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Abstract. We have studied the relationship of geo-
magnetic activity indices (A, Dst) on time intervals,
equal to solar cycles (~11 years), with solar activity
indicators and heliospheric parameters. It is shown that
the plots of the A, and Dst indices versus solar activity
indicators, as well as versus heliospheric parameters, i.e.
solar wind and IMF parameters in the ascending and
descending phases of solar activity cycles 21-24 do not
coincide, which is indicative of the hysteresis phenome-
non. The A, and Dst indices form hysteresis loops with
all parameters we analyze during cycles 21-24. The
shape and area of the hysteresis loops, as well as the
direction of rotation, clockwise or counterclockwise,
depend significantly on indicators of solar activity, heli-
ospheric parameters and change from cycle to cycle. We
have found a tendency for the extension and area of the

hysteresis loops to decrease from cycle 21 to cycle 24.
Analysis of the variability in the shape and size of the
hysteresis loops formed by the A, and Dst indices with
solar indicators and heliospheric parameters gives rea-
son to believe that the obtained loops reflect the long-
term evolution of the solar wind energy flux, which
determines global geomagnetic activity and the magne-
tospheric ring current intensity in the ascending and
descending phases of solar activity cycles 21-24.

Keywords: geomagnetic activity, solar wind, solar
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INTRODUCTION

In many studies such as [Donnelly, 1991; Bach-
mann, White, 1994; Ozgiic et al., 2012; Bruevich et al.,
2018], it has been observed that the dynamics of a num-
ber of solar activity parameters is different during as-
cending and descending phases of solar cycle. In other
words, the trajectory of changes in one solar activity
parameter depending on the other demonstrates a simi-
larity to hysteresis during a solar cycle. Research papers
most often examine in pairs the relationships between
such solar activity indicators as sunspot number, solar
radio flux at a wavelength of 10.7 cm, solar flare index,
maximum velocity of coronal mass ejections, etc. As an
example, we refer to the papers [Bachmann, White,
1994; Ozgiig et al., 2000, 2012; Bruevich et al., 2018] in
which the effect of hysteresis between sunspot number
and other solar activity indicators has been found. As is
argued by Bachmann and White [1994], hysteresis is a
real phenomenon, and not the result of instrumental
effects and estimates of time shifts between solar activi-
ty indices and sunspot number.

The hysteresis is characteristic not only of solar in-
dicators, but also of heliospheric parameters, ionospher-
ic activity indices, as well as cosmic ray intensity. For
instance, the effect of hysteresis between ionospheric
and solar activity indices has been studied in [Kane,
1992; Ortiz de Adler, Elias, 2008; Bruevich et al., 2016;
Deminov et al., 2020]. The hysteresis between cosmic
ray intensity and sunspot number, as well as the solar

flare index has been analyzed in [Mavromichalaki et al.,
1998; Kane, 2003; Ozgii¢, Atag, 2003; Singha et al.,
2008] and many others. Recent decadal studies
[Dmitriev et al., 2002; Ozgiic et al., 2016; Reda et al.,
2023] have revealed a hysteresis cycle of solar wind
(SW) and interplanetary magnetic field (IMF) parame-
ters: SW density N, velocity V, dynamic pressure Pgyn,
IMF intensity B with Wolf numbers and other solar ac-
tivity indicators.

Various indices are used to measure geomagnetic ac-
tivity. The most commonly used indices are A, and Dst,
which measure global magnetic disturbance and magne-
tospheric ring current intensity during geomagnetic
storms. Correlations of A, and Dst indices with solar
activity, SW and IMF parameters have been studied in
many works, for example [Ahluwalia, 2000; Papitash-
vili et al., 2000; Verbanac et al., 2011; Kilcik et al.,
2017; Samsonov et al., 2019]. These and other works
provide correlation coefficients between the geomagnet-
ic indices and heliospheric parameters, and estimate
time shifts between different parameters. At the same
time, the number of publications on the hysteresis effect
between the geomagnetic indices and the solar activity
indicators is very limited. We can mention the work
[Ozgiig et al., 2016], in which the hysteresis effect of A,
and Dst with the CME maximum velocity index was
found only in cycle 23 and during the ascending phase
of cycle 24. Bruevich et al. [2016] briefly mention a
hysteresis between A, and the solar radio flux at a wave-
length of 10.7 cm in solar cycle 21. According to the
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literature available to us, the question of whether the
relationship between geomagnetic activity and solar
activity indicators in other solar cycles is of hysteresis
nature remains open. Moreover, it is interesting to find
out whether the A, and Dst indices form hysteresis loops
with the IMF parameters in the last four solar cycles, for
which the most complete satellite observations are
available.

