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Abstract — The early phase of the extraordinary solar energetic particle 20 January, 2005 event having the
highest peak flux of any SEP in the past 50 years of protons with energies > 100 MeV is studied. Solar
energetic particles (>16 MeV) entry to the Earth’s magnetosphere on January 20, 2005 under northward
interplanetary magnetic field conditions is considered based on multi-satellite data analysis and magnetic
field simulation. Solar wind parameters and interplanetary magnetic field data, as well as calculations in
terms of the A2000 magnetospheric magnetic field model were used to specify conditions in the Earth’s
environment corresponding to solar proton event. It was shown that during the early phase of the event
energetic particle penetration into the magnetosphere took place in the regions on the magnetopause
where the magnetospheric and interplanetary magnetic field vectors are parallel. Complex analysis of
the experimental data on particle fluxes in the interplanetary medium (data from ACE spacecraft) and
on low-altitude (POES) and geosynchronous (GOES) orbits inside the Earth’s magnetosphere show two
regions on the magnetopause responsible for particle access to the magnetosphere: the near equatorial
day-side region and open field lines window at the high-latitude magnetospheric boundary. Calculations
in terms of A2000 magnetospheric magnetic field model and comparison with SuperDARN images
support the link between high-latitude solar energetic particle precipitations and the region at the magne-
topause where the magnetospheric field is coupled with northward IMEF, allowing solar particles entrance
into the magnetosphere and access to the northern polar cap.
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1 Introduction

Measuring the variations of the solar energetic particle
(SEP) fluxes inside the magnetosphere is an excellent tool for
a comprehensive study not only of the interplanetary medium
state, but also of the Earth’s magnetospheric structure and
dynamics (see, e.g., Darchieva et al., 1983; Flickiger et al.,
1990; Blake et al., 2001; Tverskaya, 2011). Variations of the
large-scale magnetospheric currents in accordance with both,
interplanetary magnetic field and solar wind changes, affect
the particle transport and distribution inside the magnetosphere
(Harnett, 2010; Rodriguez, 2012). The most significant changes
in the magnetosphere take place during magnetic storms when
SEP fluxes are registered at latitudes lower than under quiet con-
ditions (Fliickiger et al., 1990; Kudela et al., 2008). Substorm
activity and solar wind pressure pulses can also enhance proton
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access to low L-shells due to magnetospheric magnetic field
reconfiguration (Paulikas & Blake, 1969; Rodriguez, 2012).
Due to large Larmor radius solar particles can move non-
adiabatically in the regions where the field lines are highly
curved. In that way particles can shift from the open to closed
field lines and become trapped by geomagnetic field (Richard
et al., 2009).

The most famous basis of present solar-terrestrial physics is
the conception of the open magnetosphere (Dungey, 1961). It is
assumed that magnetospheric field lines can reconnect with
interplanetary magnetic field (IMF) lines. Such coupling can
provide the solar wind mass, energy and momentum transfer
through the Earth’s magnetopause. This is also the way for
charged particle entry into the magnetosphere (see, e.g.,
Farrugia et al., 1993; Merkin & Goodrich, 2007 and reference
therein). Paulikas (1974) reported that measurements of solar
proton fluxes in the high polar latitude region give strong
evidence in favor of the direct connection between IMF and
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magnetospheric magnetic field. Two regions on the magne-
topause give access for solar protons inside the magnetosphere.
The first one is located on the near-equatorial dayside magne-
topause while the second one corresponds to the region on the
magnetopause intersected by open magnetic field lines. These
two “windows” can provide energetic particle access to low
and high latitudes respectively.

IMF B.-component controls the energy input rate and
responsible for electrodynamic processes taking place in the
Earth‘s magnetosphere (see, e.g., Lemaire et al., 2005).
Depending on sign of B, (“northward” or “southward” IMF)
the different mechanisms of solar wind — magnetosphere cou-
pling will be realized. In the same way, different magneto-
spheric magnetic field structures determining the charged
particle motion and distribution inside the magnetosphere will
take place. In the framework of MHD model of solar wind —
magnetosphere interaction Richard et al. (2002) demonstrated
that IMF plays the crucial role in SEPs entry into the magneto-
sphere. The most complicated geomagnetic field structure
arises under northward IMF (Cowley, 1973; Belenkaya,
2004) when charged particle penetration into the Earth’s mag-
netosphere is impeded.

