
Chapter 18

Selected Solar Influences on the Magnetosphere:
Information from Cosmic Rays

Karel Kudela and Leonid L. Lazutin

Abstract The state of the magnetosphere is
influenced by the effects driven from the solar surface.
The models of geomagnetic field are parametrized by
the magnetopshere activity indices which are related
to IMF and solar wind characteristics. Cosmic rays
could serve as a tool for “remote sensing” of the
redistribution of IMF structure in interplanetary space
and for checking validity of geomagnetic field mod-
els with external current systems. The anisotropy of
cosmic rays observed on the ground is influenced by
superposition of (a) interplanetary anisotropy due to
transitional effects and by (b) variable transmissivity
of magnetosphere itself. The possibilities to decon-
volute the two dependences is discussed. Anisotropy
observed at neutron monitors and muon telescopes
just before the onset of some geomagnetic storms is
reviewed. The changes of geomagnetic cut-off, struc-
ture of the transmissivity function and asymptotic
directions for various geomagnetic field models dur-
ing strong geomagnetic storms are discussed. Low alti-
tude polar orbiting satellites with large geometric fac-
tors for high energy particles (e.g. CORONAS-F) are
suitable for (a) estimates of energy spectra of solar
or interplanetary accelerated particles by checking the
outer zone boundary of trapping and for (b) checking
how the different geomagnetic field models are fitting
the observed trapped particle profiles in different local
time sectors. Independently on the state of magneto-
sphere, the measurements of energetic “neutral emis-
sions” (gammas and neutrons) near the Earth or on the
ground, serve as indicator of acceleration processes on
solar surface.
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18.1 Introduction – Cosmic Rays
and Space Weather

Cosmic rays including the particles accelerated to high
energy in solar flares or at the CMEs are affecting
the magnetosphere especially at high latitudes and
the atmosphere at high altitudes. The onset of high
energy particle flux at the Earth is the first indication
of possible radiation hazard storm near the Earth. The
cosmic ray (CR) anisotropy observed by the ground
based stations can serve as one of the elements of the
alert before the geoeffective events. The book by Dor-
man (2009) provides a comprehensive review of the
cosmic ray interaction with the magnetosphere. The
relations of the cosmic ray studies to the space weather
effects are reviewed e.g. in Kudela et al. (2000);
Kudela (2009) among the other papers.

18.1.1 Short Time Forecast of Radiation
Storms

The particles with the energy of several tens to hun-
dreds of MeV are the most important for the radia-
tion hazard effects during solar radiation storms with
the electronic element failures on satellites, commu-
nication and with biological consequences. Before
their massive arrival, the detectors of the CRs observ-
ing secondaries above the atmospheric threshold and
at locations with various cutoff rigidity can pro-
vide useful alerts several minutes to tens minutes in
advance, if the good temporal resolution and net-
work by many stations is in real time operation. The
neutron monitor (NM) at single site (high latitude,
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good statistics) allows to obtain a real time energy
spectrum. For January 20, 2005 event it was shown
at the South Pole by combination of NM64 and by
that lacking usual lead shielding (Bieber et al. 2006).
The ground level enhancement (GLE) real-time alarm
based on the 8 high latitude NMs including those at
high mountain is described in the paper Kuwabara
et al. (2006). A three level alarm system (by num-
ber of NMs exceeding threshold value above that
of the baseline) is suggested. Out of 10 GLEs in
2001–2005 archived data the system produced 9 cor-
rect alarms. The GLE system gives earlier warning
than the satellite (SEC/NOAA) alert. Recently the
paper by Su et al. (2009) checked the potential of
the South Pole NM data and the data from monitor
lacking the shielding for prediction of radiation storm
intensity measured by the GOES. The data from the
two groups of the GLE used (12 compared with P4–
P8, 7 additionally compared with high energy chan-
nels of the GOES) have shown that the South Pole
GLE observations can be used to predict radiation
intensity of the higher energy proton channels from
the GOES.

Recently, also the progress in using the NM at low
and middle latitudes is reported before the radiation
storms. Several steps of the GLE alert algorithm using
the NM network have been described by Mavromicha-
laki et al. (2009) in the NMDB project (http://www.
nmdb.eu).

The paper by Anashin et al. (2009) describes
another type of alert signal for GLEs which can
be found in real time at http://cr0.izmiran.ru/GLE-
AlertAndProfiles and forecast of Solar Neutron Alert
at: http://cr0.izmiran.ru/SolarNeutronMonitoring.