This paper is an attempt to identify the phenomenon
of hysteresis of geomagnetic indices (A, and Dst) with
solar indicators, SW and IMF parameters in solar cycles
21-24, as well as to examine features of the hysteresis
effect in different solar cycles.

1. DATA

As initial data we have used 27-day averages of
Wolf numbers W, solar radio flux at a wavelength of
10.7 cm F10.7, geomagnetic indices A, and Dst, SW
and IMF parameters for the period from 1976 to 2019
from the OMNI database [https://spdf.gsfc.nasa.gov/pub/
data/omni/low_res_omni/]. We deal with the following
key SW and IMF parameters, as well as their combina-
tions: velocity V, proton density N, IMF intensity B,
IMF B, component, proton temperature T, dynamic
pressure Pgyn, and SW parameter B, in the definitions
given to them on the OMNI website
[https://lomniweb.gsfc.nasa.gov/html/ow_data.html/], SW
electric field E, component: E,=—VB,, the ratio be-
tween helium ion and proton densities N,/N,. In addi-
tion, we have used annual averages of these parameters
from the OMNI database.
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The interval of interest covers four solar cycles —
from 21 to 24. Information about the time of beginning,
maximum, and minimum of the solar activity cycles was
taken from [Ishkov, 2013]. We have analyzed the paired
relationships of A, and Dst with solar indicators and
heliospheric parameters during the time periods equal to
solar cycles.

2. RESULTS

2.1. Cyclic variation in solar activity, helio-
spheric parameters, and geomagnetic activity

When analyzing long-term variations in solar and
geomagnetic activity indices, as well as in SW and IMF
plasma parameters, their annual averages are usually
used. Before examining the relationship of the geomag-
netic activity indices with solar activity and heliospheric
parameters in a separate solar cycle, let us take a look at
the variation in their annual averages during the last
four solar cycles.

Figure 1, a, b illustrates the dynamics of annual av-
erages of the analyzed solar activity indices, interplane-
tary medium, and geomagnetic indices in solar cycles
21-24. The qualitative behavior of cyclic variations in the
SW and IMF parameters is generally the same in cycles
21-24, although the cycles differ in duration and maximum
amplitude. For instance, the variation in the solar radio
flux F10.7 is similar to the cyclic variation in the sun-
spot number. The F10.7 value strictly follows the solar
cycle in all its phases.
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Figure 1. Dynamics of annual average solar activity indices, interplanetary medium parameters, and geomagnetic indices in
solar cycles 21-24 (from top to bottom): Wolf numbers W, solar radio flux at a wavelength of 10.7 cm F10.7, SW velocity V,
density N, IMF modulus |B|, temperature T (a); helium ion-to-proton density ratio N,/N,, SW dynamic pressure Pgy,, SW electric
field E,, SW parameter B, A, and Dst geomagnetic activity indices (b)
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The annual SW velocity V is maximum during the de-
scending phase of solar activity when the probability of
observing high-speed streams from coronal holes on the
Sun is the highest [Holappa et al., 2014]. The ascending
phase of all solar cycles features minimum annual average
V. A similar cyclic variation is characteristic of the proton
temperature T. Unlike the dynamics of V and T, the dy-
namics of the proton density N has two small maxima in
the ascending and descending phases of solar activity. Min-
imum N is observed at solar maximum and minimum.

Long-term variations in the IMF intensity B (see
Figure 1, a) and the helium ion-to-proton density ratio
N./N, (see Figure 1, b) change in phase with solar cy-
cles. During each solar cycle, B and N,/N, are seen to
increase and decrease during the ascending and de-
scending phases of solar activity respectively. Maxi-
mum and minimum B and N, /N, coincide with the years
of solar maxima and minima. The lowest annual aver-
ages of Py, and V are observed in the ascending phase
of solar cycles. At solar maximum, Pgy, reaches the
highest values. The descending phase of solar activity
displays a tendency for Py, to decrease. Variations in
the averaged SW electric field E, component differ sig-
nificantly during the same phases of the solar cycles.
For example, in the descending phase of cycle 21, E,
decreases, whereas in the descending phase of cycle 22,
on the contrary, it increases. Figure 1 does not illustrate
the behavior of the IMF B, component since it is mir-
rored by the variation in the E, component. Long-term
variations in the [ parameter are in antiphase to solar
cycles: P reaches the highest and lowest values in the
years of solar minimum and maximum respectively.

