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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 (d,,) or to Stormer length (ls),

s = (1o-M.|q|/(4m.m. V)12, Mg=8.1. 10 22A.m?

A B
d<<d, d-d,
. >>d, i 2 d,
RB, magnetospheric plasma p. etc. CR

drift approx., adiabatic invariants
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Estimates of cut-off rigidities:

Simplest approach by Stormer cut-off in dipolar field

the direct access for
particles of all rigidity values lower than Stormer cut-off rigidity is
forbidden from outside the field.

Rs = (M.cos*(A))/{r2.[1 + (1 — cos3()L).cos(e).sin(§))Y24]2}

M - the dipole moment and has a normalized value of 59.6 when r is expressed
In units of earth radii and R, in GV

A - magnetic latitude
r - distance from the dipole in earth radii

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

& - angle from the local magnetic zenith direction

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



Trajectory tracing.

The differential equation describing trajectory of a particle (charge q,
mass m) in the static magnetic field B(r) is given by

d?r/dt? = (g/m). dr/dt x B (1)

This equation leads to system of 6 linear differential equations with
unknown values (x, y, z, dx/dt, dy/dt, dz/dt) which is usually solved

numerically (earlier e.g. Shea M.A. et al . ERP 141, AFCRL-65-705, 1965;
Flickiger, E.O., AFGL-TR-82-0320.1982 among others).

We use the scheme of Runge-Kutta of 6% order or 4t order
(KassSovicova, J. and Kudela K., preprint IEP SAS 1995;
Bobik. P., PhD thesis, 2001).



Initial conditions: rigidity (velocity), charge, direction of access (zenith,
azimuth angle) = (x,y,z,v,,v,,v,), hack tracing numerical integration of
(1) in given B (x,y,2) from the point of observation in given direction
with charge sign reversed.

Time step (elementary straight line) is based on gyroperiod (according
to local |B|; At=T/n; T Is gyroperiod, n=100 usually).

Conditions for smoothness of trajectory (angle between two

subsequent elementary straight lines on trajectory < «, usually a =
0.001 rad)

- it - 104
Conservation of initial module v (|[v-v,piial/[Vinitial < € € = 107 usually)

Conditions for finishing the trajectory tracing (N=max. number of steps,

‘crossing earth, crossing magnetopause, N=50000 usually)
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Allowed trajectory. Charged particle of cosmic rays arriving above the
site of particular station from a given direction (local) arrived formerly to
magnetospheric boundary at another direction (asymptotic direction).
Figure (from Shea,M.A. and Smart, D.F., ERP No 524, AFCRL-TR-75-

0381, 1979) illustrates the definition of asymptotic latitude and
longitude.
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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. Smatrt, 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.ntml), 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 (Mcllwain parameter) :

M.A. Shea, D.F. Smart, L.C. Gentile, Phys. of Earth and Planet. Inter. 48, 200-
205, 1987 (R~ L7, y~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
R.(1)/R.(2) = L?(2)/L?(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 Al12, 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
30° 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. Bobik, 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)
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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), Bobik, P. et
al., J. Geophys. Res. 2006.



2. Geomagnetic field models used for CR tracing.

Internal field: IGRF model

The IAGA released the 101" Generation International Geomagnetic
Reference Field — the latest version of a standard mathematical
description of the Earth's main magnetic field. The coefficients for this
degree and order 13 main field model were finalized by a task force of
IAGA in Dec. 2004.

(http://www .ngdc.noaa.gov/IAGA/vmod/igrf.html )

The IGRF is a series of mathematical models of the Earth's main field
and its annual rate of change (secular variation). In source-free regions
at the Earth's surface and above, the main field, with sources internal
to the Earth, is - grad (V), V - potential which can be represented by a
truncated series expansion:

- nd
V(r.6,2,0)=K3, [?] 2. (& @) cosmd + hr (f) sinmd) P (6)
l.l m-‘

We use the GEOPACK library: it consists of subsidiary FORTRAN
subroutines for magnetospheric modeling studies, including the current
(IGRF) and past (DGRF) internal field models, a group of routines for
transformations between various coordinate systems, and a field line
tracer.

(http://modelweb.gsfc.nasa.gov/magnetos/data-based/geopack.html )
(http://modelweb.gsfc.nasa.gov/magnetos/data-based/Geopack 2005.html )




External field (contributions of external current systems).

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).




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).

