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CHAPTERR I 

Introduction n 

1.11 TIME VARIATIONS 

Timee 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. 

Thee 11-year variation (for a comprehensive review see Moraal. 1976) is governed by the 
solarr 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 
maximumm in sunspot numbers falling about 3-4 years after the sunspot minimum. The number 
thenn 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/secc and a density of 107 n rJ, together with plasma streams from active regions, a magnetic 
barrierr is built up at a distance where the energy density of the plasma flow equals the energy 
densityy of the galactic magnetic field. In this way a cavity around the sun is formed. The radius 
off  this cavity is thought to vary from about 5 A.U. during solar minimum to about 50 A.U. 
duringg solar maximum (Wang, 1970). 1 A.U. is the mean sun — earth distance = 1,5.10' ' m. 
Thiss barrier screens the solar cavity from the low-energy part of the galactic cosmic rays. 

Thee 27-day variation is produced by the solar rotation, and is due to the passage of a region 
onn the solar surface of long-lasting activity. From this region a continuous, enhanced plasma 
floww blows into interplanetary space, its magnetic roots remaining attached to the sun. The 
volumee of the interplanetary space occupied by this plasma stream is screened from low-energy 
cosmicc rays by frozen-in magnetic fields (for a review see Lockwood, 1971). 

Thee daily variation is due to that low-energy part of the galactic cosmic rays, that is 
capturedd in the interplanetary magnetic field, thus corotating with the sun. It is a rather small 
variationn with an amplitude of about 0,4%. The maximum is normally reached at about 1800 
hourss Local Time (L.T.), the minimum at about 0600 hours L.T. (for a review see Pomerantz 
andd Duggal, 1971). This delay with respect to solar culmination is due to the fact that in inter-
planetaryy space the magnetic field lines are spiral-shaped, as a consequence of the solar 
rotationn ('garden-hose effect'). 

Forbushh Decreases, first discovered by the cosmic ray pioneer whose name they bear, arc 
depressionss 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-2.106 m/sec 
ejectedd during the Hare. These dense clouds carry a frozen-in magnetic field with them. When 
thee earth is immersed in this cloud again a screening of part of the galactic cosmic rays results 
(forr a comprehensive review see Lockwood, 1971). 

Finally,, solar flare increases may follow a large chromospheric eruption during which 
relativisticc particles are ejected from the sun. They manifest themselves through an increase in 
cosmicc ray intensity measured on earth and in interplanetary space. The most prominent event 
off  this kind occurred in February 1956 when an increase of about 2400% was measured at 
highh latitude stations. (Recent advances in solar flare particle research can be found in the 
Proceedingss of the International Cosmic Ray Conferences.) 
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1.22 COSMIC RAY MEASUREMENTS 

Cosmicc ray intensity is continuously measured on earth with three standard instruments: 
Thee IGY and IQSY Neutron Monitor and the standard cubical Meson Telescope. 

Att different stations all these instruments have a standard construction thanks to an 
internationall  agreement between cosmic ray scientists. A complete description of these 
instrumentss is given for the International Geophysical Year (IGY) monitor in Simpson et ah 
(1953),, and for the International Quiet Sun Year (IQSY) monitor and Meson Telescope in the 
IQSYY Instruction Manual No. 7 by Carmichael (1964). 

Thee neutron monitor is best suited to measure the low-energy band 1-50 GeV of the galactic 
cosmicc rays, whereas the meson telescope is applied to the higher energy band 20-100 GeV. 
Itt is not easy to make absolute measurements with these instruments. In cosmic ray research 
onee generally only measures relative variations in the radiation. 

Onee of the main problems in interpreting the results is the way in which the measured 
variationss are correlated with the real variations in the primary cosmic ray intensity. Through 
nuclearr interactions in the atmosphere, beginning at an altitude of about 5.104 m, the primary 
radiationn is completely transformed into secondary radiation before reaching the earth. The 
linkk between them is made with yield- or coupling functions which can be determined either 
experimentallyy (e.g. Quenby and Webber, 1959) or theoretically (e.g. Debrunner and 
Flückiger,, 1971). Unfortunately, neither of the methods are precise enough to cope with the 
problemm very accurately. 

Duee to the geomagnetic field, operating as a magnetic spectrometer, the measured cosmic ray 
intensityy varies as a function of the location on earth. Going from the equator to higher 
latitudess the intensity is increasing steadily up to the so-called knee latitude region from where 
onn the intensity remains constant. 

Experimentallyy derived yield functions are obtained from measurements with a mobile 
monitorr during latitude surveys. The best results are from a latitude survey along one single 
meridiann 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 
cutofff  rigidity the differential response curve is obtained. With the known primary galactic 
cosmicc ray spectrum, measured for instance with balloon-borne instruments at the top of the 
atmospheree or with satellites, the yield function can be calculated. 

Thee counting rate of a cosmic ray intensity recording instrument can be written as: 

N(h,RL )" /°°S(R).^(R)dR R 

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

( T ' ] R tt -s<R«>.*pfR«,. 

Withh the known function ^p (R) the yield function S(R) is calculated. 
Theoreticall  yield functions are computed by Monte Carlo methods. In these calculations 

onee uses for the atmospheric nuclear interactions data obtained from accelerator experiments. 
Thesee calculations were performed by several authors, and the agreement between the 
theoreticallyy and the experimentally derived yield functions is rather good. 
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1.33 GEOMAGNETIC STORMS 

Onee of the cosmic ray modulations, the Forbush Decrease, generally coincides with a geo-
magneticc storm. Such a storm manifests itself through a worldwide disturbance in the geomag-
neticc field. For a comparison of the storm effects between the different magnetic observatories 
onee generally uses the horizontal component H of the geomagnetic field. 

Threee phases may be distinguished during a magnetic storm: the sudden commencement, 
thee main phase and the recovery phase. 

Duee to the action of the solar wind the magnetic field of the earth is confined to a cavity, 
thee so-called magnetosphere, which extends to a few earth radii, r{. , in the solar direction and 
hass a very long tail stretching beyond the orbit of the moon in the anti-solar direction. Because 
thee solar wind is blowing with a large velocity the earth magnetic field will be an obstacle in 
thee plasma flow around which a bow shock will form. Through this shock layer the solar wind 
plasmaa is deflected, slowed down and heated such that it can flow around the above 
mentionedd cavity. The region between the bow shock and the magnetosphere proper is called 
thee magnetosheath; here the plasma is in general in a turbulent state. Between the magneto-
sheathh and the magnetosphere is the magnetopause, where the magnetic field becomes ordered 
andd begins to dominate the motions of the charged particles. 

Thee storm sudden commencement, which manifests itself in a small increase of the 
horizontall  component H, is due to a compression of the magnetosphere by the high-velocity 
plasmaa stream. 

AA short time, the initial phase, after this sudden commencement the main phase of the geo-
magneticc storm sets in. During this phase an equatorial ring current builds up around the earth 
att a distance of about 3-5 ri : 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 
protonss are injected from the magnetotail during a succession of substorms occurring during 
thee initial phase (e.g. Akasofu, 1968). 

Inn general the building up of the ring current is asymmetric beginning in the afternoon-mid-
nightt sector due to the westwards drifting protons. The largest decrease in H is measured at the 
magneticc observatories located in this sector (Akasofu and Chapman, 1964). With the help of 
satellitess the existence of this asymmetric or also called partial ring current, closing via field-
alignedd and eastward ionospheric currents, has been proven (Frank, 1970). 

Thee recovery phase of the storm in which the horizontal component gradually returns to its 
pre-stormm value may last several days. In this phase the ring current decays through different 
physicall  processes as for instance charge exchange and pitch angle diffusion. 

1.44 MAGNETIC CUTOFF RIGIDITIES 

Thee latitude effect, mentioned before, by which the corpuscular character of the cosmic 
radiationn was discovered (Clay, 1934) can be explained by studying the motion of charged 
particless in magnetic fields. Stormer, in an attempt to explain auroras, was the first to perform 
thesee calculations approximating the earth magnetic field by a dipole field. With this method, 
inn 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 
definedd as the rigidity below which no allowed orbits are found. 

Thee main cone cutoff rigidity for a cosmic ray observing station is the rigidity above which 
noo forbidden trajectories are found. 

Betweenn these two cones of acceptance some orbits are allowed while others are not. This 
regionn is called the penumbra. 
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Thee effective magnetic cutoff rigidity is defined as 

R cc = R m ! / k m d R ! 

Uss ) allowed 
wheree Rm is the main cone cutoff rigidity and Rs the Stormer cone cutoff rigidity (Shea et al.. 
11 965). All cosmic ray intensity measurements are based on this effective cutoff rigidity for the 
differentt observatories. 

Iff  the field outside the earth is curl free, a magnetic potential may be defined unambigu-
ouslyy and can be expanded in spherical harmonics: 

oooo o 

A(r.. ©. 0 ) = a Ï X (gm cos m $ + hm sin m^ ) Pm (cos 0) (-) n + 

nn ti n r 
nFOm=0 0 

wheree g™ and \\ are the Gauss coefficients, P™ (cos 0) the partly normalized Legendre 
functionss and a the average radius of the earth (Chapman and Bartels, 1951). 

Forr the calculation of the effective cutoff rigidity such a field expansion is used up to the 
sixthh harmonic. Different field models may be used (Finch and Leaton, 1957; Jensen and Cain, 
1962).. Thanks to the modem computers these sophisticated calculations can be performed to 
aa high degree of accuracy. 

Forr the 1QSY a handbook of effective cutoff rigidities for all operating cosmic ray stations 
wass issued (MeCracken et al., 1965). These values may also be called the quiet-time cutoff 
rigiditiesrigidities as they were calculated for an undisturbed earth magnetic field. 

1.55 RING CURRENTS AND MAGNETIC CUTOFF RIGIDITIES 

Ringg 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 
parallell  to the geomagnetic field. As a Forbush decrease often coincides with a magnetic storm 
(Yoshidaa and Akasofu, 1966) the first explanation of the mechanism of this decrease was 
soughtt in the increased strength of the geomagnetic field outside of the ring current. However, 
trajectoryy calculations showed that the field-strength near the earth plays the most important 
rolee for the orbit of charged particles and therefore, ring currents would lead to an increase 
ratherr than a decrease of the cosmic ray intensities. Furthermore, since the satellite era it has 
beenn definitely established that a Forbush decrease is an interplanetary effect whereas a 
magneticc storm is a planetary phenomenon. 

AA decrease in magnetic cutoff rigidity manifests itself in a simultaneous increase in cosmic 
rayy intensity measured on earth. During some magnetic storms a lowering of the effective 
cutofff  rigidity has been observed at balloon altitudes. During the main phase of a geomagnetic 
stormm balloon measurements over Minneapolis (Rc = 1,2 GV) showed an anomalous increase 
inn particle intensity suggesting a lowering of the cutoff rigidity to less than 0,5 GV (Kellogg 
andd Winckler, 1961a). Particularly Kellogg and Winckler reported comprehensively at the 
Kyotoo Conference on Cosmic Rays and Farth Storms (1961b) on reductions of the cutoff 
rigidityy at Minneapolis during the main phase of several magnetic storms. On eleven occasions 
thee particle intensity increased at balloon altitudes. 

