;.'/_.
5:_2120 Eﬂ&.‘;- .{. i:_:l, 20 . ,.;.455,_5,,/. .
2 10 ’f@:ﬂh; Sl | S % XA
., .1 L .I. L] i Jl = ‘l L] L]
weasa T SR T
0 "s = I 0 . -
0 2 4 6 8 10 0 200 400 600 800 1000
PCmax, mV/m ALpeak, nT

Fig. 12. Relationship between the duration of DT(ALpeak) intervals and values PCmax (a) and
ALpeak (b) in the case of “PC-followed” substorms

Puc. 12. Cs3p Mexny amutenbHocThi0 uHTepBana DT(ALpeak) n Benmunnamu PCmax (a) n
ALpeak (b) B xone cyo0ypsb, «crnenyomux n3MeHeHmsiM PC nHaeKca»
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Discussion

It should be borne in mind that the PC index is regarded in this study as an
indicator of the solar wind influence on the magnetosphere, in conformity with the TAGA
resolutions [34, 35]. The results of the analysis indicate that the response of the substorm
activity (4L index) to the PC index growth is quite different in the course of preliminary
and expansion substorm phases. Indeed, the substorm activity during the preliminary
phase (i. e. DP12 disturbances, produced by R2 field-aligned currents acting in the morning
and evening sectors of the inner magnetosphere) closely follows the PC growth, whereas
the sudden jumps of the AL maximum value (4Lpeaks) during the expansion phase (i. e.
DP11 disturbances, produced by the SCW FAC system) are observed at any value of
the PC index, time and again, with quite different delay times relative to the sudden
substorm onset (SO). It means that jumps of substorm intensity (4Lpeaks) in the course of
the expansion phase occur regardless of the substorm duration and PCmax value, although
the ALpeak values demonstrate, like 4ALcorr values, linkage with the PC index. In other
words, the substorm intensity is related to the PC value, but the substorm progression is
not in line with the PC index dynamics. This experimental fact implies that the formation
of the substorm current wedge (SCW) is controlled first of all by the state (steady or
unsteady) of the magnetotail plasma sheet itself, with the solar wind influence being
favourable for the increase of instability.

Mechanisms of instability in the magnetotail plasma sheet are not established. It
may be suggested that several phenomena and processes giving rise to instability can
operate in the magnetotail irrespective of the solar wind impact (manifested by the PC
index). Only the synthesis of these processes determines the magnetotail plasma sheet
state (stability or instability) and its reaction to the solar wind influence. It appears
evident that “PC-concerted” substorms occur when the magnetotail plasma sheet is in
a sufficiently stable state and Birkeland currents can grow gradually, in response to the solar
wind influence (i.e. to PC growth), the maximums of PC and AL values are attained
simultaneously, without appearance of any remarkable ALpeak (see Fig. 4). Conversely,
the appearance of ALpeak immediately after the substorm onset (Fig. 6) implies that
the magnetotail plasma sheet was near the critical level of instability and the increase
in the solar wind impact (i. e. the PC index growth) promoted instantaneous destruction
of the plasma sheet current system and the formation of an appropriate powerful SCW
FAC system. “PC-unrelated” substorms (Fig. 10), displaying substorm development in
the absence of the required solar wind impact on the magnetosphere, are indicative of
the crucial instability of the magnetotail plasma sheet in this case.

It should me noted that this point of view on the magnetotail processes is not
consistent with the concept of Dungey [37], where processes in the magnetotail are
regarded as a constituent of the total magnetospheric convection system. Indeed,
only “PC-concerted” substorms (~6 %) can be considered as related to the united
system of convection in the entire magnetosphere. All the other substorms demonstrate
that DP11 disturbances, related to the SCW FAC system, start irrespective of DP12
disturbances, related to R1/R2 FAC systems operating in the closed magnetosphere.
As this takes place, generation of R1/R2 FAC systems is successfully explained in the
framework of Tverskoy’s concept [38, 39], as a result of a continuous formation of
plasma pressure gradients within the magnetosphere under the uninterrupted influence
of the solar wind.
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Thus, the magnetic substorm intensity and dynamics are determined by two
independent FAC structures. The R2 FAC system, acting within the closed magnetosphere,
is responsible for DP12 disturbances typical of the preliminary substorm phase, whereas
the SCW FAC system, acting in the magnetotail, is responsible for DP11 disturbances
typical of the explosive phase. These FAC systems are distinct not only by their disposition,
but also by quite a different response to the solar wind influence (represented by the PC
index). However, the product of their separate action is estimated by a single AL index,
characterizing the substorm activity as a whole. Note that the same peculiarity is provided
by SML and SMU indices (SuperMAG auroral electrojet indices) [40], which are
analogues to AL and AU indices, although they are calculated by data of measurements
at magnetic stations (N > 100) located at geomagnetic latitudes © > 50°. It is necessary
to separate magnetic effects related to processes in the inner magnetosphere from those
related to processes in the magnetotail. It is suggested two different indices of magnetic
activity be used, which should be evaluated based on data of magnetic observations
in the morning/evening sectors of the auroral zone (DP12 disturbances) and data of
observations in the midnight sector of the auroral zone (DP11 disturbances).

