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Abstract. In this paper, we calculate geomagnetic
cutoff rigidities during the strong magnetic storm of
March 23-24, 2023, using 1) the spectrographic global
survey method based on observational data from cosmic
ray recording by the global network of stations (Rsgs); 2)
numerical trajectory calculations in a model magnetic
field of the magnetosphere (Re). The geomagnetic cut-
off rigidity has been determined for nine cosmic ray
stations at different latitudes. We calculated the correla-
tions of the variations in the geomagnetic cutoff rigidity
ARy and ARg with magnetic and dynamic solar wind
parameters and the geomagnetic activity indices Dst and
K. It has been found that the geomagnetic cutoff rigidi-
ty calculated by both methods correlate most strongly
with Dst and the electromagnetic parameters of the solar

wind. No significant correlation with the dynamic pa-
rameters was observed. The analysis has shown that the
response of AR t0 the controlling magnetic parameters
and Dst changes with latitude of the observation station:
the correlation reaches its highest values at midlatitudes
and drops significantly toward the equator. The correla-
tions of ARy calculated by the model do not reveal a
latitudinal dependence.

Keywords: cosmic rays, geomagnetic threshold,

cosmic ray cutoff rigidity, interplanetary magnetic field,
geomagnetic activity.

INTRODUCTION

Under the influence of the geomagnetic field,
charged particles of galactic cosmic rays (CRs) change
their trajectory. Some of them with rigidity below the
threshold value characteristic of the station that
measures them (geomagnetic cutoff rigidity, R;) do not
reach Earth's surface. Due to the screening nature of the
geomagnetic field, significantly fewer particles pene-
trate to the equator than to high latitudes. Variations in
CR fluxes in the magnetosphere during magnetic storms
are caused by changes in the CR geomagnetic cutoff
rigidity/geomagnetic thresholds AR. The thresholds depend
on the screening properties of the geomagnetic field.

During a magnetic storm, the solar wind (SW) ener-
gy is transferred to Earth's magnetosphere by coronal
mass ejections (CMEs) or high-velocity corotating in-
teraction regions (CIRs) from coronal holes. The influx
of energy generated during increased solar activity and
its subsequent attenuation in the magnetosphere deter-
mines the evolution of a geomagnetic storm, which is
described by various geomagnetic indices. The K, index
— a planetary index characterizing the global geomag-
netic disturbance within a three-hour time interval — is
defined as average disturbance levels of two horizontal
geomagnetic field components observed at 13 selected
magnetic observatories located in the subauroral zone be-

tween 48° and 63° north and south geomagnetic lati-
tudes. Another widely used one is the so-called disturb-
ance storm time index Dst, which is calculated as the
hourly average disturbance of the horizontal H compo-
nent of the geomagnetic field at four low-latitude mag-
netic observatories. It is a measure of change in the
magnetic field by the magnetopause current system
(DCF) and the westward ring current (DR). The current
system developed during a geomagnetic disturbance
causes a decrease in the magnetospheric magnetic field
and hence in geomagnetic screening, thereby facilitating
penetration of CRs to lower latitudes. In turn, the dynamics
of current systems depends on the dynamics of magnetic
and time-varying parameters of near-Earth space.

Knowledge of the dependences of AR on SW and
magnetosphere parameters can shed light on important
features of the SW- magnetosphere coupling and its asso-
ciated geomagnetic effects, which control CR transport
through the magnetosphere and atmosphere during disturb-
ances. Studying latitude effects of this coupling is essential
for safety of the crew and passengers of space flights, as
well as high-latitude and altitude flights [Burov et al.,
2005; lucci et al., 2005].