A classical theory of charged particle motion in the dipole
magnetic field has been developed by C. Stormer (1955). One
can use it to describe roughly the main features of solar
energetic particle penetration into the Earth’s magnetosphere.
However, the magnetic field in the Earth’s environment is not
a dipolar one and changes in response to solar wind conditions.
Direct measurements show that energetic protons can penetrate
at more low latitudes than predicted by Stormer’s theory
(Paulikas & Blake, 1969). Real geomagnetic field and its
dynamics produce some corrections to the particle motion.
Magnetospheric current systems as well as interplanetary
magnetic field have an influence on the size and location of
the regions in the magnetosphere that can be accessed by solar
particles (Richard et al., 2002).

Direct entry along the open magnetic field lines is the basic
mechanism describing penetration of the solar protons into the
magnetosphere (Paulikas, 1974). However, the high-energy
particles can also come into the magnetosphere across magnetic
field lines by slow diffusion-like process (see review Scholer,
1975 and references therein). Two ways for solar energetic par-
ticles access to the Earth’s magnetosphere were suggested in
Tverskoy et al. (1973): penetration into polar caps along IMF
lines reconnected with magnetospheric magnetic field (from
high-latitude magnetopause), and penetration into the auroral
and subauroral regions due to diffusion mechanism (from the
distant tail). Results of particle tracking (Richard et al., 2002)
show that protons with energies less than 10 MeV can access
the magnetosphere along open field lines, while the more ener-
getic particles can directly penetrate magnetosphere on the day-
side magnetopause due to large Larmor radii. Diffusive entry of
solar flare particles into geomagnetic tail has been studied in
Michel & Dessler (1970). Diffusion results from the magnetic
field fluctuations. Another mechanism of prompt trapping of
SEPs was presented in Kress et al. (2005) for the storm-time
periods. Solar energetic particles can be impulsively injected
into the inner L-shells by sudden compression of the magneto-
sphere. The results indicate that an enhancement in solar wind

dynamic pressure for this event plays a role in the observed
injection of ions to low L-values (Tverskoy, 1969; Pavlov
et al., 1993; Hudson et al., 2004).

Results of experimental study of solar energetic particle
penetration events display great variety of observed dynamical
behavior of particle fluxes (see, e.g., a review Pereyaslova
(1982) and references therein). In particular, solar proton fluxes
can be non-uniform in the magnetospheric polar region. In
such cases, the profiles of SEP particle fluxes in the polar
cap, auroral oval and cusp areas can have different structures
that allow to distinguish these regions (Pereyaslova et al.,
1978). Observed structures can be reproduced by simulations
in the framework of magnetospheric magnetic field models that
can help to reconstruct the particle motion taking into account
the diffusion as well as direct penetration along reconnected
field lines (see, e.g., Morfill & Quenby, 1971; Blake et al.,
2001; Richard et al., 2009; Desorgher et al., 2009).

The modern magnetospheric models allow to describe
magnetic field structure for actual interplanetary medium
conditions (see, e.g., Alexeev et al., 2001; Tsyganenko, 2002;
Tsyganenko & Sitnov, 2005). However, to represent correct real
solar wind — magnetosphere interaction we need also a model
of the magnetosheath’s magnetic field that can help to repro-
duce interplanetary and magnetospheric magnetic fields
coupling. The A2000 magnetospheric model (Alexeev et al.,
2001) together with coupled model of magnetosheath magnetic
field (Alexeev & Kalegaev, 1995) allow to calculate the global
magnetic field structure taking into account Dungey-type diffu-
sional reconnection at the magnetopause. The model of magne-
tosheath magnetic field (Alexeev & Kalegaev, 1995) takes into
account the reconnection rate (“reconnection efficiency”)
depending on solar wind plasma density and conductivity near
the magnetopause.

The goal of this paper is to explain specific features of solar
particle penetration observed on January 20, 2005. This SEP
event was the unusual one in solar cycle 23: the associated
X-ray flare was the fifth strongest and it has the highest
CME speed; the highest peak fluxes of any SEP in the past
50 years were registered for protons, helium and heavy ion
populations; event was observed on the ground as GLE #15,
most intensive in solar cycle 23.

Multi-satellite and on-ground measurements give
opportunity to clarify mechanism of SEP penetration into the
Earth’s magnetosphere in more detail. We will study early stage
of SEP event on the base of experimental data from NOAA/
POES, GOES and ACE satellites, together with the magneto-
spheric model A2000 calculations. NOAA/POES-17 spacecraft
measured the time profile of solar proton fluxes just during
onset of the SEP event. Magnetospheric magnetic field
configuration during the event reveals itself in the specific
“channeled” structure of the SEP flux time profiles in the
Northern hemisphere. Magnetic field calculations gave oppor-
tunity to precisely distinguish the different patterns in SEP
profiles and determine the corresponding areas of SEP penetra-
tion at the magnetopause. Polar cap reconstruction by
SuperDARN as well as magnetic field structure calculated by
the A2000 magnetospheric model demonstrates and explains
the ways of the SEP access into the magnetosphere under
northward IMF.
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Table 1. Spacecrafts, their orbits and the energies of measured proton fluxes.