The geomagnetic indices A, and Dst measure the level
of geomagnetic disturbance, which significantly depends
on solar activity and interplanetary medium conditions. In
the long-term evolution of A, the 11-year periodicity of
solar activity is clear-cut (see Figure 1, b). The cyclic varia-
tion in A, has two maxima: one near solar maximum, the
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other in the descending phase of solar activity, as has been
previously observed in [Schreiber, 1998]. The variation in
annual average Dst mirrors the annual average behavior of
A,. The annual average variations in Dst coincide with the
variation in the plasma parameter [, as has been previously
noted in [Kurazhkovskaya et al., 2021], and the long-term
variations in A, are in antiphase to the B parameter varia-
tion in all solar cycles (see Figure 1, b).

Thus, during solar cycles 21-24, different helio-
spheric parameters change in phase, antiphase, or with
some time shift relative to solar activity. In other words,
the variation in each heliospheric parameter depends
significantly on solar cycle phase. Note that the typical
behavior of the annual average SW and IMF parameters
during cycles 21-24 coincides with the previously ob-
served patterns of behavior of heliospheric parameters
in Earth's orbit for previous solar cycles [Veselovsky et
al., 1998; Dmitriev et al., 2009].

2.2. Hysteresis effect of geomagnetic and
solar activity

Let us analyze the relationship of the geomagnetic in-
dices A, and Dst with solar activity indicators during solar
cycles 21-24. We take Wolf numbers W and the solar ra-
dio flux at a wavelength of 10.7 cm F10.7 as solar activity
indicators. The time series of 27-day averages of both Ay,
Dst and solar indicators in each cycle contain short-period
fluctuations, which we smoothed using the running aver-
age method. Figure 2 shows in pairs the relationships of A,
and Dst with W and F10.7 in the last four solar cycles. The
relationships were obtained from 27-day averages of the
parameters previously smoothed by a running average over
27 points. Variations in Ay(W), Dst(W), A,(F10.7), and
Dst(F10.7) for different solar cycles are marked with
circles: cycle 21 with blue, cycle 22 with red, cycle 23
with light blue, cycle 24 with pink circles.
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Figure 2. Hysteresis loops between geomagnetic activity indices A, and Dst (|Dst|) and solar activity indicators W and

F10.7 for solar cycles 21-24
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Figure 2 indicates that two different values of A, or
Dst correspond to the same fixed W or F10.7. As a re-
sult, in each solar cycle the relationships of A, and Dst
with W and F10.7 do not coincide during ascending and
descending phases of solar activity. This behavior of
A(W), Dst(W), Ay(F 10.7), and Dst(F10.7) in the solar
activity cycles resembles the hysteresis phenomenon.
Referring to Figure 2, the curves of geomagnetic indices
versus solar activity indicators have a shape close to
hysteresis loops, with Ay(W), Dst(W), A,(F10.7), and
Dst(F10.7) forming hysteresis loops in each solar cycle.

The qualitative characteristics of hysteresis loops are
their shape, width (the distance between the ascending and
descending phases), and area. Comparative analysis of
hysteresis loops has revealed their similarity and difference
in different solar cycles. For example, the hysteresis loops
formed by the A, index with W and F10.7 are similar in
shape and size in all solar cycles. Such similarity is typical
of Dst(W) and Dst(F10.7). This pattern is likely to be due
to the identical cyclic behavior of W and F10.7 (see Figure
1, a). As for sizes of the hysteresis loops formed by A, and
Dst, the loops for Ay(W) and A,(F10.7) are wider than
those for Dst(W) and Dst(F10.7).

Figure 2 clearly demonstrates the evolution of hyste-
resis from one solar cycle to another. For example, one
of the features of Ay (W), A,(F10.7), Dst(W), and
Dst(F10.7) is a gradual decrease in the extension and
area of hysteresis loops from cycle 21 to cycle 24. Fur-
thermore, as shown in Figure 2, the loops shift along the
horizontal axis to the zero point of the vertical axis from
cycle 21 to cycle 24. We think that such dynamics and
variation in size of hysteresis loops reflect a decrease in
solar and geomagnetic activity over time. The hysteresis
loops of An(W), A,(F10.7), Dst(W), and Dst(F10.7)
have the smallest area in solar cycle 24, which is char-
acterized by a significant decrease in the amplitude of
solar indicators and geomagnetic activity indices as
compared to other cycles.

