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CHAPTE.v I

Introduction
1.1 TIME VARIATIONS

Time variation in cosmic ray intensity, also called modulation, can be divided into various
topics: 11 -year-, 27-day- and daily variations, Forbush Decreases and solar flare increases.
The 11-year variation (for a comprehensive review see Moraal. 1976) is governed by the
solar activity cycle, best represented by the Zurich sunspot number (Solar and Geophysical
Data, published monthly by WDC-A, Boulder). This cycle lasts about 11 years with the
maximum in sunspot numbers falling about 3-4 years after the sunspot minimum. The number
then declines during the rest of the cycle to another minimum. By the agency of the solar
wind, a continuous outflow of plasma from the sun, with an average velocity of 3.5.10s
m/sec and a density of 107 nr J , together with plasma streams from active regions, a magnetic
barrier is built up at a distance where the energy density of the plasma flow equals the energy
density of the galactic magnetic Held. In this way a cavity around the sun is formed. The radius
of this cavity is thought to vary from about 5 A.I), during solar minimum to about 50 A.U.
during solar maximum (Wang, 1970). 1 A.U. is the mean sun — earth distance = 1.5.101' m.
This barrier screens the solar cavity from the low-energy part of the galactic cosmic rays.
The 27-day variation is produced by the solar rotation, and is due to the passage of a region
on the solar surface of long-lasting activity. From this region a continuous, enhanced plasma
flow blows into interplanetary space, its magnetic roots remaining attached to the sun. The
volume of the interplanetary space occupied by this plasma stream is screened from low-energy
cosmic rays by frozen-in magnetic fields (for a review see Lockwood, 1971).
The daily variation is due to that low-energy part of the galactic cosmic rays, that is
captured in the interplanetary magnetic field, thus corotating with the sun. It is a rather small
variation with an amplitude of about 0,4%. The maximum is normally reached at about 1800
hours Local Time (L.T.), the minimum at about 0600 hours L.T. (for a review see Pomerantz
and Duggal, 197!). This delay with respect to solar culmination is due to the fact that in interplanetary space the magnetic field lines are spiral-shaped, as a consequence of the solar
rotation ('garden-hose effect').
Forbush Decreases, first discovered by the cosmic ray pioneer whose name they bear, are
depressions in the galactic cosmic ray intensity, following a solar flare (chromospheric
eruption). They are due to a dense plasma cloud with a velocity between 5.10s-2.105 m/sec
ejected during the flare. These dense clouds carry a frozen-in magnetic field with them. When
the earth is immersed in this cloud again a screening of part of the galactic cosmic rays results
(for a comprehensive review see Lockwood, 1971).
Finally, solar flare increases may follow a large chromospheric eruption during which
relativistic particles are ejected from the sun. They manifest themselves through an increase in
cosmic ray intensity measured on earth and in interplanetary space. The most prominent event
of this kind occurred in February 1956 when an increase of about 2400% was measured at
high latitude stations. (Recent advances in solar flare particle research can be found in the
Proceedings of the International Cosmic Ray Conferences.)

1.2 COSMIC RAY MEASUREMENTS
Cosmic ray intensity is continuously measured on earth with three standard instruments:
The IGY and 1QSY Neutron Monitor and the standard cubical Meson Telescope.
At different stations all these instruments have a standard construction thanks to an
international agreement between cosmic ray scientists. A complete description of these
instruments is given for the International Geophysical Year (IGY) monitor in Simpson et al.
(1953), and for the International Quiet Sun Year (IQSY) monitor and Meson Telescope in the
IQSY Instruction Manual No. 7 by Carmichael (1964).
The neutron monitor is best suited to measure the low-energy band 1-50 GeV of the galactic
cosmic rays, whereas the meson telescope is applied to the higher energy band 20-100 GeV.
It is not easy to make absolute measurements with these instruments. In cosmic ray research
one generally only measures relative variations in the radiation.
One of the main problems in interpreting the results is the way in which the measured
variations are correlated with the real variations in the primary cosmic ray intensity. Through
nuclear interactions in the atmosphere, beginning at an altitude of about 5.104 m, the primary
radiation is completely transformed into secondary radiation before reaching the earth. The
link between them is made with yield- or coupling functions which can be determined either
experimentally (e.g. Quenby and Webber, 1959) or theoretically (e.g. Debrunner and
Fluckiger, 1971). Unfortunately, neither of the methods are precise enough to cope with the
problem very accurately.
Due to the geomagnetic field, operating as a magnetic spectrometer, the measured cosmic ray
intensity varies as a function of the location on earth. Going from the equator to higher
latitudes the intensity is increasing steadily up to the so-called knee latitude region from where
on the intensity remains constant.
Experimentally derived yield functions are obtained from measurements with a mobile
monitor during latitude surveys. The best results are from a latitude survey along one single
meridian circle. A latitude curve is a plot of the measured intensity versus the magnetic cutoff
rigidity, which will be defined later. By plotting the slope of this curve versus the magnetic
cutoff rigidity the differential response curve is obtained. With the known primary galactic
cosmic ray spectrum, measured for instance with balloon-borne instruments at the top of the
atmosphere or with satellites, the yield function can be calculated.
The counting rate of a cosmic ray intensity recording instrument can be written as:
N(h,Rv)=J°°S(R).<MR)dR
R

c

where h is the altitude of the recording station. Rc the effective magnetic cutoff rigidity, S(R)
the specific yield function and ^ (R) the differential galactic cosmic ray spectrum. As protons
are the main constituent of the primary radiation ii (R) is approximated by the primary
differential proton spectrum v p (R). If the counting rate is differentiated with respect to R,
the differential response curve is obtained:
dN(h

JRC - ~ s < R

With the known function <PP (R) the yield function S(R) is calculated.
Theoretical yield functions are computed by Monte Carlo methods. In these calculations
one uses for the atmospheric nuclear interactions data obtained from accelerator experiments.
These calculations were performed by several authors, and the agreement between the
theoretically and the experimentally derived yield functions is rather good.

1.3 GEOMAGNETIC STORMS
One of the cosmic ray modulations, the Forbusli Decrease, generally coincides with a geomagnetic storm. Such a storm manifests itself through a worldwide disturbance in the geomagnetic field. For a comparison of the storm effects between the different magnetic observatories
one generally uses the horizontal component H of the geomagnetic field.
Three phases may be distinguished during a magnetic storm: the sudden commencement,
the main phase and the recovery phase.
Due to the action of the solar wind the magnetic field of the earth is confined to a cavity,
the so-called magnetosphere, which extends to a few earth radii, rK, in the solar direction and
has a very long tail stretching beyond the orbit of the moon in the anti-solar direction. Because
the solar wind is blowing with a large velocity the eartli magnetic field will be an obstacle in
the plasma flow around which a bow shock will form. Through this shock layer the solar wind
plasma is deflected, slowed down and heated such that it can flow around the above
mentioned cavity. The region between the bow shock and the magnetosphere proper is called
the magnetosheath; here the plasma is in general in a turbulent state. Between the magnetosheath and the magnetosphere is the magnetopause, where the magnetic field becomes ordered
and begins to dominate the motions of the charged particles.
The storm sudden commencement, which manifests itself in a small increase of the
horizontal component H, is due to a compression of the magnetosphere by the high-velocity
plasma stream.
A short time, the initial phase, after this sudden commencement the main phase of the geomagnetic storm sets in. During this phase an equatorial ring current builds up around the earth
at a distance of about 3-5 r t resulting in a steep and often large decrease in the horizontal
component. The ring current is mainly produced by protons in the energy range 10-100 keV
(Frank, 1967), drifting westwards due to the inhomogeneity of the geomagnetic field. These
protons are injected from the magnetotail during a succession of substorms occurring during
the initial phase (e.g. Akasofu, 1968).
In general the building up of the ring current is asymmetric beginning in the afternoon-midnight sector due to the westwards drifting protons. The largest decrease in H is measured at the
magnetic observatories located in this sector (Akasofu and Chapman, 1964). With the help of
satellites the existence of this asymmetric or also called partial ring current, closing via fieldaligned and eastward ionospheric currents, has been proven (Frank, 1970).
The recovery phase of the storm in which the horizontal component gradually returns to its
pre-storm value may last several days. In this phase the ring current decays through different
physical processes as for instance charge exchange and pitch angle diffusion.
1.4 MAGNETIC CUTOFF RIGIDITIES
The latitude effect, mentioned before, by which the corpuscular character of the cosmic
radiation was discovered (Clay, 1934) can be explained by studying the motion of charged
particles in magnetic fields. SUsrmer, in an attempt to explain auroras, was the first to perform
these calculations approximating the earth magnetic field by a dipole field. With this method,
in which a particle of opposite charge is assumed to be ejected from the earth and the orbit is
calculated, the Stormer cutoff can be determined as a function of latitude. This cutoff is
defined as the rigidity below which no allowed orbits are found.
The main cone cutoff rigidity for a cosmic ray observing station is the rigidity above which
no forbidden trajectories are found.
Between these two cones of acceptance some orbits are allowed while others are not. This
region is called the penumbra.

The effective magnetic cutoff rigidity is defined as
R nn
Rc = Rm
ddR |
m -! / ''
m
\K
a
II allowed
wliere Rm is the main cone cutoff rigidity and Rs the Stormer cone cutoff rigidity (Shea et al.,
1965). All cosmic ray intensity measurements are based on this effective cutoff rigidity for the
different observatories.
If the field outside the earth is curl free, a magnetic potential may be defined unambiguously and can be expanded in spherical harmonics:
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where g™ and h™ are the Gauss coefficients, P™ (cos 0 ) the partly normalized Legendre
functions and a the average radius of the earth (Chapman and Bartels. 1951).
For the calculation of the effective cutoff rigidity such a field expansion is used up to the
sixth harmonic. Different field models may be used (Finch and Leaton, 1957: Jensen and Cain,
1962). Thanks to the modern computers these sophisticated calculations can be performed to
a high degree of accuracy.
For the IQSY a handbook of effective cutoff rigidities for all operating cosmic ray stations
was issued (McCracken et al,, 1965). These values may also be called the quiet-time cutoff
rigidities as they were calculated for an undisturbed earth magnetic field.
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Ring currents can in various ways change the intensities of cosmic rays measured on earth
(Treiman, 1953; Ray. 1956; for a comprehensive review of geomagnetic effects see Dorman,
1974). Outside the ring current, reckoned from the geomagnetic axis, its magnetic field is
parallel to the geomagnetic field. As a Forbush decrease often coincides with a magnetic storm
(Yoshida and Akasofu, 1966) the first explanation of the mechanism of this decrease was
sought in the increased strength of the geomagnetic field outside of the ring current. However.
trajectory calculations showed that the field-strength near the earth plays the most important
role for the orbit of charged particles and therefore, ring currents would lead to an increase
rather than a decrease of the cosmic ray intensities. Furthermore, since the satellite era it has
been definitely established that a Forbush decrease is an interplanetary effect whereas a
magnetic storm is a planetary phenomenon.
A decrease in magnetic cutoff rigidity manifests itself in a simultaneous increase in cosmic
ray intensity measured on earth. During some magnetic storms a lowering of the effective
cutoff rigidity h»s been observed at balloon altitudes. During the main phase of a geomagnetic
storm balloon measurements over Minneapolis (R c = 1,2 GV) showed an anomalous increase
in particle intensity suggesting a lowering of the cutoff rigidity to less than 0,5 GV (Kellogg
and Winckler, 1961a). Particularly Kellogg and Winckler reported comprehensively at the
Kyoto Conference on Cosmic Rays and Earth Storms (1961 b) on reductions of the cutoff
rigidity at Minneapolis during the main phase of several magnetic storms. On eleven occasions
the particle intensity increased at balloon altitudes.
With riometers at relatively low-latitude stations an increase in cosmic noise absorption was
also measured during the main phase of a geomagnetic storm due to an enhanced influx of low
energy protons (20-200 MeV) (Reid and Leinbach, 1959).
With satellites orbiting near the earth decreases in cutoff rigidities have been measured
during magnetic storms (Pieper et al., 1962).