Spacecrafts Orbit Proton energy, MeV
ACE Libration point L1 — >10
1.5 million km from the Earth to the Sun >30
POES-15 (LTAN 17:06:00) Polar Sun-synchronous; >16
POES-16 (LTAN 16:35:00) Altitude: ~800 km >36
POES-17 (LTAN 22:03:00) Inclination Angle:~99° >70
(LTAN is Local Time of the Ascending Node) Period: ~100 min
GOES-10, 11, 12 Geosynchronous; >10
Altitude: ~36 000 km, >30
Inclination: ~0°, >50

Longitude: 135°W, 135°W, 60°W (respectively)

>100

2 Experimental Data

Presented results were obtained on the base of experimental
data of solar particle fluxes measured by ACE, NOAA/POES
and GOES spacecrafts (see Table 1).

Data on the interplanetary medium parameters were
obtained from ACE spacecraft. Geomagnetic indices varia-
tions: Dst, ASY-H, SYM-H and AL (World Data Center C2 for
Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/)), were
considered to estimate the level of geomagnetic activity.

3 Results

SEP event on January 20, 2005 was one of the events
related to prolonged period of solar activity 15-20 January,
2005. Figure 1 shows solar proton fluxes registered by ACE
and GOES-10 spacecraft during this period. Dashed lines
bound the time interval between 19 and 20 January 2005. We
will study the SEP event with the particle flux maximum that
was registered approximately at 06:55 UT on January 20,
2005. The source of this SEP event was the solar flare:
20d06h36m, X7.1/2B, N12W58, AR10720 (Logachev et al.,
2016). Solar proton flux outside the magnetosphere was highly
anisotropic during onset of SEP event (Biitikofer et al., 2008).
One can see from the Figure 1 an important detail: when SEP
event started the solar particle fluxes of previous events (taking
place on 17 January and earlier) still existed in the interplane-
tary medium as well as in the magnetosphere. Particle fluxes
related to the event on 20 January (the “fresh” particle fluxes)
began to increase on the background of relatively high level of
particle fluxes originated from the earlier SEP events (the
“old” particle fluxes).

Interplanetary and geomagnetic conditions during this SEP
event are presented in Figure 2. Magnetospheric state at the
beginning of the SEP event was quiet (4L, ASY/H and SYM/H
were near zero) and magnetopause stand-off distance
(calculated by Shue et al., 1998 model) was about 13 Ry due
to very low solar wind pressure (about of 0.5 nPa). It is very
essential to take into account that IMF was practically north-
ward (B, > 0, while B, and B, were near to zero) before and
at the onset of SEP event (~16:55 UT on January 20, 2005).

Experimental data obtained from three POES satellites give
the excellent opportunity to study SEP penetration features
(Fig. 3) during this event. SEP fluxes onboard POES can be

measured when the satellite is moving over the polar regions.
One can see that particle fluxes were enhanced already prior
06:40 UT when POES satellites detected the particles origi-
nated from earlier SEP events — the “old” particle fluxes. After
the solar eruption occurred at 06:36 UT, energetic particle
fluxes in the Earth’s environment drastically changed. As the
solar flare occurred at the west solar longitudes (W58) the arri-
val of SEP on Earth orbit was very fast. Time profiles of SEP
fluxes measured onboard ACE and GOES spacecrafts help us
to define the beginning of the particle flux increase phase,
approximately at 06:55 UT on 20 January, 2005. Fortunately,
POES-17 was over the northern polar cap just at arrival time
and observed SEP event development at low altitudes during
the single polar region crossing. One can see the unusual and
specific time profile of SEP fluxes in polar region: “channeled”
structure which has four maxima and three minima between
them. Particle flux profiles measured in polar cap onboard
POES-16 and POES-15 after the increase phase have also a
complicated but usually observed structure: two maxima and
one minimum in the polar cap center.

The “channeled” structure of particle fluxes measured
onboard POES-17 during 06:40-07:20 UT is presented in
Figure 4a in more detail. Time profiles of particle fluxes mea-
sured onboard ACE (>10 and > 30 MeV) and GOES-10
(>50 MeV) are also shown by dots, asterisks and triangles,
respectively. Maximum fluxes measured by POES-17 corre-
spond well to the fluxes measured by GOES-10 and apparently
related to SEP event on 20 January. Figure 4b shows
15-44 MeV and 40-80 MeV SEP differential fluxes measured
by GOES-10, GOES-11 and GOES-12. One can see that oppo-
sitely directed detectors onboard GOES-10 (eastward) and
GOES-11 (westward) represent the same fluxes during SEP
event onset. At UT 06:53 (first maximum) POES 17 observed
entry of SEP in the inner magnetosphere and integral flux of
140 MeV particles was about 100 (cm> s.sr)”'. Figure 4b
shows that at this moment GOES 10 and GOES 11 registered
background fluxes of particles in the both 15-44 MeV and
40-80 MeV channels. Apparently, at UT 06:53 15-44 MeV
and 40-80 MeV SEP did not penetrate inside the inner magne-
tosphere unlike the more energetic SEP observed by POES.
Figure 4b shows that substantial fluxes of low energy SEPs
appeared in the inner magnetosphere only after UT 07:00.