As is known, a necessary condition for the occur-
rence of hysteresis loops is a phase shift between the
parameters we analyze. The width of hysteresis loops is
proportional to the phase shift (time delay) between
geomagnetic indices and solar activity indicators and
actually reflects the time delay between the magneto-
spheric response and the processes occurring on the
Sun. Referring to Figure 2, the width of hysteresis loops
may be comparable in different solar cycles, but may
also differ significantly. The longer the time delay, the
wider the loop. The time delay between pairs of geo-
magnetic activity indices and solar indices is not con-
stant in a particular cycle and may decrease or increase.
Visual comparison between hysteresis loops shows that
the widest loops were observed during cycle 23 in the
dependences of both A, and Dst on W and F10.7. The
most pronounced hysteresis effect in the dependences of
A, and Dst on W and F10.7 is manifested in the last two
solar cycles. In cycles 21 and 22, the hysteresis loops of
Dst(W) and Dst(F10.7) have a more complex structure
than those of A,(W) and Ay(F10.7).

Another characteristic of hysteresis loops is the direc-
tion of rotation, which reflects the delay between one pa-
rameter and the other.
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Arrows in Figure 2 indicate the direction of rotation
in hysteresis cycles. For instance, in the hysteresis loops
formed by A, with W and F10.7, changes occur counter-
clockwise in all the solar cycles considered, which indi-
cates a delay in the change of global geomagnetic dis-
turbance (which is measured by Ag) relative to the
change of solar indicators. Moreover, with the same
fixed W or F10.7, the A, index in the ascending is signif-
icantly lower than that in the descending phase. This
pattern is valid for all the cycles we analyze.

In the hysteresis loops formed by Dst with W and
F10.7, the direction of rotation is also counterclockwise
in all the solar cycles. Thus, manifestations of magneto-
spheric disturbance associated with the development of
geomagnetic storms lag behind a change in solar indica-
tors. The resulting curves (see Figure 2) indicate a
non-linear relationship of A, and Dst with W and
F10.7.

2.3. Hysteresis cycle of geomagnetic activity
and SW and IMF parameters

Next we examined the relationship of the geomag-
netic activity indices with interplanetary medium pa-
rameters in solar cycles 21-24. To do this, the relation-
ships of A, and Dst with SW and IMF plasma parame-
ters were considered in pairs. We found that the rela-
tionships of A, and Dst with the heliospheric parameters
form hysteresis loops with all the parameters under
study. Here, we do not give all the relationships ob-
tained, but limit ourselves to presenting the relationships
of A, and Dst with only some basic parameters such as
B, V, T, No/N,, as well as with Py, and B, which are a
combination of the key SW and IMF parameters.

Figure 3 shows in pairs the relationships of A, and
Dst with the SW and IMF parameters: Band V (a); T
and Ng/N, (b); Payn and B () in solar cycles 21-24. As
in Section 2.2, all the relationships were obtained
from 27-day averages, pre-smoothed by a running
average over 27 points. The general pattern in this
case is that the trajectories of variations in A; and Dst
depending on interplanetary parameters do not coin-
cide in the ascending and descending phases of the
solar cycles. This allows such a feature to be consid-
ered as the hysteresis phenomenon.

As follows from the plots obtained, the hysteresis ef-
fect of A, and Dst with the IMF intensity, the helium ion-
to-proton density ratio, and the B parameter is regular.
Hysteresis loops of a more complex configuration are
formed by A, and Dst with SW velocity, temperature, and
dynamic pressure. By the complex structure of hysteresis
loops we mean the intersection of the ascending and de-
scending branches of hysteresis, as, for example, in
Dst(Pgyn) and A,(N,/Np) during solar cycles 21 and 22
and in Ap(N,/Np) during cycle 23. Nevertheless, in the
relationship of Ay and Dst with V, T, Pgy, there are indi-
cators of hysteresis. The same complex hysteresis loops
are formed by A, and Dst with the SW density N and the
electric field component E, (not shown here).