At ground level several cutoff rigidity changes have been measured in the past ( K o n d o e t al.,
1959; Hatton and Marsden, 1962; Wada, 1967; Wolfson et al.. 1967; Nobles and Wolfson.
1968; Yoshida et al., 1968; Akasofu et al., 1969; Louis, 1972; Aldagorova et al.. 1973:
Agrawal et al., 1974; Fluckiger et al.. 1975).
Hatton and Marsden ( 1 9 6 2 ) were the first ones to point out the asymmetry in cutoff
rigidity changes during the November 1960 solar proton event and associated storms.

1.6 OUTLINE OF THE THESIS
The purpose of this thesis is to study the effects of the asymmetric or partial ring current on
the cosmic ray intensities on earth, in particular at the mountain station Jungfraujoch, Switzerland.
In chapter II the ring current theory is reviewed. Possible influences on cosmic ray
intensities will be studied.
Chapter III is devoted to the method of analysis of the various events together with the
estimated accuracies.
Chapter IV is a reprint o f a paper presented at the 14th International Cosmic Ray
Conference held in Munich, 1975, on theoretically derived cutoff variations during the
September 1974 magnetic storm. This paper was written in cooperation with the staff
members of the cosmic ray groups at the Universities o f Bern and Kiel.
In chapter V a description o f the individual events is given.
Chapter VI is devoted to the interpretation of the results witl" special emphasis on the
December 1971 event.
Finally, chapter VII contains the conclusions obtained during this research.
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CHAPTER II

Ring current theories and related problems
2.1 INTRODUCTION
In this chapter a summary of ring current theories will be given. Using satellite data some
simple calculations of the magnitude of these currents will be made. The effects of ring currents on the magnetic field measured on the earth will be treated. With known field variations
model calculations on magnetic cutoff rigidity changes will be carried out. Finally, considerations on the effects of the partial ring current will be given.
2.2 THE MAGNETOSPHERE AND M AGNETOSPHER1C STORMS
To get an idea of the physical processes going on in the magnetospherc during a geomagnetic
storm, though not very well understood up to now, we will first give a brief description of the
presently accepted model of the magnetosphere.
In figure 2.1 a schematic noon-midnight meridian cross-section of the terrestrial magnetosphere is reproduced from a paper by Russell (1975).

tmerpianetory Medium

Plasma jpher* —

Fig. 2.1. A schematic noon-midnight meridian cross-section of the terrestrial magnetosphere. Used by permission D. Reidel Publ. Co.

As has been pointed out in the introduction the magnetosphere is the region around the
earth, beginning at the magnetopause, where the geomagnetic field exerts an effective influence on the motion of charged particles. The shape and position of the magnetopause will be
modified due to enhanced solar wind streams (e.g. Massey, 1964).
Within the magnetosphere different characteristic regions can be distinguished. The plasmasphere is a region of relatively cold plasma corotating with the earth and also containing the
Van Allen or radiation belts. These belts are characterized by the presence of very energetic

charged particles. However, as tile density of these particles is rather small practically no interaction with the cold plasma will occur. The plasmasphere extends to about 5 i> in the equatorial plane and may be asymmetric due to the general asymmetry of the magnetosphere.
On the day-side magnetosphere two areas can be distinguished where magnetic field lines
touch the magnetopause. The places of contact are generally referred to as neutral points since
the magnetic field is very small there (Kavanagh. 1972). The regions where the field lines touch
the magnetopause are called polar cusps. As practically no magnetic barrier exists all charged
particles can freely penetrate into these regions.
The plasmasheet is a region of hot teneous plasma extending far out into the magnetotail.
It is located around the neutral sheet in which magnetic field reversal takes place. The plasmaslieet is modified considerably during magnetospheric substorms.
According to Akasofu (1968) a niagnetospheric substorm is defined as a transient phenomenon in the magnetosphere. Owing to the passage of an interplanetary shock wave a sudden
compression of the magnetosphere takes place. This compression is often followed by successive occurrences of explosive processes within the magnetosphere. The lifetime of these processes is I -3 hours. During a magnetic storm several of these substorms occur so we may write:
Magnetospheric storm = compression + 2) magnetospheric substorms.
For a real magnetic storm to occur the time intervals between magnetospheric substorms
must be sufficiently small such that the protons in the ring current region can accumulate to
build up a large ring current. In this way the main phase of the storm develops. Figure 2.2
shows a schematic diagram for the build-up phase (Akasofu. 1968).
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n

Fig. 2.2. Schematic diagram showing how the occurrence frequency and intensity of niagnetospheric substorms are related to the total population (or the total kinetic energy) of the protons of energies
I ~ 10 keV in the trapping region. Used by permission D. Reidel Publ. Co.
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The physical process of a substorm is not yet completely understood, in particular the
acceleration mechanism involved.
The interplanetary field has a sector structure in the ecliptic plane. In general four sectors
are present (Ness, 1967) two with magnetic field direction towards the sun and two with field
direction away from the sun. The sizes of the sectors are not identical. Apart from the radial
field direction the interplanetary field has a component Bj^ perpendicular to the ecliptic plane
as well. This component may be cither north- or southward directed. In his open field model
Dungey (1963) proposed a mechanism of the interaction of this perpendicular component
with the geomagnetic field. In figure 2.3 (Dungey, 1963) a schematic diagram of this interaction is shown.

Interplanetary Field Southward
fworffi
Solar
W/M?

Interplanetary Field Northward
fltorffi
Solar
W/nfl

Fig. 2.3. Schematic illustration of the open magnetosphere, for southward, top panel and northward, bottom
panel, interplanetary fields (Dungey. 1963). These sketches do not attempt to show the correct
length of the tail nor the magnitude of the magnetic field normal to the magnetopause. Arrows illustrate plasma flow directions. Taken from a paper by Russell (1975). Used by permission D. Reidel
Publ. Co.
When the interplanetary field has a northward direction the interaction mechanism adds
magnetic flux to the day-side of the magnetosphere and removes flux from the tail. The magnetosphere is in the ground state then (Akasofu and Kamide, 1976).
When the perpendicular component Bj turns southward an eroding effect begins at the nose
of the magnetosphere. The magnetopause moves inward and the disconnected field lines become draped behind the earth thus forming a stronger tail field.
As the solar wind is streaming with a certain velocity v5VV a dawn-dusk electric field E =
~v $w xBx is formed across the magnetosphere. With a solar wind velocity of 106 m/sec and B^
- 5 nT this electric field has a strength of 5.10"3 V/m.
Due to this electric field a convective motion of charged particles in the direction of the
earth begins in the magnetotail. The convective velocity will be v : E x B'-, B being the local
earth's magnetic field.
When these convected charged particles come closer to the earth a drift motion due to the
inhomogeneity of the field will start. Protons drift westward, electrons eastward.

The now slowly evolving picture of a magnetic storm starts with a southward turning of the
interplanetary field component perpendicular to the ecliptic plane (Russell et al., 1974:Cahill,
Jr. and Lee, 1975; Kane. 1977). Russell et al. showed that the threshold value of Bi required
for the onset of a magnetic storm is at least 5 nT. They also concluded that the dawn-dusk
electric field must be larger than 2.10~3 V/m before injection of energy in the ring current
starts.
As the eroding effect starts the magnetic pressure beyond the earth will increase resulting in
'a thinning of the plasmasheet. Figure 2.4 gives a summary of the magnetospheric changes
(Russell, 1975).

EQUiTORWMD
HOT/ON
EHLAHGEUENT/

Fig. 2.4. Summary of the inagnetuspheric changes observed during the growth phase of substorms. Used by
permission D. Reidcl Publ. Co.

In the plasmasheet the plasma is convected earthward forming the ring current at about 3-5
r t distance from the earth in the equatorial plane. The main phase starts when the ring current
begins to develop. As protons play the most important role (Frank, 1967) a possible asymmetry is always located in the afternoon-midnight sector.
After this brief qualitative description of magnetic storms the ring current theories will be
reviewed.

2.3 PARTICLE DRIFT MOTIONS
For the drift velocity of a charged particle due to magnetic field inhomogeneities, the gradient
drift, can be written (e.g. cf. Roederer, 1970)
vG = — T

B X V B

<2.1)

2(]B3

where m is the mass, q the charge of the particle, v^ its velocity perpendicular to the magnetic
field B. The simplest model calculation of the ring current density can be made by assuming
10

the presence of only 90° pitch angle protons. The strength of the geomagnetic dipole field
varies with distance as r"3, so equation (2.1) yields
(2.2)
where r is the distance of the drifting particle from the earth in the equatorial plane and BF
the magnetic field strength at the equator.
Assuming a density of n protons/m3 a current density j G results
j G = nqvG = *£1
B

(2.3)

ErE

e being the kinetic energy density of the protons.
During the December 1971 magnetic storm satellite measurements of the ring current particles have been made with Explorer 45 (Smith and Hoffman, 1973). At r = 3,6 rE an energy
density of 3,5.10"8 J/m3 was found. This results in a ring current density with the assumptions
made above: j G = 6,88.10"9 A/m2, which is rather low as will be shown later.
For a more realistic calculation of the ring current density one also has to take into account
the ring current density due to curvature drift, the diamagnetic current density and the pitch
angle- as well as the velocity distribution of the particles (Akasofu, 1963).
The total drift current density is:
B3
p£ B 2
pn = linmv], p s = nmv| the particle pressures perpendicular respectively parallel B, p c is the
radius of curvature of the magnetic field line.
mvi
The magnetic moment of a charged particle in a magnetic field B is M =
— B so the dia2B
magnetic current density is given by
jdja = v x n M = - v x — B

(2.5)

B2

The total current density is
Pn ~ Ps „
Bxvpn
J = Jdr + Jdia = B ; 2
B x pc +
(2.6)
fiJ
Taking a pitch angle distribution proportional to sin ^a and a gaussian velocity distribution
Akasofu (1966) calculated the magnetic field strength produced by a ring current as a function
of the distance from the earth. The results are shown in figure 2.5. The parameters used were
0 = 3. as measured with satellites, the velocity distribution peak at r = 3 rE and an energy
density of 9,6.10'7 J/m 3 .
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EARTH RADII

Fig. 2.5. The magnetic field B produced by a ring current (Akasofu, 1966). See text for parameters. Used by
permission D. Reidel Publ. Co.

2.4 MAGNETIC FIELD OF A RING CURRENT

Assuming a ring current f at a certain distance arK in the equatorial plane of the earth, its
effect on the horizontal component of the geomagnetic field can be calculated. Cylindrical
coordinates will be used. Figure 2.6 shows the configuration: Q is the projection of Pon the
plane of the ring current. In this case Ar = Az = O (e.g. Landau and Lifshitz. 1960).

Fig. 2.6. Configuration for the calculation of the magnetic field B2 at P for a ring current with radius ar(;.
12

n at v cos if dip

cosifi

(27)

with ar, as the radius of the ring current. Substituting d = Vt(<p n) equation (2.7) gives:
/2

dtf

with k 2 = -

•2/

sin^dtf

(2.8)

/(l-k'sin2^)

4ar,.; r

(ar,.. + r) 2 + z 2

Substituting K = /
o

/ (1 -k 2 sin2

fl)

-Fsin2

o

the complete elliptic integrals of the first and second kind, repcctively, we finally arrive at:
.

Using B, =

I 3
r 3r

''o I

ar r

n k

r

(2.9)

) equation (2.9) gives for the magnetic field strength at P:
P»
ir

I
-J((ar,.;

a 2 r 2 -r 2 - z2
1
(K
+
—E
E)
+ r)' + z2)
(arE - r) 2 + z2

(2.10)

At the equator on earth : z = 0 and r = r F , so equation (2.10) reduces to
•n 2rE

a+1

12.11)

a -- I

A plot of equation (2.11) with I = 106 A is given in figure 2.7.
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Fig. 2.7.