Comparison of the fluxes measured at geostationary and
polar orbits shows the existence of the different access path-
ways for the particles detected at high and low latitudes. The
channeled fluxes structure measured by polar satellite reflects
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Fig. 1. Time profiles of SEP fluxes measured by ACE and GOES-10 on January 15-22, 2005. Dashed lines bound the time interval under

consideration.

the magnetic field topology that arises near 07:00 UT and influ-
enced particle penetration to the high latitudes. Correspondence
with GOES measurements confirms that this structure is not the
result of temporal variations of the particle fluxes, east-west
SEP anisotropy, flux saturation or “dead time” effect.

So, Figures 3 and 4a show that POES-17 measured fluxes
of two different populations of the energetic particles during
the crossing of the polar region. The temporal development
of maximum particle fluxes reproduces well the external fluxes
variations measured by ACE and GOES. To understand better
the origin of the particles measured in the region of minima of
the fluxes, L-profiles of particle fluxes of protons with energies
more than 16 MeV and 36 MeV measured by POES-17 during
inbound crossing of polar region (~06:40-07:00 UT) are pre-
sented (see Fig. 4c blue and red thick lines respectively). One
can see also profiles of the “old” fluxes of particles with the
same energies measured by POES-17 during previous inbound
crossing of the northern polar cap during 04:50-05:10 UT (see
thin lines in Fig. 4c). Particle fluxes measured in the first min-
ima of the “channeled” structure coincide exactly with the
“old” particles fluxes for both energetic channels.

One can see that during the onset of SEP event “fresh” par-
ticle accessed the narrow regions near some specific L-shells
(where the maximum fluxes have been detected) by the most
direct and therefore, the quickest pathways. Obviously, such
distribution corresponds to the existing magnetospheric mag-
netic field structure. One can see the same fluxes in different
energetic channels: so the particle spectrum in maxima is
almost flat. We believe that in maxima all the POES-17 particle
detector channels registered mostly the fluxes of the “fresh”

energetic protons with energies about of 100 MeV and higher.
On the other hand, particle fluxes in the minima have the falling
profile of the spectra. The different spectral characteristics in
maxima and minima support our conclusion on different origin
of the particles measured in polar region at different L-shells.
One can see however, that in the next minima the particle fluxes
become higher. During the next northern polar cap crossing
POES-17 measured the particle fluxes distribution usually
detected during proton events. It means that distribution of
the fluxes across the polar region measured at 06:50-07:10
UT is unique and related apparently to the specific solar wind
conditions and specific characteristics of particle fluxes at the
onset of SEP event.

Positions of the observed maxima and minima of particle
fluxes are very important for explanation of the “channeled”
structure. Table 2 contains the geographic and magnetic lati-
tudes, the L-parameter, MLT and flux amplitudes measured
by satellite in the time moment noted in Figure 4a by numbers
of 1-7. Consequent enhancement of fluxes in 1, 3, 5, 7 points
(maxima) registered during POES-17 polar fly-by on 6:40-7:20
UT reflects exactly the SEP event development measured by
GOES satellites. One can see that point Nol (maximum)
observed at the dusk side of the magnetosphere is located
approximately at the same low magnetic L-shell as the dayside
point No7 (maximum). Two points — No3 and No5 (maxima)
are located also on the similar L-shells (similar invariant
latitudes) but in the polar region. It means that particles near
the points Nol and No7 belong to the same L-shells, as well
as particles near the points No3 and No5. They have also the
same invariant latitudes, 71° and 82° respectively.
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Fig. 2. Time profiles of interplanetary medium and magnetospheric key parameters: solar wind pressure (P) and distance to the subsolar point
(R,), IMF components (B, B,, B,), and geomagnetic indices: AL, ASY/H and SYM/H on January 19-20, 2005.