Withh riometers at relatively low-latitude stations an increase in cosmic noise absorption was 
alsoo measured during the main phase of a geomagnetic storm due to an enhanced influx of low 
energyy protons (20-200 MeV)(Reid and Leinbach, 1959). 

Withh satellites orbiting near the earth decreases in cutoff rigidities have been measured 
duringg magnetic storms (Pieper et al.. 1962). 
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Att ground level several cutoff rigidity changes have been measured in the past (Kondo et al., 
1959;; Hatton and Marsden, 1962; Wada, 1967; Wol f son et a l. 1967; Nobles and Wolfson, 
1968;; Yoshida et al.. 1968; Akasofu ct al., 1969; Louis, 1972; Aldagorova et al.. 1973; 
Agrawaletal... 1974; Flückiger et al., 1975). 

Hattonn and Marsden (1962) were the first ones to point out the asymmetry in cutoff 
rigidityrigidity  changes during the November I960 solar proton event and associated storms. 

1.66 OUTLINE OF THE THESIS 

Thee purpose of this thesis is to study the effects of the asymmetric or partial ring current on 
thee cosmic ray intensities on earth, in particular at the mountain station Jungfraujoch, Swit-
zerland. . 

Inn chapter II the ring current theory is reviewed. Possible influences on cosmic ray 
intensitiess will be studied. 

Chapterr III is devoted to the method of analysis of the various events together with the 
estimatedd accuracies. 

Chapterr IV is a reprint of a paper presented at the 14th International Cosmic Ray 
Conferencee held in Munich, 1975, on theoretically derived cutoff variations during the 
Septemberr 1974 magnetic storm. This paper was written in cooperation with the staff 
memberss of the cosmic ray groups at the Universities of Bern and Kiel. 

Inn chapter V a description of the individual events is given. 
Chapterr VI is devoted to the interpretation of the results with special emphasis on the 

Decemberr 1971 event. 
Finally,, chapter VII contains the conclusions obtained during this research. 
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CHAPTERR II 

Ringg current theories and related problems 

2.11 INTRODUCTION 

Inn this chapter a summary of ring current theories will be given. Using satellite data some 
simplee calculations of the magnitude of these currents will be made. The effects of ring cur-
rentss on the magnetic field measured on the earth will be treated. With known field variations 
modell  calculations on magnetic cutoff rigidity changes will be carried out. Finally, con-
siderationss on the effects of the partial ring current will be given. 

2.22 THE MAGNETOSPHERE AND MAGNETOSPHERICSTORMS 

Too get an idea of the physical processes going on in the magnetosphere during a geomagnetic 
storm,, though not very well understood up to now. we will first give a brief description of the 
presentlyy accepted model of the magnetosphere. 

Inn figure 2.1 a schematic noon-midnight meridian cross-section of the terrestrial magneto-
spheree is reproduced from a paper by Russell (1975). 

Interplanetaryy Medium 

Solarr Wind 

Plasmasphere e 

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

Ass 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 influen-
cee on the motion of charged particles. The shape and position of the magnetopause will be 
modifiedd due to enhanced solar wind streams (e.g. Massey, 1964). 

Withinn the magnetosphere different characteristic regions can be distinguished. The plas-
maspheree is a region of relatively cold plasma corotating with the earth and also containing the 
Vann Allen or radiation belts. These belts are characterized by the presence of very energetic 
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chargedd particles. However, as the density of these particles is rather small practically no inter-
actionn with the cold plasma will occur. The plasmasphere extends to about 5 i). in the equa-
toriall  plane and may be asymmetric due to the general asymmetry of the magnetosphere. 

Onn the day-side magnetosphere two areas can be distinguished where magnetic field lines 
touchh the magnetopause. The places of contact are generally referred to as neutral points since 
thee magnetic field is very small there (Kavanagh. 1972). The regions where the field lines touch 
thee magnetopause are called polar cusps. As practically no magnetic barrier exists all charged 
particless can freely penetrate into these regions. 

Thee plasmasheet is a region of hot teneous plasma extending far out into the magnetotail. 
Itt is located around the neutral sheet in which magnetic field reversal takes place. The plasma-
sheett is modified considerably during magnetospheric substorms. 

Accordingg to Akasofu (1968) a magnetospheric substorm is defined as a transient phenome-
nonn in the magnetosphere. Owing to the passage of an interplanetary shock wave a sudden 
compressionn of the magnetosphere takes place. This compression is often followed by succes-
sivee occurrences of explosive processes within the magnetosphere. The lifetime of these proces-
sess is 1-3 hours. During a magnetic storm several of these substorms occur so we may write: 

Magnetosphericc storm = compression + Ï magnetospheric substorms. 

Forr a real magnetic storm to occur the time intervals between magnetospheric substorms 
mustt be sufficiently small such that the protons in the ring current region can accumulate to 
buildd up a large ring current. In this way the main phase of the storm develops. Figure 2.2 
showss a schematic diagram for the build-up phase (Akasofu, 1968). 
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Fig.. 2.2. Schematic diagram showing how the occurrence frequency and intensity of magnetospheric sub-
stormss are related to the total population (or the total kinetic energy) of the protons of energies 
1 - 100 keV in the trapping region. Used by permission D. Reidel Publ. Co. 



Thee physical process of a substorm is not yet completely understood, in particular the 
accelerationn mechanism involved. 

Thee interplanetary field has a sector structure in the ecliptic plane. In general four sectors 
aree present (Ness. 1967) two with magnetic field direction towards the sun and two with field 
directionn away from the sun. The sizes of the sectors are not identical. Apart from the radial 
fieldd direction the interplanetary field has a component B| perpendicular to the ecliptic plane 
ass well. This component may be either north- or southward directed. In his open field model 
Dungeyy (1963) proposed a mechanism of the interaction of this perpendicular component 
withh the geomagnetic field. In figure 2.3 (Dungey. 1963) a schematic diagram of this interac-
tionn is shown. 

InterplanetaryInterplanetary Field Southward 

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 
lengthh of the tail nor the magnitude of the magnetic field normal to the magnctopause. Arrows illus-
tratee plasma flow directions. Taken from a paper by Russell (1975). Used by permission I). Rcidel 
Publ.Co. . 

Whenn the interplanetary field has a northward direction the interaction mechanism adds 
magneticc flux to the day-side of the magnetosphere and removes flux from the tail. The mag-
netospheree is in the ground state then (Akasofu and Kamide. 1976). 

Whenn the perpendicular component B| turns southward an eroding effect begins at the nose 
off  the magnetosphere. The magnctopause moves inward and the disconnected field lines be-
comee draped behind the earth thus forming a stronger tail field. 

Ass the solar wind is streaming with a certain velocity vsu. a dawn-dusk electric field E = 
v s wx B || is formed across the magnetosphere. With a solar wind velocity of 1 O6 m/sec and B( 

== 5 nT this electric field has a strength of 5.10"3 V/m. 
Duee to this electric field a convective motion of charged particles in the direction of the 

FF \ R 
earthh begins in the magnetotail. The convective velocity wil l be v = — —̂; B being the local 

D " " 

earth'ss magnetic field. 
Whenn these convected charged particles come closer to the earth a drift motion due to the 

inhomogeneityy of the field wil l start. Protons drift westward, electrons eastward. 
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Thee now slowly evolving picture of a magnetic storm starts with a southward turning of the 
interplanetaryy 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 Bj_ required 
forr the onset of a magnetic storm is at least 5 nT. They also concluded that the dawn-dusk 
electricc field must be larger than 2.1CT3 V/m before injection of energy in the ring current 
starts. . 

Ass the eroding effect starts the magnetic pressure beyond the earth will increase resulting in 
aa thinning of the plasmashect. Figure 2.4 gives a summary of the magnetospheric changes 
(Russell.. 1975). 

l ig .. 2.4. Summary of the magnetospheric changes observed during the growth phase of substorms. Used by 
permissionn D. Reidel Publ. Co. 

Inn the plasmashect the plasma is convected earthward forming the ring current at about 3-5 
rEE distance from the earth in the equatorial plane. The main phase starts when the ring current 
beginss to develop. As protons play the most important role (Frank, 1967) a possible asym-
metryy is always located in the afternoon-midnight sector. 

Afterr this brief qualitative description of magnetic storms the ring current theories will be 
reviewed. . 

2.33 PARTICLE DRIFT MOTIONS 

Forr the drift velocity of a charged particle due to magnetic field inhomogencities, the gradient 
drift,, can be written (e.g. cf. Roederer. 1970) 

2 2 

vGG = - I - B x v B (2 .1) 
2qB3 3 

wheree in is the mass, q the charge of the particle, v̂  its velocity perpendicular to the magnetic 
fieldd B. The simplest model calculation of the ring current density can be made by assuming 
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thee presence of only 90° pitch angle protons. The strength of the geomagnetic dipole field 
variess with distance as r"3, so equation (2.1) yields 

,, 2 2 3mvv r 
vGG = — T (2.2) 

2qBErE E 

wheree r is the distance of the drifting particle from the earth in the equatorial plane and BE 
thee magnetic field strength at the equator. 

Assumingg a density of n protons/m3 a current density j G results 

JG== nqvG = —- ( 2.3) 
Bcr r ErE E 

ee being the kinetic energy density of the protons. 

Duringg the December 1971 magnetic storm satellite measurements of the ring current par-
ticless have been made with Explorer 45 (Smith and Hoffman, 1973). At r = 3,6 rE an energy 
densityy of 3,5.10"8 J/m*3 was found. This results in a ring current density with the assumptions 
madee above: j G = 6,88.10"9 A/m2, which is rather low as will be shown later. 

Forr a more realistic calculation of the ring current density one also has to take into account 
thee 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). 

Thee total drift current density is: 

Jdr=^-- B x v B + 4 - S - (2-4> 
B 33 p2

c B 2 

 2 2 

pnn = vinmv|, ps = nmv// the particle pressures perpendicular respectively parallel B, pc is the 
radiuss of curvature of the magnetic field line. 2 

00 mvi 

Thee magnetic moment of a charged particle in a magnetic field B is M = — —- B so the dia-
magneticc current density is given by 2B 

j d i aa = vxnM = - v x — B (2.5) 
BJ J 

Thee total current density is 

Pnn - Ps „ B x v pn 
JJ = Jdr + Jdia = -^~2~ B x ^ c +

 D 2 (2 .6) 
DD Pc B3 

Takingg a pitch angle distribution proportional to sin pa and a gaussian velocity distribution 
Akasofuu (1966) calculated the magnetic field strength produced by a ring current as a function 
off  the distance from the earth. The results are shown in figure 2.5. The parameters used were 
j33 = 3, as measured with satellites, the velocity distribution peak at r = 3 rL. and an energy 
densityy of 9,6.10"7 J/m3. 
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Fig.. 2.5. The magnetic field B produced by a ring current (Akasofu, 1966). See text for parameters. Used by 
permissionn D. Reidel Publ. Co. 