The horizontal component B, of the magnetic field at the equator for a symmetric ring current
in the equatorial plane as a function of the distance ar( from the earth. The current intensity is
I = 10' A.
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Using the same satellite data as before : a = 3,6, the measured depression of the horizontal
component at that time being 65 nT, equation (2.11) gives for the ring current a value of I =
2,24.10 6 A, in fair agreement with values given in the literature (e.g. Fukushima and Kamide,
1973).
In applying equation (2.11) one must be very careful as the derivation is based on a filamentary current.

2.5 TRE1MAN THEORY
Next the effect of such an extra field on the cosmic ray intensity measured on earth must be
calculated (Treiman, 1953).
For a charged particle with momentum p and charge q moving in an axially symmetric magnetic field with a vector potential A independent of the azimuthal angles an integral of
motion is:
prcos X sin X + Aqrcos X = constant

(2.12)

(e.g. cf. Rossi and Olbert, 1970)
where r is the distance of the particle from the origin of the coordinate system (in our case
the earth's center), X is the latitude and X is the angle between the velocity vector and its projection on the meridian plane.
^ .c o g ^
For the magnetic dipole field of the earth holds: A(. = — — - —
(2.13)
M|. being the magnetic moment of the earth.
With the assumption that the cross section of the current is small compared with ar, two
cases can be distinguished for a ring current with magnetic moment MTC, viz.:
Arc

=

Mr.rcosX
1

foTT<

art-

(2.14)

and
MT(.cosX
A I t =—— 2

forr> ar£.

(2.15)

where the index re denotes the ring current.
Replacing the ring current by a current sheet with a current density proportional to cos X
these equations hold for all values of r. We shall, however, also indicate such a current as a
'ring current'.
Introducing as the dimensionless Stormcr variable:
Vi

(2.16)
the radius of the earth will be:
Di:=rE(-—-)

C2.17)

and the ring current radius will be:

(
14

Vi
( 2 I 8 )

Equation (2.12) together with the equations (2.13), (2.14), (2.15), (2.16), (2.17) and (2.18)
gives:
cos2 X
cos' X
Dcos X sin x +
+ KD2 - — = constant for D < D a .
(2.19)
and
Dcos X sin x + (1+K)
with K =

Mrc

cos^X

D

= constant for D > Da

(2.20)

. Assuming K ^ 1 and proceeding as in the ordinary Stormer theory, we arrive at

the minimum momentum pv for a particle to reach the earth from the vertical direction:
I,.- - ( 4 c o s - 6 X - l ) 2 M r c / a 3 j forcos 2 X>2/a

(2.21)

and
Pv = ~

cos 4 X f Mj: - (1 -2/a 3 ) Mre j for cos 2 X < 2/a

(2-22)

The magnetic rigidity R of a particle with momentum p and charge q is defined by R = —'
c being the velocity of light, fn the undisturbed earth magnetic dipole field the Stormer cutoff
rigidity R sv for particles arriving from zenith is given by
cMp cos*X
Rsv = —
= 14,9 cos"X GV
as can be derived from equation (2.21) or (2.22) taking Mrc = O.
However, if the geomagnetic field is disturbed by the field of a ring current with magnetic
moment Mtt equations (2.21) and (2.22) give the cutoff rigidity values
R;v = Rsv f I - (4cos"*X - 1 )
^ j for cos2X > 2/a
I
Mj a '

(2.23)

and

{ 1 - (1 - 2/a ) M-^
3

M,
With B,. = — '

\

c

for cos' X < 2/a

(2.24)

2M.e
and B rc = - 3 J- equations (2.23) and (2.24) yield for the cutoff variations
ARSV = R^, - R5¥ = Rsv (4cos"6X - I) —• forcos2X > 2/a

6 Rsv = R^ - Rsv = Rsv (a 3 /2 - 1) - —
B

for cos 2 X < 2/a

(2.25)

(2.26)

l£

A plot of ARSV versus Rsv with B, c = 150 nT and a = 4 and 5 is given in figure 2.8.
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Fig. 2.8.

ARS as a function of Rs for two values of the distance ar(. of the current sheet from the earth. The
sheet current magnetic field is ISOnT.

As can be seen from equations (2.25) and (2.26) it is possible in principle to derive both the
location and the intensity of the ring current from cosmic ray data with the Treiman theory.
Up to now this has not been possible from magnetic measurements on earth.

2.6 PARTIAL RING CURRENTS
So far we only considered symmetric ring currents. As has already been known for a long time
most of the magnetic storms show an asymmetric effect during the main phase. Looking again
at the physical picture of the development of the main phase we note that protons drift westward, so the first effects of a stream of protons will be seen in the dusk-midnight sector of the
earth. Exactly this asymmetry is observed in the magnctograms of the horizontal component
at low latitude magnetic observatories. If a station is in this sector when a magnetic storm
begins a large decrease in the horizontal component is measured, while a station in the
morning sector registers only a small decrease of this component.
The magnetic index D st is a measure for the field-strength of the ring current. The definition
4

of Ds, is: Dst = '4 £ A Bj sec Xj. where A Bj is the variation of the horizontal component referred
to a preceding magnetic quiet time and Xj the geomagnetic latitude of station i. To arrive at
this index the mean values of the horizontal component from four low-latitude stations are
calculated. These stations are: Hermanus (19,23 E; 34,42 S). Kakioka (140,18 E: 36,23 N),
Honolulu (202,00 E; 21,32 N) and San Juan (293,85 E: 18,12 N). The locations are given in
geographic coordinates.
The generally accepted physical picture of the storm development is that simultaneously
with the ring current, a partial ring current builds up in the afternoon-midnight sector. This
asymmetric ring current closes via field-aligned currents and an eastward clcctrojet in the polar
ionosphere. The field-aligned currents are also called Birkeland currents as Birkeland was the
first who suggested these currents to exist. Field-aligned currents have been measured with satellites (e.g. Kamide and Akasofu, 1976). The currents show a dependence on K p , the planetary three hours average index of magnetic activity. The poleward flowing currents have a larger
current density than the equatorward flowing currents. The measured current densities are of
the order of 10"* A/nr (Yasuhara et al.. 1975). From this we conclude that our simple min16

dedly calculated current density of 10'9 A/m 2 is too low, as only a part of the current will
flow in the form of field-aligned currents.
Fukushima and Kamide (1973) gave a comprehensive review on partial ring currents and
their effects on the horizontal component of the geomagnetic field. As has been pointed out
already, up to now the physics of the origin of the partial ring current is not well understood.
As new satellite data become available, more sophisticated current models of magnetospheric
substorms and storms are being constructed (Kamide et al., 1976).
Cummings (1966) made the first model experiments on partial ring currents. Figure 2.9
shows his model. He concluded that the asymmetry in the horizontal component at low latitudes decays much more rapidly than the symmetric ring current field and that the drift of the
asymmetry is westward.

Fig. 2.9. Wire model for the partial ring current system for measuring its magnetic effect on a model earth.
(After Cummings, 1966). Taken from a paper by Fukushima and Kamide (1973).

Taking a current of 106 A at a distance r = 4rE from the equator, Fukushima and Kamide
dissected with this model the contribution to A B of the three different currents, namely the
partial ring current, the field-aligned currents and the eastward ionospheric current. They came
to the conclusion that the Birkeland currents give the main contribution to the variation of the
horizontal component at the equator and the partial ring current contribution is about half of
that of the field-aligned currents.
It is to be hoped that the joint efforts during the International Magnetospheric Study (IMS)
will clarify the problem of the partial ring current.
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CHAPTER III

Analysis of the events
3.1 INTRODUCTION
As stated in the introduction the purpose of this thesis is to analyse in particular the effects
of the partial ring current on the cosmic ray intensity measured with neutron monitors.
Mid-latitude mountain stations are most sensitive to cutoff rigidity variations as can be
deduced from the latitude curve because the slope is practically constant there and steeper
than for sea level stations (figure 3.1). For this reason special attention will be paid to
measurements from Jungfraujoch (altitude 3550 m, mean airpressure 482 mm Hg, 8,00 E;
45,60 N geogr.) and Pic du Midi (altitude 2860 m, mean airpressure 540 mm Hg, 0,25 E; 42,93
N geogr.).
3.2 SELECTION OF THE EVENTS
For the selection of the events the D st index was examined starting with January 1970 till
April 1976. As indicated in chapter II the D st index is a measure for the symmetric ring
current strength. With one exception, only storms with D st > 100 nT were chosen. As is well
known magnetic storms are often accompanied by a Forbush decrease.
For the selected storms the cosmic ray intensity curves from Jungfraujoch and Pic du Midi
were examined. An increase in intensity during the beginning phase of the storm was noticed
in practically all cases. This increase may be due either to a cutoff variation or a solar particle
influx. However, a solar particle event shows a normal latitude effect, that is to say that the
intensity is largest in the polar region. A cutoff variation shows an 'anti-latitude' effect i.e.
polar stations are completely insensitive.
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Fig. 3.-1.

Latitude curves measured at sea level (A) and at an altitude of 680 gr/cm2 (B) (Carmichael and
Bercovitch, 1969).
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A total of 20 storms was chosen for the present analysis. A list of the events with the
maximum value of D,t is given in table 111.1 together with the times of the storm sudden
commencement (s.s.c.). Table 111.11 gives periods of analysis as well as the reference periods to
be defined later.
Table HI.I
List of selected events
Year

Month

Day

Event code

Max. Dst(nT)

S.S.C.

1970
1970
1970
1970
1970
1970

March
April
August
August
October
December

08
21
08
17
18
14

080370
210470
080870
170870
161070
141270

-278
- 130
- 51
- 172
- 108
- 141

08/1417 hr U.T
20/1122 hr U.T
none
16/2204 hr U.T.
16/0917 hrU.T.
14/0154 hr U.T.

1971
1971

April
December

15
17

140471
171271

- 132
- 167

14/1243 hr U.T.
17/1418 hr U.T.

1972 June
1972 August
1972 September
1972 November

18
09
14
01

180672
090872
140972
011172

-

190
154
146
199

17/1312 hr U.T.
08/2354 hr U.T.
13/1240 hr U.T.
31/1654 hr U.T.

1973 February
1973 April

21
01

210273
010473

- 113
-204

21/1843 hr U.T.
01/1246 hr U.T.

1974 July
1974 September
1974 October

06
15
13

060774
150974
131074

- 194
- 149
- 105

06/0322 hr U.T.
15/1343 hr U.T.
12/1244 hr U.T.

November

09

091175

- 114

none

10
26

100176
260376

- 164
-229

10/0621 hrU.T.
26/0233 hr U.T.