In addition to the early GLE alerts by the ground
based NMs the forecasts from satellite data are
reported. The paper by Posner (2007) demonstrates the
important possibility of short-term forecasting of the
appearance and intensity of solar ion events by means
of relativistic electrons measured on satellites.

When high energy particles strike the atmosphere,
they produce the secondary population (and the ter-
tiary one in the NMs) and change the ionisation and
contribute to the dose at airplane altitudes and above.
The longest data set of ionizing component of secon-
daries at different altitudes has been collected in FIAN
Moscow (Stozhkov et al. 2007). While the ionization
measured by Geiger counters has strong solar activity

cycle variation at high altitudes, it is not the case for
low altitudes (Bazilevskaya et al. 2008). During solar
proton events (SPE) the ionisation is increasing espe-
cially at high latitudes. The SPE occuring during For-
bush decreases of galactic CR, however, have rather
complex effect on that (Usoskin et al. 2009).

18.1.2 The CR Precursors of Geoeffective
Events

The CMEs have various size, geometry, speed and
direction of motion with respect of the Earth (see http://
cdaw.gsfc.nasa.gov/CME_list/) and they differ in geo-
effectiveness (Gopalswamy et al. 2009).

Analysis of the CR measurements at the NM ener-
gies showed long time ago the existence of precur-
sors before the arrival of an interplanetary shock to
the Earth and before the onset of the Forbush decrease
(Dorman 1963). Due to the high CR velocity, parallel
mean free path λpar and gyroradius, the information
about precursory anisotropies related to the IMF inho-
mogenity, is transmitted fast to remote locations: inten-
sity deficit of the CR can be observed up to the dis-
tance of 0.1 λpar cos (Φ), Φ - cone angle of IMF (Ruf-
folo 1999). Precursors to the Forbush decrease (FD)
are proposed in the frame of the pitch-angle transport
near oblique, plane-parallel shock. Assuming differ-
ent values of the power-law index of magnetic turbu-
lence, mean free path and decay length for typical pri-
mary energies to which the NM and muon detectors
(MD) are sensitive. The loss cone precursors should
be observed by NM ∼4 h prior to shock arrival, and
by MD ∼15 h prior to shock arrival (Leerungnavarat
et al. 2003).

Recently there have been reported several case and
statistical type of studies on the precursors before
the geomagnetic storms based on the CR anisotropy
or specific features of the counting rate variability.
The muon detectors (MD) are used for multidirec-
tional measurements. The MD at Sao Martinho, Brazil,
showed that subtracting contribution from the diur-
nal anisotropy determined by the Global Muon Detec-
tor Network (GMDN), the clear signatures of the pre-
cursor before the storm on December 14, 2006, were
found (Fushishita et al. 2009). The loss cone precursor
(deficit of the CR flux at small pitch angles) appeared

http://www.nmdb.eu
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only ∼6.6 h after the CME eruption on the Sun, when
the interplanetary shock was expected to be located 0.2
AU from the Sun.

On the September 2005 the Forbush decrease was
investigated and a clear modulation in about 8-h peri-
odicity was emerging from the pre-Forbush subsets.
The analyzed case study suggests that the CR datasets,
containing seven days of data with 5-min time res-
olution, can give a signal for interplanetary storms
approaching the Earth up to 9 hours before the onset
of the FD-main phase at two NMs with different cutoff
rigidities (Diego and Storini 2009).

New muon measurements were reported. Data from
a large muon track detector – the hodoscope URA-
GAN (surface 34 m2) around the heliospheric distur-
bances in 2007–2008 were analyzed. Each track was
reconstructed with accuracy < 1◦. Among 63 events,
when URAGAN data existed, in 53 events (84%) dis-
turbances of anisotropy vector had been observed.
Although the distribution of time differences of per-
turbation between the ACE and the URAGAN were
rather wide, the mean value of the onset time of per-
turbation by the two measurements was −13.6 ± 2.6 h
(Timashkov et al. 2009).

The statistical study of CR precursors in 2001–
2007 before different storms using the Global Muon
Detector Network (GMDN) was done in the paper Da
Silva et al. (2009). The storms were divided into three
groups, namely the super storms (Dst< −250 nT); the
intense storms (−250 nT <Dst< −100 nT); and the
moderate storms (−100 nT <Dst< −50 nT). The per-
centage of the events accompanied by the precursors
prior to the SSC increases with increasing peak Dst is:
15% of MSs, 30% of ISs and 86% of SSs were accom-
panied by CR precursors observed on average 7.2 h in
advance of the SSC.

