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Abstract. The dynamics of the intensity of cosmic
rays is known to be different on the ascending and de-
scending branches of the 11-year solar cycle, i.e., hyste-
resis phenomena are observed. Recently, it has been
obtained that at shorter intervals on the scale of magnet-
ic storms there are also signs of hysteresis in depend-
ences of cosmic ray cutoff rigidities R (geomagnetic
thresholds) on heliosphere and geosphere parameters. R
is the rigidity below which a particle flux is cut off due
to geomagnetic shielding. In this paper, we have ana-
lyzed the dependence of the geomagnetic storm index
Dst and the variation of the AR thresholds on interplane-
tary magnetic field (IMF) and solar wind (SW) parame-
ters during the two-step magnetic storm on September
7-8, 2017. We have found hysteresis phenomena in the
following paired series: (1) dependences of Dst on SW

and IMF parameters, and (2) dependences of AR on SW
and IMF parameters. We have established that the de-
pendence curves in the storm descending phase (main
phase) and ascending phase (recovery phase) do not
coincide — hysteresis loops are formed. A specific fea-
ture of the storm under study is the second lowering of
Dst in the recovery phase. The hysteresis pattern reflects
this specific storm dynamics, forming two hysteresis
loops in response to the two Dst drops.

Keywords: cosmic rays, geomagnetic threshold,

cosmic ray cutoff rigidities, supersubstorm, interplanetary
magnetic field, geomagnetic activity.

INTRODUCTION

Cosmic rays (CRs) are fluxes of charged energetic
particles penetrating into interplanetary space. They
come from both near solar space and distant galactic
space. Penetration of CRs into the magnetosphere is
controlled by the geomagnetic threshold or the geomag-
netic cutoff rigidity R, below which a particle flux is cut
off due to geomagnetic shielding. At the magnetic poles,
R is minimal (almost zero), and in the vicinity of the
equator it increases to vertical R~15 GV. During geo-
magnetic storms, geomagnetic shielding decreases due
to a decrease in the field inside the magnetosphere be-
cause of the formation of global current systems — ring
current, magnetopause currents, magnetotail and field-
aligned high-latitude currents. As a result, cosmic parti-
cles can penetrate to lower latitudes.

Variations in solar activity and galactic CR intensity
exhibit hysteresis effects: the dynamics of CR intensity is
different on the ascending and descending branches of the
11-year cycle. These effects on ten-year time scales were
observed more than twenty years ago in [Mavromichalaki
etal., 1998; Dorman et al., 2001; Kane, 2003]. The authors
correlated the obtained hysteresis with the delay in the
interplanetary processes, responsible for CR modulation,
with respect to corresponding solar processes and solar
wind (SW) parameters. It has recently been found that for

some CR characteristics, hysteresis effects can also be ob-
served on shorter time scales of the order of the evolution
time of a geomagnetic storm (several days). In [Ptitsyna et
al., 2021; Danilova et al., 2023], it has been obtained that
the dependences of AR variation on interplanetary magnet-
ic field (IMF) and SW parameters during the magnetic
storm descending phase (decrease in Dst, main phase)
and the ascending one (recovery phase) do not coincide.
This yields a loop diagram — a hysteresis loop. Besides,
in [Kurazhkovskaya et al., 2021; Kurazhkovskaya, Ku-
razhkovsky, 2023], the presence of hysteresis was ob-
served in the dependence of Dst on the SW plasma pa-
rameter [ (this parameter is equal to the ratio of thermal
pressure to magnetic one p=NkT/(B%(8r)) during the de-
velopment of geomagnetic storms. From statistical analy-
sis of the storms that occurred from 1964 to 2010, in [Ku-
razhkovskaya et al., 2021; Kurazhkovskaya, Kurazhkov-
sky, 2023] it has been found that the Dst(B) dynamics
during the storm main phase does not coincide with that
during the recovery phase.

