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Abstract. It is shown that a diamagnetic structure (DS)
of the slow solar wind (SW), the source of which on the
Sun was a chain of streamers, arrived at Earth’s orbit on
December 22, 2015. It interacted with Earth’s magneto-
sphere under conditions when the northward B, component
of the interplanetary magnetic field (IMF) remained for a
long time in preceding undisturbed SW. The interaction
and a sharp change in the direction of B, to the south gen-
erated an isolated substorm whose duration depends on the
duration of interaction with the DS. The substorm began at
midday with the passage of the DS into the magnetosphere
and spread to the east. All phases of the substorm —
growth, expansion, and recovery — were observed for two
hours. Variations in the SW and IMF parameters are
shown to coincide for the isolated substorm whose energy

source was the slow solar wind DS, and a trigger was the
abrupt change in the direction of the vertical IMF compo-
nent from north to south. The coincidence is justified by
statistical generalizations of the same parameters in 40 %
of cases of long-term observations of individual substorms
whose trigger was a change in B, direction.

Keywords: diamagnetic structure, global isolated
substorm, change in the B, direction, trigger.

INTRODUCTION

One of the main questions faced by magnetospheric
physics about factors that control the energy input to the
magnetosphere and the intensity of substorms remains
open. It has been established that the energy sources of
magnetospheric substorms are solar wind (SW) plasma
and the interplanetary magnetic field (IMF). The most
common point of view is that the main parameters de-
termining the accumulation of energy in the magneto-
tail, which is released during substorms, are IMF and its
B, component. The solar wind parameters such as SW
plasma velocity and density are not considered separate-
ly as energy sources for substorm disturbances, but are
included in various composite indices [Akasofu, 2017;
Kepko et al., 2015; Vorobjev et al., 2018; Troshichev,
Janzhura, 2012].

In [Lemaire, Roth, 1981; Pneuman, 1983; Karlsson
et al., 2015], the concept of plasmoids in SW was intro-
duced. Such structures are defined in [Eselevich,
Eselevich, 2005; Parkhomov et al., 2018] as plasma

diamagnetic structures (DS). Collision of slow-SW di-
amagnetic structures with the magnetosphere can cause
substorm-like magnetospheric disturbances, in particu-
lar so-called sawtooth substorms. In [Eselevich,
Eselevich, 2005; Parkhomov et al., 2018; Parkhomov et
al., 2015, 2020], the diamagnetic structures that are seen
near the Sun as higher brightness rays are shown to
form the basis of slow quasi-stationary SW in Earth’s
orbit. Solar sources of slow quasi-stationary SW are the
streamer belt [Svalgaard et al., 1974; Eselevich et al.,
1999] and streamer chains [Eselevich et al., 1999] or
pseudostreamers [Wang et al., 2007]. In Earth’s orbit,
slow SW features a higher plasma density N>10+2 cm™
and a relatively low velocity V~250-450 km/s as com-
pared to fast SW flowing from coronal holes at V~=450-
800 km/s [Borrini et al., 1981; Eselevich, Fainshtein
1991].

Both the streamer chains in the corona and the
streamer belt look in white light as a sequence of higher
brightness rays (plasma density), and slow SW with
approximately the same properties flows in them. None-
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Correspondence of a global isolated substorm

theless, the chains differ from the belt in that they sepa-
rate coronal regions with open magnetic field lines hav-
ing the same polarity [Svalgaard et al., 1974].

In this case, the higher brightness rays in the stream-
er chains, as well as those in the streamer belt, are qua-
si-stationary diamagnetic structures of slow SW, which
are defined by the presence of a negative correlation
coefficient between SW density N and IMF modulus B
jumps.

This paper is a sequel to the research into the nature of
the global magnetospheric disturbance associated with the
December 22, 2015 impact of DS from a streamer chain on
Earth’s magnetosphere. This diamagnetic structure (here-
inafter referred to as December 22, 2015 DS) generated a
global magnetospheric disturbance in the form of a power-
ful isolated substorm (AE;.=1076 nT) and a weak mag-
netic storm (SYM-H,,=—37 nT).

