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Abstract. We investigated the correlations between the cutoff rigidity of cosmic rays and the
parameters of interplanetary space, solar wind, and geomagnetic activity during a strong magnetic
storm on March 23-24, 2023. The cutoff rigidity of cosmic rays was obtained by calculating the
trajectories of particles in the magnetic field of the solar wind according to the Tsyganenko Ts01
model. The analysis showed that the changes in the cutoff rigidity is controlled mainly by changes in
the indices of geomagnetic activity Dst (correlation coefficient £ = 0.95), as well as electromagnetic
parameters — the total value of the interplanetary magnetic field B, its component Bz, the azimuthal
component of the electricfield Ey and the plasma parameter f3 ( | k | ~ (0.6-0.75). The parameters of the
solar wind such as velocity V, density N, and dynamic pressure P have little effect on the variations of

the cosmic ray cutoff rigidity ( | k | <0.45).
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1. INTRODUCTION

The Earth's magnetic field is a natural shield for flows of energetic charged particles bombarding
the Earth from outer space, in particular, galactic cosmic rays (GR). The possibility of penetration of
charged particles inside the magnetosphere is determined by their magnetic stiffness R (moment per
unit charge). Since particles with the same stiffness move along the same trajectories in a constant
magnetic field, stiffness is often used to study geomagnetic shielding. At a fixed time at a given point
in time, geomagnetic clipping stiffness R. is a threshold value, and only particles with stiffnesses
higher than this threshold can reach the Earth's atmosphere. The effective clipping stiffnesses Rer
represent the average shielding effect, accounting for all possible angles of particle incidence, although
in practice, because of the cumbersome nature of such calculations, only vertical directions are often
calculated unless a special task is assigned. Calculations of the geomagnetic clipping stiffness began
with the pioneering work of Stermer [1955], where only the dipole component of the geomagnetic field
was taken into account in the theoretical analysis. Nowadays, the standard method for obtaining R in
the Earth's magnetic field is numerical integration of the equation of motion of charged particles in the
geomagnetic field, which is described by some model. Both dipole and non-dipole components are
considered. This method was developed in the 1960s [McCracken et al., 1962; Shea et al., 1965], and
since then, numerous studies of magnetospheric effects in CL variations have been widely carried out
on its basis [e.g., Kress et al., 2010, 2015; Belov et al., 2021 and references therein].

The geomagnetic field is constantly changing on different time scales, which causes
corresponding changes in the interaction of the magnetic and electric fields of the solar wind (SW) with
the fields and currents in the magnetosphere and determines changes in the magnetic shielding.
Particularly significant changes in magnetospheric shielding are observed during magnetic storms. At
this time, global current systems are formed in the magnetosphere: ring current, magnetopause current,
magnetospheric tail currents, and high-latitude longitudinal currents. These currents reduce the field
strength inside the magnetosphere, thereby weakening the magnetic shielding, i.e., variations of the
geomagnetic clipping stiffness 4R.rare observed. Variations in the stiffnesses of the geomagnetic
clipping of CL lead to redistribution of the fluxes of charged particles in the magnetosphere and, as a
consequence, to changes in the intensity of the fluxes reaching the Earth's surface [Dorman, 1963].

During a magnetic storm, solar wind energy is transferred to the Earth's magnetosphere by
coronal solar mass ejections (CMEs) or high-speed corotating flows from coronal holes. The strongest

geomagnetic storms (Dst <-100 nTL) are caused mainly by transient events - CMEs and related
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interplanetary structures (shock fronts, compression regions in front of interplanetary CMEs, magnetic
clouds, and magnetic "pistons") [Gosling 1993; Gonzalez et al., 1999; Ermolaev et al., 2009;
Richardson, 2018]. The response of geomagnetic shielding to changes in the geomagnetic environment,
the NE and the interplanetary magnetic field (IMF) during magnetic storms is poorly understood,
despite a number of studies in this area [Belov et al., 2005; Shimazu, 2009; Tyssey and Stadsnes, 2014;
Kress et al., 2010; Ptitsyna et al., 2019].