The response of geomagnetic screening to changes
in the geomagnetic conditions in SW and the interplane-
tary magnetic field (IMF) during magnetic storms has
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been examined theoretically and experimentally in
[Kanekal et al., 1998; Leske et al., 2001; Shimazu,
2009; Tyssey and Stadsnes, 2014; Adriani et al., 2016].
However, no definitive answer has been found yet to the
question as to which near-space parameters control CR
transport during disturbances. To answer this question,
it is necessary, at least, to have a sufficiently extensive
base of relevant data for geomagnetic storms of various
types and intensities from different sources on the Sun
and in interplanetary space, which occurred during dif-
ferent solar cycle phases. The data would allow us to
draw generalized conclusions about changes in geo-
magnetic screening during interplanetary and geomag-
netic disturbances of various types. Earlier in [Ptitsyna
et al., 2019; Danilova et al., 2023 and references there],
for one moderate and seven strong geomagnetic storms
of solar cycles 23 and 24, we have calculated geomag-
netic cutoff rigidities and their correlations with helio-
and geosphere parameters. Most of the storms consid-
ered were recorded during descending phases and solar
minima. In this paper, to further expand our data ar-
chive, we analyze the severe storm in March 2023 near
the maximum of cycle 25, caused by specific stealth
CME. Besides, we have added to our study the calcula-
tion and analysis of data for three additional low-
latitude CR stations, bearing in mind the search for lati-
tude effects. The purpose of this work is to identify ge-
omagnetic thresholds, using two independent methods
Rerr and Rgys during the March 23-24, 2023 severe
storm, to analyze the dependence of their changes on the
interplanetary medium and geomagnetosphere parame-
ters, focusing on latitudinal effects, as well as to com-
pare results obtained by different methods. To solve
these problems, we calculated correlations of variations
in geomagnetic cutoff rigidities ARy and AReg With SW
electromagnetic and dynamic parameters, Dst, and K.

1. METHODS AND DATA

The spectrographic global survey (SGS) method and
the method of tracing trajectories of CR particles in a
model magnetic field have been employed to calculate
the geomagnetic cutoff rigidity during the severe mag-
netic storm on March 23-24, 2023.

The SGS method is based on the assumption that CR
flux variations on Earth's surface are determined by the
rigidity spectrum, the pitch-angle distribution of parti-
cles in interplanetary space, and the particle density
gradient at the Larmor radius [Kovalev et al., 2022].
This method provides information on the distribution of
primary CRs by energy and pitch angles in interplane-
tary space, as well as on changes in the planetary system
of geomagnetic cutoff rigidities for each moment of
observations (Rsgs), from ground-based observations of
CRs made at the worldwide network of stations.

Table 1 lists standard errors in determining the IMF
longitude A and latitude ¥ angles, the differential rigidi-
ty spectrum Ag, CR pitch-angle anisotropy amplitudes
A; and A,, variations in the geomagnetic cutoff rigidity
AR, surface ATg_ and mass average ATya atmospheric
temperatures by the SGS method in accordance with the
accuracy of measurements of CR neutron I, and
charged I, components.

The statistical error in determining ARy with due
regard to the accuracy of measurements at CR stations
does not exceed 0.05 GV in absolute value. The geo-
magnetic cutoff rigidity variations obtained by this
method are further referred to as observed.

The second method involves trajectory calculations
of R; [Shea et al., 1965] in the model magnetic field of
the magnetosphere (Re). In this paper, we employ the
Tsyganenko model Ts01 ([Tsyganenko et al., 2003] and

Table 1

Standard errors in IMF, CR, Earth's magnetosphere and atmosphere parameters, determined by the SGS method
in accordance with the accuracy of neutron monitor and muon telescope data [Kovalev et al., 2022]

lom, % I, % | A, deg. | W, deg. | Ao, % | A, % | A5, % | AR, GV | Tg, °C Tam, °C
+0.1 +0.1 +16.9 | £21.5 +1.0 +8.8 +1.7 +0.03 +1.3 +0.3
+0.2 +16.9 | £21.5 +1.0 +8.8 +1.7 +0.03 +2.5 +1.2
+0.15 +0.1 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +1.3 +0.3
+0.2 +17.0 | £21.8 +1.3 +8.8 +1.7 +0.04 +2.5 +1.0
+0.2 +0.1 +17.5 | £22.1 +1.6 +8.9 +1.8 +0.05 +1.3 +0.3