2.44 MAGNETIC FIELD OF A RING CURRENT 

Assumingg a ring current I at a certain distance arE in the equatorial plane of the earth, its 
effectt on the horizontal component of the geomagnetic field can be calculated. Cylindrical 
coordinatess wil l be used. Figure 2.6 shows the configuration: Q is the projection of P on the 
planee of the ring current. In this case A r = A2 = O (e.g. Landau and Lifshitz, 1960). 

Fig.. 2.6. Configuration for the calculation of the magnetic field B7 at P for a ring current with radius arE. 
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M«« cos ŝ  Mo 77 ar..- cos ^ d^ 
AA . = — I § dl =— 1 ƒ 

4TTT R 2TT2TT O' ƒ (a2 r2 + r2 + z2 — 2arl.-r cos </>) 
2.7 7 

w w itl ii  ar, as the radius of the ring current. Substituting 0 = Vi{$ n) equation (2.7) gives: 

Mnn k ar. . 

withh k2 

A - - -- ? ^ ( — ) ƒ 

4arEr r 

dfl l 

/ ( 1 - k 22 sin2t9 
2 / / 

TT/22 sin2 I? di? 

ƒ ( ! -- k2sin2<?) 
(2.8) ) 

Substitutingg K = ƒ 

(ar,,, f r)2 + z2 

n/2n/2 dd TT/2 2 
andd E- ƒ / ( l - ^ s i n 2 ^ ) ™ 

ƒƒ (1 -k2s in2#) 

thee complete elliptic integrals of the first and second kind, repectively, we finally arrive at: 

A A 
M00 I ar, 

yy J( - )( (1 - v>k2) K - E ) 
i ii  k r 

(2.9 9 

11 '\ 
Usingg B = (rA^) equation (2.9) gives for the magnetic field strength at P: 

rr ör y 

BB M p I 1 " - 2 ' ' 
ZZ ~ ii  2 / ( ( a r E + vV + z2) ' (ar,. r)2 + z2 

a'' rf. - r - z' 
(KK + —E E) 2.10) ) 

Att the equator on earth : z = 0 and r = rE , so equation (2.10) reduces to 

„„ Mo 1 K E 
B77 = — — - ( + - ) 

nn 2rE a + 1 a — 1 

AA plot of equation (2.11) with I = 1 06 A is given in figure 2.7. 

(2.11 1 

Fig.. 2.7. The horizontal component B7 of the magnetic field at the equator for a symmetric ring current 
inn the equatorial plane as a function of the distance aq from the earth. The current intensity is 
II  = 106 A. 
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Usingg the same satellite data as before : a - 3,6, the measured depression of the horizontal 
componentt at that time being 65 nT, equation (2.1 1) gives for the ring current a value of I = 
2,24.1066 A, in fair agreement with values given in the literature (e.g. Fukushima and Kamide, 
1973). . 

Inn applying equation (2.11) one must be very careful as the derivation is based on a filamen-
taryy current. 

2.55 TREIMAN THEORY 

Nextt the effect of such an extra field on the cosmic ray intensity measured on earth must be 
calculatedd (Treiman. 1953). 

Forr a charged particle with momentum p and charge q moving in an axially symmetric mag-
neticc field with a vector potential A independent of the azimuthal angles an integral of 
motionn is: 

prcoss X sin X + Aqrcos X = constant (2.12) 

(e.g.. cf. Rossi and Oibert, 1970) 

wheree r is the distance of the particle from the origin of the coordinate system (in our case 
thee earth's center), X is the latitude and X is the angle between the velocity vector and its pro-
jectionn on the meridian plane.  ̂ c os ^ 

Forr the magnetic dipole field of the earth holds: A r = —-—-— (2.13) 
r2 2 

M rr being the magnetic moment of the earth. 
Withh the assumption that the cross section of the current is small compared with arr two 

casess can be distinguished for a ring current with magnetic moment M rc, viz.: 

Mr,,rcoss X 
Arcc = — fo r r< arF (2.14) 

(arrr )3 

and d 

M rccoss X 
ArL.. =—- for r> arL (2.15) 

r r 

wheree the index re denotes the ring current. 
Replacingg the ring current by a current sheet with a current density proportional to cos A 

thesee equations hold for all values of r. We shall, however, also indicate such a current as a 
'ringg current'. 

Introducingg as the dimensionless St0rmer variable: 

(2.16) ) 
qMLL ' \ n M , . / / 

thee radius of the earth will be: 

andd the ring current radius will be: 

Dl = r ,(-r y' /22 e n, 

// P \ '/z 

\qM|:/ / 
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Equationn (2.12) together with the equations (2.13), (2.14), (2.15), (2.16), (2.17) and (2.18) 
gives: : 

cos22 X cos'2 X 
DcosXsinxx + + KD2 = constant for D < D,. (2.19) 

DD DJ
a 

and d 

cos''' X 
Dcoss X sin x + (1+K) = constant for D > D, (2.20) 

D D 
Mrt. . 

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

thee minimum momentum pv for a particle to reach the earth from the vertical direction: 

pvv =-— cos4X ( Uv -(4cos"6X - l ) 2M r c / a3 j for cos2 X> 2/a (2.21) 
4rJ:: \ > 

and d 

pvv = -Q
y cos4X [ Mt.; ( l -2/aJ)M r c }  for cos2 X < 2/a (2.22) 

pc c 
Thee magnetic rigidity R of a particle with momentum p and charge q is defined by R = — < 

cc being the velocity of light. In the undisturbed earth magnetic dipole field the Stormer cutoff 
rigidityrigidity  Rsv for particles arriving from zenith is given by 

cMrr cos4 X 
Rsvv = — = 14,9 cos4X GV 

r[;; 4 
ass 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 
momentt Mrt, equations (2.21) and (2.22) give the cutoff rigidity values 

ii  2 M r c 
11 1 _ f 4r* r»c- 6 Tk - n 

k k 
R;vv = Rsv 1 - (4cos"6X -1) forcos2X > 2/a (2.23) 

ll  Mt : a3 ' 

and d 

M M 
KK = Rsv {  1 - O - 2/a3> - - }  for cos2 X < 2/a (2.24) 

M,, , „ 2Mrc 
Withh Bi = — and Brc =—— equations (2.23) and (2.24) yield for the cutoff variations 

33 3 

aa q. 
Brc c 

ARSVV = R;v - Rsv = Rsv (4cos"6X - 1) - - for cos2 X > 2/a (2.25) 
Bl--

i j j 

ARÏVV = R;V - R S V = R,V (a3/2 - 1 ) -— for cos2 X < 2/a (2.26) 
B i : : 

lsvv  iXsv sv " s v 

AA plot of ARSV versus Rsv with Brc = 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 
sheett current magnetic field is 150nT. 

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

2.66 PARTIAL RING CURRENTS 

Soo far we only considered symmetric ring currents. As has already been known for a long time 
mostt of the magnetic storms show an asymmetric effect during the main phase. Looking again 
att the physical picture of the development of the main phase we note that protons drift west-
ward,, 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 magnetograms of the horizontal component 
att low latitude magnetic observatories. If a station is in this sector when a magnetic storm 
beginss a large decrease in the horizontal component is measured, while a station in the 
morningg sector registers only a small decrease of this component. 

Thee magnetic index Dst is a measure for the field-strength of the ring current. The definition 
4 4 

off  Dst is: Dst = !4 2 A Bj sec Xr where A B, is the variation of the horizontal component referred 
i== 1 

too a preceding magnetic quiet time and Xj the geomagnetic latitude of station i. To arrive at 
thiss index the mean values of the horizontal component from four low-latitude stations are 
calculated.. These stations are: Hermanns (19.23 E: 34,42 S). Kakioka (140,18 E; 36,23 N), 
Honoluluu (202.00 E; 21.32 N) and San Juan (293,85 E: 18,12 N). The locations are given in 
geographicc coordinates. 

Thee generally accepted physical picture of the storm development is that simultaneously 
withh the ring current, a partial ring current builds up in the afternoon-midnight sector. This 
asymmetricc ring current closes via field-aligned currents and an eastward electrojet in the polar 
ionosphere.. The field-aligned currents are also called Birkeland currents as Birkeland was the 
firstt who suggested these currents to exist. Field-aligned currents have been measured with sa-
tellitess (e.g. Kamide and Akasofu, 1976). The currents show a dependence on K the planeta-
ryy three hours average index of magnetic activity. The poleward flowing currents have a larger 
currentt density than the equatorward flowing currents. The measured current densities are of 
thee order of 10"6 A/m2 (Yasuhara et al., 1975). From this we conclude that our simple min-

16 6 



dedlyy calculated current density of 10"9 A/m2 is too low, as only a part of the current wil l 
floww in the form of field-aligned currents. 

Fukushimaa and Kamide (1973) gave a comprehensive review on partial ring currents and 
theirr 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. 
Ass new satellite data become available, more sophisticated current models of magnetospheric 
substormss and storms are being constructed (Kamide et al., 1976). 

Cummingss (1966) made the first model experiments on partial ring currents. Figure 2.9 
showss his model. He concluded that the asymmetry in the horizontal component at low lati-
tudess decays much more rapidly than the symmetric ring current field and that the drift of the 
asymmetryy is westward. 

22 2 

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

Takingg a current of 1 06 A at a distance r = 4rE from the equator, Fukushima and Kamide 
dissectedd with this model the contribution to A B of the three different currents, namely the 
partiall  ring current, the field-aligned currents and the eastward ionospheric current. They came 
too the conclusion that the Birkcland currents give the main contribution to the variation of the 
horizontall  component at the equator and the partial ring current contribution is about half of 
thatt of the field-aligned currents. 

Itt is to be hoped that the joint efforts during the International Magnetospheric Study (IMS) 
wil ll  clarify the problem of the partial ring current. 
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CHAPTERR II I 

Analysiss of the events 

3.11 INTRODUCTION 

Ass stated in the introduction the purpose of this thesis is to analyse in particular the effects 
off  the partial ring current on the cosmic ray intensity measured with neutron monitors. 
Mid-latitudee mountain stations are most sensitive to cutoff rigidity variations as can be 
deducedd from the latitude curve because the slope is practically constant there and steeper 
thann for sea level stations (figure 3.1). For this reason special attention will be paid to 
measurementss from Jungfraujoch (altitude 3550 m. mean airpressure 482 mm Hg, 8,00 E; 
45,600 N geogr.) and Pic du Midi (altitude 2860 m. mean airpressure 540 mm Hg, 0,25 E; 42,93 
NN geogr.). 