1975

1976 January
1976 March

3.3 METHOD OF ANALYSIS
The starting point of the analysis is the assumption, based on experimental evidence, that
the intensities measured at high-latitude stations where the magnetic cutoff rigidity is smaller
than the atmospheric cutoff (about 1 GV) are not affected by magnetospheric processes. We
will use the method of analysis first proposed by Yoshida et ai. (1968).
For the relative variation of the counting rate of a neutron monitor located at latitude A
and longitude <p we can write
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Table DI.II

List of analyzed events
Event code

Reference period

Period of analysis

080370
210470
080870
170870
161070
141270

06,07/O3/'7O
18, 19/04/'70
06,07/08/'70
13, 14, 15/O8/'70
14, 15/1O/'7O
11,12, 13/12/'70

08,09/03/'70
20,21,22/O4/'7O
O8/O8/'7O
16, 17, 18/08/'70
16, 17, 18/10/'70
14, 15/12/'70

140471
171271

11, 12, 13/04/'71
14, 15/12/'71

14, 15/04/'71
16, 17,18/12/'71

180672
090872
140972
011172

IS, 16/06/'72
07,08/08/'72
11,12/09/'72
29,30/10/'72

17, 18/06/'72
09/08/'72
13,14/09/'72
31/10; 01,02/11/'72

210273
010473

18, 19, 20/02/'73
30,31/03/'73

21, 22/02/'73
01,02/04/'73

060774
150974
131074

01,02,03/07/'74
04, 05, 06,07, 08/09/'74
10, ll/10/'74

06,07,08/07/'74
14, 15, 16,17/09/'74
12, 13/10/'74

091175

06,07,08/U/'75

09, 10/ll/'75

100176
260376

08,09/01/'76
22, 23, 24/03/'76

10, 11/01/'76
25, 26, 27/03/'76

where Nv is the mean hourly counting rate during the reference period. This period is chosen
as the quiet time interval preceding the event. Nt is the hourly counting rate during the event.
D(1)X,VJ can be separated into four parts:
D d i ) ^ = D st (I d ) x + DS(I d ) x ^ + D s t di) x + DSdj) X ^
(3.1)
where
D sl (I d )x is, at latitude X, the relative variation of the decrease in intensity averaged over all
longitudes, DS(l d ) x ^ is the asymmetric relative variation of the decrease due to possible
anisotropies, D st dj)x is, at latitude X, the relative variation of the increase in intensity averaged
over all longitudes, DSdj)x,(p is the asymmetric relative variation of the increase due to the
partial ring current.
For the relative variations measured at a station where Rc < 1 GV located at a latitude
between 65° - 90° and at longitude <p holds
as at such latitudes no increase in intensity is observed during a geomagnetic storm. For
simplicity of notation we write X = 80°.
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The Forbush decrease is due to a change in the primary spectrum of the galactic cosmic
rays. This spectral variation may change from event to event and even during an event (e.g.
Lockwood, 1971).
For various uncontaminatcd Forbush decreases we can calculate an average factor F x ^ at
longitude <p for the decrease at latitude X compared with the decrease at X = 80°. As mentioned
before it is an average factor as it depends on the spectral variations.
As a Forbush decrease is an interplanetary phenomenon we may assume the F values to be
also applicable during contaminated decreases when simultaneously a cutoff change occurs, as
the latter is a planetary phenomenon.
So both for the symmetrical and asymmetrical part of the decrease we may write

(3-2)
(3.3)
where F\ is. at latitude X, the factor averaged over all longitudes.
Averaging the relative variation D(I)X>^ a t latitude X over all longitudes we obtain D(I)X
so for the symmetric relative increase we get
i £ - F x D s t (I d ) 8 0
(3.4)
as the asymmetric terms average to zero.
Finally the asymmetric part of the increase can be computed from
DSOife*, = D ( I ) X a - FX D s t ( I d ) s o - FXiV, DS(I d ) 8 o.* - D s t (Ij)A

(3.5)

In principle this method of analysis is very useful. However, the locations of the various
cosmic ray stations are poorly distributed over the earth. In Europe a very dense network of
stations exists but in the rest of the world their number is very limited.
For the given method of analysis one needs well distributed stations located at one single
latitude because otherwise the anisotropies represented by the DS(I) terms do not average to
zero.
For this reason, in reality it is not possible to obtain very reliable averages over one single
latitude. So we can only present qualitative considerations on the asymmetric part of the
increase.
The following method is used for the analysis: Oulu or Kiruna is taken as the high-latitude
station. Whenever possible, for each event F j ^ is determined for Kiel, Utrecht, Dourbes. Pic
du Midi, Jungfraujoch and Rome, for the uncontaminated part of the Forbush decrease, which
in general is the recovery phase.
With these F values the increase for the different stations at or nearly at the same longitude V
is calculated from equations (3.1), (3,2) and (3.3), i.e.:
(3.6)
Table 1I1.1II gives the relevant parameters of the above mentioned stations. The abbreviations
used for the station locations as well as the effective magnetic cutoff rigidities are given in
table III.IV. A list of the stations from which the data are analyzed for the various events is
given in table III.V.
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Table III.III
List of stations used for the determination ofkRc
Station

RC(GV)

Oulu
Kiruna
Kiel
Leeds
Utrecht
Dourbes
Jungfraujoch
Pic du Midi
Rome

0,84
0,54
2,30
2,15
2,78
3,26
4,49
5,46
6,20

Geogr. lat.
65,02
67,83
54,30
53,83
52,08
50,10
46,50
42,93
41,90

Geogr. long.
25,50
20,43
10,10
358,42
05,13
04,60
08,00
00,25
12,52

Geomagn. lat.
61,77
65,19
54,77
56,65
53,67
52,61
47,78
45,89
42,46

Geomagn. long.
117,94
115,94
95,77
84.04
89,71
88,26
89,82
80,64
92,42

Table UI.IV
Abbreviations and effective magnetic cutoffrigidityof stations of which data are analyzed
Abbreviation
Station
RC(GV)
Oulu
Oulu
0,84
Kiru
Kiruna
0,54
Kiel
Kiel
2,30
Leeds
Leed
2,15
Utrecht
Utre
2,78
Dourbes
Dour
3,26
Jungfraujoch
Jung
4,49
Pic du Midi
Picm
5,46
Zugspitze
Zugs
4,31
Rome
Rome
6,20
Potchefstroom
Potc
7,04
Deep River
Driv
1,07
Alert
Aler
0,00
Goose Bay
Goba
0,59
Inuvik
Inuv
0,17
Thule
Thu!
0,00
Ft. Churchill
Fchu
0,21
Calgary
Calg
1,05
Sulphur Mountain
Sulm
1.12
Swarthmore
Swar
2,00
Dallas
Dall
4,26
Chacaltaya
Chac
12,64
Me Murdo
Mctnu
0,00
Apatity
Apat
0,61
Alma Ata (806 m)
Alat
6,77
Alma Ata (3300 m)
Alma
6,77
Moscow
Mosc
2,37
Tbilisi
Tbil
6,73
(tabashi
Itab
11,55
Mt. Norikura
Mnor
11,35
Kerguelen
Kerg
1,12
Dumont d'Urville
Dudu
0.01
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Table DI.V
List of stations and periods for which data are analyzed
o o o o o o — —•NNN(Nnnn<t^<tinioio

o o o o ——o—o o o o —o o o o —— © ©
O ; N O — — — — — — O O — O r i o o — — o — ri

OULU
K1RU
KIEL
LEED
UTRE
DOUR
JUNG
P1CM
ZUGS
ROME
POTC
DRIV
ALER
GOBA
INUV
THUL
FCHU
CALG
SULM
SWAR
DALL
CHAC
MCMU
APAT
ALAT
ALMA
MOSC
TBIL
ITAB
MNOR
KERG
DUDU

XXXXXXXXXXXXXXXXXXXX X XX X X X XX X X X XX X X
XXXXXXXXXXXXXXXXXXXXX
X X - X XX X X X X X X X X X X X X X X X
XXXXXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXXXXX
XX X XXXXXX XX XXXXX X X X X X
X X X X -X X X X X X X X X X X X X X X X
XX
XXXXXXXXXXXXXXXXXX
XXXXXXXXXXXX
X XXXXX XXXXXX X
XXXXXXXXXXXXX
X X X X XXXXXX X X X
XXXXXXXXXXXX X
XXXXXX
XXXXXXXXXXXX-X
X-X X X X X X X - X X X X X X X
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3.4 EXPERIMENTAL DERIVATION OF THE MAGNETIC CUTOFF RIGIDITY VARIATIONS ARC
To determine the cutoff changes for the various stations from the experimental data two
methods can be used: The theoretical one as was done in the paper of Fluckiger et al. (1975)
on the September 1974 event, presented as chapter IV, and the experimental one in which
latitude curves are used and which is the starting point of this analysis.
As latitude surveys have not been performed very often the number of data is restricted.
We use both sea level and high altitude measurements made in 196S and 1966 by Carmichael
and Bercovitch (1969). The latter ones are used in the analysis of the data of Pic du Midi and
Jungfraujoch.
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First of all the depth of the 11-year modulation must be determined for the intervals in
which the events took place. To this purpose we considered the sunspot numbers (Solar Geophysical Data) of the event intervals and determined the corresponding interval showing the
same sunspot number in the beginning of solar cycle 20 lasting from October 1964 to July
1976. As the sunspot number is a measure of solar activity and as solar activity is responsible
for the 11-year cosmic ray modulation it is reasonable to assume the depth of the modulation
being comparable also for these periods.
However, to verify this assumption we plotted the monthly mean data of the Kiel monitor
from 1964 till now. From this plot we determined with which periods early in the solar cycle
the event intervals corresponded.
The periods deduced with both methods were compared and mean periods were fixed. Table
IH.VI gives the results of this analysis.
Table III. VI
Corresponding modulation periods
Period

Events

May/July 1966

260376
140972

October/December 1966

010473

January/May 1967

131074

July/September 1967

060774

May/September 1968
October 1968

100176
090872

091175
180672

150974

140471

141270

161070

080370

170870

080870

210470

210273
171271

011172

Knowing the corresponding periods in the beginning of the solar cycle 20 the corresponding
modulation depth can be determined. As reference period, the interval June-December 1965
was taken because Carmichael et a), performed their sea level latitude survey during that time.
The Deep River data were used to obtain the modulation depth for stations in the polar region.
From the Kiel data the modulation for the North-European stations was calculated. Data from
Hermanus (Rc = 4,7 GV) were used for Jungfraujoch and from the average of the Hermanus
and Rome data the modulation for Pic du Midi was calculated.
In this way the modulated latitude curves were constructed from the Carmichael data.
The Pic du Midi — Jungfraujoch as well as the Dourbes — Rome curves were approximated by
straight lines, as shown in figure 3.1.
Due to the fact that the number of available data around the knee is too limited it is
impossible to analyse the Kiel, Utrecht, Leeds and Dourbes data for cutoff variations. Only
crude estimates can be given.
In order to analyse the disturbed hourly intervals, the Forbush decrease modulated latitude
curves were constructed from the above mentioned 11-year modulated latitude curves. As has
Lcen pointed out practically all events show a Forbush decrease. A summary of the occurrence
of these decreases is given in table HI. VII.
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Table III. VII
Occurrences ofForbush Decreases during the analyzed events
Event

080370
210470
080870
170870
161070
141270
140471
171271
180672
090872
140972
011172
210273
010473
060774
150974
131074
091175
100176
260376

Forbush decrease
yes
no
no
yes

Asymmetric storm development

yes
no
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

no
yes

yes
yes

yes
yes
no

yes
yes
yes

yes

yes

no
yes

yes
yes

yes

yes
yes
yes

To deduce the cutoff variations the measured intensities were plotted on the modulated
latitude curves. As the measured intensity is higher than the modulated intensity this extra
part is due to cutoff changes. A higher measured intensity at a station with a cutoff rigidity Rc
can be interpreted as measured af a station with a cutoff rigidity IT = Rc - |AR|,ARC being
the cutoff variation. In figure 3.2 the procedure is made clear.

Fig.3.2.
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Graphic way of determining ARC from latitude curves. B and D ate the increased intensities
measuied at Junglraujoch and He du Midi, respectively. A and C are the cutoffrigiditydecreases
at Jungfraujoch and Pic du Midi, respectively.

In this way all cutoff changes ARC for the twenty chosen cases were determined. Table
Hl.VIII gives a summary of the results of maximum ARC for events witha|AR c |>0,3GV.
Even in the cases were no Forbush decrease was measured but only an anomalous daily
variation superimposed by a cutoff variation was observed this method of analysis is possible
because we are only paying attention to one single longitude chain.
Table III. VIII
Hours of maximum ARC at Jungfraujocli with AB values of the Dst stations: Hermanus,
Kakioka, Honolulu and San Juan

Event

U.T.