18.2 Using Magnetospheric Filter for the
Energy Spectra of Accelerated
Particles

Measurements within the magnetosphere can provide
information about the solar and/or interplanetary accel-
eration of particles by using the geomagnetic field filter
on charged particles and no effect on high energy pho-
tons and neutrons.

18.2.1 Charged Particles, Low Orbits

Having large geometrical factor for energetic particles
measured at low, nearly polar orbiting satellites, the
arrival of solar flare particles can be checked accord-
ing to its boundary position and the flux at four seg-
ments of trajectory per one orbit. The CORONAS-
F was a low altitude satellite (detailed description of
the complex of measurements can be found in the
paper Kuznetsov 2008) and one of the devices, namely
SONG (described e.g. in Kuznetsov et al. 2004), had
such possibility.

Checking value of proton flux at different L shells
(4 times per orbit at selected Ls from 1.75 to 3) and
assuming the simple shape of energy spectra of the
type J( > E) = J0 E−γ , the spectra in Fig.18.1 was
obtained (Kuznetsov et al. 2007) and compared with
the NMs (Vashenyuk et al. 2005; Miroshnichenko
et al. 2005).

Recently the PAMELA experiment provided impor-
tant information on the energy spectra of the SEP
during the GLE on December 13, 2006. Combining
the low energy measurements by the GOES (3 chan-
nels covering 30–500 MeV), three energy channels by
the PAMELA (from 0.1 to 1 GeV) and NM data, the
authors obtained the time evolution of the fit of spectra
over long time period (De Simone et al. 2009a).

Fig. 18.1 Energy spectra of SEP on October 28, 2003 at 1,142–
1,146 UT evening sector (black squares) and at 1,204–1,209
UT morning sector (circles) (Kuznetsov et al. 2007). Compar-
ison with NM data (line >400 MeV) according to (Vashenyuk
et al. 2005; Miroshnichenko et al. 2005)
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For practical purposes the position of penetration
boundary of the SEP was fitted from large amount of
observations during different geomagnetic activity lev-
els (Smart et al. 2006; Smart and Shea et al. 2009).

However, the position of the boundary of the SEP
penetration to low orbits was not known exactly for
the given geomagnetic activity level. The large spread
of magnetic latitude at fixed Kp and Dst is illustrating
that situation in the Fig. 18.2.

The boundary position during the penetration of the
SEP on low orbits had rather complicated character
especially during strong geomagnetic events. One of

Fig. 18.2 Dependences of the SEP penetration boundaries on
(a) Dst and (b) Kp in the evening and night MLT sectors: invari-
ant latitudes of the penetration boundaries for protons (squares)
1–5 and (triangles) 50–90 MeV and linear regression for (1–
5)-MeV and (50–90)-MeV protons (solid and dashed lines,
respectively) CORONAS-F. Interval 2001–2005. (Myagkova
et al. 2009)

Fig. 18.3 Solar protons with energy 1–5 MeV might be trapped,
creating temporary solar CR belts on L = 2 − 3 or providing
additional flux to the previously existed population. This trap-
ping action is observed as a double boundary effect in the
Coronas-F measurements. Double boundary effect of 1–5 MeV
protons is seen during the magnetic storm recovery phase, 30–31
October, 2003. The dotted lines indicate the penetration bound-
ary of the 50–90 MeV protons. The solid lines indicate the pen-
etration boundary of 1–5 MeV protons. (Lazutin et al. 2009)

specific features which had not been understood quite
well was the double structure of the boundary position,
This is shown in Fig. 18.3. Value of L at given position
during the storms depends on the geomagnetic field
model used.

Two more questions obtained from the observa-
tions remain not understood well, namely (a) 1–100
MeV SEP penetrate into the magnetosphere to lower
latitudes as deep as it is not allowed by any mag-
netic field models, and (b) during some strong mag-
netic storms penetration boundaries coincide for wide
energy range in comparison with normal (expected)
penetration structure. This is seen from the Fig. 18.4.

18.2.2 Neutral High Energy Emissions

The measurements of high energy photons not affected
by geomagnetic field provide important information
about the timing of proton acceleration in solar flares.
Clear increase in the energy spectra of photons at
energy 50–100 MeV, associated with πo decay was
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Fig. 18.4 While the boundary position during the event on July
26, 2004 was organized acording to the kinetic energy of protons
(left), it was practically coinciding for the wide energy range in
the strong geomagnetic disturbance on October 29, 2003. It is

not clear: was it created by some special “transparency” of the
magnetospheric boundary during strong magnetic storms or was
it a consequence of some changes of the magnetic field structure
of the inner magnetosphere?