3.22 SELECTION OF THE EVENTS 

Forr the selection of the events the Dst index was examined starting with January 1970 till 
Aprill  1976. As indicated in chapter II the Dst index is a measure for the symmetric ring 
currentt strength. With one exception, only storms with Dsl > 100 nT were chosen. As is well 
knownn magnetic storms are often accompanied by a Forbush decrease. 

Forr the selected storms the cosmic ray intensity curves from Jungfraujoch and Pic du Midi 
weree examined. An increase in intensity during the beginning phase of the storm was noticed 
inn 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 
intensityy is largest in the polar region. A cutoff variation shows an 'anti-latitude' effect i.e. 
polarr stations are completely insensitive. 

>--

t?) ) 
Z Z 
ÜJ J 

900 0 

8 5 0 --

.. 8 0 0 -

7 5 0 --

Fig.3.1 1 

RR CGV ) 
c c 

Latitudee curves measured at sea level (A) and at an altitude of 680 gr/cm2 (B) (Carmichael and 
Bercovitch,, 1969). 
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AA total of 20 storms was chosen for the present analysis. A list of the events with the 
maximumm value of Dst is given in table III. I together with the times of the storm sudden 
commencementt (s.s.c). Table III.I I gives periods of analysis as well as the reference periods to 
bee defined later. 

Tablee III. I 

ListList of selected events 

Year r 

1970 0 

1970 0 
1970 0 
1970 0 
1970 0 
1970 0 

1971 1 
1971 1 

1972 2 
1972 2 
1972 2 
1972 2 

1973 3 
1973 3 

1974 4 
1974 4 
1974 4 

1975 5 

1976 6 
1976 6 

Mont h h 

March h 
Apri l l 

August t 

August t 
Octobe r r 
December r 

Apri l l 
December r 

June e 
August t 
Septembe r r 
November r 

Februar y y 
Apri l l 

Jul y y 
Septembe r r 
Octobe r r 

November r 

Januar y y 
Marc h h 

Day y 

08 8 
21 1 
08 8 
17 7 
18 8 
14 4 

15 5 
17 7 

18 8 
09 9 
14 4 
01 1 

21 1 
01 1 

06 6 
15 5 
13 3 

09 9 

10 0 
26 6 

Eventt  cod e 

08037 0 0 
21047 0 0 
08087 0 0 

17087 0 0 
16107 0 0 
14127 0 0 

14047 1 1 
17127 1 1 

18067 2 2 
09087 2 2 
14097 2 2 
01117 2 2 

21027 3 3 
01047 3 3 

06077 4 4 
15097 4 4 
13107 4 4 

09117 5 5 

10017 6 6 
26037 6 6 

Max..  D st (nT ) 

--  27 8 
--  13 0 

--  5 1 
--  17 2 
--  10 8 
--  14 1 

--  13 2 
--  16 7 

--  19 0 
--  15 4 
--  14 6 
--  19 9 

--  11 3 
--  20 4 

--  19 4 
--  14 9 
--  10 5 

--  11 4 

--  16 4 
--  22 9 

S.S.C . . 

08/141 77 hrU.T . 

20/112 22 hrU.T . 
none e 

16/220 44 hrU.T . 
16/091 77 hrU.T . 
14/015 44 hrU.T . 

14/124 33 hrU.T . 
17/141 88 hrU.T . 

17/131 22 hrU.T . 
08/235 44 hrU.T . 
13/124 00 hrU.T . 
31/165 44 hrU.T . 

21/184 33 hrU.T . 
01/124 66 hrU.T . 

06/032 22 hrU.T . 
15/134 33 hrU.T . 
12/124 44 hrU.T . 

none e 

10/062 11 hrU.T . 

26/023 33 hrU.T . 

3.33 METHOD OF ANALYSIS 

Thee starting point of the analysis is the assumption, based on experimental evidence, that 
thee intensities measured at high-latitude stations where the magnetic cutoff rigidity is smaller 
thann the atmospheric cutoff (about 1 GV) are not affected by magnetospheric processes. We 
wil ll  use the method of analysis first proposed by Yoshida et al. (1968). 

Forr the relative variation of the counting rate of a neutron monitor located at latitude X 
andd longitude \p we can write 
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Tablee HI.I I 

ListList of analyzed events 

Eventt  code 

080370 0 
210470 0 
080870 0 
170870 0 
161070 0 
141270 0 

140471 1 
171271 1 

180672 2 
090872 2 
140972 2 
011172 2 

210273 3 
010473 3 

060774 4 
150974 4 
131074 4 

091175 5 

100176 6 
260376 6 

Referencee period 

06,, 07/03/'70 
18,, 19/04/70 
06,, 07/08/70 

13,, 14, 15/08/70 
14,, 15/10/'70 

11,, 12, 13/12/'70 

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

15,, 16/06/72 
07,, 08/08/72 
11,, 12/09/72 
29,30/10/72 2 

18,, 19,20/02/73 
30,31/03/73 3 

01,02,03/07/74 4 
04,05,06,07,08/09/74 4 

10,, 11/10/74 

06,07,08/11/75 5 

08,09/01/76 6 
22,, 23, 24/03/76 

Periodd of analysis 

08,, 09/03/70 
20,, 21,22/04/70 

08/08/70 0 
16,, 17, 18/08/70 
16,, 17, 18/10/70 

14,, 15/12/70 

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

17,, 18/06/72 
09/08/72 2 

13,, 14/09/72 
31/10;; 01, 02/11/72 

21,, 22/02/73 
01,02/04/73 3 

06,07,08/07/74 4 
14,, 15, 16, 17/09/74 

12,, 13/10/74 

09,, 10/11/75 

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

wheree Nv is the mean hourly counting rate during the reference period. This period is chosen 
ass the quiet time interval preceding the event. Nt is the hourly counting rate during the event. 
D(l)A,i££ can be separated into four parts: 

D(I)X)„„  = D( I d) x^ + D(Ii) Xr f = Dst ( I d) x + DS(Id)Xj „  + Dst(Ii) x + D S d , )^ (3.1) 

where e 
Ds t( I d)xx is, at latitude X, the relative variation of the decrease in intensity averaged over all 
longitudes,, DS(Id)x<fl is the asymmetric relative variation of the decrease due to possible 
anisotropics,, Dst(Ij) x is, at latitude X, the relative variation of the increase in intensity averaged 
overr all longitudes, DS(Ij)x ^ is the asymmetric relative variation of the increase due to the 
partiall  ring current. 

Forr the relative variations measured at a station where Rc < 1 GV located at a latitude 
betweenn 65° - 90° and at longitude y holds 

W ) 8 0 l * == Ds t<L d)80+DS(Id)*o ^ 

ass at such latitudes no increase in intensity is observed during a geomagnetic storm. For 

simplicityy of notation we write X = 80°. 
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Thee 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). 

Forr various uncontaminated Forbush decreases we can calculate an average factor Fx ^ at 

longitudee y for the decrease at latitude X compared with the decrease at X = 80°. As mentioned 
beforee it is an average factor as it depends on the spectral variations. 

Ass a Forbush decrease is an interplanetary phenomenon we may assume the F values to be 
alsoo applicable during contaminated decreases when simultaneously a cutoff change occurs, as 
thee latter is a planetary phenomenon. 

Soo both for the symmetrical and asymmetrical part of the decrease we may write 

Dst(Id)xx = FADst(I d)80 (3.2) 

DS(Id)X ^^ = Fx ^DS( Id) 8 0^ (3.3) 

wheree Fx is, at latitude X, the factor averaged over all longitudes. 
Averagingg the relative variation D(I)X ^ at latitude A over all longitudes we obtain D(I)X 

soo for the symmetric relative increase we get 

Dst(Ii) xx = D ( i h - FA D s t( I d ) 8 0 (3.4) 

ass the asymmetric terms average to zero. 
Finallyy the asymmetric part of the increase can be computed from 

DS(Ii)x^^ - D(I)X^ - Fx Dst ( I d) 80 - F x ^ DS(Id)8 0„  - Dst (Ij)X (3.5) 

Inn principle this method of analysis is very useful. However, the locations of the various 
cosmicc ray stations arc poorly distributed over the earth. In Europe a very dense network of 
stationss exists but in the rest of the world their number is very limited. 

Forr the given method of analysis one needs well distributed stations located at one single 
latitudee because otherwise the anisotropics represented by the DS(I) terms do not average to 
zero. . 

Forr 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. . 
Thee following method is used for the analysis: Oulu or Kiruna is taken as the high-latitude 

station.. Whenever possible, for each event Fx ,. is determined for Kiel, Utrecht, Dourbes. Pic 
duu Midi, Jungfraujoch and Rome, for the uncontaminated part of the Forbush decrease, which 
inn general is the recovery phase. 
Withh these F values the increase for the different stations at or nearly at the same longitude V 

iss calculated from equations (3.1), (3,2) and (3.3). i.e.: 

D(I i )x^^ = D(I ) X r f , -Fx^D(I d)8 0.1 /, (3.6) 

Tablee III.Il l gives the relevant parameters of the above mentioned stations. The abbreviations 
usedd for the station locations as well as the effective magnetic cutoff rigidities are given in 
tablee III.IV . A list of the stations from which the data are analyzed for the various events is 
givenn in table III.V . 
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Tablee III.II I 

ListList of stations used for the determination of AR 

Station n 

Oulu u 
Kiruna a 
Kiel l 
Leeds s 
Utrecht t 
Dourbes s 
Jungfraujoch h 
Picc du Midi 
Rome e 

RC(GV) ) 

0,84 4 
0,54 4 
2,30 0 
2,15 5 
2,78 8 
3,26 6 
4,49 9 
5,46 6 
6,20 0 

Geogr.. lat. 

65,02 2 
67,83 3 
54,30 0 
53,83 3 
52,08 8 
50,10 0 
46,50 0 
42,93 3 
41,90 0 

Geogr.. long. 

25,50 0 
20,43 3 
10,10 0 

358,42 2 
05,13 3 
04,60 0 
08,00 0 
00,25 5 
12,52 2 

Geomagn.. lat. 

61,77 7 
65,19 9 
54,77 7 
56,65 5 
53,67 7 
52,61 1 
47,78 8 
45,89 9 
42,46 6 

Geomagn.. long. 