references there) to compute the effective geomagnetic
thresholds Reg. At the same time, the accuracy of deter-
mining geomagnetic thresholds depends on the accuracy
of the magnetospheric model adopted for 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. In parameterizing the current systems,
we have used satellite data collected during 37 geomag-
netic storms with Dst<—65 nT [Tsyganenko et al., 2003].
The Ts01 model includes Chapman—~Ferraro currents,
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symmetric and partial volume circular currents, trans-
verse tail currents, and large-scale field-aligned cur-
rents. Tyasto et al. [2012] have shown that during strong
magnetic storms the Ts01 magnetospheric model de-
scribes the situation in the magnetosphere better than
the TsO4 model. To calculate the magnetic field from
internal sources, a representation of Earth's main mag-
netic field (EMMF) is utilized as expansion in terms of
spherical harmonic functions up to n=10. The geomag-
netic cutoff rigidity variations obtained by this method
are further referred to as model.
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Geomagnetic cutoff rigidities have been determined
for nine multi-latitude CR stations, listed in Table 2.
The stations were chosen in such a way that under quiet
conditions they covered the main range of threshold R;
affected by the geomagnetic field.

Next, we calculated the correlation coefficients k
and the standard errors s between ARt and ARgg With
the following parameters: IMF's total value B and its
components B, and B, the azimuthal component of elec-
tric field E,, the plasma parameter B, SW velocity V,
density N, and pressure P, as well as Dst and K. These
parameters are available in the OMNI database
[https://omniweb.gsfc.nasa.gov/form/dx1.html].

Plasma B is the ratio of plasma pressure to magnetic

pressure; in the OMNI database, this parameter is calcu-
lated using the formula

B=(4.16T/10° +5.34)N, /B?,
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=-VB,10°,

where E is the electric field (mV/m); V is the pro-
ton velocity (km/s); and B, is the magnetic field com-
ponent (nT).

Table 2
Cosmic ray stations

Station name International Geographic Geog(aphic R

code latitude longitude ¢
Kingston KGSN 42.99° S 147.29° E 19
Moscow MOSC 55.47°N 37.32°E 2.08
Novosibirsk NVBK 54.80°N 83.00° E 2.32
Irkutsk IRKT 52.47°N 104.03° E 3.13
Jungfraujoch JUNG 46.55° N 7.98°E 451
Almaty AATB 43.25°N 76.92° E 5.21
Rome ROME 41.90° N 12.52°E 6.11
Athens ATHN 37.97°N 23.72°E 8.48
Emilio Segre Obs. ESOI 33.30°N 35.80°E 10.73

2. RESULTS

2.1. Helio-, geosphere parameters and CR cut-
off rigidity during the March 23-24, 2023 storm

In Figure 1 from top to bottom are electromagnetic and

dynamic parameters of SW and geomagnetic activity dur-
ing the March 23-24, 2023 geomagnetic storm: B, B, E,,
B, SWV, N, P, as well as K, and Dst.
A peculiarity of the storm under study was that it was
caused by stealth CME. Such CMEs are not associat-
ed with any visible manifestations on the Sun, so it is
difficult to identify them and hence to predict their
geoeffectiveness. In particular, the CME that initiated
the geomagnetic storm of interest was not observed
by any of the observers and was not cataloged. How-
ever, since the peak Dst index unexpectedly reached
—-163 nT, the storm was classified as severe [Tahir et
al., 2024; Teng et al., 2024].

On March 23 at ~8:00-14:00 UT, B, N, P, and B,
are seen to gradually increase, which can be inter-
preted as the passage of interplanetary CME sheath
(ICME sheath) or compression region before ICME
near Earth.

It can be assumed that the main phase of the storm
began at ~13:00 UT with a sharp compression of the
magnetosphere after a jump in P to 14.8 nPa. With the
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beginning of the main phase, B decreased abruptly from
the background B~2 before the storm to f~0.2 and re-
mained so throughout the main phase of the storm. Such
a low B value may be associated with increased plasma
turbulence and serve as a trigger for a magnetic storm
[Kurazhkovskaya et al., 2021]. The B, component fluc-
tuated between southward and northward before finally
turning south at ~18:00 UT. At that time, the active
stage of the storm began when Dst started to decrease
sharply and reached a minimum (Dst=—163 nT) at 02:00
UT on March 24, 2023. After that, Dst began to in-
crease, B, also began to grow, and the magnetic storm
entered the relaxation phase.