The purpose of this study is to determine the geomagnetic thresholds R.rduring a strong magnetic
storm on March 23-24, 2023, and to analyze the dependence of their changes 4R.ron the parameters of

the interplanetary medium and geomagnetosphere.

2. METHOD AND DATA
The vertical effective geomagnetic thresholds R.swere numerically calculated for March 23-24, 2023
through the determination of particle trajectories in the magnetic field of the Tsyganenko Ts01
magnetospheric model ([ Tsyganenko et al., 2003] and references therein). In this case, the accuracy of
the determination of geomagnetic thresholds depends on the accuracy of the magnetospheric model
used in the calculations. According to the Ts01 model, the magnetic field inside the magnetosphere
(without the main magnetic field) is the sum of contributions from the main magnetospheric current
systems. The current systems were parameterized using satellite data measured during 37 geomagnetic
storms with Dst < -65 nTL [Tsyganenko et al., 2003]. The Ts01 model includes Chapman-Ferraro
currents that constrain the Earth's magnetic field inside the magnetospheric boundary, symmetric and
partial bulk circular currents, transverse tail currents, and large-scale longitudinal currents. To constrain
the field inside the magnetosphere, a block was included to describe the interaction field, which
represents the effect of the interplanetary magnetic field penetrating inside the magnetosphere. The
interaction field is represented as a homogeneous magnetic field that is proportional to and directed
along the transverse component. For calculations of the magnetic field from internal sources, the
representation of the Earth's main magnetic field (EMF) as a series expansion over spherical harmonic
functions up to n = 10 is used. In the Ts01 model, the Dst variation, the density N and velocity V of the
NE, and the MMP components By and Bz are used as input parameters. Calculations were performed
for each hour with respect to the mean geomagnetic clipping stiffnesses during quiet time on March 12,
2023, for nine stations, which were chosen to cover the main region of the R. threshold stiffnesses
affected by the geomagnetic field during quiet time. The data on the stations are presented in Table 1.

Table 1.



Further, the correlation coefficients k& and standard errors s of variations of the geomagnetic
clipping stiffnesses 4R.swere calculated with the following parameters: the Bz and By components and
the total IMF value B, the azimuthal component Ey of the electric field, the plasma parameter B, the
velocity V, density N and pressure P of the NE, and the geomagnetic activity indices Dst and Kp. These
parameters are taken from the OMNI database at https://omniweb.gsfc.nasa.gov/form/dx1.

Plasma f is the ratio of plasma pressure to magnetic pressure; in the OMNI database this
parameter is calculated by the formula

B = (4.16T/10+5.34)x Np/B?, where

T in degrees Kelvin; Np in cm™; B in nTl.

The electric field was calculated by the formula

E V Bz =—xx 103, where E in mV/m; V in km/s; Bz in nTL

The coefficients & and errors s are obtained from the correlation analysis applied to the magnetic

storm from 0:00 UT 23 to 23:00 UT March 24, 2023 (day of year DOY 82 and 83).

2. MAGNETIC STORM ON MARCH 23-24, 2023 AND VARIATIONS OF
GEOMAGNETIC THRESHOLDS

Figure 1 shows the magnetic and dynamical parameters of the solar wind and geomagnetic
activity during the geomagnetic storm of March 23-24, 2023; the azimuthal component Ey of the
electric field, the total interplanetary magnetic field (IMF) B, the Bz and By components of the IMF, the
plasma parameter 3, velocity V, density N, pressure P of the NE, and the geomagnetic activity indices
Dst and Kp are given from top to bottom.

Fig. 1.