Page 5 of 14



V.V. Kalegaev et al.: J. Space Weather Space Clim. 2018, 8, A55

10°
POES
e E>16 MeV POES 17
E>36 MeV
10* E>72 MeV

E>140 MeV

J, 1/(cm2 S sr)
lat, degree
L, Re

J, 1/(cm2 s sr)
lat, degree
L, Re

J, 1/(cm2 s sr)
lat, degree
L, Re

@40
(]
T ACE
g E>10 MeV
= E>30 MeV
S 10
10" 4 T T T T T T T 1
05 06 07 08 09 UT

20.1.2005

Fig. 3. Time profiles of SEP fluxes measured onboard POES and ACE spacecrafts at 05:00-08:00 UT on January 20, 2005.
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Fig. 4. (a) Time profiles of SEP fluxes measured onboard POES-17, ACE and GOES-10 spacecraft and of parameters of POES-17 orbit: MLT,
the geographic latitude of foot-of-field-line and the L—parameter. (b) Time profiles of SEP fluxes measured onboard GOES-10, GOES-11 and
GOES-12 spacecraft. (c¢) L-profiles of SEP fluxes measured onboard POES-17 (see text).

So, analysis of experimental data measured by NOAA/ 4 Discussion
POES 17 satellite during SEP event onset shows that there exist
two separated populations of solar particles in the Earth’s mag- The main properties of SEP fluxes coming to the Earth’s
netosphere coming from solar flare that occurred at 06:36 UT  environment are influenced by solar flare intensity and location
on 20 January 2005. First one is located at low L shells while  on the Sun as well as by physical conditions in the interplane-
the second one belongs to the open magnetic field region. tary medium. These factors determine the propagation time
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Table 2. Parameters of the “channeled” structure.

No UT  MLat, degree Lat, degree L, Rz MLT, hours J, (cm® s sr)~' (E, > 72 MeV) J, (cm® s st)”' (E, > 140 MeV)
1 Max 06:53:56 64.05 62.45 5.120 21.1 8.288 x 10! 7.088 x 10!

2 Min 06:55:00 66.62 65.83 6.340 20.7 2.625 x 10° 1.750 x 10°

3 Max 06:58:28 72.58 76.24 13.51 18.6 4.699 x 10? 4.459 x 10?

4 Min 07:00:52 72.94 81.24 18.34 16.0 2.112 x 10! 1.569 x 10"

5 Max 07:03:16 69.86 80.18 14.00 14.0 8.359 x 10? 6.959 x 10?

6 Min 07:04:20 67.71 77.86 11.18 13.4 1.974 x 10? 1.076 x 10?

7 Max 07:07:32 59.78 68.76 5.370 12.4 3.264 x 10° 2372 x 10°

from the Sun to the Earth’s orbit as well as main mechanisms of
particle entry into the magnetosphere. The solar flare on
January 20, 2005 has occurred on the western solar longitudes
and, as a result, solar protons arrived to the Earth quickly and
the particle flux time profile had a sharp increase. Interplane-
tary medium conditions were quiet (Fig. 2) so, flux anisotropy
could achieve ~100% at the beginning of the event
(Miroshnichenko & Petrov, 1985; Biitikofer et al., 2008).
Solar particles access into the near-Earth’s environment
depends on physical conditions in solar wind and in the mag-
netosphere. Quiet interplanetary conditions during the begin-
ning of 20 January 2005 provided prolonged stable state of
the magnetosphere during at least 6 h prior the solar flare.
Low solar wind pressure and IMF with dominant B, > 0 set
magnetospheric magnetic field configuration typical for north-
ward IMFE It is known that under northward IMF magneto-
spheric magnetic field contains two neutral points near the
magnetopause above the cusps (Cowley, 1973; Alexeev et al.,
2007). Figure 5 shows magnetic field structure (Fig. 3 from
Alexeev et al., 2007, modified Fig. 1e from Cowley, 1983) that
arises under northward IMF. There are two regions on the

magnetopause above the cusps where IMF is antiparallel to
the magnetospheric magnetic field and can reconnect with it.
Reconnected magnetic field lines go from the southern part
of the magnetopause to the northern polar cap and vise-versa
(see, e.g., Belenkaya, 2004). Solar wind electric field is trans-
ported along the open magnetic field lines to the ionospheric
level. Unlike the case of southward IMF, ionospheric convec-
tion patterns during the northward IMF contain the parts with
sunward-directed flow at high latitudes (Cowley, 1973; Potemra
et al., 1984; Alexeev et al., 2007).

Magnetic field lines are the pathways for the charged
particles. Open structure of the magnetospheric magnetic field
formed due to reconnection provides the particle access from
interplanetary medium to the inner magnetosphere. Quasi-
dynamical quantitative magnetospheric models (Alexeev
et al., 2001; Tsyganenko, 2002; Tsyganenko & Sitnov 2005)
give possibility to understand better mechanisms of the particle
transport through the magnetopause.