The effects of solar coronal mass ejections (CMES),
high-speed SW streams from coronal holes on Earth's
magnetosphere cause geomagnetic disturbances of vary-
ing intensity. The strongest geomagnetic storms
(Dst<—100 nT) are driven mainly by transient events:
CMEs and related interplanetary structures (shock fronts,
compression regions in front of interplanetary CMEs,
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magnetic clouds, and magnetic pistons [Gosling, 1993;
Yermolaev et al., 2010; Richardson, Cane, 2011; Obridko
et al, 2013; Kilpua et al., 2017; Dremukhina et al.,
2019]. In the case of interaction of CMEs with each oth-
er, as well as with other interplanetary features, complex
structures with increased geoeffectiveness are formed in
near-Earth space [Shen et al., 2018; Scolini et al., 2020].
A great scientific interest was aroused by a strong
disturbance in near-Earth space and on Earth, which
was generated by the passage of a similar structure and
occurred on September 6-9, 2017. At that time there
was increased solar activity, flares, CME, as well as
magnetospheric and geomagnetic disturbances, which
were accompanied by very strong substorms, a Forbush
decrease in the CR intensity, and other features [Sa-
fargaleev, Tereshchenko, 2019; Scolini et al., 2020;
Despirak et al., 2020; Hajra et al., 2020; Ptitsyna et al.,
2023]. The severe geomagnetic storm on September 7-8,
2017 developed in two stages and on September 8 had two
Dst minima: —142 at 01:00 UT and —124 nT at 17:00 UT.
The purpose of our work is to try to detect the hyste-
resis phenomena during the September 7-8, 2017 storm
in paired series: 1) in the dependences of Dst on SW and
IMF parameters; 2) in the dependences of AR on SW and
IMF parameters. In addition, we intend to examine features
of hysteresis formed during this complex, two-step storm.

1. METHODS AND DATA

Geomagnetic cutoff rigidities/geomagnetic thresh-
olds have been calculated by two methods [Ptitsyna et
al., 2023]. The first method involves calculating vertical
effective cutoff rigidities Res by numerically integrating
trajectories of charged particles in the model geomag-
netic field [McCracken et al., 1962]. We have used the
Tsyganenko magnetospheric magnetic field model Ts01
[Tsyganenko, 2002a, b; Tsyganenko et al., 2003], de-
signed for disturbed conditions. This semi-empirical
model is based on a database of satellite measurements
of the magnetic field during 37 geomagnetic storms
with Dst<—65 nT. The main sources of the magnetic
field of the Ts01 model are symmetric and partial ring
currents, field-aligned Birkeland currents (regions 1 and
2), the magnetotail current system, and surface currents
at the magnetopause. In Ts01, the Dst index, the SW
density and velocity, as well as three IMF components
are utilized as input parameters defining the effect of
interplanetary conditions on the magnetosphere. These
input parameters were taken from the OMNI database
(Geopack-2008, [http://geo.phys.spbu.ru/~tsyganenko
/modeling.html]). The variations in the geomagnetic
thresholds AR thus calculated are further referred to as
model variations.

The second method of identifying variations in geo-
magnetic thresholds AR is the spectrographic global sur-
vey (SGS). The SGS method based on ground-based
measurements of the CR intensity at the global network of
stations provides information on CR variations caused by
processes in interplanetary space, Earth's magnetosphere
and atmosphere, which makes it possible to obtain varia-
tions in the differential rigidity spectrum of CRs at the
boundary of the magnetosphere, pitch angular CR anisot-

ropy in interplanetary space, as well as variations in the
planetary geomagnetic cutoff rigidity system at every
instant [Kovalev et al., 2022]. In this case, the entire cur-
rently available complex of ground-based recording
equipment is used (a worldwide network of neutron moni-
tors located at any levels in Earth's atmosphere, ground-
based and underground meson telescopes, etc.). The statis-
tical error in determining AR in terms of the statistical
accuracy of measurements at stations of the worldwide
network does not exceed 0.05 GV in absolute value. The
geomagnetic cutoff rigidity variations obtained by this
method are further referred to as observed variations.

The cutoff rigidity variations AR and ARggs were
defined as differences between cutoff rigidities calcu-
lated every hour during the September 7-8, 2017 storm
and cutoff rigidities in the quiet period before the storm.
The daily average thresholds on September 6, 2017
were taken as quiet (Dst=0).