117,94 4 
115,94 4 
95,77 7 
84,04 4 
89,71 1 
88,26 6 
89,82 2 
80,64 4 
92,42 2 

Tablee 1II.I V 
AbbreviationsAbbreviations and effective magnetic cutoff rigidity of stations of which data are analyzed 

Station n 
Oulu u 
Kiruna a 
Kiel l 
Leeds s 
Utrecht t 
Dourbes s 
Jungfraujoch h 
Picc du Midi 
Zugspitze e 
Rome e 
Potchefstroom m 
Deepp River 
Alert t 
Goosee Bay 
Inuvik k 
Thule e 
Ft.. Churchill 
Calgary y 
Sulphurr Mountain 
Swarthmore e 
Dallas s 
Chacaltaya a 
Mcc Murdo 
Apatity y 
Almaa Ata (806 m) 
Almaa Ata (3300 m) 
Moscow w 
Tbilisi i 
Itabashi i 
Mt.. Norikura 
Kerguelen n 
Dumontt d'Urville 

Abbreviation n 
Oulu u 
Kiru u 
Kiel l 
Leed d 
Utre e 
Dour r 
Jung g 
Picm m 
Zugs s 
Rome e 
Potc c 
Driv v 
Aler r 
Goba a 
Inuv v 
Thul l 
Fchu u 
Calg g 
Sulm m 
Swar r 
Dall l 
Chac c 
Mcmu u 
Apat t 
Alat t 
Alma a 
Mosc c 
Tbil l 
Itab b 
Mnor r 
Kerg g 
Dudu u 

RC(GV) ) 
0,84 4 
0,54 4 
2,30 0 
2,15 5 
2,78 8 
3,26 6 
4,49 9 
5,46 6 
4,31 1 
6,20 0 
7,04 4 
1,07 7 
0,00 0 
0,59 9 
0,17 7 
0,00 0 
0,21 1 
1,05 5 
1,12 2 
2,00 0 
4,26 6 

12,64 4 
0,00 0 
0,61 1 
6,77 7 
6,77 7 
2,37 7 
6,73 3 

11,55 5 
11,35 5 
1,12 2 
0,01 1 
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Tablee III. V 

ListList of stations and periods for which data are analyzed 

O O O O O OO — — N r i (N r) M M n ^ I 1 ^ ifl O O 

O O O OO — — O — O O O O — O O O O — —' o o 
c o — ' O O i ^ v D T t ^ r - o o m o ^ ' * '-- — — \ C m < r > o oo 
OO ~] O — — — — — — O O * — 0 T J 0 3 —< — O — (N 

O U LUU x x x x x x x x x x x x x x x x x x x x -
K I R UU X X X X X X X X X X X X X XX 
K I E LL X X X X X X X X X X X X X X X X X X X XX 
L E E DD X X - X X X X X X X X X X X X X X X X XX 
U T REE X X X X X X X X X X X X X X X X X X X XX 
D O URR X X X X X X X X X X X X X X X X X X X XX 
J U NGG X X X X X X X X X X X X X X X X X X X XX 
PII  C M X X X X - X X X X X X X X X X X X X X XX 
Z U GSS X X -
R O MEE X X X X X X X X X X X X X X X X XX 
P O TCC - - X X X X X X X X X X X X 
D R I VV X X X X X X X X X X X XX 
A L E RR X X X X X X X X X X X XX 
G O BAA X X X X X X X X X X X XX 
I N U VV X X X X X X X X X X X XX 
T H ULL X X X X X X 
F C HUU - - X X X X X X X X X X X X - X 
C A LGG X - X X X X X X X - X X X X X X X 
S U LMM X - X X X X X X X - X X X X X X X 
S W ARR X X X X X X 
D A LLL X X X X X X X X X X X X X XX 
C H ACC X X X X X X X X 
M C MUU X X X X X X 
A P ATT X X X X X X X - X X X X X X X X - -
A L A TT X X X X X X X X X X X X X X X X XX 
A L MAA X X 
M O SCC X X X X X X X X X X X X X X X X XX 
T B I LL X X X X X X X X X X XX 
II  T A B - - X X X X X X X X X X X X - X X X X X X 
M N ORR X X X X X X X X X X X X X XX 
K E RGG X X X X X X X X X X X X X X X X X X X XX 
D U DUU X X X X X X X X X X X X X X X X X X X XX 

3.44 EXPERIMENTAL DERIVATION OFTHE MAGNETIC CUTOFF RIGIDITY VARIATIONS AR( 

Too determine the cutoff changes for the various stations from the experimental data two 
methodss can be used: The theoretical one as was done in the paper of Flückiger et al. (1975) 
onn the September 1974 event, presented as chapter IV, and the experimental one in which 
latitudee curves are used and which is the starting point of this analysis. 

Ass latitude surveys have not been performed very often the number of data is restricted. 
Wee use both sea level and high altitude measurements made in 1965 and 1966 by Carmichael 
andd Bercovitch (1969). The latter ones are used in the analysis of the data of Pic du Midi and 
Jungfraujoch. . 
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Firstt of all the depth of the 11-year modulation must be determined for the intervals in 
whichh the events took place. To this purpose we considered the sunspot numbers (Solar Geo-
physicall  Data) of the event intervals and determined the corresponding interval showing the 
samee 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 
forr the 11-year cosmic ray modulation it is reasonable to assume the depth of the modulation 
beingg comparable also for these periods. 

However,, to verify this assumption we plotted the monthly mean data of the Kiel monitor 
fromm 1964 til l now. From this plot we determined with which periods early in the solar cycle 
thee event intervals corresponded. 

Thee periods deduced with both methods were compared and mean periods were fixed. Table 
III. VII  gives the results of this analysis. 

Tablee III . VI 

Period d 

May/Julyy 1966 

October/Decemberr 1966 

January/Mayy 1967 

July/Septemberr 1967 

May/Septemberr 1968 

Octoberr 1968 

CorrespondingCorresponding modulation 

Events s 

260376 6 
140972 2 

010473 3 

131074 4 

100176 6 
090872 2 

150974 4 

periods periods 

091175 5 
180672 2 

140471 1 

210273 3 
171271 1 

011172 2 

060774 4 

1412700 161070 080370 

1708700 080870 210470 

Knowingg the corresponding periods in the beginning of the solar cycle 20 the corresponding 
modulationn depth can be determined. As reference period, the interval June-December 1965 
wass taken because Carmichael et al. performed their sea level latitude survey during that time. 
Thee Deep River data were used to obtain the modulation depth for stations in the polar region. 
Fromm the Kiel data the modulation for the North-European stations was calculated. Data from 
Hermanuss (Rc = 4,7 GV) were used for Jungfraujoch and from the average of the Hermanus 
andd Rome data the modulation for Pic du Midi was calculated. 

Inn this way the modulated latitude curves were constructed from the Carmichael data. 
Thee Pic du Midi - Jungfraujoch as well as the Dourbes - Rome curves were approximated by 
straightt lines, as shown in figure 3.1. 

Duee to the fact that the number of available data around the knee is too limited it is 
impossiblee to analyse the Kiel, Utrecht, Leeds and Dourbes data for cutoff variations. Only 
crudee estimates can be given. 

Inn order to analyse the disturbed hourly intervals, the Forbush decrease modulated latitude 
curvess were constructed from the above mentioned 11-year modulated latitude curves. As has 
beenn pointed out practically all events show a Forbush decrease. A summary of the occurrence 
off  these decreases is given in table III.VII . 
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Tablee III . VII 

OccurrencesOccurrences of Forbush Decreases during the analyzed events 

Event t 

08037 0 0 

21047 0 0 

08087 0 0 

17087 0 0 

16107 0 0 

14127 0 0 

140471 1 

171271 1 

18067 2 2 
09087 2 2 
14097 2 2 
01117 2 2 

21027 3 3 
01047 3 3 

06077 4 4 
15097 4 4 
13107 4 4 

09117 5 5 

10017 6 6 
26037 6 6 

Forbushh decrease 

yes s 
no o 
no o 
yes s 
yes s 
yes s 

yes s 
yes s 

yes s 
no o 
yes s 
yes s 

no o 
yes s 

yes s 
yes s 
no o 

yes s 

no o 
yes s 

Asymmetricc storm development 

yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 
yes s 

yes s 
yes s 
yes s 
yes s 

yes s 
yes s 

yes s 
yes s 
yes s 

yes s 

yes s 
yes s 

Too deduce the cutoff variations the measured intensities were plotted on the modulated 
latitudee curves. As the measured intensity is higher than the modulated intensity this extra 
partt is due to cutoff changes. A higher measured intensity at a station with a cutoff rigidity Rc 

cann be interpreted as measured at a station with a cutoff rigidity R' = Rc —|AR|,ARCbeing 
thee cutoff variation. In figure 3.2 the procedure is made clear. 

>--
1 --

l / ) ) 

UJ J 

z z 

u u 
-z. -z. 

V V A A 

B B 

4.5 5 

>vv modulated l a t 

RR (GV) c c 

\\ C 
N. . 

! X X 

D D 

5,5 5 

Fig.. 3.2. Graphic way of determining ARC from latitude curves. B and D are the increased intensities 
measuredd at Jungfraujoch and Fie du Midi, respectively. A and C are the cutoff rigidity decreases 
att Jungfraujoch and Pic du Midi, respectively. 
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Inn this way all cutoff changes ARC for the twenty chosen cases were determined. Table 
HI.VII II  gives a summary of the results of maximum ARC for events with a |ARC|>0,3GV. 

Evenn in the cases were no Forbush decrease was measured but only an anomalous daily 
variationn superimposed by a cutoff variation was observed this method of analysis is possible 
becausee we are only paying attention to one single longitude chain. 

Tablee HI.VII I 

HoursHours of maximum &RC at Jungfraujoch with A5 values of the Dst stations: Hermanns, 
Kakioka,Kakioka, Honolulu and San Juan 

AB(nT)) AB(nT) AB(nT) AB(nT) 
Eventt U.T. ARC(GV) Herm Kaki Hono Saju 

0803700 22 - 0 .7 - 2 22 - 1 39 - 1 92 
08087 00 10/1 2 -0. 4 -  5 8 -  9 3 -  7 9 -  2 2 (hou r  11 ) 
17087 00 14/1 6 -0. 4 -  9 2 -  6 6 -  6 8 -  4 7 (hou r  15 ) 
16107 00 2 0 -0. 4 -11 8 -  5 4 -  7 2 -10 7 
1712711 1 9 -0. 6 -12 6 -  8 8 -  8 2 -16 6 
18067 22 0 3 -0. 4 -  7 3 -19 1 -25 1 -14 6 
09087 22 1 2 -0. 4 -10 5 -11 3 -10 8 -  5 8 
14097 22 21/2 2 -0. 5 -14 3 -  3 7 -  7 1 -13 4 (hou r  21 ) 
21027 33 2 0 -0. 4 -  7 7 -  2 1 -  5 9 -  9 0 
01047 33 1 8 -0. 6 -20 5 -  7 9 -  6 0 -11 8 
06077 44 1 6 -0. 6 -14 3 -  9 8 -10 0 -11 9 
15097 44 1 9 -0. 7 -19 0 -  8 4 -  8 2 -13 2 
09117 55 1 8 -0. 6 -12 4 -  4 8 -  3 4 -  9 0 
10017 66 20/2 2 -0. 4 -15 2 -  5 8 -  9 4 -17 0 (hou r  21 ) 
26037 66 15/1 6 -0. 6 -22 6 -21 8 -11 5 -16 4 (hou r  15 ) 

3.55 ACCURACY ANALYSI S 

Thee accuracy analysis will be divided into three parts. First the error in the measured relative 
variationn D(I) will be determined. From this and with the estimated accuracy of F^ ^ the 
errorr in D(Id) will be calculated. Finally, for the determination of the error in ARC the in-
accuraciess of the latitude curves must be taken into account as an extra error source. 