Figure 2, a—f presents calculated variations in the
geomagnetic thresholds ARy and AR for all the sta-
tions considered. Panel g also shows Dst variations to
illustrate the relationship between dynamics of the geo-
magnetic thresholds and evolution of the storm. The
trend of the ARqs and AR 4 curves is seen to agree well
with Dst.

There is a clear dependence of lowering the AR
thresholds on latitude. The value of ARg reached its
maximum drop (=~0.8 GV) during the main phase at the
storm maximum (Dst=—163 nT) at the station with the
lowest threshold rigidity R, (KGSN).
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Figure 1. Parameters of SW, IMF, and geomagnetic ac-

tivity during the storm on March 23-24, 2023. Vertical lines

indicate the storm main phase, as well as the beginning of the

active stage of the main phase at ~18:00 UT on March 23

During the storm main phase, ARgys decreases more
slowly and to a smaller extent than ARgy. In addition,
oscillations with a period of about several hours are
superimposed on the general trend of ARy, Which fol-
lows Dst. Amplitude of these oscillations during the
recovery phase is of roughly the same order as the de-
crease in ARggs near the storm maximum: (for example,
2 hrs after the storm maximum at IRKT, ARy=—0.45
GV). Such jumps in ARy are especially characteristic
for the storm recovery phase at low-latitude stations. It
is, therefore, impossible to determine with sufficient
accuracy the maximum drop in geomagnetic cutoff ri-
gidity during the storm. We can only note that along
with the evolution of the ring current (~30 hrs for this
storm), which determines ARy, other shorter-period
(~2-3 hrs) processes seem to make a significant contri-
bution. Figure 2 also demonstrates that the difference
between the AR ¢ and ARy curves depends on latitude.
It has a 0.44 GV maximum during minimum Dst for
KGSN with minimum R.=1.90 GV.

2.2. Correlation analysis

The time curves of Figure 2 suggest that AR and
ARy vary with evolution of the storm and hence with
changes in SW and geomagnetic activity parameters.
In order to quantify the relationship between the pa-
rameters and the variations in geomagnetic thre-
sholds, we have analyzed the correlations of AR with the
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Figure 2. Variations in geomagnetic thresholds AR g (red
lines) and ARg (blue lines) during the September 23-24, 2023
storm. From top to bottom for ROME (a), AATB (b), JUNG (c),
IRKT (d), MOSC (e), and KGSN (f). Panel (g) is the Dst index.
Vertical lines indicate the storm main phase and the onset of the
active phase (18:00 UT on March 23)

SW, IMF parameters and the geomagnetic activity
indices. Correlation coefficients k and standard errors
s were calculated. Figure 3 plots the correlation k
between AR and the SW, IMF, and geomagnetosphere
parameters during the March 23-24, 2023 storm.
Panel a illustrates the correlation of variations in
model thresholds AR with interplanetary and mag-
netic parameters; panel b, the correlation between
observed ARg. Columns of the diagrams in different
colors correspond to the results of the correlation
analysis for different stations. The columns (stations)
are arranged in ascending order of latitude (decreas-
ing station threshold under quiet conditions).

Panel a shows that the greatest correlation is ob-
served between AR and Dst. For AR, k=0.96+0.05
at YUNG. At other stations, k is almost the same. A
high but somewhat lower negative correlation is also
seen for K,. For example, at MOSC k=-0.8+0.14. The
correlation close to k=—0.8 was obtained for the rela-
tionship between the model geomagnetic thresholds
and the general magnetic field B. At MOSC, k=-
0.74+0.16; at ESOI, k=—0.7+0.08. In this case, k<O0.
A high anticorrelation was also derived for the rela-
tionship with E;: k=—0.68+0.18 at MOSC. Similar k
values were also found for the other stations. A fairly
high correlation of about the same order ~0.65-0.7 was
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Figure 3. Correlation coefficients k between cutoff rigidities
and geo- and heliosphere parameters during the March 23-24,
2023 storm: ARgft (@); ARggs (b)