The calculations have been made for the following
stations: ESOI (Israel, 33.30° N, 35.80° E), AATB (Al-
maty, Kazakhstan, 43.20° N, 76.94° E), ROME (Rome,
Italy, 41.90° N, 12.52° E), IRKT (Irkutsk, Russia,
52.47° N, 104.03° E), MOSC (Moscow, Russia, 55.47°
N, 37.32° E), and KGSN (Kingston, Australia, 42.99° S,
147.29° E). The stations have been selected in such a
way that under quiet conditions they covered the main
range of threshold R, affected by the geomagnetic field:
ESOI — 10.29, ROME — 6.15, AATB — 5.94, IRKT
— 3.17, MOSC — 2.11, KGSN — 1.88 GV. For 2017,
we have employed the geomagnetic cutoff rigidity grid
for 2020 and have calculated all results relative to 2020,
using the program from the website
[https://tools.izmiran.ru/cutoff/].

To calculate AR, we exploited data from the global
network of CR stations [https://www.nmdb.eu]. Hourly
SW (density N, velocity V, pressure P), IMF parameters
(total field B, B, and B, components), as well as the elec-
tric field azimuthal component E,, the plasma parameter
B, and Dst from the OMNI database on the website were
used to calculate AR¢ and hysteresis diagrams
[https://lomniweb.gsfc.nasa.gov].

Plasma B is the ratio of plasma pressure to magnetic
pressure; in the OMNI database, this parameter is calcu-
lated using the formula

4.16T N
=22 1534|-L,
P (105 jBZ

where T is the temperature (K); N, is the proton density
(cm™); B is the total magnetic field (nT).
The electric field was calculated by the formula

E(mV/m)=-V (km/s)B, (nT)-10

2. THE SEPTEMBER 7-8, 2017 STORM
AND VARIATIONS
IN GEOMAGNETIC THRESHOLDS
Figure 1 illustrates variations in AR (&) and AR (b)
on September 7-8, 2017. The thresholds ARy, and AR are
calculated by two methods for each of the six stations.
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Figure 1. Variations in geomagnetic thresholds AR,
ARy, and some IMF and SW parameters during the Sep-
tember 7-8, 2017 storm. Vertical lines indicate two de-
creases in Dst: Dstyin and Dstping

For a more detailed comparison, the cutoff rigidity var-
iations ARy and AR for the station Moscow (c) are
plotted in a separate panel. Also shown is Dst (d), as
well as some SW and IMF parameters characterizing the
storm: V, IMF B, and B, (e—g).

The magnetic storm is seen to reached a maximum
Dstyini=—144 nT on September 8 at ~01:00 UT. The
storm main phase was accompanied by CME. A feature of
the storm is the unsmooth behavior of the Dst time profile
during the recovery phase with an additional decrease in
Dstine associated with the arrival of another CME.

In general, the cutoff rigidity variations are seen to fol-
low the Dst variations. This suggests that the ring current
makes a major contribution to cutoff rigidity-variations.

Figure 1 shows that a maximum decrease in the model
thresholds AR=-0.66 GV occurs during the first mini-
mum Dst,n at the end of the main phase. A maximum
decrease in the observed thresholds ARy=—1.21 GV in the
recovery phase during an additional decrease in
Dstyino=—124 nT.

Thus, there is a clearly noticeable difference in the
response of observed ARy, and model AR at midlati-
tudes (station Moscow).