080370
080870
170870
161070
171271
180672
090872
140972
210273
010473
060774
150974
091175
100176
260376

22
10/12
14/16

20
19
03
12
21/22

20
18
16
19
18
20/22
15/16

AB(nT)
AR C (GV) Herm

AB(nT)

-0.7
-0.4
-0.4
-0.4
-0.6
-0.4
-0.4
-0.5
-0.4
-0.6
-0.6
-0.7
-0.6
-0.4
-0.6

-

-222
- 58
- 92
- 118
- 126
- 73

- 105
- 143
- 77
-205
- 143
- 190
- 124
- 152
-226

Kaki

AB(nT)
Hono
- 192
- 79

AB(nT)
Saju

139
93
66
54
88
191
113
37
21
79
98

- 60
- 100

- 90
- 118
- 119

- 84
- 48
- 58
-218

- 82
- 34
- 94
- 115

-

- 68
- 72
- 82
-251
- 108
- 71
- 59

-

22
47
107
166
146
58
134

132
90
170
164

(hour]])
(hour 15)

(hour 21)

(nour21)
(hour 15)

3.5 ACCURACY ANALYSIS
The accuracy analysis will be divided into three parts. First the error in the measured relative
variation D(I) will be determined. From this and with the estimated accuracy of F j ^ the
error in D(l d ) will be calculated. Finally, for the determination of the error in ARC the inaccuracies of the latitude curves must be taken into account as an extra error source.
Errors in D(I) as well as DO<j) a r e due to statistical fluctuations, to errors in the airpressure measurements, the air-pressure correction factor and the measuring equipment.
The statistical fluctuations are of the order of 0,1% for all considered neutron monitor
measurements and can be neglected in comparison with the other sources of error as will be
shown.
The errors in air-pressure measurement are about 0,2 mm Hg. As has been shown in Vinje et
al. (1976) the errors in the air pressure correction factor are about 2%. Taking a reference
period counting rate of 600000/hr and Forbush decreases of - 1%, - 5% and - 10%, we arrive
at an absolute error of ± 0,4%.
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For the error in D(I d ) we have to take into account the variation of the spectral index,
manifesting itself in the factor F\#)- To estimate this error we take a spread of 20% in the
calculated F values. This spread is deduced from theoretical F values calculated by Fliickiger
(private communication) and is also found in our experimentally derived data. Taking the
mean F values calculated for Jungfraujoch and Pic du Midi and taking again Forbush decreases
of — 1%, — 5% and — 10%, we arrive at absolute errors due to the spread in F values o f t 0,2%,
± l,0%and± 2,0%respectively.
So a measured Forbush decrease of - 1,0% may have a value between - 0,4% and - 1,6%, a
measured one of - 5,0%, a value between - 3,6%and - 6,4%and a measured one of - 10% a
value between - 7,6% and - 12,4%.
Finally, for the error in ARC we have to take into account the above calculated errors in
D(I) and D(I d ), the inaccuracy in the depth of the 11-year modulation as well as of the
latitude curves and the errors in the graphic way of deducing ARC.
The error due to the above mentioned effects in the measurement of the 11-year
modulation is estimated to be 0,3% and can be neglected as the maximum modulation for
Deep River and Rome is about 13% and 7% respectively.
Taking an inaccuracy in the latitude curves of 30%, as is usually accepted, and taking into
account the above determined errors we arrive at an error in ARC of 0.2 GV.
However, we also have to take into account that the latitude survey by Carmichael was performed at an altitude of 680 gr/cm 2 . This altitude is in between those cf Jungfraujoch (643
gr/cm2 ) and Pic du Midi (720 gr/cm2 ). Moreover, the latitude curves were approximated by
straight lines. Taking this into account we estimate the total error in ARC to be 0.3 GV for all
determined cutoff variations. The error due to the graphic deduction of ARC can be neglected.
Though it is well known that the asymptotic directions of viewing may change during a
magnetic storm it is impossible to estimate the error in ARC due to this effect.
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CHAPTER IV

Cutoff rigidity variations of European Mid-Latitude stations during the
September 1974 Forbush decrease
E. Fliickiger and H. Debrunner
Physikalisches Institut der Universitat Bern, Switzerland
M. Arens
Natuurkundig Laboratorium der Universiteit van Amsterdam. The Netherlands
O. Binder
Institut fur Reine und Angewandte Kernphysik der Christian-Albrechts-Universitdt Kiel, VI.
Germany
Neutron Monitor data of the September 1974 Forbush decrease have been analysed in order to investigate
changes in cutoff rigidities at european mid-latitude stations. Based on a best fit of theoretical and experimental coupling functions the expected variations of the cosmic ray intensity for Jungfraujoch have been calculated from the counting rates of the stations Kiel and Utrecht. From the comparison of these results with
the measurements hourly values for the cutoff variations have been deduced. For Jungfraujoch the analysis
shows maximum changes in cutoff rigidity of - 1.0 ± 0 3 GV on September 15, between 1500 and 1900 UT.

4.1 INTRODUCTION
In studies of primary spectral variations during Forbush decreases based on Neutron Monitor data one must account for perturbations in the geomagnetic field as a cause of considerable changes in cutoff rigidity. Therefore possibilities for an experimental determination of cutoff variations have been examined by several authors. A review of the different
techniques has been given in a previous paper by Debrunner et al. (1973), who have also
proposed a special method for mid-latitude stations. Not mentioned was the work of Louis
(1972) which represents, just as the treatise of Dorman (1974), a comprehensive study of
variations in cutoff rigidity during magnetic storms. In a recent paper Agrawal et al. (1974)
suggested that during the complex of events in August 1972, a sudden increase in cosmic ray
intensity coinciding with a geomagnetic storm with D s t * 200 y on August 4, was caused by a
lowering of the cutoff rigidity. Here as well as in the work of Louis, quantitative results are
given but detailed indications on accuracy are missing and the time resolution is rather poor. In
the present paper variations of the cutoff rigidity at Jungfraujoch during the September 1974
event are analysed based' on hourly Neutron Monitor data of Kiel and Utrecht. All these
stations have nearly the same asymptotic directions of viewing, which is a necessary condition
for our method of analysis.
On September 13, 1974, a decrease in cosmic ray intensity started as indicated in figure 1.
On September IS, 1343 UT a storm sudden commencement (S.S.C.) occurred, probably due
to a complex of solar flares on September 13 starting between 1458 and IS 13 UT in McMath
regions 13224 and 13225 (Solar Geophysical Data, prompt reports, October, November 1974)
and was followed by a strong geomagnetic storm and sharp Forbush decrease at very high
latitude stations. However for Kiel the intensity remained practically constant for several hours
whereas at other mid-latitude stations (Utrecht, Dourbes, Zugspitze, Jungfraujoch and Rome)
an increase in intensity was recorded. The intensity at Zugspitze and Jungfraujoch reached a
maximum of + 1.0% and + 1.5% respectively relative to the average cosmic ray intensity of
September 4-8, 1974, which was used as reference level. As this observed intensity increase
shows an 'inverse* latitude effect, which is expected up to Rc * 7 GV from theoretical
29

considerations of cutoff changes, the only possible cause for this effect is a lowering of the
geomagnetic cutoff rigidity. An increase due to energetic solar particles or an anisotropy would
show a normal latitude effect and can therefore be excluded. Also on this basis the behaviour
of the recordings from Kiel and the other mid-latitude stations can be explained. As the cutoff
rigidity at Oulu is less than the atmospheric cutoff, this station records the true Forbush
decrease.
ROM
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Relative variations of the total counting rates, with respect to the reference level of September 4-8,
1974, for the stations Rome (ROM), Jungfraujoch (JUN), Zugspitze (ZUG), Dourbes (DOU),
Utrecht (UTR), Kiel (KIE) and Oulu (OUL).

4.2 ANALYSIS OF THE EVENT
During a Forbush decrease the primary cosmic ray spectrum is generally described by
*(R,t) = [1 +S*(R,t)J. * O (R)
=[ 1+»,(t). R-X«>].*O(R)
where * o (R) is the undisturbed primary differential rigidity spectrum.
Taking into account a possible simultaneous change ARC (t) of the effective cutoff rigidity
Rc the relative variations of the counting rate of a Neutron Monitor at atmospheric depth h are
then given by
5N(h,Re,t)=

S
W(h,R,Rt.)dR+
J
W(h,R,R c ). 8*(R,t) dR
R+AR^t)
R£+ARc(t)
For September 1974 the normalized coupling functions W(h,R,Rc) have been deduced from
our best fit differential response functions (Fliickiger, 1974).
The exponent 7 may vary from event to event (e.g. Lockwood, 1971) and even during an
event (Aldagorova et al., 1973). Since nearly all experimentally obtained values for 7 fall in the
range 0.0 < 7 < 1.6 with errors in the order of 0.8, the exponent 7 was varied in this analysis
from 0.4 to 1.4 in steps of 0.2.
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For each y the amplitudes JJ (t) were determined for the stations Kiel and Utrecht. The
spectra so obtained have been used to calculate the relative variations of the total counting rate
at Jungfraujoch, 6N j; (t), for ARJCJ = 0. The differences between observed and theoretical
variations were attributed to cutoff changes.
Numerical values for the variations A R"(t) have then been determined. Taking into account
the theoretical latitude dependence of ARC (Obayashi, 1959), the cutoff changes of Kiel and
Utrecht ARjf(t) and AR^(t) have been calculated from A R' J (t). The same computing process
was then repeated using the changed cutoff rigidity for the three stations until the variation of
the altered value of RCJJ was less than 0.01 GV.
Figure 2 shows the resulting mean values of AR*J(t) computed with y =0.8 for September
13-18, 1974.
As a check we treated the data from Oulu and Dourbes in the same way as the Kiel and
Utrecht data. The results for the cutoff changes at Jungfraujoch are in close agreement with
those obtained from Kiel and Utrecht measurements. As an additional check the cutoff
changes for Zugspitze and Rome were calculated with measurements from Oulu, Kiel, Utrecht
and Dourbes. These results show the expected latitude dependence of the cutoff variations as
compared with ARC for Jungfraujoch.
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Variations of the cutoff rigidity at Jungfraujoch during September 13-18,1974,
deduced from the Neutron Monitor data of Kiel and Utrecht,
calculated from D s t .

For the determination of the accuracy in the deduced cutoff variations we must account for
errors in the coupling functions, inaccuracies in the exponent y, statistical errors of the
measured counting rates as well as for the errors introduced by pressure corrections. A
discussion on reliability of our method has already been given in a previous paper (Debrunner
et al., 1973). Following the same procedure the relative errors in AR*J (t) due to unreliabilities
in the coupling functions have been determined to be in the order of ± 30%. As has also been
found the errors in y cause a mean inaccuracy in the determination of cutoff variations of
+

n n ? GV. The uncertainties due to inaccuracies in the Neutron Monitor data are of the order
of ± 0.1 GV. Thus the maximum value oflAR^'Igiven in figure 2 has an error of ± 0.3 GV.
31

4.3 DISCUSSION OF RESULTS
Cutoff variations during a Forbush decrease are thought to be due to a ring current with a
magnetic moment opposite to the intrinsic geomagnetic moment. We therefore compared our
results on cutoff changes with the hourly values of the index D st (Sugiura, 1975), which are a
measure for the ring current field near the earth (e.g. Akasofu, 1963).
From the D st values it is also possible to deduce theoretical cutoff variations (e.g. Obayashi,
1959). These calculated values for the cutoff rigidity changes at Jungfraujoch are also given in
figure 2. The comparison between the theoretical and experimentally deduced values of the
variations of cutoff rigidity shows reasonably good agreement.
Furthermore there seems to be a maximum sensitivity in cutoff variations around 1600
hours local time when the asymptotic directions for low rigidities are in the geomagnetic tail, a
phenomenon we also observed in our analysis of the July 1974 Forbush decrease. This has also
been noticed by Hatton (1962) and may be due to an asymmetric ring current as pointed out
by Yoshida et al. (1968). However further research is needed for a better understanding of
these effects.
4.4 CONCLUSIONS
During the September 1974 event the effective vertical cutoff rigidity of Jungfraujoch was
considerably lowered with a maximum variation AR^J = — 1.0 ± 0.3 GV between 1500 and
1900 UT on September 15. The magnitude of the changes are in reasonable agreement with
the theoretical values calculated from D st and with values for similar events cited in the
literature (e.g. Freier, 1962; Hatton et al., 1962; Wolfson et al., 1967; Yoshida et al., 1968;
Nobles etal., 1968).
We also concluded from this analysis as shown in figure 2 that cutoff changes may last for
long periods of the order of days.
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CHAPTER V

