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1. Introduction. Basic concepts. Trajectory tracing. 

Classification of charged particles according to characteristic dimensions of 
their trajectories (d – curvature radius, Larmor radius) with respect to 
dimension of magnetosphere (dm) or to Stormer length (ls), 

ls = (μo.M.|q|/(4π.m.v))1/2, ME=8.1. 10 22A.m2 

A B

d << dm d ³ dm

ls >> dm ls  ² dm

RB, magnetospheric plasma p. etc. CR

drift approx., adiabatic invariants 



Frequencies of cyclic 
motions for equatorially 
trapped charged 
particles.

Copied from M. Schulz, 
L.J. Lanzerotti, Particle 
diffusion in the 
radiation belts, 
Springer, 1974

Adiabatic approximation 
fails for Ep ~ 1 GeV at 
high L (upper right 
corner),  when 
periodicities of 3 cyclic 
motions are 
comparable (protons) 

CR - Trajectory 
tracing. 



Estimates of cut-off rigidities:
Simplest approach by Stormer cut-off in dipolar field

Rs = (M.cos4(λ))/{r2.[1 + (1 – cos3(λ).cos(ε).sin(ξ))1/2]2}
M - the dipole moment and has a normalized value of 59.6 when r is expressed 

in units of earth radii and Rs in GV

λ - magnetic latitude

r  - distance from the dipole in earth radii

ε - azimuth angle measured clockwise from geomagnetic east direction (for
positive particles)

ξ - angle from the local magnetic zenith direction

Cooke, D.J. et al.,  Il Nuovo Cimento, 14 C, N 3, 213-233, 1991



Trajectory tracing. 









Vertical incidence of CR. 



a. Vertical incidence of particles

starting (probably) from 

IQSY Instruction Manual No 10 (Cosmic Ray Tables, Asymptotic Directions, 
Variational coefficients and Cut-off Rigidities) by K.G. McCracken, U.R. Rao, 
B.C. Fowler, M.A. Shea, D.F. Smart, pp. 183, May 1965, Issued by IQSY 
Committee, London

(more references in appendix)

Most commonly: use of IGRF/DGRF model 
(http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html), V (magnetic potential) as a 
series expansion of orthogonal spherical functions with Gauss coefficients, 5 
year step, 1945-2000



Vertical cut-off rigidities for many cosmic ray stations were computed for 
epochs 1955 – 1995 with 5 year step given by the IGRF models are in paper 
(M.A. Shea and D.F. Smart, Proc. ICRC, Hamburg, p. 4063-4066, 2001).

Approach by L (McIlwain parameter) :

M.A. Shea, D.F. Smart, L.C. Gentile, Phys. of Earth and Planet. Inter. 48, 200-
205, 1987 ( RC ~ L−γ, γ ~2)

Extrapolation to low altitude orbits:

e.g. W. Heinrich, A. Spill, J. Geophys. Res., 84, A8, 1979: geomagnetic 
shielding at Apollo-Soyuz orbit, approximation of vertical cut-off using 
Rc(1)/Rc(2) = L2(2)/L2(1) for points 1 and 2 on the same radius vector from the 
center of Earth. 



b. Cut-offs for non-vertical directions.

Obliquely incident particles have to be taken into account too. One approach is 
e.g. in paper (J.M. Clem et al, J. Geophys. Res. 102, No A12, 26,919-26,926, 
1997) – apparent cutoff (rigidity which, if uniform over the whole sky, would 
yield the same NM counting rate as the real, angular dependent cutoff 
distribution). Cut-off sky-maps are computed.

Simplification: effective cutoffs are computed for 9 directions (vertical and ring 
30o off vertical with 8 directions by azimuth) and apparent cut-off is computed 
with corresponding statistical weights (J.W. Bieber et al, Proc. ICRC, Durban, 2, 
389-392, 1997) .



Transmissivity function (TF) for defined direction:
Trajectory computations with dR step (dR < DR). TF(R,DR) is probability that 
particle of rigidity (R,R+DR) can access the given point in the model field.
Introduced for description of fine structure of penumbra (e.g. Bobík, P. et al., 
ICRC 2001; Kudela and Usoskin, Czech. J. Phys., 2004)
Earlier: 
Cutoff probability (Heinrich and Spill, J. Geophys. Res., 1979), 
Geomagnetic transmission in disturbed magnetosphere (Boberg et al, 
Geophys. Res. Lett., 1995) 