3. HYSTERESIS PHENOMENA
3.1. Dependence of AR on Dst

We have examined the dependence of AR, calculated
by the two methods, on the disturbance storm index Dst,
using the station Moscow as an example. The depend-
ences ARg(Dst) and ARy (Dst) are plotted in Figure 2,
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a, b respectively. The study is focused on the difference
between the effects obtained during different storm
phases. The dependences in the main (blue circles) and
recovery (red circles) phases are shown. Note that the
initial phase (several points grouped near Dst=0+10 nT)
is not highlighted in a separate color so as not to com-
plicate the picture. The direction of the lead time of the
processes coincides with the direction of the arrow.
Examine the dependence of AR on Dst (panel a).
During the storm, Dst varies cyclically (Figures 1, d and
2): in the main phase it decreases to Dstyn;, then in the
recovery phase it increases, passing through an addi-
tional decrease in Dstnino. Panel a shows that after the
onset of the storm AR decreases until the maximum of
the storm Dst,in1, then the main phase is replaced by the
recovery phase of the storm during which AR increases.
Thus, the behavior of AR repeats the behavior of Dst.
Yet, the resulting dependence AR¢(Dst) is ambiguous, it
has a loop-like shape: the same value of AR is obtained
for different Dst. Panel a exhibits the dependence of
ARgs not only on the variable argument Dst, but also on
the direction of the argument variation. The latter de-
pendence is a sign of hysteresis. The descending and
ascending curves of ARg(Dst) (the storm main and
recovery phases) are seen to follow different trajectories,
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Figure2. Dependences: ARq(Dst) (a); ARg(Dst) (b) at the
MOSC station. Blue circles indicate the main phase of the storm;
the red ones, the recovery phase. The black diamond marks the
maximum of the storm Dst,,,.. The direction of the lead time of
the processes coincides with the direction of the arrow
thereby producing a hysteresis loop, which reflects the
response of AR to a decrease in Dstyny (@ drop and
then a rise in AR)
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The dependence ARgg(Dst), shown in panel b, repre-
sents a more complex pattern. The ARyg(Dst) curve in
the main phase to Dstyiy; iS similar to the ARgg(Dst)
curve, but later on ARy also reacts to the second de-
crease in Dstyiy, during the storm recovery phase. The
rise in AR is seen to be interrupted by a sharp drop
after which the thresholds continue to increase again. As
a result, the ascending curve of AR (Dst) in the storm
recovery phase contains a second open hysteresis loop
as a response to DStpin2.

Since a specific feature of the storm under study is
an additional decrease in Dsty,, during the recovery
phase, we can conclude that hysteresis of the observed
ARy values, by forming two loops (as a response to both
decreases in Dstyiny and Dstying), better reflects the specif-
ics of the storm than hysteresis of the model AR values.
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3.2. Dependence of Dst and AR on SW
magnetic and electric parameters

In this section, we analyze data to identify hysteresis
phenomena in the relationship of three paired series
during the September 7-8, 2017 storm: 1) in the de-
pendences of Dst on B, B,, E,, and f; 2) in the depend-
ences of AR¢s on B, B,, E,, and B; 3) in the dependences
of AR 0n the same interplanetary medium parameters.
The result of the analysis for the station Moscow is pre-
sented in Figure 3 as diagrams of the dependence of
Dst, AR¢t, and ARgys on each of the parameters consid-
ered. Panels a—d plot the dependence of Dst on B, B,, E,,
and B; panels e-h, the dependence of model AR on B,
B,, E,, and B; panels i-l, the dependence of observed
ARgys 0n the same parameters.
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Figure 3. Hysteresis loops for the dependence of Dst and AR on parameters of the interplanetary magnetic and electric fields. Blue
circles indicate the main phase; red ones, the recovery phase. The direction of the lead time of the processes coincides with the direction

of the arrow

Analyze the evolution of Dst during the two-step
storm depending on the SW magnetic and electric pa-
rameters (panels a—d). The dependence diagram Dst(B)
(a) shows that B varies from values of the order of 5+10
nT at the beginning of the storm, then during the main
phase it increases to a maximum of 28 nT 1 hr before
the storm maximum, decreasing afterward to 10 nT.
Such a cyclic variation in B is accompanied by a cyclic
variation in Dst: a drop during the main phase to DStyin1
in the storm minimum and a subsequent rise. The Dst(B)
curve exhibits a loop-like dependence since the de-
scending portion of the curve (blue dots in the main
phase) does not coincide with the portion of the curve in
the ascending part (red dots in the recovery phase). Un-
der cyclic variations in B,, E,, and B (b—d), similar hys-
teresis loops are seen to be formed for the dependences
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Dst (B,, Ey, B). Note that the ascending branches of the
loops (the recovery phase) are not smooth, they are dis-
torted by jumps in the SW magnetic and electric param-
eters at the second stage of the storm. One of the differ-
ences between the obtained hysteresis loops is that for
Dst(B, E,) the cycle is bypassed clockwise; and for
Dst(B,, B), counterclockwise. Furthermore, noteworthy
is the different widths of the hysteresis loops obtained,
which is likely related to the degree of sym-
metry/asymmetry of the initial process [Serensen et al.,
1975; Atabekov, 2009].