A2000 model of the magnetosphere (Alexeev et al., 2001)
allows to reproduce variations of the magnetospheric mag-
netic field under the different conditions in the solar wind.

Page 8 of 14



V.V. Kalegaev et al.: J. Space Weather Space Clim. 2018, 8, AS55

Fig. 5. Magnetic reconnection under northward IMF (by Alexeev et al., 2007).

The A2000 paraboloid model represents the magnetic field in
near-Earth’s space as a superposition of contributions from
large-scale current systems, based on analytical solutions of
the Laplace equations for each large scale current system with
the boundary condition B, = 0 on the magnetopause, which is
approximated by a paraboloid of revolution (Alexeev et al.,
2001). In the paraboloid A2000 model the magnetic field reads
B = B, + Bigrr Here Biggr is the internal magnetic field pro-
duced by inner-Earth’s currents, while B,,, magnetic field of
magnetospheric sources (currents on the magnetopause (B.g),
magnetotail currents (B), ring current (B,), and field-aligned
currents (Bg,)), is determined as a sum:

Bm - Bcf(¢7R1) +Bt(\|laR17R23 (DOO) +Br(‘llabr)
+Bfa0(l\|)~

The model input parameters are: tilt-angle i of geomag-
netic dipole, distance R; to the subsolar point on the magne-
topause, distance R, to the inner edge of the magnetotail
current sheet, magnetic flux @, through the magnetotail lobes,
magnetic field b, at the Earth’s center produced by the ring
current, and maximum intensity /; of Region 1 field-aligned
currents. They characterize the intensitis of magnetospheric
current systems and their positions in space. Each magnetic
field source depends on its own set of parameters, which deter-
mines its unique dynamics under the variable solar wind condi-
tions and geomagnetic activity. The model parameters can be
determined from data of measurements of solar wind plasma
and IME and from geomagnetic indices.

Figure 6 shows magnetic field line structure in the noon-
midnight plane under interplanetary conditions taken at 07:00
UT on January 20, 2005 that was calculated by the A2000
magnetospheric model taking into account northward IMF

penetration through the magnetopause based on Alexeev &
Kalegaev (1995) model. Red and green colors mark open
and closed field lines, respectively. Blue lines show broken
IMF lines that cross the magnetosphere. One can see that the
region on the magnetopause crossed by open magnetic field
lines is relatively small under northward IMFE. In Sun-Earth’s
direction its length is about 50 Rz. Transverse size of this
region is also about 40 R;. Energetic particles that enter into
the magnetosphere through this region on the Southern magne-
topause can reach the Northern polar cap and contribute to
fluxes measured by low Earth’s orbit satellites.

We suppose that solar particle flux anisotropy during onset
of the SEP event as well as specific magnetospheric structure
formed during prolonged quiet conditions under northward
IMF were the main factors responsible for above-mentioned
penetration features measured by POES-17 after 06:40 UT on
January 20, 2005. Previous studies (Tverskoy, 1973; Paulikas,
1974; Richard et al., 2002, 2009; Rodriguez, 2012) show that
solar particle penetration into the Earth’s high-latitude magne-
tosphere during SEP event can occur along the open field lines
and also by diffusion-like mechanisms. Richard et al. (2002)
reported that high-energy particles can directly penetrate mag-
netosphere on the dayside magnetopause due to large Larmor
radii, while the low energy SEPs (<10 MeV) can access mag-
netosphere moving along the open field lines. Effectiveness of
such entry depends strongly on IMF direction (northward IMF
is not “comfortable” for particle entry) and on the area of entry
window on the magnetopause, that is relatively small for north-
ward IMF (Paulikas, 1974). Figure 6 demonstrates that open
magnetic field lines that connect entry window on the magne-
topause with high latitude ionosphere were long enough at
onset of SEP event on 20 January 2005. Such magnetic config-
uration prevents the fast entry of low energy SEPs into the high
latitude magnetosphere.
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Fig. 6. A projection of magnetic field lines of the Earth‘s magnetosphere on the XZ-plane calculated by the A2000 magnetospheric magnetic

field model for 06:00-07:00 UT on January 20, 2005 (see text).

For the anisotropic, bidirectional fluxes registered during
the onset of the SEP event (Biitikofer et al., 2008) most of
the particle momentum was directed along the field line, with
only a small portion of the momentum directed toward the
magnetosphere, making it difficult for low energy particles to
penetrate. For particles with high enough energy, the penetra-
tion was most effective in the region on the magnetopause
where the IMF was parallel to the adjacent magnetospheric
magnetic field. In other regions on the magnetopause, magnetic
shear » between magnetic field vectors changes the pitch-angle
distribution of the penetrated particles. If magnetopause mag-
netic shear is large particle velocity along magnetospheric
magnetic field will decrease while the transverse component
will increase. Corresponding enhancement of the particle gyra-
tion radius can produce the additional particle escape from the
magnetosphere.