In penumbra the observed energy spectra (AMS) showed the excess above 
those expected by primary cosmic ray (CREME96 model) and TF estimate of 
contribution of secondary CR (mainly re-entrant albedo protons), Bobík, P. et 
al., J. Geophys. Res. 2006. 

measurements

Expected by TF

Application of TF



2. Geomagnetic field models used for CR tracing. 



A. Tsyganenko’89 model (Tsyganenko, N.A., PSS,37,1, pp. 1-20, 1989) 
Code at http://modelweb.gsfc.nasa.gov/magnetos/data-based/T89c.html
Input parameters: 
IOPT – specifies the ground disturbance level: 
IOPT= 1, 2, 3, 4, 5, 6, 7 correspond to Kp= (0,0+), (1-,1,1+), (2-,2,2+), (3-,3,3+),
(4-,4,4+), (5-,5,5+), (> =6-).
Dipole tilt angle; x, y, z position in GSM.

B. Tsyganenko’89 model with extension of Dst.
Putting one parameter of model (A) depending on Dst, an approach to 
geomagnetic transmission during the disturbances in October 1989 was 
proposed (Boberg, P.R. et al., GRL, 22, No 9, 1133-1136, 1995). 



D.Tsyganenko 2004 model
Model of external (i.e. without Earth’s contribution) part of the magnetospheric 
field. Input: solar wind pressure; Dst; By ; Bz of IMF and indices W1 – W6 
calculated as time integrals from beginning of a storm (Bz, n, v; described by 
Tsyganenko,N.A. and M. I. Sitnov, Modelling the dynamics of the inner 
magnetosphere during strong geomagnetic storms, JGR v. 110, 2005, JGR, 
110, A03208, doi:10.129/2004JA010798, 2005); dipole tilt angle; x,y,z GSM 
position

C. Tsyganenko 96 model

Ts96 input values: solar wind pressure, Dst, By- and Bz-components of the
interplanetary magnetic field, the geodipole tilt angle, and GSM position of the
observation point (X,Y,Z). Tsyganenko, N.A. (JGR, v.100(A4), pp.5599-5612,
1995).



3. Long term variations of cutoffs. 

Updated algorithm of using L for vertical cutoff estimate was recently published by 
Storini et al (JASR, 2007)











4. External current sources, examples during geomagnetic 
disturbances. 

Time profile of cut-off depression, asymptotic directions and 
transmissivity function are different for different models.







NM intensity at high latitudes, high energy proton data by GOES and 
geomagnetic indices for the period of October 26 until November 3, 2003

Oct. 28

a. October 28 – November 1, 2003



CR increases during first Dst depression at high cut-off rigidity stations. Two Dst
minima on Oct. 30: at 01 UT (Dst=-363nT) and at 23 UT (Dst = -401nT).

Upper panels: Haleakala (HALN) and
Mexico (MEXN) NM normalized CR
intensity. Middle:vertical cut-off rigidity
(upper-U and effective-E by Ts89+Dst
model)



Increase is smaller at middle latitudes (Lomnický Štít). Dst; upper-U and effective-
E vertical cut-off rigidities by Ts89 (LSTS) and Ts89+Dst model (LSBOB).



The event seen differently at high
latitudes

and at L=3.

Computed vertical cutoffs for Ts89

Cutoffs for Ts89+Dst

Position of penetrating boundary of
protons 50-90 MeV.

No input data for Ts04 model

Penetration of solar protons to lower L is
seen on low altitude satellite CORONAS-F
(experiments SONG, MKL – SINP MSU
and IEP SAS, PI S.N. Kuznetsov)

1 32



Energy spectra from CORONAS-F using geomagnetic changes (large geom. factor)

GOES flux of protons E > 700 MeV 
(cm2.s.sr) -1

Fluxes of protons E > 90 MeV 
observed ad various L crossings 
by SONG/CORONAS-F. Linear 
scale, relative units vs 
background (ΔN/N %)

Assuming spectral shape 

J (>E) = Jo . E−γ

Values are fitted for all crossings.  
Circles and white romboids –
morning sector (north, south)

Dots and black romboids –
evening sector (north,south)

Lines – 3 h averages 

Jo

γ

From Kuznetsov et al, 2007



For trajectory (at L=1.75, 2.0, 2.25, 2.75, 3.0 and 3.5) the vertical cutoff
rigidities were computed at each point according to Ts’89 model (Tsyganenko,
PSS, 1989; Boberg et al, 1995), more details in paper by Kuznetsov et al,
Czech. J. Phys., 2006). Using power-law energy spectra, values Jo and γ
were obtained. Yushkov, B. et al, ICRC 2007.