Conclusions

Magnetic substorm DP1 disturbances represent a superposition of DP12 and DP11
disturbances typical of the growth and explosive phases of a substorm. DP12 disturbances,
with westward and eastward electojets, located in the morning and evening sectors of
the auroral ionosphere, are generated by the R2 FAC system acting in the inner (closed)
magnetosphere, whereas DP11 disturbances, with a powerful westward electrojet in
the midnight auroral ionosphere, are generated by the SCW FAC system related to
the magnetotail plasma sheet. As this takes place, the substorm power is evaluated by
a single AL index characterizing the intensity of negative magnetic disturbances observed
in the auroral zone irrespective of their disposition and origin.

The formation and development of the R2 FAC system (and DP12 disturbances)
is closely related to the growth of the PC index, which characterizes the efficiency of
the solar wind impact on the magnetoshere. The intensity of the SCW FAC system
(and DP11 disturbances as a whole) is also correlated with the PC index, but temporal
characteristics of the magnetic activity in the course of DP11 disturbances (4Lpeak number,
their dynamics and time delays relative to the substorm onset) are not related to the PC
alternations. It means that the formation and development of the SCW FAC system,
linked with the magnetotail plasma sheet, is controlled by processes in the plasma sheet
itself. Therefore, the acting AL index is a summary indicator of two separate phenomena
operating in different parts of the magnetosphere.