This was the first strong geomagnetic disturbance that occurred when approaching the maximum
of the current 25th solar cycle in October 2024. The peculiarity of this storm in March 2023 was the
fact that it was caused by a stealth coronal mass ejection (CME) that left the Sun on March 20, 2023.
Stealth CMEs have a number of remarkable features, in particular they are characterized by low
velocity. Such CMEs are not associated with any visible manifestations on the Sun, so they are difficult
to identify and predict their geoeffectiveness. In particular, the CME that initiated the studied
geomagnetic storm was missed by all observers and not listed as a CME

(https://kauai.ccmc.gsfc.nasa.gov/CMEscoreboard/PreviousPredictions/2023) because the CME's

sliding effect on the Earth's magnetosphere was initially predicted. Therefore, the impact of this CME

was not expected to be geoeffective. However, because the peak value of the storm index Dst¢
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unexpectedly reached -163 nTL, this storm was qualified by the National Oceanic and Space
Administration (NOAA) as a "strong" storm [Tahir et al., 2024; Teng et al., 2024].

The development of the investigated storm has a complex non-standard character. It is similar to
the evolution of a two-stage disturbance, but with a characteristic feature introduced by the fact that
this storm was initiated by a hidden source on the Sun, namely, a hidden coronal mass ejection CME.
This CME moved at a low velocity, insufficient to form a shock wave, but nevertheless it manifested
itself in changes of many NE parameters. As a result of the interaction between such a specific
interplanetary disturbance and the magnetosphere, the total IMF magnetic field |B|, proton density N,
and dynamic pressure P, as well as the southern component of the IMF Bz, gradually increase on
March 23 at 07:40-14:20 UT (Fig. 1), which means that the ICME's sheath region or CME
compression region passes near the Earth. At the end of this period at ~13:00 UT (hourly data values
are used in this paper), the main phase of the storm began (Dst = -50 nTL), which developed slowly
and inexpressively until ~18:00 UT, when its active phase began with a sharp decrease in Ds¢, which
reached its minimum (-163 nTL) at 02:00 UT on March 24, 2024. Thus, the evolution of the main
phase occurred at the already formed ring current against the background of low velocity (450-490
km/s) and weak dynamic pressure (~2-3 nPa) of the solar wind [Gromova et al., 2024]. At the same
time, the value of the Bz-component of the MMP practically did not change for a long time ~11 h,
remaining close to~ -15 nTl. Note that a negative value of Bz for a long time (=3 h) is a necessary
condition for the formation of a magnetic storm [Gonzalez and Tsurutani, 1987]. The geomagnetic
index Kp began to increase from 03:00 UT and reached the maximum value Kp = 8 during the decline
phase at 3:00 UT on the next day on March 24. The Ey variations were similar to the Bz variations, but
of the opposite orientation, and reached a peak value of 7.66 mV/m on March 23 at 23:00 UT. As a
result, the Dst index, representing the ring current intensity, became negative at ~11:00 UT and then
reached a negative peak of -163 nTL at 02:00 UT on March 24, 2023 (DOY 83). After this, the Dst-
index began to increase, the southern component of the IMF Bz also began to increase, remaining
negative all the time, and the magnetic storm entered the relaxation phase.

Fig. 2.

Fig. 2 shows the calculated variations of geomagnetic thresholds 4R for all studied stations
during the storm of September 23-24, 2023. To illustrate the connection between the dynamics of
geomagnetic thresholds and the evolution of the storm, Fig. 2a also shows the course of the Dst-index.
In Figure 2b, the 4R scurves are arranged from top to bottom in the order of decreasing threshold

stiffnesses R. (increasing station latitude, except for the KGSN station located in the southern
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hemisphere). Figure 2b shows the decreasing stiffnesses of geomagnetic clipping during the storm,
which increases with increasing latitude. Figure 2 shows that AR.sreach their minimum values during
the storm maximum (Dst minimum). It is shown that the maximum decrease of thresholds to ARt ~ -
0.8 GV is observed at the stations with higher latitudes MOSC and KGSN at 02:00 UT on March 24
during the storm peak (minimum Dst =— 163 nTL). At lower latitudes at the stations ESOI, ATHN,
AATA, IRKT (higher rigidity of geomagnetic clipping at quiet time), the decrease of geomagnetic
thresholds is less (4Re~ -0.3 ~-0.5 GW).