Two examples of the energy
spectra obtained from SONG data:

at 1142-1146 UT evening sector
(black squares) and at 1204-1209
UT morning sector (circles)

Comparison with NM data (line >
400 MeV) according to Vashenyuk
et al (Izv. RAN, 2005) and
Miroshnichenko et al. (JGR, 2005)

Increase during event 29.10. –
more complicated – strong 
magnetic activity

For  event November 2 fit γ 
~3.5 (around 2128 UT) 

J 
(m

2 .s
r.s

.G
eV

) -1

E (GeV)



Comparison of estimated part of energy spectra by SONG on October 29-
30, 2003 with lower energies from GOES SEM and HEPAD 
from http://spidr.ngdc.noaa.gov/spidr/ and http://goes.ngds.noaa.gov/data/
averaged over 22 UT 29.X - 01 UT 30.X.  

Background level was calculated over 14-21 UT on 29.X.  

http://goes.ngds.noaa.gov/data/


b. November 20-22, 2003. Isolated Dst depression.

Improvement of 
magnetospheric 
transmissivity is 
clearly seen at  NMs 
with high cut-off 
rigidities. 



Important for high cut-off stations (From paper by Zazyan and Chilingarian, 
Pune 2005)



For interval 2 data for using Ts04 model are available. Differences in transmissivity of 
CR in different models can be tested.

Tsyganenko 04 model uses 
“prehistory” of geomagnetic 
storm. 
Input parameters
W1(inner tail current), 
W2(outer tail current), 
W3(symmetrical ring current), 
W4 (partial ring current), 
W5 (FAC- region 1),
W6 (FAC-region 2).
Constructed from the time 
profiles of Np, Vp, IMF Bz by 
Tsyganenko and Sitnov, 2005
formula (7) modified for one –
hour data.



Differences of Ts89, Ts89+Dst, Ts04:
1. Transmissivity function:

TF (for vertical direction) for Lomnický Štít before the onset of the storm (Nov. 20,
2003, 02 UT, black) and during the Dst minimum (19 UT, red) for three models.

Ts89 Ts89+Dst Ts04



Asymptotic directions for Lomnický Štít before the disturbance (upper panels, Nov. 20, 2003, 
02 UT) and at minimum Dst (lower panels, 19 UT) for Ts89+Dst (left) and Ts04 (right).

2. Asymptotics.



Rome neutron monitor. 
Increase in CR is matching 
better the cut-off decrease 
for Ts04 model than that for 
Ts89 + Dst. 

3. Timing of minimum cut-off rigidity.



Different time of minimum cut-off for LARC station for two models. The time of 
maximum CR increase  is better matching model Ts04 than Ts89+Dst. (Storini et al, 
EGU 2006). 



c. November 7-8, 2004. Cutoff rigidities RU and 
RE according to Ts89+Dst 

Ts04 model.

Rome NM intensity 
(normalized to 00-12 
Nov.7).

Timing of CR maximum 
increase is matching 
better Ts89+Dst model 
than Ts04. 

Dst Dst



Mexico NM CR intensity 
(normalized to 00-12 Nov.7, 2004)

Cut-off rigidity according to 
Ts89+Dst and Ts04 model.

Complicated structure of cut-off 
time change.

Time of maximum CR increase 
is not matching Ts04 
expectation of minimum cut-off. 

Dst



Penumbra structure for high nominal cut-off rigidity station (Mexico) during the storm 
is complicated and depends on the model. TFs are different.

Ts04

Ts89+Dst



Asymptotic directions for Mexico (R>RU) before the disturbance (upper panels, Nov. 7, 
2004, 12 UT) and at minimum Dst (lower panels, Nov. 8, 06 UT) for Ts89+Dst model 
(left) and Ts04 model (right).



d. April 6, 2000.
Rather strong, isolated in time, disturbance of magnetosphere.

ACE measurements of solar wind characteristics (left), IMF components (middle, nT)
and Dst (right). Plots constructed from data at http://www.sec.noaa.gov/ace/. Time
interval from 00 UT on April 5 until 00 UT on April 7, 2000.



This event was earlier analyzed by Desorgher et al, (2005, IUGG) using Ts 04 
model. Recently this event is included in paper by Desorgher et al ( 2007)



Cosmic ray NM hourly intensity at different cutoff rigidity normalized to 00-12 UT, April 5.
Nominal vertical effective cutoff in IGRF model is in the plot (GV). Minimum Dst is in red.
Decrease at high latitudes, increase due to cutoff depressions at middle and low
latitudes. Acronyms of NMs in acknowledgement.