It is necessary to use two different indices of magnetic activity instead of a single AL
index. The first of them, evaluated by data of magnetic observations in the morning and
evening sectors of the auroral zone, should characterize the intensity of DP12 disturbances
produced by the R2 FAC system acting in the closed magnetosphere. The second index,
evaluated by data of magnetic observations in the midnight auroral zone, should characterize
the intensity of DP11 disturbances produced by the SCW FAC system determined by
processes in the magnetotail.
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ConacHO JIaHHBIM CITyTHUKOBBIX M3MEPEHHI], B MarHUTOC(Epe IEHCTBYET HECKOJIBKO CHCTEM
TEKYIMX BJOJb CHJIOBBIX JIMHHUI N€OMarHUTHOTO TOMA (IIPOJOMbHBIX) MekTprdeckux TokoB (FAC).
Ocnosnoii sBisiercss R1 FAC cuctema, TIOCTOSHHO JEHCTBYIOIAs HA TIPHUIIONIOCHOH TPAHUIIE aBPO-
paTBHOTO OBala, T. €. B 3aMKHYTOH MarauTocdepe. MomHocTs TokoB B R1 crcteme ompenenstercs
«(pyHKIMER B3auMOAIEHCTBI (TToneM) £, KOTOPOE MPEICTABISET ONTHMANBHYIO KOMOMHAIHIO BCEX
reod(YeKTHBHEIX MTapaMeTPOB COMHEYHOTO BeTpa, AckcTByomux Ha MarauTocdepy. R1 FAC cucrema
TeHepyupyeT B MOJSPHBIX mankax DP2 MarHuTHbIe BO3MYIIEHHUS, KOTOPbIE SBISIOTCS OCHOBOI IS
pacueta PC nHJIEKCa MATHUTHOH aKTUBHOCTH. KpuTudeckne usMenenus nons E,, NPUBOIAT K pas-
BUTHIO MAarHUTOC(HEPHBIX BO3MYILCHUH (MArHUTHBIX Oypb U ¢yO0ypb), KOTOPBIE XOPOILO KOPPEITHPYIOT
¢ Bapuammsamu PC nazekca. [Toatomy PC MHIEKC paccMaTpiBaeTCs B HACTOSIIEE BpeMs KaK MOKa3aTenb
noctymaromeil B Marautocdepy sueprim coiaedroro Betpa (IAGA Resolutions, 2013, 2021). Pasz-
BUTHE HavanbHOH (assl cyoOypu (passl pocra) 00ycnosneno aerictuem cucreMsl R2 FAC, kotopast
(opmupyeTcs Ha IKBATOPHAILHON TPAHHUIIE aBPOPaIbHON 30HBI B YCIIOBUSX MOBBIIICHHBIX BTOPKEHHH
aBPOPANbHBIX YACTHIL, C TIPOJIOIBHBIMU TOKAMH, BTCKAIOIIMMH B TIOJSIPHYI0 HOHOCHEpPY B YTPEHHEM
CEKTOpE U BBITEKAIONIMMH U3 HOHOC(EpHI B BeuepHeM cexrope. Kak pesynbsrar, Ha HauanbHOH dase
cy00ypu B mossipHOH HoHOChEpe dhopmupyercs DP12 cuctema moHOChEpHBIX TOKOB, OCHOBHBIMH
5IEMEHTaMH KOTOPOH SIBISIOTCS 3aIla/IHBI W BOCTOUHBIN MEKTPO/DKETH B YTPEHHEM U BEUEPHEM
CEKTOpax aBpOpaJIbHOH 30HbI. PasBuTie B3pbIBHOI (ha3bl cyoOypH (hasbl IKCTIaHCHH) CBS3aHO ¢ (op-
MHPOBaHHEM «TOKOBOTO KIIMHa cy00ypm» (substorm current wedge, SCW) — crietmdmueckoii cucteMbl
MPOJONBHBIX TOKOB, KOTOpast 00eCIeYnBaeT 3aMbIKaHHE TOKOB, TEKYIIHX B IIA3MEHHOM CJIO€ XBOCTa
MarauTocheps! uepes aBpopaisHyio HoHochepy. SCW FAC cucrema, BKITIOHAONIas MPOROIbHBIE
TOKH, BTEKAIOIIHE B aBPOPAIbHYI0 HOHOC(EDPY B MOCIEHOMYHOUHBIE Yachl, K TOKH, BHITEKAIOLINE U3
HOHOC(EPBI B IIPENONYHOUHbIE Yachl, TEHEPHPYET cHcTeMy HOoHOC(hepHbIX TokoB DP11, ¢ MomubIM
3aMa/iHbIM MIEKTPOLKETOM B HOYHOM CEKTOPE aBPOPAIBHOI 30HBL.

B pabote npezncrasieHbl pe3yiIbTaThl aHajiM3a, KOTOPBIH MOKa3bIBAET MPUHIMINAILHO pa3-
JuuHbIi Xapakrep npotekanus DP12 u DP11 Bo3MymieHuit, pukcupyemMbIX, COOTBETCTBEHHO, B X0/I€
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Pazim4Hasi npupoaa MarHUTHBIX BO3MYIIEHHI1, HA0/II01aeMBbIX B X0/1ie (pa3bl pocTa...