Our result confirms previous findings that the rigors of geomagnetic clipping are most strongly
suppressed during the maximum of the storm's main phase, when Ds? reaches its minimum. The
response of geomagnetic shielding to changes in conditions in the NE outside the main phase is much
less clear by now. In Fig. 2b, we observe an additional drop in the stiffness AR.rwell before the storm
maximum, at the beginning of the main phase (March 23, at 13:00 UT). In [Kress et al., 2004], using
observations and calculations, it is shown that an increase in the dynamic NE pressure P suppressed the
clipping stiffnesses during the November 24, 2001 storm during the sudden storm commencement ssc
(sudden storm commencement). In [Flickiger et al., 1990; Belov et al., 2005] it is shown that the
geomagnetic clipping stiffnesses, on the contrary, increase at the beginning of the storm with respect to
the level of the quiet field due to the formation of currents on the magnetopause. In [Kress, 2010, 2015]
it is indicated that an increase in P can cause both an increase and a decrease in the stiffnesses
depending on the conditions in the NE and the local time. In the case of the studied storm at the
beginning of its main phase, at 13:00 UT at all CL stations (Fig. 2b), a significant negative jump in AR.r
values is seen~ -0.5 GV (i.e., a decrease in 4R.svalues in contrast to the increase found by [Fliickiger et
al., 1990; Belov et al., 2005]). It is indicated in [Teng et al., 2024] that at this moment a magnetic cloud
passage was observed, which in this case was not accompanied by a shock wave and sudden onset of
the SSC storm, since the ICME velocity was not high enough. Such peculiarity is characteristic of the
hidden CMEs, one of which was the source of the observed strong perturbation in the
geomagnetosphere. The maximum decrease of 4R.svalues = -0.5 GW at the beginning of the main
phase of the storm is observed for Moscow station. This decrease of variations of the variations of the
geomagnetic clipping stiffnesses was significant and comprised ~70 % of the maximum decrease at the
Dst minimum, i.e., at the storm maximum. The decrease of the geomagnetic clipping stiffnesses before
the beginning of the main phase of the storm is a response to a large jump of the dynamic pressure P =
14.79 nPa at 12:00 UT, which indicates a sharp compression of the magnetosphere despite the absence

of a shock front. However, probably, the dominating influence of the ring current compared to the
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currents at the magnetopause caused precisely the decrease of AR, similar to the main decrease at the

storm maximum.

3. CORRELATION ANALYSIS OF VARIATIONS OF GEOMAGNETIC
THRESHOLDS

The time curves of Figs. 1 and 2 show qualitatively how the 4R.rvalues respond to changes in the
NE, IMF, and geomagnetic activity parameters. In order to quantitatively assess the contribution of the
studied interplanetary and geomagnetic parameters to the variations of geomagnetic thresholds, we
analyzed the correlations of 4R values with the studied parameters. Table 2 summarizes the correlation
coefficients of AR.rvalues with Dst, Kp,)Ey, W, By, B, N, V, P, and P for the magnetic storm period
along with the standard errors s. The stations in Table 2 are arranged in the order of decreasing
thresholds in quiet time from st. ESOI to st. KGSN, i.e., from 10.73 GV to 1.9 GV.

Table 2.

Table 2 shows that the best correlation of 4R.ris observed with Dst (k0.93+0.09+ 0.96+0.05) with
the maximum k= 0.96+0.05 for the midlatitude station JUNG. The negative correlation with the
geomagnetic index Kp is somewhat smaller (k-0.74+0.11 + -0.80+0.14), however it is highly significant
with a maximum anti-correlation observed at higher latitude stations MOSC (-0.80+0.14) and KING (-
0.80+0.15). In addition, significant correlation/anti-correlation is found for all electromagnetic
parameters except By: B (k-0.68+0.16 + -0.74+0.16), Bz (k0.59+0.09+ 0.7+£0.17), Ey (k-0.57+0.09 + -
0.68+0.18), and B (£0.57+0.17+ 0.71+0.12). The correlation for the By component is insignificant
(£0.29+0.23— 0.38+0.20). The results of the correlation analysis show that & between the values of AR.r
and all the dynamic CB parameters (¥, N, and P) is significantly smaller: | k | >0.45 at all stations. It
should be noted that the calculation errors s are small for higher & (with the parameters of the
electromagnetic field and geomagnetic activity) and increase at low k& (with the dynamic CB parameters
and the By-component of the MMP).