1. DATA AND METHODS

In the first part of the paper, we identify the Decem-
ber 22, 2015 DS source on the Sun, and then trace the
dynamics of the DS in the solar wind and magneto-
sphere from ACE, Wind, THEMIS, GOES-13, GOES-
15, RPSB A, B (Van Allen) satellite observations. We
analyze the magnetospheric response, using data from
the ground-based magnetometer networks
INTERMAGNET, CARISMA, IMAGE and induction
magnetometers of Ivalo, Borok, Lovozero, Mondy,
Istok, and Paratunka observatories. Details of the terres-
trial response are studied from observations on three
meridians — noon, dusk, and midnight. As geomagnetic
activity indices we use auroral activity indices: the
global index SML determined from geomagnetic field
measurements made at the global network of 300 Su-
perMag observatories [Gjerloev, 2012 ], the local index
IL determined from geomagnetic field variations at the
meridional IMAGE magnetometer network
[https://space.fmi.fi/image/www/index.php?page=il_ind
ex], and the CL index determined from observations at
the Canadian magnetometer network CARISMA
[http://carisma.ca/carisma-data/fgm -auroral-indices].

The list and location of the satellites whose data are
used are given in Figures 1, 2 and in Table 1; the list of
observatories, in Table 2.

We are interested in the December 22, 2015 DS,
presented in Figure 3 as variations in the IMF compo-
nents B, B,, B,, SW plasma parameters V, N, P, and ge-
omagnetic activity indices AL and SYM-H derived from
OMNI data [http://cdaweb.gsfc.nasa.gov/cgi-bin
feval2.cgi]. The vertical rectangle for the time interval
~09:00-12:00 UT marks the DS that was determined
from the anticorrelation between plasma density N and
IMF modulus B. The DS caused a magnetospheric dis-
turbance in the form of an isolated substorm
(ALax=1076 nT), observed during the decay phase of a
large magnetic storm on December 20, 2015 Dstpa
=155 nT at 23:00 UT [http://wdc.kugi.kyoto-u.ac
Jp/dst_provisional/201512/index.html]. Let us provide
evidence for the isolation and global nature of the sub-
storm caused by this DS. Despite significant variations
in the SW and IMF parameters for seven hours before
the onset of the DS related substorm, average auroral
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activity indices change insignificantly (AE,~=136.2+3.4 nT,
AL,~=-50.442.8 nT) and there are no substorms except for
that under study (see Figure 3). Thus, according
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Figure 1. Location of satellites in the magnetosphere in
GSE coordinates in the XY plane from 09:00 to 13:00 UT
on December 22, 2015. Dots indicate the beginning of motion
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Figure 2. Location of satellites in the magnetosphere in
GSM coordinates in the XY plane from 09:00 to 13:00 UT
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Figure 3. Variations in the IMF components B, B,, B,, SW
plasma parameters V, N, P, and geomagnetic activity indices AL

and SYM-H as derived from OMNI data
[http://cdaweb.gsfc.nasa.gov/cgi-bin/eval2.cgi]. The rectangle
marks DS
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Table 1
Satellite coordinates at 09:40 UT
No. Satellite XGsMms RE Yesms RE ZGSM; RE R, RE
1 |ACE 239.89 —10.57 24.62 241.38
2 |Wind 194.42 —18.66 -11.19 195.63
3 | THA 11.52 1.40 -3.47 12.11
4 |THB —4.32 35.59 —4.22 36.10
5 |THC —4.32 37.00 -3.68 37.43
6 | THD -11.95 1.32 —4.41 12.80
7 | THE -11.37 1.37 —4.00 12.13
8 | Geotalil -0.24 29.16 1.83 29.22
9 | GOES-13 —2.99 —6.08 —0.50 6.80
10 | GOES-15 -5.99 1.00 —2.60 6.61
11 |RPSB-A 3.54 441 0.13 5.66
12 |RPSB-B 4.00 3.98 0.20 5.65
Table 2
No. Station name Geomagnetic Local Meridional Type of magnetometer
and abbreviation coordinates, deg. geomagnetic chain and sample rate
time, hr.
N E
1 | Lovozero (LOZ) 63.5 126.8 UT+2 IMAGE induction, 40 Hz
2 | Borok (BOR) 53.6 123.6 UT+2 IPE induction, 10 Hz
3 | Istok (IST) 60.1 166.5 UT+6 ISTP induction, 64 Hz
4 | Mondy (MND) 425 1775 UT+7 ISTP induction, 64 Hz
5 | Paratunka (PET) 46.3 222.6 UT+11 IKIR induction, 64 Hz
6 '(\,’\'/'Ig'itl'('g Lake 60.1 3001 | UT-81 CARISMA induction, 20 Hz
Fort Churchill induction, 20 Hz
7 (FCHU, FCC) 67.4 330.3 uUT-6.4 CARISMA fluxgate, 1 Hz
8 | Ivalo (IVA) 65.1 121.1 UT+2 IMAGE induction, 40 Hz
9 | 1. Vize (VI2) 70.4 163.5 UT+6 AARI fluxgate, 0.0166 Hz
10 | Pebek (PBK) 70.83 170.90 UT+11 AARI fluxgate, 0.0166 Hz
11 | Tamanrasset (TAM) 24.45 8230 | UT+1 INTERMAGNET fluxgate, 0.0166 Hz
12 | Hyderabad (HYB) 8.84 152.23 uT+6 INTERMAGNET fluxgate, 0.0166 Hz
13 | Guam (GUA) 5.80 216.49 UT+9.6 INTERMAGNET fluxgate, 0.0166 Hz
14 | SanJuan (SJG) 27.78 6.94 uT-4 INTERMAGNET fluxgate, 0.0166 Hz