Both the area and the shape of the hysteresis loops
of A, and Dst differ significantly depending on helio-
spheric parameters. So, Ay(B), Ax(T), Ap(Pgyn) represent



N.A. Kurazhkovskaya, A.Yu. Kurazhkovskii

24 - 24 - a
® 21cycle
20 = o 20 -
@® 22cycle
16 = 16 = @ 23cycle
' = 4 4
o >3
< < 24 cycle
12 - 12 - o
B - 8 -
4 —T— v 1 4 —— 77—
4 5 6 7 8 9 360 400 440 480 520
B nT V, km/s
32 - 32 -
28 = 28 -
24 - 24
=20 = =20 =
< c
g 16 ] E 16
12 - 12 - /1
B - 8 -
] d —
4 ey 4 e e e
4 5 6 7 8 9 360 400 440 480 520
B, nT V, km/s
24 - 24 =
b ® 21cycle
20 - 20 - ® 22cycle
4 4
|
.6 15 @® 23cycle
< £ 24 I
g 1 g ® cycle
<12 o / T2
4 4 /
8 - 8 -
% ML B S B S S | 4 T T T T
6 8 10 12 14 16 1 2 3 4 5 6 7
104, K Na/Np*102
2 32 -
28 = % o
24 - 55l
’E_ 20 = [y
73 o
Q16 - -
12 /V /
] 12 -
8 -
‘/ 8 - /'
¢ AN R NN A 1 4 — 777
6 8 10 12 14 16
7104, K 1 2 3 4 5 6 7
¥ Na/Np*102
24 - 24 - [+
4 ® 21cycle
20 = 20 =
® 22cycle
. 16 = - 16 - \ ® 23 cycle
3 c
& 1 :
< d %‘2_ @ ?24cycle
]/ / o
4 ] j L) L) ) ! 2 L) L) ) L) L) 1
1 15 2 25 3 35 4 1 15 2 25 3 35 4
Pdyn, nPa B
32 32 -
28 28 -
24 24 -
=20 =20 = '\
8 16 8 16 -
12 / 12 =f \
8 / 8 - —
T T T T T T T 4 T T T T T 1
1 15 2 3 35 4 3

25
Pdyn, nPa

25
[

Figure 3. Hysteresis effect for the A, and Dst indices (|Dst]) as function of IMF intensity B and SW velocity V (a); proton tempera-
ture T and helium ion-to-proton density ratio No/N, (b); SW dynamic pressure Py, and 8 parameter (c) in solar cycles 21-24
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narrower hysteresis loops than Ay(V), Ay(Ny/Np), Ap(B).
The Dst index forms relatively narrow hysteresis loops
only with B and Pgy,; and with the rest of the parame-
ters, wide loops. As noted above, the width of the hyste-
resis loops at a qualitative level reflects the time delays
between the parameters in the ascending and descending
phases of solar cycle. The wider the hysteresis loop, the
longer the time delays. Accordingly, it can be said that
the time delays between A, and B, T and Py, are shorter
than between A, and N,/N,, B. The time delays between
Dst and B, Pgn are shorter than between other parame-
ters. In other words, the delay in the magnetospheric
response to changing external conditions is manifested
in the size of hysteresis loops.

Besides, there is a relationship between the area of
hysteresis loops and solar activity. Areas of the loops
formed by A, and Dst with all the heliospheric parame-
ters gradually decrease from cycle 21 to cycle 24. One
of the features of the hysteresis loops obtained for A,
and Dst is their displacement along the X-axis to the
low point of the Y-axis from cycle 21 to cycle 24 with
an increase in the heliospheric parameters. A similar
tendency is observed for all the parameters except for
the B parameter, the slope of the hysteresis loops of
which is opposite to the slope of the hysteresis loops of
other parameters. The fact of increasing geomagnetic
activity with decreasing p has been observed in [Zotov
et al., 2019; Kurazhkovskaya et al., 2021]. Since there is
an inverse relationship between the geomagnetic activi-
ty indices and the  parameter, another slope of the hys-
teresis loops to the horizontal axis in Ay(B) and Dst(B)
becomes clear. All the hysteresis loops shown in Figure
3 point to a nonlinear relationship of A, and Dst with the
heliospheric parameters. The direction of rotation in the
hysteresis loops formed by A, and Dst differs depending
on the parameters analyzed: for example, in the loops
formed with the IMF intensity and the helium ion-to-
proton density ratio, the direction of rotation is counter-
clockwise; and with the SW velocity, the proton tem-
perature, the SW dynamic pressure, it is clockwise in all
the cycles. With the counterclockwise direction of rota-
tion at the same fixed value of B or N, /N, A, and Dst in
the ascending phase of solar activity are lower than in
the descending phase. In the case of clockwise rotation
at a fixed value of, for example, V, T, Pgyn, Ay and Dst in
the ascending phase are higher than in the descending
phase. The counterclockwise direction of change in A,
and Dst depending on B and N,/N, can be interpreted as
a delay in changes of geomagnetic activity relative to
changes of these interplanetary parameters, similar to
the delay in changes of geomagnetic activity relative to
changes of solar indicators. The clockwise direction of
rotation in the hysteresis loops means that A, and Dst
variations are ahead of V, T, Py, variations. All this
shows that in a solar cycle, the interplanetary medium
parameters due to the existing time shifts between them,
make a different contribution to the global disturbance
and the ring current intensity. The direction of rotation
in the hysteresis loops formed by A, and Dst with dif-
ferent heliospheric parameters generally coincides,
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except for the B parameter. In the loops formed by Dst
with the B parameter, the direction of rotation is coun-
terclockwise in odd cycles and clockwise in even cy-
cles. In the hysteresis loops formed by A, with the
parameter, changes occur clockwise in all the solar cy-
cles we analyze.

