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Abstract. Basing on measurements of cosmic rays
at the worldwide network of stations, we calculate var-
iations in the planetary system of geomagnetic cutoff
rigidity for the 2015 June moderate geomagnetic storm.
Using the axisymmetric model of the limited magneto-
sphere taking into account magnetopause currents and
the ring current, we determine the distance to the subso-

lar point and the ring current radius, as well as the con-
tribution of the ring current to variations in the geomag-
netic cutoff rigidity and to the Dst index.
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INTRODUCTION

The dynamics of large-scale current systems in the
disturbed magnetosphere is still one of the open questions
in solar-terrestrial physics.

A magnetic storm is a response of the magneto-
sphere to a sudden increase in the dynamic pressure of
the solar wind (SW). It occurs with an intense energy
release in the magnetosphere and ionosphere, which
depends largely on the magnitude and direction of the
interplanetary magnetic field (IMF).

During magnetic storms, the magnetic field depres-
sion at low latitudes increases sharply, being character-
ized by an increase in negative Dst. According to cur-
rent views, its variations are strongly affected by the
symmetrical ring current in the inner magnetosphere
(DR), the transverse current in the magnetotail (DT),
and the current at the magnetopause (DCF); hence
Dst=DR+DT+DCF [Feldstein et al., 2005].

Magnetopause currents respond to changes in SW
parameters. Compression of the magnetosphere when
SW dynamic pressure rises leads to a short-term posi-
tive variation of the magnetospheric field in the inner
and dayside magnetosphere (sudden storm commence-
ment, SSC). The distance to the subsolar point at the
magnetopause is one of the important magnetospheric
parameters, which describes the magnetopause com-
pression. Its variations at sudden jumps of SW dynamic
pressure cause significant variations in the magneto-
spheric magnetic field.

Without regard to field-aligned currents, the current
system of the magnetotail comprises currents across the
magnetotail and triggering currents at the magneto-
pause.

The ring current is the most inert part of the mag-
netosphere. It is generated by injection of charged
particles from the magnetotail and breaks down due
to charge exchange with exospheric atoms, Coulomb
collisions, and wave processes. Increased injection
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occurs during magnetospheric substorms, accompa-
nied by strong dipolization of the tail's magnetic
field. The magnetic field of the ring current is south-
ward in the inner magnetosphere; it supports a char-
acteristic large-scale structure of the variation of the
measured magnetic field during a magnetic storm.

The relationship between Dst sources varies in dif-
ferent storm phases and can characterize the relative
dynamics of magnetospheric current systems during
disturbances [Alexeev et al., 1996; Maltsev et al., 1996;
Greenspan, Hamilton, 2000].

Contributions to the Dst index from the DR and DT
currents depend on storm intensity. For weak and mod-
erate storms, the DT-current contribution may be as
great as the DR-current contribution and sometimes
may even exceed it. During strong storms, the ring cur-
rent plays a more significant role. During moderate
storms of about —(100 + 200) nT, the field of tail cur-
rents is saturated, reaching the maximum possible value,
while the ring current is capable of developing further
[Ganushkina et al., 2004; Kalegaev et al., 2005].

Dynamic processes occurring in the interplanetary
medium and Earth’s magnetosphere, due to their elec-
tromagnetic nature, affect charged cosmic-ray parti-
cles, producing variations in the spatial, angular, and
energy distribution of the particles. Therefore, data on
cosmic-ray (CR) intensity variations can provide valu-
able information on electromagnetic conditions in out-
er space.

The structure of the total magnetic field in which CR
particles move determines the CR planetary distribution
and its time dependence on the geomagnetic field. Ge-
omagnetic variations cause changes in asymptotic direc-
tions of arrival of particles at a point of observation as
well as variations in the geomagnetic cutoff rigidity at
this point, thus producing magnetospheric CR intensity
variations, which are generally observed along with
interplanetary CR variations during geomagnetic dis-
turbances.



G.N. Kichigin, M.V. Kravtsova, V.E. Sdobnov

To separate the contributions of interplanetary and
magnetospheric CR intensity variations observed on
Earth’s surface, ISTP SB RAS has developed a spec-
trographic global survey (SGS) method adopted to
gain information on primary CR distribution over en-
ergies and pitch angles in IMF and on variations in
GCR planetary system per observation hour from
ground-based CR observations at the worldwide net-
work of stations [Dvornikov et al., 1984, 1986] and to
analyze the entire available ground-based data-
acquisition equipment (the worldwide network of neu-
tron monitors located at any levels in Earth’s atmos-
phere, ground and underground meson telescopes,
etc.). This allows us, along with phases of the first and
second harmonics of pitch-angle anisotropy, to deter-
mine the rigidity spectrum of the isotropic component
and anisotropy from the pitch-angle anisotropy phase,
to gain information on IMF orientation, as well as to
determine variations of the GCR planetary system for
each hour of observation or for shorter intervals.