Panels e-h also display signs of hysteresis in the de-
pendence of ARy on IMF and electric field parameters.
The curve of the AR dependence on one of the B, B,,
E,, or B arguments as well as the diagrams of the left
row of panels are characterized by two branches: de-
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scending (initial and main phases of the storm) and as-
cending (recovery phase). The geomagnetic threshold
decreases on the descending branch and increases on the
ascending one. Panels e—h exhibit the ambiguity of the
relationship between AR and B, B,, E,, B. The trajecto-
ry of AR, i.e. successive values that AR takes in the
dependence on B, B,, E,, and f in the main phase (blue
symbols), does not significantly match the trajectory in
the recovery phase (red symbols), with hysteresis loops
being formed. For the dependences A Re(B, B, E,, B).
hysteresis loops are similar to the loops of Dst(B, B,, E,,
B). However, in this case there are two loops as a re-
sponse to two decreases in Dstping and Dstppina.

Panels i—I also show signs of hysteresis in the de-
pendence of ARy on IMF parameters. For ARy(B, B,
E,, B), the descending portions of the loops (main phase)
virtually fit the curves in the diagrams of the left and

middle panels, i.e. Dst and AR(B, B, E,, B). Nonethe-
less, in the storm recovery phase (i-I) there are two
loops as a response to two decreases in Dsty,; and
DStminZ-

In the dependences of AR¢ on the IMF parameters, a
small additional loop is also seen as a response to the
second decrease in Dstyinp, but it is much less pro-
nounced.

3.3. Dependences of Dst and AR on SW
dynamic parameters

Figure 4 illustrates the dependence of Dst (a—c),
AR (d—f), and ARy (g—i) on the dynamic parameters V,
N, and P for different SW magnetic and electric parame-
ters during the storm.
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The dependences of Dst and geomagnetic thresholds
on the SW dynamic parameters are more complex and
less definite in terms of detecting signs of hysteresis.
Panels a—c demonstrate the ambiguous dependences
Dst(V, N, P) — a semblance of open hysteresis loops is
formed. For the dependence Dst(N and P), a second
loop is formed as a response to Dstyn. In panels d-f,
the dependence of AR on the SW dynamic parameters
virtually repeats Dst(V, N, P), showing a similarity to
hysteresis. The second loop is clearly seen only for
ARg(N). Panels g—i indicate that the ARy (V, N, P)
curves are formed by multiple intersecting lines and
produce an analogue of open hysteresis. Thus, the
curves of the dependence of Dst, AR, and ARggs 0n SW
dynamic parameters form only a similarity of hysteresis
loops, showing less pronounced signs of hysteresis than
similar dependences on magnetic and electric parameters.

4. DISCUSSION

Analysis has shown that during the development
of the September 7-8, 2017 storm with cyclic varia-
tions in SW and IMF parameters hysteresis phenom-
ena occur in the relationship of these parameters with
Dst and AR. The signs of hysteresis are especially
obvious for the relationship with the magnetic and
electric parameters B, B,, E,, and B. Our result for the
relationship between Dst and B supports the conclu-
sions drawn in [Kurazhkovskaya, Kurazhkovsky,
2023], where the presence of hysteresis in the de-
pendence Dst(B) on scales of geomagnetic storms has
been confirmed. The dependence of geomagnetic
thresholds on the SW dynamic parameters is more
chaotic, demonstrating only a semblance of hystere-
sis. This agrees with the results obtained in [Ptitsyna
et al., 2021; Danilova et al., 2023], in which it has
been shown that during storms in falls of 2003 and
2004 hysteresis loops are most clearly seen for the
AR dependence on magnetic parameters.

The geomagnetic cutoff rigidity dynamics during
the evolution of the storm is a reflection of the interac-
tion of SW and IMF with the geomagnetosphere during
this period (see, e.g., [Kichigin et al., 2017; Ptitsyna et
al., 2019]. Storm-time activity can be traced by Dst var-
iations whose main source for strong storms is the ring
current. In the magnetic storm initial phase, field lines
of the interplanetary and geomagnetic fields reconnect
and dimensions of the magnetosphere fluctuate (they
depend on the momentum of the solar plasma stream),
which leads to penetration of new particles into the
magnetosphere or acceleration of its plasma to energies
of the order of thousands of electron volts. During the
recovery phase of geomagnetic storms, the ring current
decays due to Coulomb scattering and charge exchange
of protons with neutral atmospheric hydrogen. At the
same time, the times of the ring current saturation and
its decay are different [Kozyra, Liemohn, 2003]. It can
be assumed that as a result of this the energy is accumu-
lated during the development of the ring current in the
storm main phase and is released in the recovery phase
asymmetrically, which is a sign of hysteresis. This as-
sumption is supported by the results obtained by Cai et
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al. [2009]; the authors have simulated the interaction of
electromagnetic particles with Earth's magnetosphere.
They have shown that with the cyclic variation in |B,|
from 0 to maximum and back when a certain critical
value of |B,| is attained the daytime magnetosphere sig-
nificantly decreases in size. Hence, the magnetic field is
transformed to a form with reduced symmetry in which
dissipative processes occur that allow absorbing excess
energy coming from SW. Cai et al. [2009] arrive at the
conclusion that when the SW energy is transferred to
the magnetosphere through dissipative processes, a part
of this energy is not restored. At the same time, the res-
toration of the size and shape of the magnetosphere dur-
ing the storm recovery phase differs from that during
the main phase, thereby forming a hysteresis loop.