Errorss in D(I) as well as D(Id) are due to statistical fluctuations, to errors in the air-
pressuree measurements, the air-pressure correction factor and the measuring equipment. 

Thee statistical fluctuations are of the order of 0,1% for all considered neutron monitor 
measurementss and can be neglected in comparison with the other sources of error as will be 
shown. . 

Thee errors in air-pressure measurement are about 0,2 mm Hg. As has been shown in Vinjé et 
al.. (1976) the errors in the air pressure correction factor are about 2%. Taking a reference 
periodd counting rate of 600000/hr and Forbush decreases of - 1%, — 5% and - 10%, we arrive 
att an absolute error of  0,47o. 
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Forr the error in D(Id) we have to take into account the variation of the spectral index, 
manifestingg itself in the factor F ^ . To estimate this error we take a spread of 20% in the 
calculatedd F values. This spread is deduced from theoretical F values calculated by Flückiger 
(privatee communication) and is also found in our experimentally derived data. Taking the 
meann F values calculated for Jungfraujoch and Pic du Midi and taking again Forbush decreases 
off  - 1%, — 5%and — 10%, we arrive at absolute errors due to the spread in F values of  0,2%, 

 1,0% and  2,0% respectively. 
Soo a measured Forbush decrease of - 1,0% may have a value between — 0,4% and — 1,6%, a 

measuredd one of — 5,0%, a value between — 3,6%and — 6,4%and a measured one of — 10%a 
valuee 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(Id), the inaccuracy in the depth of the 11-year modulation as well as of the 
latitudee curves and the errors in the graphic way of deducing ARC. 

Thee error due to the above mentioned effects in the measurement of the 11-year 
modulationn is estimated to be 0,3% and can be neglected as the maximum modulation for 
Deepp River and Rome is about 13% and 7% respectively. 

Takingg an inaccuracy in the latitude curves of 30%, as is usually accepted, and taking into 
accountt 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 per-
formedd at an altitude of 680 gr/cm2. This altitude is in between those of Jungfraujoch (643 
gr/cm2)) and Pic du Midi (720 gr/cm2). Moreover, the latitude curves were approximated by 
straightt lines. Taking this into account we estimate the total error in ARC to be 0.3 GV for all 
determinedd cutoff variations. The error due to the graphic deduction of ARC can be neglected. 

Thoughh it is well known that the asymptotic directions of viewing may change during a 
magneticc storm it is impossible to estimate the error in ARC due to this effect. 
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CHAPTERR IV 

Cutofff  rigidity variations of European Mid-Latitude stations during the 
Septemberr 1974 Forbush decrease 

E.. Flückiger and H. Debrunner 
PhysikalischesPhysikalisches Institut der Universiteit Bern, Switzerland 

M.. Arens 
NatuurkundigNatuurkundig Laboratorium der Universiteit van Amsterdam, The Netherlands 

O.. Binder 
InstitutInstitut für Heine und Angewandte Kernphysik der Christian-Albrechts-Universitat Kiel, W. 
Germany Germany 

Neutronn Monitor data of the September 1974 Forbush decrease have been analysed in order to investigate 
changess in cutoff rigidities at european mid-latitude stations. Based on a best fit  of theoretical and experimen-
tall  coupling functions the expected variations of the cosmic ray intensity for Jungfraujoch have been cal-
culatedd from the counting rates of the stations Kiel and Utrecht. From the comparison of these results with 
thee measurements hourly values for the cutoff variations have been deduced. For Jungfraujoch the analysis 
showss maximum changes in cutoff rigidity of - 1.0  0.3 GVon September 15, between 1500 and 1900 UT. 

4.11 INTRODUCTION 

Inn studies of primary spectral variations during Forbush decreases based on Neutron Mo-
nitorr data one must account for perturbations in the geomagnetic field as a cause of con-
siderablee changes in cutoff rigidity. Therefore possibilities for an experimental determina-
tionn of cutoff variations have been examined by several authors. A review of the different 
techniquess has been given in a previous paper by Debrunner et al. (1973), who have also 
proposedd 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 
variationss in cutoff rigidity during magnetic storms. In a recent paper Agrawal et al. (1974) 
suggestedd that during the complex of events in August 1972, a sudden increase in cosmic ray 
intensityy coinciding with a geomagnetic storm with D s t^ 200 7 on August 4, was caused by a 
loweringg of the cutoff rigidity. Here as well as in the work of Louis, quantitative results are 
givenn but detailed indications on accuracy are missing and the time resolution is rather poor. In 
thee present paper variations of the cutoff rigidity at Jungfraujoch during the September 1974 
eventt are analysed based 'on hourly Neutron Monitor data of Kiel and Utrecht. All these 
stationss have nearly the same asymptotic directions of viewing, which is a necessary condition 
forr our method of analysis. 

Onn September 13, 1974, a decrease in cosmic ray intensity started as indicated in figure 1. 
Onn September 15, 1343 UT a storm sudden commencement (S.S.C.) occurred, probably due 
too a complex of solar flares on September 13 starting between 1458 and 1513 UT in McMath 
regionss 13224 and 13225 (Solar Geophysical Data, prompt reports, October, November 1974) 
andd was followed by a strong geomagnetic storm and sharp Forbush decrease at very high 
latitudee stations. However for Kiel the intensity remained practically constant for several hours 
whereass at other mid-latitude stations (Utrecht, Dourbes, Zugspitze, Jungfraujoch and Rome) 
ann increase in intensity was recorded. The intensity at Zugspitze and Jungfraujoch reached a 
maximumm of + 1.0% and + 1.5% respectively relative to the average cosmic ray intensity of 
Septemberr 4-8, 1974, which was used as reference level. As this observed intensity increase 
showss an 'inverse' latitude effect, which is expected up to Rc « 7 GV from theoretical 
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considerationss of cutoff changes, the only possible cause for this effect is a lowering of the 
geomagneticc cutoff rigidity. An increase due to energetic solar particles or an anisotropy would 
showw a normal latitude effect and can therefore be excluded. Also on this basis the behaviour 
off  the recordings from Kiel and the other mid-latitude stations can be explained. As the cutoff 
rigidityy at Oulu is less than the atmospheric cutoff, this station records the true Forbush 
decrease. . 

RDM M 

JUN N 

ZUG G 

DDU U 

UTR R 

KI E E 

DUL L 

133 I H 1 5 I E 1 7 I B 

5EPTEMBERR IB7 H 

Fig.. 4.1. 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), 
Utrechtt (UTR), Kiel (K1E) and Oulu (OUL). 

4.22 ANALYSIS OF THE EVENT 

Duringg a Forbush decrease the primary cosmic ray spectrum is generally described by 

vHR,t)) =[ l+S*(R,t) ] .* 0(R) 

== [l+T?(t).R*t)] .* 0(R) 

wheree ^ 0 (R) is the undisturbed primary differential rigidity spectrum. 

Takingg into account a possible simultaneous change ARC (t) of the effective cutoff rigidity 
Rcc the relative variations of the counting rate of a Neutron Monitor at atmospheric depth h are 
thenn given by 

Rcc f-CO 

5N(h,Rx.,t)== _/ W(h,R,RL.)dR+ J W(h,R,Rc) . 5*(R,t) dR 
Rc+ARc(t)) Rc+ARc(t) 

Forr September 1974 the normalized coupling functions W(h,R,Rc) have been deduced from 
ourr best fit differential response functions (Flückiger, 1974). 

Thee exponent y may vary from event to event (e.g. Lockwood. 1971) and even during an 
eventt (Aldagorova et al.. 1973). Since nearly all experimentally obtained values for 7 fall in the 
rangee 0.0 < 7 < 1.6 with errors in the order of 0.8, the exponent 7 was varied in this analysis 
fromm 0.4 to 1.4 in steps of 0.2. 
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Forr each 7 the amplitudes 77 (t) were determined for the stations Kiel and Utrecht. The 
spectraa so obtained have been used to calculate the relative variations of the total counting rate 
att Jungfraujoch. 5NJ J( t ) , for ARJ

C
J = 0. The differences between observed and theoretical 

variationss were attributed to cutoff changes. 

Numericall  values for the variations A Rc (t) have then been determined. Taking into account 
thee theoretical latitude dependence of ARC (Obayashi, 1959). the cutoff changes of Kiel and 
Utrechtt AR^(t) and ARjr(t) have been calculated from ARj J( t ) . The same computing process 
wass then repeated using the changed cutoff rigidity for the three stations until the variation of 
thee altered value of RC

J J was less than 0.01 GV. 
Figuree 2 shows the resulting mean values of ARJ J( t ) computed with 7 = 0.8 for September 

13-18,1974. . 
Ass a check we treated the data from Oulu and Dourbes in the same way as the Kiel and 

Utrechtt data. The results for the cutoff changes at Jungfraujoch are in close agreement with 
thosee obtained from Kiel and Utrecht measurements. As an additional check the cutoff 
changess for Zugspitze and Rome were calculated with measurements from Oulu, Kiel, Utrecht 
andd Dourbes. These results show the expected latitude dependence of the cutoff variations as 
comparedd with AR for Jungfraujoch. 

0 . S S 

> > 
ID D 

~3 ~3 

rr r 

0 . 0--

- 0 . S --

- 11 . 0 -

Fig.4.2. . 

- II  .£ 

IBB 17 

SEPTEMBERR I 3 7 H 

Variationss of the cutoff rigidity at Jungfraujoch during September 13-18, 1974, 
deducedd from the Neutron Monitor data of Kiel and Utrecht, 
calculatedd from Dst. 

Forr the determination of the accuracy in the deduced cutoff variations we must account for 
errorss in the coupling functions, inaccuracies in the exponent 7. statistical errors of the 
measuredd counting rates as well as for the errors introduced by pressure corrections. A 
discussionn on reliability of our method has already been given in a previous paper (Debrunner 
ett al., 1973). Following the same procedure the relative errors in ARJ j( t ) due to unreliabilities 
inn the coupling functions have been determined to be in the order of  30' /. As has also been 
foundd the errors in 7 cause a mean inaccuracy in the determination of cutoff variations of 
++ n 'm ^ ' ^ n e uncertainties due to inaccuracies in the Neutron Monitor data are of the order 

off  0.1 GV. Thus the maximum value oflAR^ J'^Igiven in figure 2 has an error of  0.3 GV. 
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4.33 DISCUSSION OF RESULTS 

Cutofff  variations during a Forbush decrease are thought to be due to a ring current with a 
magneticc moment opposite to the intrinsic geomagnetic moment. We therefore compared our 
resultss on cutoff changes with the hourly values of the index Dst (Sugiura, 1975), which are a 
measuree for the ring current field near the earth (e.g. Akasofu, 1963). 