Information on variations in the GCR planetary system
during strong geomagnetic disturbances was used to test
models of Earth’s magnetosphere (see, e.g., [Tyasto et al.,
2011, 2013]).

We examine variations in the GCR planetary system
during the moderate geomagnetic storm in June 2015,
using data on CR intensity from the worldwide network
of stations. We employ an axisymmetric model of
Earth’s limited magnetosphere [Kichigin, Sdobnov,
2017], which takes into account magnetopause currents
and ring current, to calculate the distance to the subsolar
point and the ring current radius.

In the latter half of June 2015, in the active region
(AR) 12371, one of the largest in the current solar cycle,
there was increased solar activity [https://www. solar-
monitor.org]. In particular, on June 21 and 22, 2015, the
AR gave two flares followed by full-halo CMEs about
360° wide: the M2.0 flare (12° N, 13° E) started at 02:06
UT on June 21, 2015, followed by CME with a velocity
of ~1400 km/s at 02:36 UT; the M6.5 flare (18°N, 06°W)
began at 17:39 UT on June 22, 2015, followed by CME
with a velocity of about 1200 km/s at 18:23 UT.

The interaction between magnetic clouds on June 21
and 22, when the subsequent cloud propagated along an
already disturbed medium, caused a strong disturbance of
the interplanetary medium in the vicinity of Earth and, as a
consequence, the geomagnetic storm with maximum geo-
magnetic field depression on June 23, 2015 (the Dst index
was —204 nT).

The worldwide network of neutron monitors on June
23, 2015 recorded a Forbush effect with ~6-9 % CR
neutron component modulation amplitude.

DATA AND METHOD

To obtain information on variations in the GCR
planetary system, we have used data from the world-
wide network of neutron monitors (41 neutron moni-
tors) [ftp://cr0.irmiran.rssi.ru], corrected for pressure
and averaged over hourly intervals, as well as infor-
mation on electromagnetic conditions in interplanetary
space during heliospheric and magnetospheric disturb-
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ances [https://www.solarmonitor.org; http://cdaw.gsfc.
nasa.g/CME _list/UNIVERSAL/2015_06/univ2015_06.
html; http://omniweb.gsfc.nasa.gov] with the SGS
method [Dvornikov et al., 1986]. Amplitudes of CR
modulation were measured from the background level
on June 2, 2015.

The statistical error in determining GCR variations
from data acquired at the worldwide network of CR
stations with the SGS method is ~+0.05+0.07 GV.

Basing on the results of calculations of the relation-
ship of GCR variations with GCR derived from data
obtained at the worldwide network of CR stations AR,
and GCR variations with GCR estimated using the ax-
isymmetric model of Earth’s limited magnetosphere
AR, (Kichigin, Sdobnov, 2017), we compute some
parameters of magnetospheric current systems (DCF
and DR). These parameters in this model are ring cur-
rent radii r,, magnetopause currents I, and Dst index.
The parameters of current systems r, I, are determined
by selecting them to minimize the functional.

2

> [ARy, (R)= AR (R, T,., Dst)]zj = min.

RESULTS

For the event in June 2015, Figure 1 shows ampli-
tudes of CR intensity variations and time variations in
GCR AR in Irkutsk (R .= 3.66 GV) (blue curve) together
with the Dst index (red curve). The maximum decrease in
the intensity of the CR neutron component in Irkutsk in
June was ~ —8 %. There is a satisfactory correlation be-
tween time variations in AR, and Dst for June 22-28,
2015; the correlation coefficient is ~0.82.

Figure 2, a—C presents the relationships between
GCR variations and GCR for different stages of devel-
opment of the magnetic storm in June 2015. The varia-
tions are calculated from CR observational data from
the worldwide network of stations (blue curve). This
Figure also shows the results of calculation of GCR
variations using the axisymmetric model of Earth’s lim-
ited magnetosphere with ring current [Kichigin, Sdobnov,
2017] (red curve). In separate panels are dates and uni-
versal time of these relationships, and parameters (r, —
the ring current radius, I, — the magnetosphere radius,
and the calculated Dst cal index) of current systems in
the model of Earth’s limited magnetosphere with ring
current, with which the calculation results obtained by this
model are in the closest agreement with those derived from
data from the worldwide network of CR stations. There are
also observable values of the Dst_ob index.

This Figure indicates that for given parameters of cur-
rent systems, the GCR variations calculated from CR ob-
servations made at the worldwide network of stations and
with the model of Earth’s limited magnetosphere with ring
current, are largely in good agreement, except for some
periods of the main phase (see Figure 2, a) and close peri-
ods of the magnetic storm under study.