3. DISCUSSION

The 11-year periodicity of solar activity is manifest-
ed both in the dynamics of SW and IMF parameters and
in geomagnetic disturbance. Examining in pairs the rela-
tionship of the geomagnetic indices A, and Dst with
solar indices and heliospheric parameters, we have
found that curves of A, and Dst versus W and F10.7, as
well as versus the SW and IMF parameters in the
ascending and descending phases of solar cycles
21-24 do not coincide. The return of Ay(W),
Ay(F10.7), Dst(W), and Dst(F 10.7) to solar minimum
occurs along a trajectory different from the trajectory of
their motion to solar maximum. A similar behavior is
typical of the relationship of A, and Dst with the inter-
planetary medium parameters. The observed ambiguous
relationship of geomagnetic activity indices with solar
activity indices and with the heliospheric parameters
during the ascending and descending phases of the solar
cycles resembles the hysteresis effect. The analysis has
shown that the relationships of A, and Dst with solar
activity, SW and IMF parameters in solar cycles 21-24
have the form of hysteresis loop for all the parameters
considered. The hysteresis between A, Dst and various
parameters is a manifestation of their cyclic behavior (see
Figure 1). As follows from Figures 2 and 3, hysteresis
loops in different solar cycles differ in shape, width (the
distance between the ascending and descending phases),
area, and direction of rotation. Some loops have a com-
plex structure, sometimes the ascending and descending
branches of the hysteresis may intersect. At the same
time, all the plots obtained show a decrease in the ex-
tension and area of the hysteresis loops from cycle 21 to
cycle 24. The smallest area of the hysteresis loops
formed by A, and Dst with different parameters is char-
acteristic of solar cycle 24.

In our opinion, the processes occurring on the Sun and
in the interplanetary medium, as well as the change in the
energy of the SW stream entering the magnetosphere as a
result of the interaction of IMF with the geomagnetic field,
manifest themselves as a decrease in the area of hysteresis
loops from cycle 21 to cycle 24. As is known, one of the
main causes of solar activity variability is a change in the
topology and intensity of the solar magnetic field. Accord-
ing to [Penn, Livingston, 2010], since 1998 there has been
a decrease in the intensity of the magnetic field of sunspots,
which continued in solar cycles 23 and 24. The processes
occurring inside the Sun in recent decades [Mclntosh et al.,
2019] lead to a decrease in the solar magnetic field [Ja-
nardhan et al., 2015]. The decrease in the solar magnetic
field during cycles 23 and 24 is closely related to IMF
weakening, a decrease in the SW parameters, changes in
the interplanetary medium structure and in the regime of
the SW flow around the magnetosphere [Yermolaev et al.,
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2022]. Amplitudes of the last solar cycles have also notice-
ably decreased [Hathaway, 2015]. The low solar activity
causes changes in the interaction between IMF and the
geomagnetic field and in the intensity of SW energy flux
into Earth's magnetosphere. The decrease in solar activity
ultimately leads to a decrease in geomagnetic activity and
manifests itself in a gradual decrease in the area of hystere-
sis loops from cycle 21 to cycle 24.

Based on the variability of the shape and size of the
hysteresis loops formed by A, and Dst with the parame-
ters considered, it can be assumed that the loops reflect
the long-term evolution of the SW energy flux, which
determines global geomagnetic activity and ring current
intensity during the ascending and descending phases of
solar cycles 21-24.