TpeIBapUTENbHON 1 B3pBIBHOI (a3 cyo0ypu. DP12 Bosmymenus, renepupyemsie R1/R2 cucremoli,
JIeHCTBYIOLIEH BO BHYTPEHHEH MarHuTocdepe, pa3BUBaIOTCS B CTPOTOM COOTBETCTBHH ¢ XoioM PC
MHJIEKCA, T. €. C CHJIOH BO3JEHCTBHA COJHEYHOTO BETpa Ha MarnuToc(epy (none £, ). Haobopor,
DP11 Bosmymenus, renepupyemsie SCW FAC cuctemoii, CBI3aHHOH C IIa3MEHHBIM CI0EM XBOCTa
MarHuToc(epbl, IEMOHCTPUPYIOT UPPETYISPHbII XapaKkTep COOTHONICHUH Mex 1y BennuuHamu PC
1 AL B Xone B3pBIBHOH (ha3bl: BHE3AIMHBIE YCHICHNUS HHTEHCHBHOCTH cy00ypu (ALpeaks) MoryT
MPOMCXOAUTH HEOJHOKPATHO, TIpH 11t000# Bemmunne PC WHAEKCa U TIPH COBEPIICHHO PA3INIHOM
BpeMeHH 3a7epkkH (AT) MakcuMyma cyO0ypy OTHOCHTEIBHO BHE3AITHOTO Havaia B3PBIBHOK (ha3bl
cy00ypu. B pesynprare ananmsa cootHomenuit Mexny PC u AL wHIEKcaMH B XOJI€ B3PBIBHOI
(ba3bl OBLIO BbIIEIEHO 7 Kareropwii pa3BuTHs cyo0yps: cyo0ypu “PC-concerted”, HHTEHCHBHOCTD
KOTOPBIX PAacTET M YMEHBIIACTCS B TMOJHOM cortacuu ¢ Bapuanmamu PC unpekca; cy6oypu “PC-
followed”, nemMoHCTpHpYIOMIIE HEPETYIAPHBIE BCIUIECKH HHTEHCHBHOCTH (A Lpeaks) B epuox pocrta
n MakcumyMa PC mHzexca; cyo0ypu “SO-peaked”, mocturaromniine MakCHMaIbHOH HHTEHCUBHOCTH
Cpasy Mocie BHE3aIHOTo Hayaa B3phIBHOH (asbl; cy00ypu “PC-reversed”, cBS3aHHbBIC C PE3KHM
KPaTKOBPEMEHHBIM TaJIeHHEM M MOCHIeAYIonMM poctoM Bennunnbl PC nnpekca; cyooypu “PC-
fluctuated”, ceszanHble ¢ duykryausvu Bennunabl PC nnaexca ¢ nepuogom T > 20 MuH (BOTHBI)
u T < ~15 mun (ocumwurinun); cyooypu “PC-increase/fluctuated”, cBszanubie ¢ QuyKTyanusaMu
BemunHb! PC MH/IEKCa, TPOUCXOAIINMH Ha (hOHE IOCTEIIEHHOT0 pocTa BenmduHbl PC, 1, HaKOHel,
cy60ypu “PC-unrelated”, mponcxoasmiie BHE OYEBHIHOI CBS3H ¢ M3MeHeHHAMI PC HHIeKca. DT
0COOCHHOCTH B Pa3BUTHH B3PHIBHON (ha3bl CBUIETENBCTBYIOT O TOM, YTO TIPOLECCH B MIa3MEHHOM
CJI0€ XBOCTa MarHUTOC(hepbI, onpeIesonye GopMUPOBAHUE KTOKOBOTO KIIMHAY, KOHTPOIHPYIOTCS
COCTOSIHAEM (CTAOUIBHBIM HJIH HEYCTOMYMBBIM) CAMOTO ITa3MEeHHOTo ciiost. To ecTh Bo3neiicTBUE
COTHEYHOTO BeTpa (oneHuBaeMoe PC MHIEKCOM) He OMpeNeNseT pa3BUTHE MPOIECCOB B TINAa3MEHHOM
CJI0€, B OTIIMYKE OT MPOLECCOB BO BHYTpeHHei MarauTocdepe. [Ipn 3ToM ceayer oTMeTUTh, 4T0
naTeHcHBHOCTH DP12 1 DP11 Bo3MyIeHwi, HaOMIOMaeMbIX B XO/Ie TIPEABAPHUTEIBHOM H B3PHIBHOIM
(ba3bl, OLEHNBACTCS OHUM U TeM ke AL MHIEKCOM, HECMOTPsI Ha TO YTO TH BO3MYIICHHS I'€He-
pupytores pazabimu R1/R2 u SCW FAC cucremMamut 1 cBSI3aHBI € TIPOLIECCAMH, TPOUCXOISAIIIMA
B Pa3IMYHBIX YacTsax Maruutocdepsl. HeoOXomuMo BBECTH B TIPAKTHKY JBa Pa3HBIX MHJIEKCA Mar-
HUTHOW aKTHBHOCTH, XapakTepu3yromux uateHcuBHocTh DP12 and DP11 Bo3mymienus, uto mo-
3BOJIUT PA3JEMNTh U JUArHOCTHPOBATH 3(P(PEKTH BO3AEHCTBHS COMHEUHOTO BETPA HA TIPOLIECCH BO
BHYTPEHHEH MarHuToc(epe U B MIa3MEHHOM CJI0€ XBOCTa MarHUTOCHEpHL.
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