The difference between calculated and observed Dst
indices is from several nT to several tens of nT. The
mean radii of the ring current in units of Earth’s radius as
shown in Figure 2, a—C are r.=~3.6 for the initial
phase of the 2015 June geomagnetic storm, r,=~4.2 for
the main phase, and r.=~4.3 for the recovery phase. The
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Figure 1. CR intensity amplitude variations Al/l (top);
time variations in GCR AR, in Irkutsk (R.=3.66 GV) (blue
curve) together with the Dst index (red curve) for the 2015
June event

mean distance to the subsolar point in the axisymmetric
model of the limited magnetosphere for different phases
of the 2015 June geomagnetic storm is r,,=~8.3 for the
initial phase, r,=~8.5 for the main phase, and r,=~8.7
for the recovery phase. The minimum radii of the ring
current are observed in the main phase of the geomagnet-
ic storm, followed by an increase in the recovery phase;
and the distance to the subsolar point is minimum in the
initial phase of the geomagnetic disturbance.

The key feature of a magnetic storm is a sharp in-
crease in the ring current due to injection of charged

particles from the magnetotail. During the magnetic
storm, along with this increase there is a significant en-
hancement of other magnetospheric current systems:
magnetotail currents, magnetopause currents, and field-
aligned and ionospheric currents which are disregarded
in our model. The relationship between contributions of
these current systems to the Dst index in different storm
phases can characterize their relative dynamics during
magnetospheric disturbances.

These radii of the ring current and magnetopause
current reflect the total contributions of several current
systems. Hence, it is more correct to talk about effective
radii of current systems that contribute to the Dst index
as the ring and magnetopause currents do.

The estimation of the relative contribution of magne-
tospheric current systems to the variation of the magnet-
ic field measured on Earth’s surface during magnetic
storms is currently central. The relationship between Dst
sources varies in different phases of magnetic storm
development and can describe the relative dynamics of
magnetospheric current systems during disturbances.

As for the magnetospheric current systems different
from the ring current, there are no standard experi-
mental techniques that allow estimating their contribu-
tions to the Dst index. Although measurements made
with geostationary instruments provide rough estimates
for variation of the current sheet [Ohtani, 2001], they do
not allow unambiguous separation of contributions of
the main magnetospheric current systems composing the
magnetospheric magnetic field. These contributions can
be calculated using the currently available magneto-
spheric models, which allow us to compute separately
the field of each magnetospheric source [Alexeev et al.,
1996]. Modern models correctly predict the behavior of
the magnetic field in both quiet and disturbed periods.
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Figure 2. GCR variation vs GGR for different phases of the moderate geomagnetic storm in June 2015: the initial phase (a);
the main phase (b); the recovery phase (C). The blue curve shows the results obtained from data acquired at the worldwide net-

work of CR stations with the SGS method; the red curve is the

calculation made with the axisymmetric model of the limited

magnetosphere with ring current. The green curve is the ring current contribution to GCR variations, estimated using the ax-

isymmetric model of the limited magnetosphere

15



G.N. Kichigin, M.V. Kravtsova, V.E. Sdobnov

At the same time, giving an adequate representation for
the Dst-index profile, models often provide very differ-
ent estimates of the contribution of magnetospheric
sources to Dst.

Alexeev et al. [2001] indicate that the differences in
estimating the contribution of the magnetotail current
sheet to Dst during magnetic storms are often associated
with the lack of a unified method for calculating the Dst
index based on model calculations. Accordingly, au-
thors determine contributions of magnetospheric current
systems to Dst in different ways. Moreover, characteris-
tics of models, their domain of applicability (for empiri-
cal models), and the relationships used for parametriza-
tion (for theoretical models) can significantly affect
relationships between magnetic fields from different
sources during a magnetic storm.

Reasons for the discrepancies may also have a phys-
ical nature, which is associated with the development of
magnetic storms of different intensities under varying
conditions in the interplanetary medium and with the
prehistory of magnetospheric conditions. The variety of
conditions in the interplanetary medium determines the
complex dynamics of magnetospheric current systems
and hence of the measured magnetic field. In this case,
variations in the magnetic field during magnetic storms
of different intensity can feature different ratios of con-
tributions of the main magnetospheric current systems.

In this paper, we estimate the contribution of the ef-
fective ring current to GCR variations, basing on pa-
rameters of current systems in the axisymmetric model
of Earth’s limited magnetosphere during magnetic
storms in June 2015. In Figure 2, this contribution is
indicated by a dashed-dot line. The contribution of the
ring current to GCR variations is not less than ~50-60
% at different storm phases, and the contribution to Dst
is at least 6070 %.

CONCLUSIONS

Ground-based measurements of CR at the world-
wide network of CR stations have been used to estimate
GCR variations during geomagnetic disturbances in
June 2015. From the GCR variations calculated with the
axisymmetric model of Earth’s limited magnetosphere,
which takes into account the ring current and magneto-
pause currents, we have determined parameters of cur-
rent systems, such as the distance to the subsolar point
and the ring current radius, as well as the Dst index.
Using the axisymmetric model of Earth’s limited mag-
netosphere, we have assessed the contribution of the
ring current to GCR variations and to the Dst index.

This study has demonstrated that ground-based CR
measurements at the worldwide network of stations can be
used to numerically assess parameters of some current
systems in the magnetosphere during magnetic storms.
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