obtained for B and B, Note that the relationship of
AR With B, is weaker than with the total field B. The
k value is much smaller for the correlation between
AR¢ and B,. For example, k=0.39+0.14 at ROME.
The k value calculated for the correlation ARggV is
of the same order and even smaller for the anticorre-
lation ARe—N and ARgP. It can be argued that vari-
ations in geomagnetic cutoff rigidities are most close-
ly related to variations in geomagnetic activity indi-
ces. Moreover, all electromagnetic parameters, except
for B,, contribute substantially to threshold varia-
tions. As for the SW dynamic parameters, the rela-
tionship with them is insignificant. Note that the co-
efficients of correlation AR with all parameters cal-
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culated for different stations differ very little.

A slightly different pattern is observed for the variation
in threshold rigidities obtained by the SGS method (panel
b). In general, the correlation coefficients for observed
ARy are lower than for model ARg. The closest correla-
tion for mid-latitude stations is observed between ARggs
and Dst, as well as B, reaching almost 0.8. The k value is
the largest for KGSN (0.79+0.07). There is almost no cor-
relation with Dst at the low-latitude stations ESOI and
ATHN. The same can be said about the relationship of
ARy with the total magnetic field B and . The correlation
ARg— is the closest at the mid-latitude stations JUNG and
IRKT (k=0.76+0.08), and for ARggs—B k=—0.67+0.09. For
the other parameters, the correlation is much lower, and it
is absent for the SW dynamic parameters N and P.

2.3. Correlations of geomagnetic thresholds
with SW, IMF, and geomagnetic activity pa-
rameters

Figure 4 illustrates the relationship between varia-
tions in geomagnetic thresholds AR and the SW, IMF,
geomagnetic activity parameters under study as function
of geomagnetic cutoff rigidities R, of stations under
quiet conditions. The k values are shown for ARy (a)
and ARy (b). Colors and symbols denote the curves
related to Dst, K, B,, E,, By, P, B, B, V, and N. Curves in
panels a, b confirm the conclusions, obtained from the
diagrams (see Figure 3, a, b), that the closest correlation
is observed between ARy and Dst, B; a slightly less
close one, with B,; and the greatest anticorrelation, with
B, K,, and E,. Besides, panel b demonstrates the de-
pendence of k on latitude and hence on R.. The closest
correlation is seen at midlatitudes for which R.~2+6
GV; and the maximum, at IRKT and JUNG for which
R.=3.13 and 4.51 respectively. With an increase in R.>6
GV, k decreases significantly. For the other parameters
considered, k is small, so they are not geoeffective and
can be ignored.
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Figure 4. Correlation coefficients k between geomagnetic cutoff rigidities and geo- and heliospheric parameters depending

on latitude: ARg (a); ARggs (b)
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For AR (@), the strongest correlation and anticor-
relation (see Figure 3, a) are found for the same pa-
rameters as for ARy — with Dst, B, B, K, B, and E,.
However, k for all parameters of the correlation ARgg
is higher than for AR As for the latitude depend-
ence, a weak trend similar to the latitude effect in ARggs
can be detected only for B, and E,. For the other pa-
rameters under study, there is almost no dependence
on latitude. Here, we also discuss only geoeffective
parameters for which k is large enough.

2.4. Correlation between ARt and ARy

Let us compare the results obtained by the SGS
method and trajectory calculations using the TsO1 model.
To do this, we calculated the correlation k between AR
and AR (Table 3).

Analysis of Figures 3, 4 shows that AR and ARy in
general similarly describe variations in thresholds during
the storm and the contribution of helio- and geosphere pa-
rameters to these variations. This is despite the fact that the
drop in the model thresholds AR systematically exceeds
the drop in the observed ones ARyg,. Table 2 suggests that
the correlation k during the storm under study between
observed and model thresholds for all stations, except for
ESOI and ATHN, is quite high: from k=0.71+0.07 for
ROME to the correlation maximum k=0.78+0.07 for
JUNG. This behavior of k indicates a similar sensitivity to
interplanetary and geomagnetic parameters of observed
and model variations in geomagnetic thresholds for the
stations with R<6.11 GV (ROME). The low correlation
between AR and ARy at ESOI and ATHN reflects the
difference in the latitude effect noticeable at low-latitude
stations (see 2.3).