to the algorithm for determining isolation [Vorobjev et
al., 2018], the substorm is isolated. The global nature in
the magnetic activity indices SML, CL, IL, and the H
component in auroral and low-latitude observatories
(see below Figure 6).

2. IDENTIFICATION OF DS
IN EARTH’S ORBIT
ON DECEMBER 22, 2015
AND ITS SOLAR SOURCE

Let us locate the solar source of this DS and analyze
the events, which preceded its occurrence in Earth’s
orbit, at a distance of 1 AU. For this purpose, we present
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data on IMF and SW (see Figure 3) for a longer time
interval December 16-23, 2015 (Figure 4). From Figure
4 follows that there was a shock wave (December 19,
2015, ~16:05 UT) before the appearance of the DS,
which corresponds to SSC [http://www.obsebre.es/en/
rapid], and a region of shock-heated plasma and a mag-
netic cloud, or interplanetary coronal mass ejection
(ICME), behind it. The velocity of the shock front at a
distance of 1 AU Vs.470 km/s. According to
[Eselevich, 1990], the time of passage At of such a front
from the Sun to Earth can be estimated from the formula

At=215R _/(1.5V), 1)
where R®:6.9-106 km is the solar radius.
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Figure 4. Parameters of the interplanetary magnetic
field and solar wind plasma: IMF modulus (a); IMF longi-
tude angle 6 (b); IMF azimuth angle ® (c); SW plasma
temperature T (d); plasma density N (e); SW velocity V (f).
Parts of the streamer belt in Earth’s orbit and the helio-
spheric plasma sheet (HPS) are indicated by vertical lines.
According to OMNI data [http://cdaweb.gsfc.nasa.gov/cgi-
bin/eval2.cgi]

For V=470 km/s Formula (1) yields At=2 days 10
hrs. Hence it follows that the coronal mass ejection
(CME) that produced the ICME and the shock wave
emerged on the Sun on December 17, 2015 at =16:00 UT.
According to the CME catalog [https://cdaw.gsfc.
nasa.gov/ICME_list], the closest halo-type CME in
terms of time and maximum velocity occurred on the

a
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Sun at a point with coordinates S13W04 on Decem-
ber 16, 2015 at ~09:36 UT and was accompanied by a
C7 X-ray flare. Its initial radial velocity V, is esti-
mated from the relation [Schwenn et al., 2005]:
Vo=V./0.88=740 km/s, where V.=650 km/s is the
maximum velocity of the halo CME in the plane of the
sky near the Sun [https://cdaw.gsfc.nasa.gov/ CME_list].

Obviously, accurate within 24 hours this CME is the
only possible source of the shock wave and ICME consid-
ered at a distance of 1 AU since in December 2015 there
were no more such fast halo CMEs for at least a week
[https: //cdaw.gsfc.nasa.gov/CME_list].