Table 18.1 From (Kurt et al. 2009). The time onset of pion-decay gamma rays and the flux observed by the SONG on the
CORONAS-F during strong solar flares for the period July 2001–January 2005

Date Location/importance
Onset of π -decay
γ emission, UT

γ -ray flux at 100 MeV,
[MeV−1cm−2s−1] Particles

25 August 2001 S17E34, 3B/X5.3 16:30:16±2 s 7.3 10−4 n
28 October 2003 S16E08, 4B/X17.2 11:03:51±2 s 6.8 10−3 GLE65, n
04 November 2003 S19W83, X28.9 19:42:38±4 s 1.0 10−3 n
20 January 2005 N14W61, 3B/X7.1 06:45:34±4 s 3.6 10−3 GLE69

reported during some flares (Kurt et al. 2009). It indi-
cated the exact time of energetic proton appearance in
the solar atmosphere. This allows to compare the pro-
ton acceleration time with the start time of the GLE
recorded by the ground NMs, and to calculate the
time interval when the GLE particle escaped from the
corona. It is shown for the four large flares observed
by the SONG instrument on the CORONAS-F in
Table 18.1.

18.3 Transmissivity Function
and Albedo Cosmic Rays

The only possibility to obtain predictions of cos-
mic ray transmissivity through the magnetosphere is

numerical tracing of particle motion in the given geo-
magnetic field model. The equation describing the par-
ticle motion in a static magnetic field leads to the sys-
tem of 6 linear differential equations with unknown
values (position, velocity vector) which is usually
solved numerically (e.g. McCracken et al. 1965;
Bobik 2001, among the others). The review of the
progress of the 50 years trajectory calculation can be
found in the paper (Smart et al. 2009). For the tra-
jectory computations with the step dR summarized
over larger rigidity interval DR, the useful approach
is the transmissivity function TF(R,DR) – the prob-
ability that a particle of the rigidity (R,R+DR) can
access the given point in the model field (Kudela
and Usoskin 2004). Similar concept was introduced
earlier – the cutoff probability (Heinrich and Spill
1979).
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The application of the TF was used e.g. to estimate
the contribution of the secondary CR population – the
reentrant albedo particles at low earth orbits. The prod-
uct of energy spectra of the galactic CR (CREME 96)
and the TF for different bands of geomagnetic latitudes
separated at the energies below the vertical cut-off the
albedo particles from the measurements for the AMS
experiment (Bobik et al. 2006) and recently also for
PAMELA experiment (De Simone et al. 2009b).

18.4 Transmissivity of the CR During
Geomagnetic Disturbances

For geomagnetically disturbed periods it was neces-
sary to use the geomagnetic field models with exter-
nal current systems. Out of them the three were used
here for comparison of predictions of the TF for a
strong geomagnetic storm when improvement of the
transmissivity during large Dst depression has been
observed as a combined effect – starting the Forbush
decrease seen at low cut-off stations and the increase
apparent at the middle and low latitude NMs. Depres-
sion of the Dst on November 20, 2003 to −475 nT was
accompanied by strong increase of count rate on sev-
eral NMs, especialy Rome (6.3 GV cutoff) and Athens
(8.3 GV).

The three different geomagnetic field models,
namely (i) Tsyganenko’ 89 (Tsyganenko 1989); (ii)
the Boberg model (Boberg et al. 1995) and (iii) Tsy-
ganenko 2004 (Tsyganenko and Sitnov 2005) pro-
vided different TF functions for that period by tra-
jectory computations for a middle latitude station
(Fig.18.5).

The asymptotic directions for acceptance of the CR
were similar for the three models before the storm.
However, for the period of the minimum Dst, the struc-
ture of asymptotics was significantly different for dif-
ferent models. The third difference was in comparison
of time of minimum cut-off rigidity (time of peak of the
CR during the storm). For this particular case the bet-
ter correspondence with measurements had been pro-
vided by the Tsyganenko 2004 model than by the other
two. However, for another storm, namely November
7–8, 2004, it was not the case and the Boberg model
(Boberg et al. 1995) including the Dst provided bet-
ter alignement with maximum CR intensity than the
Tsyganenko 2004 model. More details on comparison
of different models with the CR is e.g. in the papers

Fig. 18.5 TF (for vertical direction) for Lomnický Štít before
the onset of the storm (November 20, 2003, 02 UT, black) and
during the Dst minimum (19 UT, red) for three models. Adopted
from (Kudela et al. 2008)
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Kudela et al. (2008); Tyasto et al. (2008) among the
others.