The most geoeffective parameters in this work are those for which the correlation/anti-correlation
coefficient k | | > 0.45. For more clarity of the geoeffectiveness of some parameters, Fig. 3 presents
the results of calculations of correlations between the values of 4R.rand the parameters of geomagnetic
activity, solar wind, and MMP, for which | k | > 0.45. Figure 3 demonstrates that such parameters
during the March 23-24, 2023 storm were Dst, Kp, B, B, Ey, and Bz. Thus, we can conclude that the

control of the AR svariation values during the evolution of the studied storm was carried out mainly by



the geomagnetic activity dynamics and electromagnetic parameters, while the NE dynamic parameters
had almost no influence on the behavior of the clipping stiffnesses.

Fig. 3.

4. DISCUSSION OF RESULTS

In this paper, we quantitatively assessed which geomagnetospheric parameters were the most
geoeffective and contributed most to the variations of geomagnetic thresholds on March 23-24, 2023.
For this purpose, we analyzed the correlations of AR.svalues with the parameters of geomagnetic
activity, NE, and MMP. It may seem obvious that changes in the values of the effective stiffnesses AR.r
should have a high degree of correlation with the input parameters of the magnetospheric field model
used. In the case of the Ts01 model, these are the Dst-index, the density N and velocity V of the CB,
and the Bz and By-components of the MMP. However, it should be taken into account that the
dependence of 4R rvalues on these input parameters in the TsO1 semiempirical model is not direct, but
indirect, through the calculation of particle trajectories in the model magnetic field, which is given by
the superposition of different current systems. At the same time, these current systems themselves, their
relative contribution to the model magnetic field and, consequently, to the variations of stiffnesses 4AR.r
makes this dependence much more complicated. Generally speaking, the description of the
magnetospheric magnetic field in terms of accounting for the contributions of various current sources
is a rather common approach. Other magnetospheric models such as the paraboloidal model [Alexeev
et al., 2001] or the model focused on different individual events [Ganushkina et al., 2018] also describe
the observed field variations using combinations of different individual sources [Kalegaev et al.,
2005]. Different Tsyganenko models also utilize different relations to account for the different relative
importance of the contributions of tail currents and, for example, ring currents for different
perturbation conditions in the geomagnetosphere [Kalegaev, 2011; Dubyagin et al., 2014; Castillo et
al., 2017]. When studying specific storms using Tsyganenko models, it has been obtained that the
correlation of 4R.svalues with the model input parameters can be either high or low [Adriani et al.,
2016; Ptitsyna et al., 2019; Ptitsyna et al., 2023]. In particular, the analysis in this paper shows that for
the March 2023 storm, a very high correlation coefficient &= 0.93-0.96 is observed for Dst. In addition,
for Kp, which is not an input parameter of the model, a k | | =0.75-0.8 1s obtained, that is, a higher
degree of correlation is observed than with all other input parameters except Dst. Also high correlation

is obtained for all electromagnetic parameters except By: B, Bz, Ey and B. In contrast, the k between the



values of 4R.rand all dynamic parameters of CB - V, N, and P - is significantly smaller: | k | <0.45 at
all stations.

It is believed that the main role in the development of magnetospheric perturbations is played by
the reconnection of the CB magnetic field and the geomagnetospheric field, as well as by the CB
dynamic pressure P responsible for the compression of the magnetosphere [Dungey, 1961; Russell,
1976; Akasofu, 1984]. Both of these factors weaken the geomagnetic shield, reduce the rigidity of
geomagnetic clipping, and facilitate the penetration of NE plasma into the Earth's magnetosphere and
atmosphere. Indeed, high correlation coefficients with both B: and dynamic parameters of the NE and
magnetosphere were obtained when studying the correlations between clipping stiffnesses and NE and
magnetospheric parameters for various intense storms [see, e.g., Ptitsyna et al., 2019; Danilova et al.,
2023]. However, in the case of the storm in March 2023, we obtained that the control of changes in the
geomagnetic clipping stiffnesses by solar wind pressure P is practically absent (k~ 0.1 - 0.3) and the
southward rotation of the Bz component of the MMP (k= 0.6 - 0.7), which provided the process of
reconnection of magnetic lines of force, is responsible for the development of the geomagnetic storm.
A further decrease of Bz values led to the weakening of the geomagnetic shield and a decrease of AR.r
values at the main phase of the storm.