Predictions of cutoff rigidity changes by Ts96 model. 

Effective vertical cutoff computed for Ts96. Normalized intensity (to 00 UT
on April 6) is estimated using the curve on effect of cutoff changes on
neutron monitor count rates in [4].





Predictions of cutoff rigidity by Ts04 model.

Parameters W1-W6 used for Ts04 model: red curve is putting beginning of the
storm 6 April 16 UT and using hourly data from OMNIweb. Green is using 5min
SW and IMF data. Putting different times for beginning of the storm is not
affecting W1-W6 parameters.



Comparison of cutoff predictions by two models for Lomnický Štít. 



Comparison of cutoff predictions by two models for Jungfraujoch. 



Asymptotic directions for vertical access of cosmic rays to Lomnický Štít at 12 
UT on April 6 (left) and at minimum Dst (right) for two geomagnetic field models. 
Calculations with rigidity step 10 MV. 



Asymptotic directions for vertical access of cosmic rays to Jungfraujoch at 12 
UT on April 6 (left) and during minimum Dst (right) for two geomagnetic field 
models. Calculations with rigidity step 10 MV. 



5. Discussion and summary. 
Before the geomagnetic field models with external current systems were constructed, 

the local time (longitudinal) changes of cut-offs due to magnetospheric field 
perturbations were checked (e.g. Flückiger, Smart and Shea, J. Geophys. Res., 88, 
A9, 6961-6968, 1983) and related to ring current effects.

Changes of cut-offs and of asymptotic directions depending on longitude during 
enhanced geomagnetic activity were described  (Flückiger, Smart and Shea, J. 
Geophys. Res., 91, A7, 7925-7930, 1986)

Kudo et al, J. Geophys. Res., 92, A5, 4719-4724, 1987 showed for 17 storms the local 
time dependence of CR increase at various NMs.

New magnetospheric models: can CR measurements by the NM network be helpful in 
checking their validity during geomagnetic storms?



Different models of magnetic field (external sources) during strong geomagnetic
disturbances give different estimates of

(a) Time profile of cut-off rigidities at a particular ground station
(b) Transmissivity function for particles coming from outside magnetosphere
(c) Asymptotic directions

CR increases at middle and high nominal cut-off NMs are observed superposed on FD 
(earlier papers in appendix). Model with prehistory (Ts04) and model with Dst 
give different results for two storms (comparison of CR peak time vs time of 
maximum cut-off depression). No general conclusion about validity of models 
from this limited study. 



How to check validity of geomagnetic field models by CR during geomagnetic storms? 

Timing of maximum CR increase vs minimum predicted cut-off at many stations (?)

Very simplified: simultaneous change of CR anisotropy in interplanetary space (CME 
passing Earth’s orbit)

Spaceship Earth (Bieber J.W., P. Evenson, ICRC, 1995), ring of NM at high latitudes –
anisotropy at low energies (not strongly affected by magnetospheric disturbance –
asymptotic directions in narrow interval of longitudes, close to ecliptic, changes below 
atmospheric cutoff) – reference for IP anisotropy at LE ?

Network of muon directional telescopes (Munakata K. et al., Adv. Space Res., 2005) 
studies anisotropy at energies above NM (~50 GeV), not strongly affected by changes 
in magnetosphere – reference for IP anisotropy at HE ?



Using predictions of different models (disturbed field) for (a) time profile of vertical 
cut-offs, (b) asymptotic directions and (c) transmissivity function for low and middle 
latitude NMs plus coupling functions 

and 

Anisotropy estimate at “middle energies” from interpolation between  anisotropy in IP 
space by Spaceship Earth (LE) and by Muon Telescope Network (HE) 

To estimate CR time profiles at various NMs (middle, low latitudes), to compare with 
measurements by NM network ?

Problems, simplifications: energy spectra of primary particles, only vertical direction 
assumed.

In addition: proton detector(s) with high geometric factor at low orbits can check the 
consistency of transmissivity functions at two altitudes (model dependent).

More systematic studies needed: different storms, network of NMs, better temporal 
resolution of NMs.  



Concluding remarks

CR measured by NM at middle and low latitudes can probably help in 
testing validity of geomagnetic field models during strong disturbances. 

IP anisotropy deduced from lower energies (Spaceship Earth) and high 
energies (muon telescopes) as well as low altitude polar orbiting satellite(s) 
with large geometrical factor for energetic particles are useful for that.  
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