Description of the various analyzed events
5.1 POSSIBILITIES OF EVENTS
In the case of a geomagnetic storm four events are possible: Magnetic storms with or without a Forbush decrease, and with or without a cutoff rigidity variation.
1. A magnetic storm with a Forbush decrease during which a cutoff variation occurs. Thirteen
of the analyzed events are of this kind.
If we consider the intervals in which the cutoff changes ARC took place we find ten events
with the occurrence of a ARC during the main phase of the geomagnetic storm. In one event
a variation was found only during the recovery phase, whereas for two events a cutoff
variation occurred both during the main phase and the recovery phase of the storm.
However, during these three events the variation in cutoff rigidity was only small, practically
falling within the accuracy of the analysis.
2. A magnetic storm without a Forbush decrease but with a cutoff variation. Five events of
this kind were analyzed. In general an anomalous daily variation accompanied these storms.
All cutoff variations occurred during the main phase of the magnetic storm and they are
either large or small.
3. A magnetic storm with a Forbush decrease but without a cutoff variation.
4. A magnetic storm without a Forbush decrease and without a cutoff variation. One event of
both kinds of possibilities has been analyzed. Although the main phase depression was
rather large no variation was found at all.
In order to carry out the analysis, a closer look at the intervals in which the cutoff variations
were found will be necessary. In table III.VIII the hours of the maximum cutoff changes and
the AB values are given in Universal Time (U.T.). Figure 5.1 shows the so called clock diagram
of ARC versus U.T. for these events in which IARC I > 0,4 GV. For Jungfraujoch and Pic du
Midi U.T. = L.T. - 1 hour after the Middle European time convention. This figure shows
clearly that the largest cutoff variations all occur within the afternoon-midnight local time
sector, the region where the partial ring current is presumed to be built up.
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Clockdiagram of maximum values of ARC at Jungfraujoch versus Universal Time for events with ARC » 0,4 GV.

As was pointed out already, the largest decreases in the horizontal component of the
geomagnetic field during the main phase of the magnetic storms are measured at observatories
situated in this sector.
A clock diagram of maximum AB versus L.T. for the various D s t stations is given in figures
5.2, 5.3, 5.4 and 5.5.
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Clockdiagram of maximum values of AB versus Local Time measured at Hermanus.
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Kip. S.3 Clockdiagram of maximum values of AB versus Local Time as measured at Kakioka.
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Fig. 5.4

Clockdiagram of maximum values of &B versus Local Time as measured at Honolulu.
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Fig. 5.5

Clockdiagram of maximum values of AB versus Local Time as measured at San Juan.
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5.2 DESCRIPTION OF EVENTS
Here we give a complete description of the events. The event code day-month-year will be
used throughout. In the even numbered figures the small horizontal lines next to the station
names indicate the 0% level. The conventional abbreviations for the Dst stations are used: HR
for Hermanus, KA for Kakioka, HO for Honolulu and SJ for San Juan.
Event 080370. (Fig. 5.6 and 5.7) The storm sudden commencement (3.S.C.) occurred at
1417 U.T. on March 8, 1970. For all Dst stations a distinct effect has been
observed (IAGA Bulletin No. 32a). A small Forbush decrease developed with
intensity of - 2,5% at Kiruna (fig. 5.6). The diagram of ARC for Jungfraujoch
and the AB values for the Dst stations is presented in figure 5.7. The main
phase was asymmetric. This asymmetry lasted until a few hours after the
beginning of the recovery phase. A strong correlation was observed between
the AB of both Hermanus and San Juan and the ARC at Jungfraujoch. Probably
the depression at San Juan was larger than at Hermanus because 2200 U.T.
corresponds to 1736 L.T. at San Juan and 2316 L.T. at Hermanus. From the
magnetic data it can be concluded that the partial ring current was probably
centered at 1800 L.T. at maximum depression. The maximum intensity increase measured at Chacaltaya and Dallas was also at 2200 U.T. well correlating with the San Juan AB values. Mount Norikura showed a maximum
in intensity at 0400 U.T. coinciding with the minimum in AB at Kakioka,
which is located at about the same longitude. In chapter III it was pointed out
that only qualitative interpretations of measurements from these stations can
be given.
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Event 210470. (Fig. 5.8 and 5.9) The s.s.c. occurred at 1122 U.T. on April 20, 1970, and was
clearly observed at Hermanus, Honolulu and San Juan, but less convincingly at
Kakioka (IAGA Bulletin No. 32a). No Forbush decrease was observed. As can
be seen from figure 5.9 the main phase developed very slowly but asymmetrically. Although the maximum depression in H for Hermanus was at 2016
L.T. no variation in cutoff rigidity has been found for Jungfraujoch nor for
Pic du Midi. The only peculiarity of this storm compared with all other analyzed storms is the very slow development.
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Event 080870. (Fig. 5.10 and 5.11) No s.s.c. was recorded for this relatively small magnetic
storm. No Forbush decrease was observed either. A rather large discrepancy
existed between the measurements at Jungfraujoch and Pic du Midi as well as
for Oulu and Kiruna. For Pic du Midi no cutoff variation was found; however,
for Jungfraujoch the variation is —0,4 GV. Neither in Dallas nor in Chacaltaya
any effect was measured. As the depression in the H component correlates
quite well for Hermanus, Honolulu and Kakioka the asymmetry sector was
rather large between about 1200 and 2400 L.T.
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Fig. 5.10 Houtly values of D(l) (%) and D Jt (nT) for the 080870 event.
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Fig. 5.11 Hourly values of ABj (nT) and ARC (GV) for the 080870 event.

Event 170870. (Fig. 5.12 and 5.13) The s.s.c. was recorded at 2204 U.T. on August 16,1970.
This commencement was clearly observed at all D s t stations (IAGA Bulletin
No. 32a). The storm developed and recovered asymmetrically, again with a
large sector between 1000 and 2400 L.T. A Forbush decrease of about
- 7 % was measured at Kiruna. The cutoff variations only occurred during the
recovery phase. Also for this event the results from Jungfraujoch and Pic du
Midi were not identical. At Pic du Midi an increase was measured on the 17th
between 1200 and 1800 U.T., at Jungfraujoch no increase was observed during
this interval.
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Fig. 5.12 Hourly values of CXI) (%) and D $I (nT) for the 170870 event.
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Event 161070. (Fig. 5.14 and 5.15) The s.s.c. occurred at 0917 U.T. on October 16, 19?0.
At Honolulu and San Juan the commencement was distinctly observed, at
Kakioka and Hermanus less clearly (IAGA Bulletin No. 32a). The main phase
and the beginning of the recovery phase were asymmetric. The depression at
Hermanus and San Juan correlated quite well again. On October 17 another
rather deep depression in H was measured at San Juan and Hermanus. A
Forbush decrease of about -4% was found at Oulu. The variation of the cutoff
rigidity was of long duration during this storm as can be seen from figure 5.15.
For Dallas an increase in intensity was measured at 1900 and 2000 U.T. on
October 16. During the main phase on October 16 the asymmetry sector
extended between about 1500 and 2200 L.T., whereas during the second
depression on October 17 this sector was between about 0900 and 2400 L.T.
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Event 141270. (Fig. 5.16 and 5.17) The s.s.c. occurred at 0154 U.T. on December 14,1970.
At Hermanus, Honolulu and San Juan a distinct effect was observed (IAGA
Bulletin No. 32a). The depression in the H component was largest at Kakioka
at 1800 L.T. The asymmetry sector was probably rather small and centered
around 1800 L.T. During the recovery phase a Forbush decrease developed
of about -4% at Oulu. The cutoff variation, of rather small magnitude, was
measured at the end of the main phase. As the time of maximum depression in
H was at 0900 U.T. Jungfraujoch was located in the morning sector which is
unfavourable for obtaining large effects. At Dallas and Chacaltaya only small
intensity increases were measured. At Mount Norikura the maximum increase
was found at 0900 U.T., coinciding with the largest depression of the H
component at Kakioka.
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Event 140471. (Fig. 5.18 and 5.19) For the s.s.c. at 1243 U.T. on April 14, 1971, Honolulu
and San Juan recorded a distinct effect, Hermanus a small one and Kakioka
practically no effect (IAGA Bulletin No. 32b). The asymmetry sector was
located between about 1100 and 2200 L.T. A Forbush decrease of about
—4% at Oulu was recorded at all stations. No variation in cutoff rigidity was
found either for Pic du Midi or for Jungfraujoch.
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Event 171271. (Fig. 5.20 and 5.21) Two s.s.c.'s occurred, the first one at 1904 U.T. on
December 16, 1971 followed by a very small depression in H, and the second
one at 1418 U.T. on December 17, 1971 followed by a large main phase
developing rapidly. This latter s.s.c. was distinctly observed at all D st stations
(IAGA Bulletin No. 32b). The asymmetry sector was centered at about 1600
L.T. with a width of ± 6 h. A rather large Forbush decrease (about —10% at
Oulu) was recorded at all cosmic ray stations. A large cutoff variation was
found during the main phase of the second storm. At Dallas an increase was
also recorded with a maximum at 1900 U.T. (1230 L.T.). So both at Jungfraujoch and Dallas the cutoff variations occurred at the same time correlating
well with the magnetic data for Hermanus and San Juan. These data show that
both stations are in the asymmetric sector.
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Event 180672. (Fig. 5.22 and 5.23) The s.s.c. occurred at 0629 U.T. on June 17, 1972 and
another one at 1312 U.T. also on June 17, 1972. A clear effect of this latter
commencement was observed at all D st stations (IAGA Bulletin No. 32c). The
sector of asymmetry was centered around 1600 L.T., at Hermanus practically
no depression in H was measured. A Forbush decrease (about —7% at Oulu)
accompanied this storm. Although Jungfraujoch was not located in the sector
of the asymmetry a cutoff change was measured. The intensity at Jungfraujoch
remained rather high during the recovery phase of the storm. So the deduced
cutoff variation was of long duration but its magnitude fell within the accuracy
limits of the analysis. At Dallas an analogous effect was observed.
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Event 090872. (Fig. 5.24 and 5.25) The s.s.c. occurred at 2354 U.T. on August 8, 1972.
Honolulu and San Juan measured a distinct effect (IAGA Bulletin No. 32c).
This storm was part of a number of subsequent storms beginning on August 4,
1972. At that time the largest Forbush decrease ever observed (-25%) was
measured at high and mid-latitude stations. The storm was asymmetric with an
estimated sector between about 1200 and 0100 L.T. A great discrepancy
existed between measurements at Pic du Midi and Jungfraujoch. At Jungfraujoch no cutoff decrease was measured. On the contrary the data suggested the
presence of a cutoff increase. No Forbush decrease was observed during this
storm. Probably this event was contaminated by the preceding storms and
showed no clear effects whatsoever.
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Fig. S.24 Hourly values of D(I) (%) and D J t (nT) for the 090872 event.
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Fig. $.25 Hourly values of AB; (nT) tnd ARC (GV) for the 090872 event.
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Event 140972. (Fig. 5.26 and 5.27) The s.s.c. occurred at 1240 U.T. on September 13,1972.
A distinct effect was observed at Hermanus, Honolulu and San Juan (IAGA
Bulletin No. 32c). The asymmetric sector was present between about 1600 and
2300 L.T. A Forbush decrease was measured at the polar stations (about
—2%). Again the cutoff variations were of long duration but the magnitude was
within the experimental errors.