The obtained difference between the results for
model and observed geomagnetic cutoff rigidities re-
quires separate consideration. Studies based on satellite
measurements and model calculations have shown that
along with the ring current magnetotail currents can also
be an additional source of Dst variations [Alexeev et al.,
1996; Kalegaev, 2010; Asikainen et al., 2010]. In this
case, the ratio between contributions of these current
systems depends on the storm strength: very strong
storms (Dstin<—200 nT) are derived mainly by the ring
current; during less intense disturbances (—200 nT<
Dstin<—100 nT), the contribution of tail currents be-
comes comparable to the contribution of the ring cur-
rent. The energy stored in the magnetotail, in particular
in its more distant part, is responsible for a number of
important magnetospheric processes [Borovsky et al.,
1998; Ganushkina et al., 2018]. The Ts01 model, we
employ to calculate R, describes the disturbed magnet-
ic field of the magnetosphere in the region R<15 Rg and
ignores the influence of the field of the middle and dis-
tant tail. At the same time, CRs recorded on Earth and
employed to determine ARy are affected by the mag-
netic field throughout the magnetosphere. Thus, ARgg
can reflect the response of CRs to variations in the mag-
netotail currents better than AR The contribution of
the tail currents during Dstnn, is greater than during
Dstyin1, SO the difference between the responses of AR
and AR at this time is more pronounced. If in hystere-
sis of ARg the second loop as a reaction to the second
decrease in Dst is only outlined, there are two loops
clearly traced in the dependences of ARy, on magneto-
spheric parameters. Thus, the difference between the
obtained hysteresis effects for AR and ARy is appar-
ently related to the different sensitivity of the model and
observed thresholds to relative contributions of different
current systems to Dst variations.

CONCLUSION

We have analyzed the complex storm that occurred
on September 7-8, 2017 in order to detect possible hys-
teresis phenomena in the relationship of three paired
series: 1) in the dependences of Dst on the SW and IMF
magnetic and dynamic parameters (B, B, E,, B, V, N,
and P); 2) in the dependences of model thresholds AR
on the same interplanetary medium parameters; 3) in the
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dependences of observed AR 0n the same parameters.

The analysis has revealed for the first time that Dst
variations depending on IMF and electric field B, B,, E,
in the main phase of the storm differ from those in the
recovery phase — a clear hysteresis loop is formed.
Hysteresis loops are also formed for the geomagnetic
thresholds AR and ARy, calculated by two independ-
ent methods. A specific feature of the storm under study
is the second decrease in Dst during the recovery phase.
Hysteresis in the dependence of observed ARy on mag-
netospheric parameters better reflects this specific dy-
namics of the storm. The AR(B, B,, Ey, B) curves form
two distinct hysteresis loops as a reaction to two de-
creases in Dst.

In our opinion, hysteresis is explained by the difference
between the times of the ring current saturation and its
decay. In this case, energy storage during the development
of the ring current in the main phase of the storm and its
release in the recovery phase occur asymmetrically — hys-
teresis loops are formed. Other current systems, which
develop and decay on different time scales, might have
also made an asymmetric contribution to the evolution of
the storm. However, the disturbed magnetosphere is a
complex multifactor system that is not well understood at
present. Additional research is therefore required to draw
more specific conclusions about the effect of all compo-
nents of this system on AR.
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partially carried out with the financial support from the
Ministry of Science and Higher Education of the Russian
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and the Unique Research Facility “Russian National
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