D.Tsyganenko 2004 model

Model of external (i.e. without Earth’s contribution) part of the magnetospheric
field. Input: solar wind pressure; Dst; By ; B, of IMF and indices W1 — W6
calculated as time integrals from beginning of a storm (B,, 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




3. Long term variations of cutoffs.

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, 2007).

There are positions on the earth where the geomagnetic cut-offs are
changing over past century more dramatically than in another positions.

g os@Trrr The vertical cut-off can be
L L LARC approximated as a function of L,

2.2 position + 3 Mecllwain’s parameter (e.g. Shea, M. A.
. :_ \ + _ et al, Phys. Earth and Planet. Interiors, 48,
“E & +71 200-205,1987).

SE ++,+**"+ 7 While around 1950 positions of LS and
5 5b e 3 LARC (in opposite hemispheres) had

- MWW almost the same value L, by the end of

2 £ L \ - last century L at LARC was

Eoo | LS 1 significantly higher (lower cut-off) than
| e o Lo o at LS (Kudela,K. and M. Storini, Proc. ICRC.
C Yy T T T Hamburg, 9,4106-4109, 2001)

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



Changes of geomagnetic cut-offs in the past: available models of geomagnetic
fleld are used (e.g. Kudela, K., Bobik, P., Solar Phys., 224, N 1-2, 423 — 431,
2004). Different positions on earth had different cut-off rigidity time changes.
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4. External current sources, examples during geomagnetic
disturbances.

Different models for stronq disturbances of magnetosphere give
different results on cosmic ray cut-offs.

Time profile of cut-off depression, asymptotic directions and
transmissivity function are different for different models.
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Similarly to that case the increase at Tibet neutron monitor (nominal
vertical cut-off ~14.1 GV) was observed during a couple of geomagnetic
storms (Miyasaka H. et al, Proc. ICRC Tsukuba, 6, 3609-3612, 2003).
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a. October 28 — November 1, 2003

NM intensity at high latitudes, high energy proton data by GOES and
geomagnetic indices for the period of October 26 until November 3, 2003
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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).
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Energy spectra from CORONAS-F using geomagnetic changes (large geom. factor)
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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 (AN/N %)

Assuming spectral shape
J(E)=J,.E™

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



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 Y

were obtained. Yushkov, B. et al, ICRC 2007.
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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.
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Figure 1. Aragats Neutron Monitor 5>-munute count rate and Dst-index for November 20, 2003 event.

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



For interval 2 data for using TsO4 model are available. Differences in transmissivity of
CR in different models can be tested.
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Tsyganenko 04 model uses
“prehistory” of geomagnetic
storm.

Input parameters

WZ1(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 B by
Isyganenko and Sitnov, 2005
formula (7) modified for one —
hour data.



Differences of Ts89, Ts89+Dst, Ts04:
1. Transmissivity function:
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TF (for vertical direction) for\Lomnicky Stit before the onset of the storm (Nov. 20,
2003, 02 UT, black) and during the Dst minimum (19 UT, red) for three models.
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Asymptotic directions for Lomnicky Stit 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).



3. Timing of minimum cut-off rigidity.
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VERTICAL CUT-OFF CHANGES DURING NOVEMBER 20-21, 2003

GREEN: Upper Cut-off Staircase: Ts89Kp/Dst (Boberg et al., GRL 22 (9), 1133, 1995).
BLACK: Effective Cut-off

RED: Lower Cut-off Continuous line: Ts04 (Tsyganenko & Sitnov, JGR 110, 2005,
BLUE: Dst index A03208, doi:10.1029/2004JA010798).

Dst

LARC ABSOLUTE RIGIDITY

Cut-off LOWER UPPER EFFECTIVE
Ts89Kp/Dst 0.77: 22 UT -1.38:24 UT -1.00:21 UT
Ts04 0.96:18 UT -1.37:18 UT - 1.14:18 UT

1 -100

-200

+ -300

RIGIDITY (GV)

* Results from Ts04 gave stable time
for minimum rigidity cut-off (18 UT),

4 -400 preceding 1 h the Dst minimum, while
the ones for Ts89Kp/Dst follow the Dst
minimum from 2 to 5 h.

-500

NOVEMBER 21::0321
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 2000).



c. November 7-8, 2004.
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Penumbra structure for high nominal cut-off rigidity station (Mexico) during the storm
Is complicated and depends on the model. TFs are different.
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d. April 6, 2000.
Rather strong, isolated in time, disturbance of magnetosphere.
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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)
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Predictions of cutoff rigidity changes by Ts96 model.
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Predictions of cutoff rigidity by TsO4 model.
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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. Fliickiger, 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 (Fliickiger, 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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