Fromm the Dsl 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 
figuree 2. The comparison between the theoretical and experimentally deduced values of the 
variationss of cutoff rigidity shows reasonably good agreement. 

Furthermoree there seems to be a maximum sensitivity in cutoff variations around 1600 
hourss local time when the asymptotic directions for low rigidities are in the geomagnetic tail, a 
phenomenonn we also observed in our analysis of the July 1974 Forbush decrease. This has also 
beenn noticed by Hatton (1962) and may be due to an asymmetric ring current as pointed out 
byy Yoshida et al. (1968). However further research is needed for a better understanding of 
thesee effects. 

4.44 CONCLUSIONS 

Duringg the September 1974 event the effective vertical cutoff rigidity of Jungfraujoch was 
considerablyy lowered with a maximum variation ARJJ = - 1.0+ 0.3 GV between 1500 and 

c c 

19000 UT on September 15. The magnitude of the changes are in reasonable agreement with 
thee theoretical values calculated from Dst and with values for similar events cited in the 
literaturee (e.g. Freier, 1962; Hatton et al., 1962; Wolfson et al., 1967; Yoshida et al., 1968; 
Nobless et al., 1968). 

Wee also concluded from this analysis as shown in figure 2 that cutoff changes may last for 
longg periods of the order of days. 
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CHAPTERR V 

Descriptionn of the various analyzed events 

5.11 POSSIBILITIES OF EVENTS 

Inn the case of a geomagnetic storm four events are possible: Magnetic storms with or with-
outt 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 
off  the analyzed events are of this kind. 
Iff  we consider the intervals in which the cutoff changes ARC took place we find ten events 
withh the occurrence of a ARC during the main phase of the geomagnetic storm. In one event 
aa variation was found only during the recovery phase, whereas for two events a cutoff 
variationn 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 
fallingg within the accuracy of the analysis. 

2.. A magnetic storm without a Forbush decrease but with a cutoff variation. Five events of 
thiss kind were analyzed. In general an anomalous daily variation accompanied these storms. 
Alll  cutoff variations occurred during the main phase of the magnetic storm and they are 
eitherr 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 

bothh kinds of possibilities has been analyzed. Although the main phase depression was 
ratherr large no variation was found at all. 

Inn order to carry out the analysis, a closer look at the intervals in which the cutoff variations 
weree found will be necessary. In table III.VII l the hours of the maximum cutoff changes and 
thee AB values are given in Universal Time (U.T.). Figure 5.1 shows the so called clock diagram 
off  ARC versus U.T. for these events in which !ARC I > 0,4 GV. For Jungfraujoch and Pic du 
Midii  U.T. = L.T. - 1 hour after the Middle European time convention. This figure shows 
clearlyy 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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Fig.. 5.1 Clockdiagram of maximum values of ARC at Jungfraujoch versus Universal Time for events with ARC > 0,4 GV. 

Ass was pointed out already, the largest decreases in the horizontal component of the 
geomagneticc field during the main phase of the magnetic storms are measured at observatories 
situatedd in this sector. 

AA clock diagram of maximum AB versus L.T. for the various Dst stations is given in figures 
5.2,, 5.3, 5.4 and 5.5. 
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Fig.. 5.2 Clockdiagram of maximum values of AB versus Local Time measured at Hermanus. 
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l i s .. 5.3 Clockdiagram of maximum values of AB versus Local Time as measured at Kakioka. 
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Fig.. 5.4 Qockdiagram of maximum values of AB 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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5.22 DESCRIPTION OF EVENTS 

Heree we give a complete description of the events. The event code day-month-year will be 
usedd throughout. In the even numbered figures the small horizontal lines next to the station 
namess indicate the 0% level. The conventional abbreviations for the Dst stations are used: HR 
forr Hermanus, KA for Kakioka, HO for Honolulu and SJ for San Juan. 

Eventt 080370. (Fig. 5.6 and 5.7) The storm sudden commencement (S.S.C.) occurred at 
14177 U.T. on March 8, 1970. For all Dst stations a distinct effect has been 
observedd (IAGA Bulletin No. 32a). A small Forbush decrease developed with 
intensityy of — 2,5% at Kiruna (fig. 5.6). The diagram of ARC for Jungfraujoch 
andd the AB values for the Dst stations is presented in figure 5.7. The main 
phasee was asymmetric. This asymmetry lasted until a few hours after the 
beginningg of the recovery phase. A strong correlation was observed between 
thee AB of both Hermanus and San Juan and the ARC at Jungfraujoch. Probably 
thee depression at San Juan was larger than at Hermanus because 2200 U.T. 
correspondss to 1736 L.T. at San Juan and 2316 L.T. at Hermanus. From the 
magneticc data it can be concluded that the partial ring current was probably 
centeredd at 1800 L.T, at maximum depression. The maximum intensity in-
creasee measured at Chacaltaya and Dallas was also at 2200 U.T. well corre-
latingg with the San Juan AB values. Mount Norikura showed a maximum 
inn intensity at 0400 U.T. coinciding with the minimum in AB at Kakioka, 
whichh is located at about the same longitude. In chapter III it was pointed out 
thatt only qualitative interpretations of measurements from these stations can 
bee given. 
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Fig.. 5.6 Hourly values of D(I) (%) and Dst (nT) for the 080370 event. 
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Fig.. 5.7 Hourly values of ABj (nT) and ARC (GV) for the 080370 event. 
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Eventt 210470. (Fig. 5.8 and 5.9) The s.s.c. occurred at 1 122 U.T. on April 20. 1970, and was 
clearlyy observed at Hermanus, Honolulu and San Juan, but less convincingly at 
Kakiokaa (1AGA Bulletin No. 32a). No Forbush decrease was observed. As can 
bee seen from figure 5.9 the main phase developed very slowly but asymme-
trically.. 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 
Picc du Midi. The only peculiarity of this storm compared with all other ana-
lyzedd storms is the very slow development. 
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Fig.. 5.8 Hourly values of D(l) (%) and Dst (nT) for the 210470 event. 
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Fig.. 5.9 Hourly values of ABj (nT) and ARC (GV) for the 210470 event. 
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Eventt 080870. (Fig. 5.10 and 5.1 1) No s.s.c. was recorded for this relatively small magnetic 
storm.. No Forbush decrease was observed either. A rather large discrepancy 
existedd between the measurements at Jungfraujoch and Pic du Midi as well as 
forr Oulu and Kiruna. For Pic du Midi no cutoff variation was found; however, 
forr Jungfraujoch the variation is —0,4 GV. Neither in Dallas nor in Chacaltaya 
anyy effect was measured. As the depression in the H component correlates 
quitee well for Hermanus. Honolulu and Kakioka the asymmetry sector was 
ratherr large between about 1200 and 2400 L.T. 
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Fig.. 5.10 Hourly values of DO) (%) and Dst (nT) for the 080870 event. 
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Fig.. 5.11 Hourly values of ABj (nT) and ARC (GV) tor the 080870 event. 

Eventt 170870. (Fig. 5.12 and 5.13) The s.s.e. was recorded at 2204 U.T. on August 16, 1970. 
Thiss commencement was clearly observed at all Dst stations (IAGA Bulletin 
No.. 32a). The storm developed and recovered asymmetrically, again with a 
largee sector between 1000 and 2400 L.T. A Forbush decrease of about 
-7%% was measured at Kiruna. The cutoff variations only occurred during the 
recoveryy phase. Also for this event the results from Jungfraujoch and Pic du 
Midii  were not identical. At Pic du Midi an increase was measured on the 17th 
betweenn 1 200 and 1800 U.T., at Jungfraujoch no increase was observed during 
thiss interval. 
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Fig.. 5.12 Hourly values of D(I) (%)and D t (nT) for the 170870 event. 
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Fig.. 5.13 Hourly values of ABj(nT) and ARC(GV) for the 170870 event. 

Eventt 161070. (Fig. 5.14 and 5.15) The s.s.c. occurred at 0917 U.T. on October 16, 1970. 
Att Honolulu and San Juan the commencement was distinctly observed, at 
Kakiokaa and Hermanus less clearly (IAGA Bulletin No. 32a). The main phase 
andd the beginning of the recovery phase were asymmetric. The depression at 
Hermanuss and San Juan correlated quite well again. On October 17 another 
ratherr deep depression in H was measured at San Juan and Hermanus. A 
Forbushh decrease of about -4% was found at Oulu. The variation of the cutoff 
rigidityy was of long duration during this storm as can be seen from figure 5.15. 
Forr Dallas an increase in intensity was measured at 1900 and 2000 U.T. on 
Octoberr 16. During the main phase on October 16 the asymmetry sector 
extendedd between about 1500 and 2200 L.T., whereas during the second 
depressionn on October 17 this sector was between about 0900 and 2400 L.T. 
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Fig.. 5.14 Hourly values of DO) (%) and Dst (nT) for the 161070 event 
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Fig.. 5.15 Hourly values of ABj (nT) and ARL. (GV) for the 161070 event. 
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Eventt 141270. (Fig. 5.16 and 5.17) The s.s.c. occurred at 0154 U.T. on December 14, 1970. 
Att Hermanus. Honolulu and San Juan a distinct effect was observed (IAGA 
Bulletinn No. 32a). The depression in the H component was largest at Kakioka 
att 1800 L.T. The asymmetry sector was probably rather small and centered 
aroundd 1800 L.T. During the recovery phase a Forbush decrease developed 
off  about -4% at Oulu. The cutoff variation, of rather small magnitude, was 
measuredd at the end of the main phase. As the time of maximum depression in 
HH was at 0900 U.T. Jungfraujoch was located in the morning sector which is 
unfavourablee for obtaining large effects. At Dallas and Chacaltaya only small 
intensityy increases were measured. At Mount Norikura the maximum increase 
wass found at 0900 U.T., coinciding with the largest depression of the H 
componentt at Kakioka. 
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Fig.. 5.16 Hourly values of D(l) (%) and Dct (nT) tor the 141270 event. 
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Fig.. 5.17 Hourly values of ABj(nT) and ARC(GV) lor the 141270 event. 
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Eventt 140471. (Fig. 5.18 and 5.19) For the s.s.c. at 1243 U.T. on April 14, 1971, Honolulu 
andd San Juan recorded a distinct effect. Hermanus a small one and Kakioka 
practicallyy no effect (IAGA Bulletin No. 32b). The asymmetry sector was 
locatedd 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 
foundd either for Pic du Midi or for Jungfraujoch. 
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Fig.. 5.18 Hourly values of D(I) (%) and Dst (nT) for the 140471 event. 