Referring to Figure 4, the December 22, 2015 DS
arrived at a distance of 1 AU when all these events
were over. The question arises about its solar source.
Before answering this question, note that according
to Figure 4 this DS has the following features:

1) higher plasma density N~30-35 cm >;

2) low SW velocity V=430 km/s;

3) presence of an even number of IMF sign changes
within its limits since the azimuth angle @ changes ap-
proximately by 180° (from ~320° to =~140°) and vice
versa, i.e. the IMF sign changes first from “-” (sun-
ward) to “+” (antisunward), and then back.

Such features are typical of SW streams outflowing
from streamer chains [Eselevich et al., 2007]. To identify
the solar source of the December 22, 2015 DS, turn to
Figure 5. This figure, according to calculations made by
G.V. Rudenko [http://bdm.iszf.irk.ru] in the potential
approximation for ~20:31 UT on December 15, 2015,
locates footpoints of open magnetic tubes corresponding
to coronal holes in spherical coordinates (a) and presents
a synoptic map of the Carrington revolution CR2171 (b).
We are interested in the segment of intersection of the
streamer chain (dashed curve) with the ecliptic marked
with the letter "O" on the synoptic map in Figure 5, b
(near longitude ~112°) and with a vertical arrow. The
streamer chain considered separates footpoints of the
coronal holes denoted by a and b in Figure 5, a.

OATE: 15/12/15; TME: 20:31:20  §
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Figure 5. Results of calculations made by Rudenko G.V. [http://bdm. iszf.irk.ru] in the potential approximation for December
15, 2015 (~20:31 UT) of: (a) locations of footpoints of open magnetic tubes corresponding to coronal holes in spherical coordi-
nates (“+” is the antisunward magnetic field polarity; “— is the sunward one); b — a synoptic map of the Carrington revolution
CR2171, which shows location of the neutral line (solid curve) and streamer chains (dashes) on the source surface (R=2.5R  ); the thick
vertical line marks the location of the central meridian for December 15, 2015 (~22:31 UT). Different colors and Latin letters a—h indi-

cate regions of the radial magnetic field from various coronal holes.
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Location of the central meridian at ~20:31 UT on De-
cember 15, 2015 is indicated by the vertical thick line in
Figure 5, b. Due to solar rotation, as shown in Figure 5,
b, the point O crosses the central meridian when it shifts
to the left in longitude by ~15°, which corresponds to a
time interval of ~1 day 3 hrs (rotation by 13.3° per day),
i.e. on December 17, 2020 at ty=~00:00 UT the point O is
on the central meridian. In Earth’s orbit, an SW region
with an even number of changes of IMF azimuth angle
sign, a higher plasma density N~30-35 cm*, and a rela-
tively low velocity V=430 km/s was observed on De-
cember 22, 2015 from 08:00 to 12:00 UT (see Figure 5).
This is the DS we are interested in. Using the formula
tean ™[t o+4.6-10*V] from [Eselevich et al., 2007], we
can estimate the time of arrival of a plasmoid at Earth’s
orbit, which is a continuation of the segment O of the
streamer chain crossing the central meridian in Figure 5,
b at ty=00:00 UT on December 17, 2020, assuming that
V=430 km/s: AtEanh:4.6'104N:107 hrs =4 days 11 hrs.
Hence, tean=December 21, 2015 (11:00 UT). This agrees
up to =1 day with the time of DS appearance at a distance
of 1 AU on December 22, 2015 (08:00-12:00 UT).

Thus, we come to the conclusion that the solar
source of the DS recorded on December 22, 2015
(08:00-12:00 UT) is a streamer chain.

The diamagnetic structure moves toward Earth’s orbit
at a slow SW velocity of 430 km/s and has a number of
features. First of all, for ~4.5 hrs (05:00-09:36 UT) the
IMF vertical component has predominantly northward
direction and an average value of 2.3 nT, whereas from
07:10 to 09:36 UT the average value of B, is 6.1 nT. It is
significant that the IMF components B, and By are also
positive. These facts indicate that there is no energy ac-
cumulation in the magnetosphere due to reconnection of
the magnetospheric magnetic field and IMF.

The mean SW plasma density from 07:10 to 09:40 UT
was N=8.4 cm . At 09:40 UT there was a density jump to
N=13 cm™>; at 10:13 UT the density increased to ~21 cm >,
and at 10:40 UT it reached its maximum value of 33 cm*.
Specifically, the IMF modulus varies in antiphase with the
density (r=-0.74), which, as noted above, is an indication
of the diamagnetic structure [Parkhomov et al., 2018].