How to check correctly the validity of geomag-
netic field models by the CR during the geomagnetic
storms? It has to be assumed there are two effects
superimposed during the geomagnetic storm, namely
(i) the pure anisotropy of the CR in interplanetary
medium during the CME propagation and “seen” by
the CR coming to the magnetosphere, and (ii) the
reconstruction of asymptotic directions; of the trans-
missivity and timing of the cut-off depression due to
the changes of external current systems in the mag-
netosphere during disturbances. Thus, it is necessary
to have an independent estimate of the interplanetary
anisotropy if middle and low latitude NMs are used
for checking the validity of the field models existing.
There may be useful an approach from both sides of
the primary spectra. The Spaceship Earth (Bieber and
Evenson 1995), the ring of the NMs at high latitudes
providing the anisotropy at low energies (not strongly
affected by magnetospheric disturbance with asymp-
totic directions in narrow interval of longitudes, close
to the ecliptic), and not strongly changing the system of
asymptotics due to the magnetosphere’s reconstruction
(below the atmospheric cut-off) may serve as a poten-
tial estimate for the interplanetary CR anisotropy at
low energies. On the other hand, the network of muon
directional telescopes (Munakata et al. 2000) stud-
ies anisotropy at energies above NM (∼50 GeV), not
strongly affected by the changes in the magnetosphere.
This may serve as an estimate of the anisotropy at high
energies. If consistent picture of anisotropies in inter-
planetary space at low and high energies is obtained for
a geomagnetic storm, and the estimate of anisotropy at
“middle energies” is estimated, the validity of various
geomagnetic field models during geomagnetic storms
can be done with using the world wide network of the
NMs as well as with new instruments as e.g. Chilin-
garian et al. (2009). In addition, energization of elec-
trons to relativistic energies during the substorms puts
also constraints on magnetospheric topology and on
the geomagnetic field models (Antonova et al. 2009;
Antonova 2009).

18.5 Summary

For radiation hazard events the alerts from both sin-
gle point measurements of the CR at different energies
(South Pole) and the NM network progressed in recent

years – alerts constructed earlier than those from the
satellites (for GLEs), are providing estimation of the
fluence and peak intensity. High potential of electron
measurements is stressed. New space instruments for
that are in preparation (e.g. Grimani and Fabi 2009).

Progress in geoeffective events precursor studies is
reported, namely new case and statistical studies, espe-
cially at high energies (GMDN), and the new instru-
ments (e.g. URAGAN hodoscope) are showing poten-
tial possibilities of the alert. The CMEs have various
size, geometry, speed and direction of motion with
respect of the Earth and they differ in geoeffectiveness.
The problem with using only CR signatures remains
in the large variability of precursory timing from the
anisotropy onset to the onset of geomagnetic storm.
Anisotropy depends on geometry, velocity and direc-
tion of CME motion, and on magnetic field structure.
Thus information from the CR can be used as an addi-
tional parameter for the forecast of geoeffective events.

Energy spectra of the SEP at low nearly polar
orbits were obtained (e.g. CORONAS-F, PAMELA)
based on the knowledge of cut-offs. Detailed empiri-
cal models of cut-offs (with parameter Kp) exist. There
is, however, observed large variability of the boundary
position for the geomagnetic activity given by the Kp
and Dst only. Double boundary with the trapping of
protons was observed during the strong storms. Bound-
ary of penetration and reconfiguration of magneto-
spheric fluxes during the storms may serve as a source
for verification of geomagnetic field models (also for
the trapped populations when fluxes are described by
the adiabatic invariants). Some puzzles remain: e.g.
during strong storms the penetration boundaries are
almost identical in wide energy range of protons. High
energy gamma rays and neutrons measured at low
orbits provide unique additional information about the
time of acceleration of protons.

During strong geomagnetic storms at the NM ener-
gies the different field models provide different TF,
asymptotic directions and timing of the CR varia-
tions. An “overlap” of interplanetary anisotropy and
the changes in conditions of particle access during the
geomagnetic disturbances remains a problem for test-
ing the validity of geomagnetic field models during
these events by the worldwide network of the NMs.
Comparison of interplanetary anisotropy estimates at
high energies (by GMDN) and at the low ones (e.g.
Spaceship Earth) is needed, if middle and low lati-
tude NMs are used for the geomagnetic field model
verifications.
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