The obtained result that the variations of the geomagnetic clipping stiffness 4R.rshow a high
correlation with the plasma parameter 3 (the ratio of plasma pressure to magnetic pressure), which
reaches the maximum value &= 0.71+0.12 at the midlatitude JUNG station, deserves a separate
discussion. Recall that a recent paper [Kurazhkovskaya et al., 2021] points to a possibly previously
underestimated role of the plasma parameter B in the development of magnetic storms. In
[Kurazhkovskaya et al., 2021], we investigated the dynamics of the CB and MMP parameters during
the development of 933 geomagnetic storms observed in the period from 1964 to 2010. The similarity
of the dynamics of the Dst-index and B plasma in the CB was found. The authors [Kurazhkovskaya et
al., 2021] attribute this to the fact that the value of the parameter 3 characterizes the level of space
plasma turbulence, which, in turn, can be a significant factor in the development of geomagnetic storms
[Antonova, 2002; Borovsky , 2006; D'Amicis, 2010]. In particular, it is suggested in [Kurazhkovskaya
et al., 2021] that the achievement of the regime of plasma parameter decrease from the background § =
2 -2.5to B =1 can serve as a trigger for the occurrence of a magnetic storm. Exactly such a drop of
with the beginning of the main phase of the storm can be seen in Fig. 1.

The fact that the change of geomagnetic thresholds 4R.rcorrelates most strongly with the Dst-

index indicates that the ring current plays the main role in controlling the dynamics of the CL
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geomagnetic clipping stiffnesses at all stages of the storm. The significant sensitivity to Dst is the most
typical feature of the interaction of changes in geomagnetic thresholds 4R.swith the geomagnetosphere,
which was noted earlier in [Ptitsyna et al., 2019; Danilova et al., 2023 ]. The relationship of 4R.rvalues
with other parameters (magnetic or dynamical) strongly depends on the individual characteristics of a

particular geomagnetic perturbation.

6. CONCLUSION

We traced how the changing conditions in the NE and magnetosphere during the evolution of the
magnetic storm on March 23-24, 2023, are reflected in the behavior of changes in the CL geomagnetic
clipping stiffnesses 4R.;. We obtained that the largest decrease of 4R.rvalues is observed in the main
phase at the storm maximum (Ds¢ =-163 nTL) and is 4R.~=— 0.8 GV (at Moscow station). In addition,
a significant decrease of R (~0.5 GV) is recorded at the beginning of the storm as a reaction to the
jump-like increase of the NE pressure P, which determined the compression of the magnetosphere and
the beginning of the storm. This jump of 4R.values at all stations was negative. The magnitude of the
ARervalues and their direction are controlled by the relative contributions of the magnetopause and ring
currents, whose effects are opposite [Fliieckiger et al., 1990]. In the case of the studied storm, the
effects of the ring current intensification had a predominant influence on the motion of CL particles
immediately after the jump-like increase of P values. The highest degree of correlation of 4R.rvalues
was with Dst (k0.95), indicating that the ring current indeed plays a major role in controlling 4AR... In
addition, a high degree of correlation with the electromagnetic parameters B, Bz, Ey, and  was found.
The dynamic parameters of the CB do not reveal a significant relationship with the values of 4R.r
during the evolution of the studied storm.