3. GLOBAL GEOMAGNETIC
RESPONSE OF THE
MAGNETOSPHERE
TO INTERACTION
WITH THE DECEMBER 22, 2015 DS

Let us examine the geomagnetic response to the DS—
magnetosphere interaction in SML, IL, and CL varia-
tions (Figure 6, a, e), in longitudinal features of geo-
magnetic pulsations (Figure 6, f), and in variations of
the horizontal component of the geomagnetic field (see
Figure 6, g). According to [Gjerloev, 2012], the sub-
storm began at 10:14 UT (arrow 1 in Figure 6, a, e).
However, as inferred from IL-index variations (Figure
6, a, e, blue curves), the onset of the substorm can be
detected at ~09:38 UT. At the same time, B, changes
sign (marked off by the vertical red line), which sug-
gests activation of a trigger that provides energy inflow
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into the magnetosphere. According to variations of the
indices, we can recognize three substorm phases (desig-
nated as I, I, II1). During the first phase, 09:38-10:14
UT, variations in the IL index from —0 to —60 nT (Figure
6, a, e, blue curves), in the CL index from —-50 to —80 nT
(Figure 6, e, red curve), and in the SML index from —230
to —400 nT (Figure 6, a, red curve) coincide with a
change in Bz from 0 to —10 nT (Figure 6, b) and an in-
crease in the SW plasma density from 5 to 10.6 cm™
(Figure 6, c). The second substorm phase begins with a
plasma density jump from 9 to 31 cm>, a decrease in the
IMF modulus from 11 to 5 nT, and a change in B, from —
10 to +10 nT. This moment coincides with the moment of
the substorm onset at 10:14 UT determined in [Gjerloev,
2012]. During the substorm expansion phase from 10:55
UT, all the indices vary synchronously with two simulta-
neous extremes of SML, IL, and CL observed at 11:00
and 11:27 UT. At 11:30 UT, the recovery phase begins
— a weakening of the intensity of ionospheric currents
and recovery of all the indices to the undisturbed level.
This regularity points to a common global cause of the
auroral electrojet modulation. This cause is the interaction
between the magnetosphere and the DS characterized by
variations in the SW density and the IMF vertical com-
ponent B,. Duration of the substorm and its energy de-
pend on the duration (the horizontal red straight line in
Figure 6) of the DS—magnetosphere interaction or on the
influx of SW energy carried by the DS into the magneto-
sphere. The energy inflow is, however, controlled by the
variation of the IMF vertical component B,.

Calculate the energy Ey, carried by the DS into the
magnetosphere on December 22, 2015 for At=40 min
(2400 s) from 10:15 to 10:55 UT. Average SW parame-
ters for this interval: N=25 cm3, V4,=430 km/s. The DS
diameter: d=AtV,~2400-430~1.03-10° km. The DS
sectional area: S~nd?%/4~8.4-10" km?.

Length of the DS affecting the magnetosphere:
L~30Rg ~1.9-10° km.

We obtain the volume of the structure: SL~1.6-10"
km® (~1.6-10% cm®).

E. =NmV 2

P sw
Exin=NmM,Vg,’SL~6.14-10* erg (6.14-10™ J).
This value is comparable with the estimates of en-

ergy release during substorms in “Short-Term Space

Weather Forecast” by IKI RAS [http://spaceweather.ru/

ru/node/32]. To estimate the energy supplied to the

magnetosphere for 90 min, we use the parameter
£=2-10"V;B?sin(0/2)* [W], where B is the magnetic
field in nT; V; is the solar wind speed in km/s; 0 is the