It is generally believed that the hysteresis effect is a
long-term feature of solar activity cycles. At the same time,
hysteresis manifests itself not only in the time periods
comparable to the duration of solar cycles, but also in
shorter time periods. For example, Ptitsyna et al. [2021]
have found the hysteresis effect in the cosmic ray cutoff
rigidity when comparing it with the dynamics of geomag-
netic indices and interplanetary medium parameters during
a strong geomagnetic storm.

Let us consider another example of observing hyste-
resis in a relatively short time period. In [Ku-
razhkovskaya et al., 2021], attention was drawn to the
nonlinear nature of the relationship between Dst and the
B parameter during geomagnetic storms. Indeed, having
previously smoothed the accumulated hourly data on the
Dst index and the B parameter from [Kurazhkovskaya et
al., 2021] by a running average, we plot Dst(p) for the
interval of 168 hrs from storm commencements. This
time interval covers the average duration of the storm
main phase, which, according to [Yermolaev et al.,
2007], is 7£4 hrs, and the storm recovery phase, which
on average lasts for 5-7 days. Figure 4 displays the ob-
tained dependences Dst(p) for 288 geomagnetic storms
with sudden (a) and 645 storms with gradual com-
mencement (b) observed from 1964 to 2010.

It can be seen that the trajectory of variation in the
Dst index depending on the B parameter in the storm
main phase is seen to differ from its trajectory in the
recovery phase. This is a typical indicator for hysteresis.
During geomagnetic storms, Dst and f vary cyclically.
Specifically, Dst(B) has the form of a hysteresis loop for

a

20 -

Dst, nT

60 -

Dst, nT

-20 -

30 -

-40 -

storms with both sudden and gradual commencements.
Thus, the Dst(B) relationship clearly demonstrates the
hysteresis effect during geomagnetic storms.

Hysteresis loops for storms with sudden and gradual
commencements differ in width and direction of rotation.
For example, in a hysteresis loop formed by the Dst in-
dex with the p parameter during storms with sudden
commencement, changes occur clockwise and the loop
formed is narrow (see Figure 4, a). During storms with
gradual commencement, a hysteresis loop is significant-
ly wider and the direction of rotation is counterclock-
wise (see Figure 4, b).

In this paper, we want to draw attention to the fact
that the hysteresis of geomagnetic activity exists both in
time periods equal to solar cycles and in shorter time
periods. A more detailed study on the quantitative char-
acteristics of hysteresis loops formed by geomagnetic
activity indices with heliospheric parameters may be
useful for predicting solar and geomagnetic activity, as
well as for understanding the physical processes respon-
sible for the solar and geomagnetic activity relationship

CONCLUSION

We have examined the relationship of geomagnetic
activity indices (A,, Dst) with solar activity indicators
(W, F10.7) and heliospheric parameters in the last four
solar cycles. We have found that the curves of A, and
Dst versus W and F10.7, as well as versus the SW and
IMF parameters in the ascending and descending phases
of solar cycles 21-24 do not coincide, which we inter-
pret as an indicator of hysteresis. It is shown that the
geomagnetic indices A, and Dst form hysteresis loops
with all the parameters considered. We have established
that the shape, width, and area of the hysteresis loops, as
well as the direction of rotation (clockwise or counter-
clockwise) significantly depend on SW parameters and
vary from cycle to cycle. The area of hysteresis loops is
shown to decreases from cycle 21 to cycle 24. The
smallest area of the hysteresis loops formed by A, and
Dst with different parameters is characteristic of solar
cycle 24, which is associated with a tendency for solar
activity indicators, interplanetary medium parameters,
and hence geomagnetic activity to decrease. The hyste-
resis cycles for A, and Dst confirm the existence of time

08 24 28

0.8 24 28

Figure 4. Hysteresis effect between the Dst index and the  parameter during geomagnetic storms with sudden (a) and gradual

commencements (b)
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delays between geomagnetic activity and processes on
the Sun and in SW during the ascending and descending
phases of the cycle. The hysteresis phenomenon points
to a nonlinear relationship of A, and Dst with solar ac-
tivity and heliospheric parameters. The evolution of
hysteresis loops from cycle 21 to cycle 24 reflects the
difference in the SW energy flux that determines global
geomagnetic activity and magnetospheric ring current
intensity in the ascending and descending phases.
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