Two regions on the magnetopause where northward IMF is
parallel to the magnetospheric field can be considered as
possible windows for energetic particle access to the magneto-
sphere. The first one is on the equatorial magnetopause, espe-
cially on its dayside part (see, e.g., Vlasova et al., 2011; Pavlov,
2013) where magnetic field is stronger than in the distant tail
and captures SEPs more effectively. The second one is high-
latitude region where solar wind flows past the magnetosphere
and IMF drapes magnetopause (see Alexeev & Kalegaev, 1995;
Alexeev et al., 2007). The resulting particle distribution fortu-
nately detected by POES-17 during the 20 January 2005 SEP
event onset gives evidences on energetic particle access
through the both regions.

Solar energetic particles that are moving in accordance with
IMF direction will enter the magnetosphere in the near-
equatorial region where they become quasi-trapped in much

stronger magnetospheric magnetic field (see Pereyaslova,
1982; Scholer, 1975; Selesnick et al., 2014 and references
therein). One can expect that more energetic particles penetrate
deeper into the magnetosphere due to larger Larmor radius and
should be registered first during the SEP event onset.

Particles penetrated through the near-equatorial magne-
topause fill the L-shells around the two outer maxima (Nol
and No7 lines in Table 2) of the “channeled” structure
(Fig. 4a). The time profile of trapped electron fluxes (E, >
30 keV) presented in Figure 7 shows that first and fourth max-
ima of the “channeled” structure measured by POES-17
(Fig. 4a) belong to the closed field lines and coincide well with
the outer radiation belt maxima. These are the same solar
protons that were detected onboard GOES satellites (Fig. 3).
One can see that particle transport in the interplanetary space
and inside the magnetosphere was very fast. The ACE and
GOES data show almost simultaneous sharp flux increases.
POES-17 also demonstrates corresponding enhancement of
the particle fluxes.

The observed energetic particle entry to the low latitudes
can be explained by direct penetration and diffusive transport
of fluxes deep into the inner magnetosphere. The particle
access area is the near equatorial region on the dayside magne-
topause where IMF and magnetospheric field are parallel. Both
mechanisms exist simultaneously, however direct penetration is
dominant process during onset when particle fluxes are suffi-
ciently anisotropic. Apparently, this process is responsible for
the outer maxima formation during SEP event onset. On the
other hand, diffusional processes provide uniform fluxes over
polar regions and we can detect them in the minima of the
fluxes during one POES-17 crossing of the polar cap. More
detailed study of the relationship between diffusive and direct
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Fig. 7. Time profiles of the solar proton flux (£, > 16 MeV) and the trapped electron flux (£, > 30 keV) measured onboard POES-17.

particle penetration can be carried out based on phase space
density analysis.

Two inner SEP maxima (points No3 and No5) are mea-
sured at latitudes higher than that for outer radiation belts. High
energy particles directly penetrated through the high-latitude
magnetopause were IMF is parallel to magnetospheric mag-
netic field can contribute to these fluxes. One can assume that
these particles penetrate into the magnetosphere through the
open field lines window at magnetopause and move along the
open field lines to the opposite polar cap. One can estimate
the time delay between 100 MeV particle penetration through
the magnetopause and its entry to the Earth’s atmosphere
(about of 30 s). Particles intersect geotail current sheet where
magnetic field line curvature radius is very small. In this region,
particles with relatively large Larmor radii are subject of signif-
icant pitch-angle scattering. Such particles appear in the mag-
netosphere after penetration through the magnetopause with
magnetic shear. These energetic particles, that have large gyro-
radii, will have opportunities for multiple pitch angle scatter-
ings so that they become quasi-trapped.

Two “inner” high-latitude maxima are located at the same
L-shell (L ~ 14) and apparently belong to the open field lines
reconnected with IMFE. Figure 8 represents northern electric
convection patterns reconstructed by SuperDARN measure-
ments at UT 07:00 on January 20, 2005 (http://vt.superdarn.
org/tiki-index.php?page = ASCIIData) (Greenwald et al.,
2008). Polar diagram is given in the magnetic coordinates
(magnetic latitude and magnetic longitude). One can see two-
vortex structure of electric convection in the polar cap that is
usually detected under northward IMF (Burke et al., 1979;
Potemra et al., 1984). Blue and red vortices correspond to
regions with negative and positive electric potential in the iono-
sphere, respectively. They consist of closed ionospheric plasma
convection patterns connected by open magnetic field lines
with the southern magnetopause. Electric field of solar wind
penetrates along open field lines into the magnetosphere and
produces the observed distribution of the electric potential at

the ionospheric level. Each of the closed convection lines has
fixed electric potential, with maximum and minimum values
reached at the centers of red and blue convection vortices,
respectively. It is important to note that outer equipotentials
of both vortices connected by magnetic field lines with high
latitude magnetopause while inner ones are mapped to the
low latitude magnetopause (Belenkaya, 2004; Alexeev et al.,
2007).