I IIIIIIIIIIIII I
PICMJUN&ROME
DOUR
UTRE
KIEL
KIRU
OULU

-ROME
-DOUR
-UTRE
-KIEL
-KIRU
-OULU

D.t-

I In IIIIIIII I
130972
' 140972

I

20 nT

2x

Fig. 5.26 Hourly values of D(l) (%) and D Jt (nT) for the 140972 event.
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Event 011172. (Fig. 5.28 and 5.29) The s.s.c. took place at 1654 U.T. on October 31, 1972.
This effect was distinctly observed at Hermanus, Honolulu and San Juan
(IAGA Bulletin No. 32c). The storm developed at the unfavourable time
interval for Jungfraujoch and Pic du Midi. The asymmetric sector was probably
rather large between about 0600 and 2400 L.T. A Forbush decrease of about
-8% was observed at the polar stations. The calculated cutoff variations were
within the limits of experimental accuracy. At Dallas a reasonable increase was
measured with a maximum at 0400 U.T. on November 1,1972 (2130 L.T. on
October 31, 1972).
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Fig. 5.28 Hourly values of D(I) (%> and D s t (nT) foi the 011172 event.
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Event 21O273.(Fig. 5.30 and 5.31) The s.s.c. occurred at 1843 U.T. on February 21, 1973.
Only Hermanus observed a clear effect (IAGA Bulletin, No. 326). The asymmetric sector was centered at 1700 L.T. No Forbush decrease was found
at the cosmic ray observatories. Although the depression of H at Hermanus was
rather small a cutoff variation was measured at Jungfraujoch and Pic du Midi.
At Dallas the maximum increase was measured at 2200 U.T. (1530 L.T.)
coinciding with the maximum depression at San Juan. At Mount Norikura the
largest effect was observed ?t 0100 U.T. on February 22,1973 thus coinciding
with the maximum depression in H at Kakioka.
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Event 010473. (Fig. 5.32 and 5.33) The s.s.c. occurred at 1246 U.T. on April 1, 1973. No
effect was observed at any of the D, t stations (IAGA Bulletin, No. 32d). The
asymmetric sector was centered at 1800 L.T. A small Forbush decrease of
about —2% was measured at the polar stations. The largest cutoff variation at
Jungfraujoch coincided with the maximum depression in H at Hermanus. At
Dallas the maximum increase was measured at 2300 U.T. (1630 L.T.). No
clear effect was observed at Mount Norikura.
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Fig. 5.32 Hourly values of D(I) (%) and D,, (nT) for the 010473 event.
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Event 060774. (Fig. 5.34 and 5.35) The s.s.c. occurred at 0322 U.T. on July 6, 1974. The
main phase at Honolulu and Kakioka was much larger than at Hermanus and
San Juan. The asymmetric sector was centered between about 1500 and 2000
L.T A Forbush decrease of about - 7 % was measured at the polar stations. The
largest cutoff variation was observed during the recovery phase of the storm.
During the development of the storm Jungfraujoch was in the early morning
sector.
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Fig. 5.34 Hourly values of D(I) (%) and D, t (nT) for the 060774 event.

67

-so

-100

-

AB(riT)
-150

000774
Fig. 5.35 Hourly vtluet of ABj (nT) and ARC (GV) foi the 060774 event.

68

17

Event 150974. (Fig. 5.36 and 5.37) This event has been comprehensively described in chapter
IV. However no separate data from the D s t stations have been presented. Also
for this event the largest cutoff variation coincided with the maximum depression of the horizontal component H at Hermanus.
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Event 131074. (Fig. 5.38 and 5.39) The s.s.c. occurred at 1244 U.T. on October 12, 1974.
The main phase of the storm developed slowly. The asymmetric sector was
rather large between about 0600 and 2400 L.T. No appreciable cutoff variations have been found, all values were within the experimental errors.
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Fig. 5.38 Houily values of D(I) (%) ind D,, (nT) fot the 131074 event.
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Event 091175. (Fig. 5.40 and 5.41) No s.s.c. was observed for this storm. The asymmetric
sector is centered between about 1400 and 2000 L.T. Also for this storm the
largest cutoff change occurred at the same time as the maximum depression of
H at Hermanus. A Forbush decrease of about -2% developed at the polar
stations in the beginning of the recovery phase of the magnetic storm. At
Swarthmore a maximum increase was measured at 1800 U.T. (1300 L.T.), at
Climax at 1900 U.T. (Solar Geophysical Data No. 377, Jan. 1976, Part I).
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Fig. 5.40 Hourly values of DO) (%) and D s t (nT) foi the 091175 event.
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Event 100176. (Fig. 5.42 and 5.43) The s.s.c. occurred at 0621 U.T. on January 10, 1976.
Though the depression in H at San Juan and Hermanus were rather large only a
small variation of the cutoff rigidity was measured at Jungfraujoch and Pic du
Midi. No Forbush decrease was observed. The asymmetric sector was centered
around 1800 L.T. At Climax a maximum increase was measured at 2300 U.T.
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Event 260376. (Fig. 5.44 and 5.45) The s.s.c. occurred at 0233 U.T. on March 26, 1976.
About this event the first IMS (International Magnetospheric Study) report was
issued lately. (UAG Report 61, 1977), as till now this is the largest storm
observed during the IMS. The asymmetric sector was between about 1300 and
2300 L.T. Though the cutoff change at Jungfraujoch was appreciable in the
beginning of the event (Jungfraujoch being in the early morning sector) the
largest effect was observed coinciding with the largest depression in H at
Hermanus. A small Forbush decrease was observed at the cosmic ray observatories during this storm.
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5.3 SUMMARY
Summarizing the description of the various events we conclude that a strong correlation is
present between the AB values from Hermanus and San Juan on the one hand and the
magnitude of the cutoff variations at Jungfraujoch on the other. From the analysis of only two
events, 150974 and 010473, Debrunner and Fluckiger (1977) have pointed out the strong
correlation between the Hermanus AB data and the Jungfraujoch ARC data. However, we
found that a similar strong correlation exists with the San Juan AB data.
Hatton and Marsden (1962) were the first ones to show the existence of an asymmetry in
the cutoff variations at the various stations all over the earth. This asymmetry as well as the
one measured at the magnetic observatories during the main phase of a geomagnetic storm is
due to' a partial ring current in the afternoon-midnight sector, as is well established by now.
Frank (1970) was the first to measure this asymmetric growth of the ring current in situ with
the OGO-3 satellite during two moderate geomagnetic storms on July 9 and September 8,
1966.
It can also be concluded that the growth rate of the asymmetric ring current must play an
important role in originating a large cutoff variation. In particular for the 210470 event the
time of maximum depression of the H component was in the late afternoon sector, but the
growth rate was very small. For the 140471 event no cutoff variation could probably have
been measured because the decrease in H at Hermanus was small and its time of maximum
depression was in the early morning sector.
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CHAPTER VI

Interpretation of the cutoff rigidity variations
6.1 INTRODUCTION
First of all we will test the reliability of the method of analysis by comparing our results
with those of others.
The most significant events from our sample will be used for a detailed analysis by carrying
out a comparison with the geomagnetic field data from the various D st stations. From this
analysis we will derive the influence of the partial ring current on cutoff rigidity variations.
Some remarks will be made on the occurrence or non-occurrence of cutoff rigidity variations
during the various storms analyzed.
We will in particular analyse the December 17, 1971 storm because for this event detailed
satellite data are at our disposal. Finally, a general review of the applicability to other events
of the results for this event will be given.

6.2 RELIABILITY OF THE RESULTS
Up to now data on cutoff rigidity variations have been presented in the literature for the
March 1976 (Krestyannikov et al., 1977), the September 1974 (Fliickiger et al., 1975) and the
April 1973 (Debrunner and Fluckiger, 1976) geomagnetic storms. In order to compare,
whenever possible, these results with the ones obtained in the present analysis we will use as a
parameter the maximum ARC values for the various events. These values are listed in table VI.I.
Table VI.I
Comparison of the maximum &RC values
Event
171271
010473
150974

Bern analysis
This analysis
Bern analysis
This analysis
Bern analysis
This analysis

ARC Jungfraujoch ARC Pic du Midi

ARC Rome

-0.88 ± 0.06 GV
-0.6 ±0.3 GV
-0.68 ± 0.03 GV
-0.6 ±0.3 GV
-0.98 + 0.3 GV
-0.7 ±0.3 GV

-0.Sl±0.21 GV
-0.5 ±0.3 GV
-0.53 ± 0.06 GV
-0.8 ±0.3 GV
-0.73
-1.0 ±0.3 GV

-0.58 ± 0.09 GV
-0.4 ±0.3 GV
-0.60 ± 0.03 GV
-0.5 ±0.3 GV

TimeU.
1900
1900
1800
1800
1900
1900

Recently Krestyannikov et al. (1977) reported on their analysis of the March 26, 1976
event. They analyzed the data from various Russian stations and arrived at a maximum cutoff
variation ARC = -0.9 GV for both Irkutsk (Rc = 3,81 GV) and Khabarovsk (Rc = 5,54 GV).
In our analysis for the same event we found a maximum cutoff change for Jungfraujoch and
Pic du Midi of -0.6 ± 0.3 GV and -0.5 ± 0.3 GV, respectively.
Based on these comparisons it seems fair to have a reasonable confidence in our method of
analysis.
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6.3 THE ROLE OF PARTIAL RING CURRENTS
The most significant events will be studied in detail. They are selected from table HI.VIII
and are reproduced in table VI.II. The criterium for the selection isS |ARC| 5* 0.5 GV.
Table V1.II
The most significant events to be studied
Event

080370
171271
140972
010473
060774
150974
091175
260376

Jungfraujoch
Timeofmax. ARC(U.T.) Max. ARC(GV)
2200
1900
2100
1800
1600
1900
1800
1500

-0.7 ± 0.3
-0.6 + 0.3
-0.5 ± 0.3
-0.6 ± 0.3
-0.6 ± 0.3
-0.7 ± 0.3
-0.6 ± 0.3
-0.6 ± 0.3

A B (nT)
Herm Kaki Hono Saju
-222 -139 -192
-126 - 88 - 82
-143 - 37 - 71
-205 - 79 - 60
-143 - 98 -100
-190 - 84 - 82
-124 - 48 - 34
-226 -218 -115

-166
-134
-118
-119
-132
- 90
-164

First of all we notice from this table that the time of maximum ARC occurs in the
afternoon-midnight sector for all events. A study on energetic proton (> 30 keV) injection
events from the measurements carried out with the geosynchronous satellite ATS-5 (Bogott
and Mozer, 1973) yielded that all events were observed between 1500 and 2200 hours L.T.
No proton injections were recorded by ATS-5 after 2300 hours L.T. Both the symmetric and
partial ring current are built up by these protons as was outlined in chapter II. The above
mentioned authors also found a good correlation between the magnitude of the maximum
proton intensity and the magnitude of the depression of the H component measured on earth.
To obtain more insight in the effect of the partial ring current on cutoff rigidity variations,
hourly averages D st of AB from the various D st stations were calculated as follows
D", = 1/'4 £ AB: sec X;
i=l

with X j being the geomagnetic latitude. Then for each station the hourly deviation from this
D£'t was calculated, i.e.:
6Bj = ABjsecXj-D"