IMF hour angle in the YZ plane. As estimated

[http://spaceweather.ru/ru/node/32], Eq,<10™* J enters the

magnetosphere for 90 min at the level “quiet”, and

Ego=10*+10%J at the level “weak substorms”, which

is comparable to the December 22, 2015 DS energy.
Examine the features of geomagnetic pulsations

from noon to midnight and morning hours since the
ultralow-frequency radiation, which they reflect, serves
as a good indicator of magnetospheric processes associ-

ated with substorms [Saito, 1969; Nishida, 1980;
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Figure 6. Variations in the SML and IL indices (a), IMF B, (b), SW density (c), IMF intensity modulus measured by Wind
(d), IL and CL indices (e), spectrograms of geomagnetic pulsations in different longitudinal sectors (f), magnetograms from auro-
ral and low-latitude observatories in one longitude interval corresponding to the longitudes of the observatories in which the
spectrograms were obtained (g). The horizontal rectangle denotes DS. The solid vertical line is the beginning of interaction with
the DS. Arrows show: 1— the substorm onset according to [Gjerloev, 2012]; 2 and 3 — maxima in the absolute value of the
ILand CL indices respectively. Roman numerals denote the substorm phases: | — growth; Il — expansion; 111 —recovery

Kangas et al., 1998]. In the near noon sector, pulsations
are observed in the Pcl frequency range with a nonsta-
tionary spectrum (Figure 6, f, LOZ H), which are ac-
companied by an increase in the westward current re-
flected in an increase in the IL index to —200 nT (Figure
6, e), determined from H-component variations at the
meridional magnetometer network IMAGE. To the east
in the dusk sector 16-18 MLT, there is a short-term
intensification of auroral current (negative bay ~-600
nT in Figure 6, g, VIZ H) and a broadband burst of Pil-
2 pulsations at ~10:20 UT (Figure 6, e, IST D). In the
midnight sector (21-23 MLT, PBK), the intensity of the
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westward electrojet sharply increases (H~-700 nT); at
the mid-latitude station PET of this meridian there are
successive broadband Pil-2 bursts typical for the sub-
storm growth phase (Figure 6, f, g) [Rakhmatulin et al.,
1984; Karlsson et al., 2015]. In the post-midnight sector
02-06 MLT, the common phenomena constituting a sub-
storm are observed: a powerful westward current (H=-500
nT), PiC pulsations typical of the substorm recovery
phase (at the MSTK, FCC observatories of the
CARISMA network). The change in modes and types of
the geomagnetic pulsations along the longitude reflects
the dynamics of the DS — magnetosphere interaction
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and shows that pulsations of different types are excited
simultaneously, which, in turn, points to various mecha-
nisms of MHD wave generation. In addition, there is a
delay in the ionospheric current amplification maxima
to the east of the noon meridian (see Figure 6, arrows 2,
3). These regularities of the change in pulsation modes
along the longitude do not fit into the existing models of
generation of geomagnetic pulsations accompanying a
substorm and contradict the classical results [Akasofu,
2017; Kepko et al., 2015]. All classical models of mag-
netospheric substorm onset include the main elements
of substorm current wedge, which moves westward of
the midnight meridian and provides conditions for the
interaction between the magnetospheric reconfiguration
and the ionosphere dynamics.

The differences between the isolated global sub-
storm considered and the classical substorm are also
confirmed by Figure 7, a—f, which presents SW and
IMF parameters, spectrograms of geomagnetic pulsa-
tions at Ivalo (low-frequency part of the spectrum
0.022-0.0045 Hz) and Lovozero (high-frequency part
0.1-4 Hz) observatories, variations in partial density
of protons inside the magnetosphere at a distance of ~5Rg
obtained by the RBSPA satellite, and an oscillogram
of geomagnetic pulsations filtered in a particular
range 0.1-5 Hz at Ivalo Observatory. Referring to
Figure 7, c, in the low-frequency part of the spectrum
are bursts (indicated by vertical segments) of Pi2 pul-
sations with an average period T~150 s. Recall that
the Pi2 pulsations are a generally recognized indica-
tor of substorm onset. However, the situation consid-
ered develops during the near noon hours at subauro-
ral latitudes. Each burst is seen to coincide with the
moment of transition of B, through 0 and with sharp
peaks of B,.