Table 3
Correlation coefficients k between ARg¢ and ARggs
ESOI ATHN ROME AATB JUNG IRKT NVBK MOSC KGSN
k 10.14+0.13| 0.42+0.1 | 0.71+0.07 | 0.76+£0.07 | 0.78+0.07 | 0.71+0.09 | 0.76+0.08 | 0.77+0.08 | 0.73+0.08
CONCLUSIONS on the ascending branch of solar cycle 24 two years

In this paper, we have examined variations in geo-
magnetic cutoff rigidities AR and ARy during the
March 23-24, 2023 storm, which were calculated by
two different methods, observational and model. In ad-
dition, we have analyzed the relationship of these varia-
tions with electromagnetic and dynamic parameters of
solar wind and geomagnetic activity, as well as the de-
pendence of this relationship on latitude.

It has been found that the geomagnetic thresholds
calculated by both methods correlate most strongly with
geomagnetic activity, especially with Dst, which indi-
cates the greatest contribution to variations of ring cur-
rent rigidities. Besides, there is a high correlation with
electromagnetic parameters of IMF B, B, B,, E,. There is
no significant correlation with the SW dynamic parame-
ters V, N, P. It is believed that the development of a
magnetic storm mainly depends on two parameters: the
IMF southward component whose growth leads to re-
connection of the SW magnetic field and Earth's magne-
tosphere, and on the SW pressure P whose rise results in
the compression of the magnetosphere [Dungey, 1961;
Burton et al., 1975; Akasofu, 1984]. However, the de-
velopment of the storm under study and hence a de-
crease in geomagnetic screening during the storm and
geomagnetic cutoff rigidity variations were indeed de-
termined by B, and, to an even greater extent, by the
total magnetic field B and the plasma parameter f,
whereas P and the other dynamic parameters of SW
practically played no role. Note that such results were
obtained for a severe storm in March 2023, i.e. on the
ascending branch of solar cycle 25, one and a half years
before its maximum. These results are generally con-
sistent with the conclusions about the predominant in-
fluence of Dst and some electromagnetic parameters on
AR, drawn for the March 8-11, 2012 strong storm also
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before the maximum [Danilova et al., 2023]. At the
same time, for most storms, largely recorded outside
solar maximum [Ptitsyna et al., 2019], along with the
constant strongest correlation with Dst and electromag-
netic parameters there is a significant relationship be-
tween geomagnetic thresholds and SW velocity. In this
case, sets of other control parameters for individual
storms differ. Nevertheless, we can conclude that prop-
erties of geomagnetic screening during strong disturb-
ances depend on the phase of the solar cycle in which
the event occurred. However, these conclusions need
further, more detailed verification.

Analysis has shown that the response of ARy t0 the
controlling electromagnetic parameters, as well as to
Dst and K, varies with the latitude of the observation
station: the correlation reaches its highest values at mid-
latitudes (R;~2+6 GV) and decreases significantly to-
ward the equator. Practically no latitude dependence has
been found for the correlations of ARy with interplane-
tary and geomagnetic parameters, only the correlation of
AR with B, and E, demonstrates a similar but weaker
latitude effect.

Despite the difference in the magnitude and behavior
of k, at low-latitude stations the correlation between
ARg and ARy as a whole is quite high (0.7). This sug-
gests that both methods in use adequately describe AR
in terms of variations in geomagnetic and interplanetary
parameters at midlatitudes. The difference between the
effects obtained by these methods at low-latitude stations
should be investigated further.

We are grateful for the opportunity to use the OMNI
database [http://omniweb.gsfc.nasa.gov]. The work was
partially carried out with the financial support from the
Ministry of Science and Higher Education of the Russian
Federation (Subsidy No. 075-GZ/Ts3569/278). The results
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for ARggs were obtained using the equipment of Shared
Equipment Center "Angara" [http://ckp-rf.ru/ckp/3056/]
and the Unique Research Facility "Russian National
Ground-Based Network of Cosmic Ray Stations" (CRS
network) [https://ckp-rf.ru/usu/433536].
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