The values of 6Bj for all four stations together with the ARC values for Jungfraujoch were
plotted on an hourly basis. These plots are given in figures 6.1-6.8.
From these figures some characteristics of the development and the progression of the
magnetic storms can be deduced.
First of all an estimate of the sector width and its variation in time of the partial ring
current can be made in the same way as in chapter V. To this purpose the maximum positive
value of 5 B of a D st station was taken as the criterium for merging into the partial ring current
sector.
The minimum negative value of SB was assumed to indicate the time of passing the most
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intense part as well as the beginning of the phase of emerging out of the partial ring current
sector.
In this way all events were analyzed. We will consider now the most prominent results.
6.4 THE MOST PROMINENT RESULTS OF OUR ANALYSIS
The most intense part of the partial ring current was centered around 1800 hours L.T. and
the asymmetric sector representing the largest depression in H moved westward during the
event. As will be shown later, depending on the injection rate of protons from the tail region,
the sector may gradually expand and become very large, about 270° in longitudinal width. In
general the asymmetric sector is located between 2200 and 1800 hours L.T. at the beginning
of the magnetic storm.
During every storm also a symmetric ring current is building up, as can be deduced from the
D st values.
A second result of the analysis is that a large cutoff rigidity decrease is always found to be
strongly correlated with large decreases in the H component at both Hermanus and San Juan, a
conclusion already arrived at in the preceding chapter. For small ARC values this correlation is
not always found.
A third result of the analysis is the condition for the occurrence of a cutoff variation. Only
during the asymmetric period of the storm cutoff variations are found. As soon as the
symmetric phase sets in, the ARC values become zero.
For storms that are only accompanied by small cutoff changes, no general picture can be
given. During some of the storms no correlation existed between the AB data from Hermanus
and San Juan. In a few cases even an anti-correlation was observed, probably indicating that
the magnetosphere was disturbed in a very irregular way.
6.5 THE DECEMBER 17,1971 SATELLITE MEASUREMENTS
Untill now only for the December 17,1971 magnetic storm relevant satellite data of magnetospheric measurements are available.
In November 1971 the Explorer 45 (S'-A) satellite was launched. This satellite was
specifically designed to investigate the development and the progression of magnetic storms.
Its initial apogee was located at 2148 hours L.T. at a distance of 5,24 r E . The elliptic orbit was
equatorial or nearly equatorial and the orbital period was 7,8 hours. The line of apsides moved
westward at a rate of 12°/month (Longanecker and Hoffman, 1973).
I:i a series of papers published in the Journal of Geophysical Research (J.G.R.) 1973, vol.
78 (No. 22), the initial results of the December 1971 event were presented. In our analysis
only the data on proton measurements (Smith and Hoffman, 1973) and the magnetic field
data (Cahill, Jr., 1973) will be used.
The main problem in analyzing satellite data is the fact that the measurements only give
snapshots of the magnetosphere both in space and time. The interpretation of these data
should be done very carefully.
Smith and Hoffman (1973) gave the results of proton measurements in the energy range
1 -138 keV for a series of orbits of Explorer 45 before, during and after the December 17,1971
magnetic storm. In fact two storms occurred in succession. The first one started with a s.s.c. at
1904 hours U.T. on December 16, 1971. However, no significant main phase developed after
this commencement. A second s.s.c. was observed at 1418 hours U.T. on December 17,1971.
The main phase developed rapidly and asymmetrically. This particular storm will be analyzed
here.
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From the energy density measured at a certain location in the magnetosphere the current
density due to gradient and curvature drifting protons can be calculated. The general formula
(Crooker and Siscoe, 1974) for this current density in the equatorial plane is
3 e a 2 r | k+3
j=

,. . . . .
( a 3)(k-l)/2

ME
k+2
e being the energy density, ME the magnetic dipole moment of the earth, arE the distance
from the earth and k being the exponent of the pitch angle distribution, which is assumed to
be given by sink a.'in order to obtain the current density certain assumptions have to be made
regarding the extension of the current. Assuming a toroidal current and taking an isotropic
pitch angle distribution (k = 1) and a measured depression of the horizontal component of 160
nT and energy density of 2,7.10"^ J/m 3 at a distance of 3,7 rE for the diameter of the current
we find: 4,9 rE which is too large for formula (2.11) to be applicable as this formula has been
derived for a filamentary current.
Taking k = 3, as in chapter II and the same values as before we arrive at a current diameter
of only 0,7 r E . From these results we conclude that measurements on pitch angle distribution
are very important.
The location of the ring current can be derived from the maximum difference in energy
density measured during the disturbance (orbit 101 on December 17, 1971) and one during
magnetic quietness (orbit 97 on December 16, 1971). We assume that this maximum is the
signature of the ring current location. For the out- and inbound phase of orbit 101 which
started after the s.s.c. at 1418 hours U.T. on December 17,1971 we derived two locations of
the ring current, viz.: outbound at a = 4,2 and inbound at a = 3,1.
From this we find that the ring current moved inward during the event. This inw^u motion
was also pointed out for the April 1, 1973 magnetic storm by Debrunner and Fluckiger
(1976).
To check the assumption that the maximum difference in energy density is the signature of
the ring current location we also analyzed the magnetic field data measured with Explorer 45.
These data were provided by Cahill, Jr. (1973). The analysis yielded the location of the ring
current at a = 4,2 on the outbound and at a = 3,2 on the inbound phase of orbit 101. The two
sets of data corroborate to a fair degree.
From the energy density profiles versus the location of the satellite the moments of strong
proton injection can be found. They appear as spikes or bumps on the generally smooth
profiles. These injections can appreciably enlarge the sector width of the partial ring current if
the injection rate is larger than the loss rate of the protons.
Satellite measurements from OGO-3 during the July 1966 magnetic storm (Frank,
1967) in general agree with the Explorer 45 measurements. The quiet time ring current was
found to be located at a = 6-7, the main phase ring current at a = 3-4. During the recovery
phase the ring current moved outward to a = 4-5. In the post-storm phase the maximum energy
density was observed again at a = 6-7.
With the Explorer 45 no measurements of the quiet time ring current can be made as the
satellite is always underneath the region where this current is flowing.
As we already pointed out in chapter II it is possible in principle to derive both the radius
and the intensity of the ring current from cosmic ray data using the Treiman theory. A
comparison of the radius of the ring current derived in this way from the Explorer 45 data for
the December 17, 1971 event will be given in Debrunner et al. (1978).
As only for the December 17, 1971 storm satellite data are at our disposal it is impossible to
give clues from these data for the other events. However, if one assumes the location of the
ring current not to vary drastically from event to event a general estimate of the energy density
can be made from the measured AB values and from those derived from the cutoff rigidity
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variations. As already has been pointed out certain assumptions as to the pitch angle
distribution of the storm particles also have to be made.
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CHAPTER VII

Conclusions
In this thesis cutoff rigidity variations during twenty geomagnetic storms have been studied.
The aim was to find out the importance of the partial ring currents for explaining these variations.
From the analysis we arrive at the conclusion that cutoff changes occur only during the
asymmetric phase of the magnetic storms. As soon as the symmetric phase begins the changes
in cutoff rigidity disappear.
The largest variations are observed when the cosmic ray observatory is underneath the
partial ring current during its build-up phase, which is located in the afternoon-midnight sector
of the magnetosphere.
A strong correlation exists between the magnitude of ARC at Jungfraujoch and the
magnitude of the H component variations of both Hermanus and San Juan.
However, many problems are still unsolved, which implies a need for further study. For
instance the absence of cutoff changes during the April 1970 storm is puzzling. The
development was rather slow but asymmetric, while Jungfraujoch was located in the
favourable afternoon-midnight sector. Probably the growth rate of the main phase plays an
important part in the occurrence of cutoff rigidity variations.
Some small ARC values were found when the cosmic ray station was located outside the
afternoon-midnight sector.
The Treiman theory on the influence of ring currents on cosmic ray intensities was developed for symmetric currents. However, this analysis has shown that only asymmetric ring currents can produce the observed changes.
A theoretical derivation of cutoff rigidity variations during asymmetric conditions would be
very useful because the Treiman theory is a strong tool to derive both the intensity and
location of the ring current from cosmic ray data.
Model calculations on cosmic ray particle trajectories in the asymmetrically disturbed
geomagnetic field would be helpful to arrive at the physical mechanism responsible for the
cutoff rigidity variations.
As partial ring currents are closed via field-aligned and ionospheric currents the influence of
the field-aligned currents in originating cutoff rigidity changes should be studied in detail.
Fukushima and Kamide (1973) already pointed out the importance of the variation of the
horizontal component H due to these currents. Insight in the intensity of the field-aligned
currents may be obtained from observations of magnetic field variations at high-latitude
stations where strong ionospheric currents may flow. Special magnetic indices (the AE-indices,
Davis and Sugiura, 1966) have been defined as an indication of the strength of these currents.
In this analysis it is shown that it is impossible to derive conclusions on the variation in
width and time of the partial ring current from cosmic ray data. This is due to the fact that the
cosmic ray observatories are not favourably distributed over the earth. As was pointed out,
well separated stations both in latitude and longitude are needed in order to cany out an
accurate analysis of the influence of partial ring currents on cutoff rigidity variations.
However, as nowadays more and more cosmic ray observatories are closed down, it seems an
utopic wish to have a well distributed network of stations.
It is to be hoped that the joint efforts during the International Magnetospheric Study will
bring many of unsolved magnetospheric processes to a solution. In particular the double
satellite system ('Mother-Daughter' Mission) together with the already orbiting synchronous
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and other satellites will give valuable infonnation concerning the ring current build-up during
the main phase of magnetic storms (Durney, 1977).
This mission will also be able to shed more light onto the acceleration processes responsible
for energetic proton injection from the magnetotail region during substorm activity.
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Summary
After a short introduction on cosmic ray modulation a description is presented of the magnetosphere, and of some physical processes occurring within its boundaries.
A geomagnetic storm is one of the most violent phenomena in the magnetosphere. During
the development phase of the storm the horizontal component of the geomagnetic field may
decrease appreciably in strength. This component together with the other components is
measured continuously at the magnetic observatories spread all over the earth. The decrease
in strength of the horizontal component is due to a westward flowing ring current in the
equatorial plane.
In general the development phase is not symmetric, the decrease of the horizontal
component being largest at stations located in the late afternoon-midnight sector. It is thought
that simultaneously with a symmetric ring current an asymmetric or partial ring current builds
up in the late afternoon-midnight sector.
Treiman developed a theory for calculating the influence of symmetric ring currents on the
cosmic ray intensity measured on earth. A summary and the results of this calculation is given.
In this thesis we analyse 20 geomagnetic storms together with the cosmic ray intensities
during these storms as measured by Neutron Monitors. Using a semi-empirical method, the
variations in the magnetic cutoff rigidity for the mountain stations Pic du Midi and Jungfraujoch are deduced. These stations are the most sensitive for measuring these variations.
The analysis shows that all analyzed storms have an asymmetric development phase. Often
the asymmetry even continues during part of the recovery phase.
It is shown that variations in magnetic cutoff rigidity occur only during the asymmetric
phase of the storm. The largest variations are found when the cosmic ray station is located in
the late afternoon-midnight sector.

Samenvatting
Na een korte behandeling van de verschillende tijdvariaties in de kosmische straling wordt
een beschrijving van de magnetospheer en enkele hierin optredende physische processen
gegeven.
Een van de meest spectaculaire gebeurtenissen is de magnetische storm. Deze openbaart zich
in de regel door een kleine toename gevolgd door een zeer grote afname van de horizontale
component van het aard-magnetische veld, waarvan continu metingen gedaan worden in de
magnetische stations verspreid over de hele aarde. Deze afname van de horizontale component
wordt veroorzaakt door een in het aequator vlak W-waarts lopende ringstroom op een afstand
van enkele aardstralen.
Het is uit metingen gebleken, dat behalve een symmetrische ringstroom tegelijk ook een
asymmetrische of partiele ringstroom ontstaat, welke in de late middag-middernacht sector
loopt. Deze partiele ringstroom is in het algemeen slechts in de ontwikkelingsphase van de
storm aanwezig, hoewel de asymmetrie soms nog tot ver in de herstelphase kan voortduren.
In 1953 is door Treiman de invloed van symmetrische ringstromen op de kosmische
stralingsintensiteit zoals gemeten op aarde theoretisch afgeleid. In het bijzonder bepaaide hij de
hierbij optredende verandering van de magnetische afsnijd-stijfheid. De resultaten van deze
berekening worden kort samengevat.
In dit proefschrift zijn 20 aard-magnetische stormen en de door Neutronen Monitoren
tijdens deze stormen gemeten kosmische stralingsintensiteiten onderzocht. Via een semiempirische methode is voor de bergstations Pic du Midi en Jungfraujoch de gemeten
verandering in de magnetische afsnijd-stijfheid bepaald. De metingen van deze stations zijn het
meest gevoelig voor deze veranderingen.
Uit de analyse blijkt dat iedere storm een asymmetrische ontwikkelingsphase heeft en dat er
slechts gedurende de tijd, waarin een partiele ringstroom loopt, een verlaging van de
stijfheid optreedt. De grootste velagingen worden gemeten als het kosmische stralingsstation in
de middag-middernacht sector ligt.
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