This suggests a separate effect of IMF changes and
proton density jumps on the mode of geomagnetic pul-
sations. Bursts of Pi2 pulsations are associated with the
sharp change in the direction of B, from north to south
or vice versa, presumably due to the reconnection be-
tween IMF and the geomagnetic field at the magneto-
pause, the generation of jets in the magnetosheath, and
their impulsive passage into the magnetosphere. A similar
regularity was first discovered in [Dmitriev, Suvorova,
2015] and noted by us in [Parkhomov et al., 2021],
where it was shown that Pc4-5 — Pi2 bursts (100-200 s)
may be driven by the passage of MHD waves from SW
into the magnetosphere when DS penetrates into the
magnetosheath. Confirmation of this assumption can be
found in [Katsavriasi et al., 2021], where Pi2 pulsations
are shown to occur in the magnetosheath and with a
delay of 140 s inside the magnetosphere, which, accord-
ing to the authors, is associated with the Alfvén velocity
and the wave transmission through the magnetopause.
As we noted in [Parkhomov et al., 2021], a possible
mechanism for the wave transmission through the mag-
netopause may be the impulsive passage according to
the mechanism [Echim, Lemaire, 2000].

Examine features of the pulsations in the frequency

43

22.12.2915 a

RBSPA N,
o~

rTrr [ rrrr [ rrror T [T
IVALO H Af=0.5+5Hz

cm-3
o o
o O -

il

N
o

arb. units
8

o o o
il by

1T T
11:00

T T T 1

T T L] & G & F o1
10:00 10:20 10:40
1

o Hiz

N, ecm-3

LA L L B Y N B L L Y DL H B

10:00

a:0d 10:00 11:00 I I 12:C0 UT, h
q 0B Pi2| I | | | I
[ X—_ f\J\W\ _
s 0 SN, f
q -8— w M
T T T T T [ T T T T | T T T X T I T T T 1
a:00 10:00 11:00 12:C0 UT, h

Figure 7. A DS-generated substorm in geomagnetic pulsa-
tions during near noon hours: partial proton density from the
RBSPA satellite (a); variation in the intensity of geomagnetic
pulsations in the frequency range 0.5-5 Hz (b); spectrogram of
Pcl high-frequency geomagnetic pulsations (IPDP) at the
observatory Lovozero (c); SW proton density variation in DS
(d); spectrogram of geomagnetic pulsations in the frequency
range 45-220 s at the observatory Ivalo (e); variation in IMF
B, (f). Vertical lines mark the intervals of correspondence
between the SW proton density increase and the IPDP genera-
tion (c, d) and correspondence of the Pi2 generation when B,
passes through 0 (e, f). Numbers 1 and 2 indicate the corre-
spondence of the intervals of increasing SW proton density
with variations in the partial proton density in the magneto-
sphere at a distance of ~5Rg and in the geomagnetic pulsation
intensity

range 0.5-5 Hz (Figure 7, b, c). Figure 7, ¢ depicts Pcl
pulsations with a nonstationary spectrum. The spectrum
exhibits regions of the frequency increase and decrease
that coincide in time with the increase and decrease inthe
SW plasma density in the DS. In addition, the pulsation
amplitude envelope (Figure 7, b) is modulated by varia-
tions in the partial proton density in the magnetosphere
(Figure 7, a). In [Yahnina et al., 2008; Yakhnin et al.,
2019], the cyclotron instability of ring current ions stimu-
lated by pulse compression of the magnetosphere by SW
pressure jumps was considered as a source of such pulsa-
tions. However, pay attention to the features of the oscil-
lation spectra that by morphological characteristics are
close to radiation with a nonstationary spectrum of the
IPDP type, associated with cyclotron instability of pro-
tons injected into the radiation belt during substorms dur-
ing pre-midnight hours [Kangas et al., 1998].

Let us investigate the phenomena that occur in the
magnetotail. Observations of plasma and magnetic field
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parameters from the THB, THC and THA, THD, and
THE satellites allow us to trace the motion and trans-
formation of the December 22, 2015 DS to distances of
~44 5Re and ~11.4Rg respectively. Let us note an im-
portant detail — the DS penetrates into the magne-
tosheath, affects the magnetosphere, and after ~15 min
it is successively observed by the THB, THC satellites
in the magnetosheath (~44.5 Rg) and, in a deformed
form, by the THA, THD, THE satellites in the central
part of the magnetotail plasma sheet (~11.4 Rg).

Figure 8 gives details on the DS dynamics. A note-
worthy fact is the preservation of the structure and time
scales of the DS and the anticorrelation between the B
and N, profiles when DS moves from the WIND satel-
lite (~200Rg) to Earth and penetrates into the magne-
tosheath at distances up to ~44.5Rg (Figure 8 a, b). In
the vicinity of the magnetotail plasma sheet at a distance
of ~10Rg (THE), the picture changes dramatically. The
structures observed are no longer DS since there is no
anticorrelation between B and N, (Figure 8, c). In this
case, N, decreases almost by a factor of ten (compared
to the magnetosheath), and B increases about five times.
All this presumably reflects the dissipative processes
initiated by the impact of DS on magnetized plasma of
the magnetotail.