Solid red lines show the MLT directions at 07:00 UT, so
electric potential distribution presented in Figure 8 corresponds
to dawn-dusk electric field in the polar cap. Ionospheric foot-
prints of POES 17 trajectory (blue and red crosses represent
minima and maxima of the fluxes measured along the orbit that
is started in the evening sector and ended near noon) intersect
the polar cap convectional vortex in the evening ionosphere.
High-latitudinal fluxes of SEP measured by POES 17 near
maxima 3 and 5 are located at L ~ 14 at open magnetic field
lines that connected with southern high latitude magnetopause.
Point 6 in the inner part of the trajectory between maxima 3
and 5 is located inside the convection vortex and apparently
connected with magnetopause at middle latitudes where mag-
netic shear is high and SEP access is weakened.

The “open window” at the southern magnetopause is
connected with polar cap in the northern hemisphere by mag-
netic field lines (Alexeev et al., 1993). Stable magnetospheric
configuration during SEP event allows to reconstruct the path-
ways of penetration of solar energetic particles into the magne-
tosphere. For strongly northward IMF the more effective
reconnection takes place near the plane Y = 0. This region is
connected by open field lines with the outer part of the iono-
spheric connection pattern in the evening. Here we can see also
the inner maxima of SEP fluxes measured during event onset.

One can see, that potential pattern shown in Figure 8 is
based on only 3 velocity vectors observed at the edge of the
SuperDARN field of view and hardly represents the exact elec-
tric potential distribution. However, patterns shown in Figure 8
give information on typical potential distribution in the polar
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Fig. 8. Electric potential distribution in the northern polar cap at 07 UT on January 20, 2005. POES-17 is moving from the evening to the

noon, trajectory is marked by crosses.

cap. The convection vortices reflect the true topology of
magnetic field that helps us to better understand solar particle
penetration inside the magnetosphere. In spite of some incon-
sistency between POES-17 data and SuperDARN diagram
the last one gives the opportunity to explain of the measured
particle distribution at high latitudes.

5 Conclusion

Dynamics features of solar energetic proton (£, > 16 MeV)
penetration into the high-latitude regions of the Earth’s magne-
tosphere were studied for January 20, 2005 solar proton event,
which occurred under northward IMF condition. Complex
analysis of experimental data of solar particle fluxes obtained
onboard low-altitude (POES) and geosynchronous (GOES)
spacecrafts and magnetic field structure calculated by A2000
quasi-dynamic magnetospheric model was carried out taking
into account solar wind and interplanetary magnetic field
parameters measured by ACE spacecraft.

Time profiles of solar particle fluxes measured by POES-17
spacecraft during the SEP event at UT 06:55 on January 20,
2005 had the unusual “channeled” structure. The “fresh” solar
particles were located near two specific L-shells, one in the
region of trapped radiation (L ~ 4.5) and the other one at open

field lines (L ~ 14). Consequent enhancement of fluxes in four
maxima registered during POES-17 polar fly-by on 6:40-7:20
UT reflects exactly the SEP event development measured by
GOES satellites that confirms the same origin of particles mea-
sured by GOES and “fresh” particles measured POES-17.
Simultaneously, energetic particle fluxes originated from the
previous solar flare are detected at intermediate L-shells. The
energetic spectra in these regions correspond well with the spec-
tra measured during the previous polar cap crossing by
POES-17 satellite. In contrast, energetic spectra of “fresh”
particle fluxes in the vicinity of maxima of particle fluxes of
the “channeled” structure are “flat”. We suppose that such spec-
trum indicates the absence of the particles with energies below
~100 MeV in the polar magnetosphere and allows separating
“old” and “fresh” particle populations during SEP event onset.

Penetration of solar particles into the Earth’s magneto-
sphere took place under northward IMF condition at separate
bundles of magnetic field lines, closed and open. Calculations
of the magnetic field structure at 07:00 UT and comparison
with SuperDARN observations allow to determine part of the
POES-17 trajectory in high-latitude region connected with
solar wind by open field lines. Calculations in terms of
A2000 model of the Earth’s magnetosphere give possibility
to localize the regions on the near-equatorial day-side magne-
topause where SEP penetration can occur.
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