Thus, one can see that the dominating factor of changes in the stiffnesses of geomagnetic clipping
during the development of the storm on March 23-24 is the ring current, the total effect of the other
current systems determines the other obtained correlations. However, it is not possible to determine the
contribution of individual current systems because the dynamics of the clipping stiffnesses as a
function of the NE and MMP parameters is closely related to the dynamics of the interaction between
the NE and the magnetosphere during a strong magnetic storm, which is not yet well understood. The
study of the magnetospheric effects of cosmic rays, which can clarify the configuration and dynamics
of the Earth's magnetosphere during strong magnetic storms, is a subject of serious attention because
this knowledge is essential for understanding the processes in the magnetosphere, for numerical

modeling of these processes, and for space weather applications.
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Table 1. Cosmic ray stations

N Station name International Geographic Geographic
: . R
code latitude longitude
! Kingston KGSN 42.99°S 147.29° E 1.9
(Australia)
2 Moscow MOSC 55.47°N 37.32°E 2.08
(Russia)

3 Irkutsk (Russia) IRKT 52.47° N 104.03° E 3.13
4 Jungfrau o o

(Switzerland) JUNG 46.55° N 7.98°E 4.51
5 Almaty o o

(Kazakhstan) AATA 43.25°N 76.92° E 5.21
6 Athens (Greece) ATHN 37.97° N 23.72° E 8.48
7 ESOI (Israel) ESOI 33.30°N 35.80° E 10.73
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Table 2. Correlation coefficients k£ between 4R.rand parameters (P) of geomagnetic activity, CB and

IMF
IT ESOI ATHN AATA JUNG IRKT MOSC KGSN
Dst | 0.94+£0.04 | 0.94+0.05 | 0.95+£0.05 | 0.96+0.05 | 0.95+0.06 | 0.93+0.09 | 0.93+0.09
Ky | =0.75+0.07 | =0.75+0.10 | =0.77£0.11 | =0.74+0.11 | —0.79+0.13 | —0.80+0.14 | —0.80+0.15
E, | —0.57£0.09 | =0.65%0.11 | —0.59+0.13 | —0.64+0.13 | —0.62+0.17 | —0.68+0.18 | —0.64+0.19
B: | 0.59+0.09 | 0.67+£0.11 | 0.61+0.13 | 0.66+0.13 | 0.65+0.16 | 0.70+0.17 | 0.66+0.18
B, | 032+0.10 | 0.35£0.14 | 0.36+0.16 | 0.35+0.16 | 0.38+0.20 | 0.29+0.23 | 0.36+0.23
B | -0.70+£0.08 | —0.69+0.11 | —0.69+0.12 | —0.72+0.12 | —0.68+0.16 | —0.74+0.16 | —0.68+0.18
V1 0.45+£0.10 | 0.42+0.13 | 0.47+0.15 | 0.44+0.15 | 0.44+0.19 | 0.38+0.22 | 0.43+0.22
N | —0.33+0.10 | —0.29+£0.14 | —0.34+0.16 | —0.22+0.16 | —0.42+0.19 | —0.31+0.23 | —0.46+0.22
P | -0.14+0.10 | -0.12+0.15 | —=0.17+0.16 | —0.05+0.17 | —0.25+0.21 | =0.17+0.24 | —0.30+0.23
B | 0.63£0.09 | 0.65+0.11 | 0.63+0.13 | 0.71+0.12 | 0.57+0.17 | 0.70+0.17 | 0.57+0.20
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Figure captions

Fig. 1. Variations of geomagnetic clipping stiffness and solar wind parameters, MMPs, and
geomagnetic activity indices during the storm of March 23-24, 2023. Vertical lines indicate the main
phase of the storm.

Fig. 2. Variations of geomagnetic thresholds 4R.sfor the studied stations during the storm evolution on
September 23-24, 2023. a - Dst-index; b - AR.s. The AR.rcurves are arranged from top to bottom in the
order of increasing CL station latitude (decreasing threshold stiffnesses Rc). The vertical lines mark the
main phase of the storm, as in Fig. 1.

Fig. 3. Diagram of geoeffective (| k | > 0.45) correlations of the values of variations in the stiffnesses

of geomagnetic clipping 4R, stiffnesses with interplanetary and geomagnetic parameters.
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