4. MAIN RESULTS

1. The DS-magnetosphere interaction after a long
period of northward B, orientation generates an isolated
global substorm whose duration depends on the duration
of the interaction. The substorm begins around noon due
to the DS impact on the magnetosphere and propagates
eastward. The substorm is triggered by a sharp change
in B, direction.

2. All phases of the substorm are observed for two
hours — the growth, expansion, and recovery phases —
which are determined by the combined effect of varia-
tions in the SW plasma density and abrupt changes in
the direction of the IMF vertical component.

3. Compression of the magnetosphere leads to proton
precipitation at a distance of ~5Rg and excitation of cy-
clotron instability in the radiation belt, which is reflected
in the generation of Pcl pulsations (IPDP) in a large lati-
tude-longitude range during the near noon hours.

4. The DS passes into the magnetosphere, and its ef-
fect is observed in the magnetosheath and plasma sheet
of the magnetotail.

Our results and the results of studies of the DS-—
magnetosphere interaction reported in [Parkhomov et
al., 2015, 2020, 2021] can be explained by the model
[McPherron et al., 1986] presented in Figure 9, a. The
model was built on the basis of a large statistics of ob-
servations of global isolated substorms, which were
triggered by a sharp change in the long-term (~2 hrs)
northward orientation of IMFg, to the southward. The
substorms were determined from a sharp steady de-
crease in the AL index, which coincided with the onset
of Pi2 geomagnetic pulsations. The top panel of Figure
9, a illustrates changes in the IMF vertical component.
The middle panel illustrates an SW pressure change;
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Figure 8. Variations in the magnetic field strength modu-
lus B (black curve) and proton density N, (red curve): a — in
the solar wind according to WIND satellite data; b — in the
magnetosheath according to THB satellite data; ¢ — in the
magnetosphere according to THE satellite data

the bottom panel, variations in the AL index of the
westward electrojet during the isolated substorm. The
bottom panel of Figure 9, a shows schematically the
development of the substorm. It is important to stress
that the onset of the substorm is associated with a sharp
turn of IMFg, to the south (red vertical line). Also note-
worthy is that the substorm phases in the model are de-
fined by the simultaneous change in IMF and SW pres-
sure. Stages of the substorm development are numbered
1-7in Figure 9.

Let us turn now to Figure 9, b, where the same IMF
parameters are presented, but the proton density is tak-
en instead of the SW pressure. Since the SW velocity
in the event considered remains constant (410412
km/s), the SW pressure variation will be determined by
the density variation. Instead of the auroral magnetic
activity index AL used in the papers cited, we employ
the global SML index and the local IL index calculated
by the same method as AL.

Figure 9, a, b shows an amazing coincidence of de-
tails 1-7 in the model and the global isolated substorm
generated by the interaction between the December 22,
2015 DS of slow SW and the magnetosphere. Accord-
ing to [Hsu, McPherron, 2003], a similar pattern is ob-
served in 44 % of isolated substorms. Parkhomov et al.
[2020] indicate that 24 % of isolated substorms are con-
nected with DS in slow SW. However, the effects of the
DS-magnetosphere interaction, as shown in [Par-
khomov et al., 2021], are the same for slow and sporad-
ic SW, which can bring our statistics closer to the statis-
tics obtained in [Hsu, McPherron, 2003].

We are sincerely grateful to NASA CDAWEB for
providing data from the ACE, Wind, Geotail, THEMIS,
RBSPA, RBSPB, GOES-13, GOES-15, and Interball
satellites. We thank leaders, developers of the instru-
ments, and leaders of the experiments, conducted with
these satellites, for the possibility of using the data.
Thanks are extended to I.R. Mann, D.K. Milling and
other members of the CARISMA team for providing
access to the data. We also thank G.V. Rudenko for the
calculation data. The results were obtained using the
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equipment of Shared Equipment Center «Angara»
[http://ckp-rf.ru/ckp/3056].
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