51 1 



+400 -

ABB (nT) 

-50 0 

-100 0 

1404711 150471 

Fig.. 5.19 Hourly values of ABj (nT) and ARC (GV) for the 140471 event. 
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Eventt 171271. (Fig. 5.20 and 5.21) Two s.s.c.'s occurred, the first one at 1904 U.T. on 
Decemberr 16, 1971 followed by a very small depression in H, and the second 
onee at 1418 U.T. on December 17, 1971 followed by a large main phase 
developingg rapidly. This latter s.s.c. was distinctly observed at all Dst stations 
(IAGAA 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 
foundd during the main phase of the second storm. At Dallas an increase was 
alsoo recorded with a maximum at 1900 U.T. (1230 L.T.). So both at Jung-
fraujochh and Dallas the cutoff variations occurred at the same time correlating 
welll  with the magnetic data for Hermanus and San Juan. These data show that 
bothh stations are in the asymmetric sector. 
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Fig.. 5.20 Hourly values of D(I) (%) and Dst (nT) for the 171271 event. 
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Fig.. 5.21 Hourly values of ABj (nT) and ARC (GV) for the 171271 event. 
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Eventt 180672. (Fig. 5.22 and 5.23) The s.s.c. occurred at 0629 U.T. on June 17, 1972 and 
anotherr one at 1312 U.T. also on June 17, 1972. A clear effect of this latter 
commencementt was observed at all Dst stations (IAGA Bulletin No. 32c). The 
sectorr of asymmetry was centered around 1600 L.T., at Hermanus practically 
noo depression in H was measured. A Forbush decrease (about —7% at Oulu) 
accompaniedd this storm. Although Jungfraujoch was not located in the sector 
off  the asymmetry a cutoff change was measured. The intensity at Jungfraujoch 
remainedd rather high during the recovery phase of the storm. So the deduced 
cutofff  variation was of long duration but its magnitude fell within the accuracy 
limitss of the analysis. At Dallas an analogous effect was observed. 
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Fig.. 5.22 Hourly values of D(l) (%) and D t (nT) for the 180672 event. 
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Eventt 090872. (Fig. 5.24 and 5.25) The s.s.c. occurred at 2354 U.T. on August 8, 1972. 
Honoluluu and San Juan measured a distinct effect (IAGA Bulletin No. 32c). 
Thiss 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 
measuredd at high and mid-latitude stations. The storm was asymmetric with an 
estimatedd sector between about 1200 and 0100 L.T. A great discrepancy 
existedd between measurements at Pic du Midi and Jungfraujoch. At Jungfrau-
jochh no cutoff decrease was measured. On the contrary the data suggested the 
presencee of a cutoff increase. No Forbush decrease was observed during this 
storm.. Probably this event was contaminated by the preceding storms and 
showedd no clear effects whatsoever. 
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Fig.. 5.24 Hourly values of D(I) (%) and D$t (nT) for the 090872 event. 
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Fig.. 5.25 Hourly values of ABj (nT) and ARC (GV) for the 090872 event. 
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Eventt 140972. (Fig. 5.26 and 5.27) The s.s.c. occurred at 1240 U.T. on September 13, 1972. 
AA distinct effect was observed at Hermanus, Honolulu and San Juan (IAGA 
Bulletinn No. 32c). The asymmetric sector was present between about 1600 and 
23000 L.T. A Forbush decrease was measured at the polar stations (about 
-2%).. Again the cutoff variations were of long duration but the magnitude was 
withinn the experimental errors. 
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Fig.. 5.26 Hourly values of D(I) (%) and D$t (nT) for the 140972 event. 
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Fig.. 5.27 Hourly values of ABj (nT) and ARC (GV) for the 140972 event. 
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Eventt 011172. (Fig. 5.28 and 5.29) The s.s.c. took place at 1654 U.T. on October 31, 1972. 
Thiss effect was distinctly observed at Hermanus, Honolulu and San Juan 
(1AGAA Bulletin No. 32c). The storm developed at the unfavourable time 
intervall  for Jungfraujoch and Pic du Midi. The asymmetric sector was probably 
ratherr 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 
withinn the limits of experimental accuracy. At Dallas a reasonable increase was 
measuredd with a maximum at 0400 U.T. on November 1, 1972 (2130 L.T. on 
Octoberr 31, 1972). 
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Fig.. 5.28 Hourly values of D(I) (%) and Dst (nT) for the 011172 event. 
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Fig.. 5.29 Hourly values of ABj (nT) and ARC (GV) for the 011172 event. 
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Eventt 210273. (Fig. 5.30 and 5.31) The s.s.c. occurred at 1843 U.T. on February 21, 1973. 
Onlyy Hermanus observed a clear effect (IAGA Bulletin, No. 32d). The asym-
metricc sector was centered at 1700 L.T. No Forbush decrease was found 
att the cosmic ray observatories. Although the depression of H at Hermanus was 
ratherr small a cutoff variation was measured at Jungfraujoch and Pic du Midi. 
Att Dallas the maximum increase was measured at 2200 U.T. (1530 L.T.) 
coincidingg with the maximum depression at San Juan. At Mount Norikura the 
largestt effect was observed at 0100 U.T. on February 22, 1973 thus coinciding 
withh the maximum depression in H at Kakioka. 
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Fig.. 5.30 Hourly values of D(I) (%) and D t (nT) for the 210273 event. 
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Fig.. 5.31 Hourly values of ABj (nT) and ARC (GV) for the 210273 event. 
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Eventt 010473. (Fig. 5.32 and 5.33) The s.s.c. occurred at 1246 U.T. on April 1, 1973. No 
effectt was observed at any of the D,t stations (IAGA Bulletin, No. 32d). The 
asymmetricc sector was centered at 1800 L.T. A small Forbush decrease of 
aboutt —2% was measured at the polar stations. The largest cutoff variation at 
Jungfraujochh coincided with the maximum depression in H at Hermanus. At 
Dallass the maximum increase was measured at 2300 U.T. (1630 L.T.). No 
clearr effect was observed at Mount Norikura. 
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Fig.. 5.32 Hourly values of D(I) (%) and Dst (nT) for the 010473 event. 

65 5 



-100 0 

AB(nT) ) 

-150 0 

JJ I I L 

Jungfraujochh " 

JJ I L_ 
12 2 18 8 

010473 3 
Fig.. 5.33 Hourly values of ABj (nT) and ARC (GV) for the 010473 event. 
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Eventt 060774. (Fig. 5.34 and 5.35) The s.s.c. occurred at 0322 U.T. on July 6, 1974. The 
mainn phase at Honolulu and Kakioka was much larger than at Hermanus and 
Sann Juan. The asymmetric sector was centered between about 1500 and 2000 
L.TT A Forbush decrease of about - 7% was measured at the polar stations. The 
largestt cutoff variation was observed during the recovery phase of the storm. 
Duringg 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 . (nT) for the 060774 event. 
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Fig.. 5.35 Hourly values of ABj (nT) and ARC (GV) for the 060774 event. 



Eventt 150974. (Fig. 5.36 and 5.37) This event has been comprehensively described in chapter 
IV .. However no separate data from the Dst stations have been presented. Also 
forr this event the largest cutoff variation coincided with the maximum de-
pressionn of the horizontal component H at Hermanus. 
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Fig.. 5.36 Hourly values of D(I) (%) and D , (nT) for the 150974 event. 
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Fig.. 5.37 Hourly values of ABj (nT) and ARC (GV) for the 150974 event. 
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Eventt 131074. (Fig. 5.38 and 5.39) The s.s.c. occurred at 1244 U.T. on October 12, 1974. 
Thee main phase of the storm developed slowly. The asymmetric sector was 
ratherr large between about 0600 and 2400 L.T. No appreciable cutoff varia-
tionss have been found, all values were within the experimental errors. 
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Fig.. 5.38 Hourly values of D(I) (%) and Dst (nT) for the 131074 event. 
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Fig.. 5.39 Hourly values of ABj (nT) and ARC (GV) for the 131074 event. 
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Eventt 091175. (Fig. 5.40 and 5.41) No s.s.c. was observed for this storm. The asymmetric 
sectorr is centered between about 1400 and 2000 L.T. Also for this storm the 
largestt cutoff change occurred at the same time as the maximum depression of 
HH at Hermanus. A Forbush decrease of about —2% developed at the polar 
stationss in the beginning of the recovery phase of the magnetic storm. At 
Swarthmoree a maximum increase was measured at 1800 U.T. (1300 L.T.), at 
Climaxx at 1900 U.T. (Solar Geophysical Data No. 377, Jan. 1976, Part 1). 
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Fig.. 5.40 Hourly values of D(I) (%) and Dst (nT) for the 091175 event. 
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Fig.. 5.41 Hourly values of ABj (nT) and ARC (GV) for the 091175 event. 
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Eventt 100176. (Fig. 5.42 and 5.43) The s.s.c. occurred at 0621 U.T. on January 10, 1976. 
Thoughh the depression in H at San Juan and Hermanus were rather large only a 
smalll  variation of the cutoff rigidity was measured at Jungfraujoch and Pic du 
Midi .. No Forbush decrease was observed. The asymmetric sector was centered 
aroundd 1800 L.T. At Climax a maximum increase was measured at 2300 U.T. 
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Fig.. 5.42 Hourly values of D(I) (%) and D t (nT) for the 100176 event. 
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Fig.. 5.43 Hourly values of ABj (nT) and ARC (GV) for the 100176 event. 
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Eventt 260376. (Fig. 5.44 and 5.45) The s.s.c. occurred at 0233 U.T. on March 26, 1976. 
Aboutt this event the first IMS (International Magnetospheric Study) report was 
issuedd lately. (UAG Report 61, 1977), as til l now this is the largest storm 
observedd during the IMS. The asymmetric sector was between about 1300 and 
23000 L.T. Though the cutoff change at Jungfraujoch was appreciable in the 
beginningg of the event (Jungfraujoch being in the early morning sector) the 
largestt effect was observed coinciding with the largest depression in H at 
Hermanus.. A small Forbush decrease was observed at the cosmic ray observato-
riess during this storm. 
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Fig.. 5.44 Hourly values of D(I) (%) and D t (nT) for the 260376 event. 
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Fig.. 5.45 Hourly values of ABj (nT) and ARC (GV) for the 260376 event. 
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5.33 SUMMARY 

Summarizingg the description of the various events we conclude that a strong correlation is 
presentt between the AB values from Hermanus and San Juan on the one hand and the 
magnitudee of the cutoff variations at Jungfraujoch on the other. From the analysis of only two 
events,, 150974 and 010473, Debrunner and Flückiger (1977) have pointed out the strong 
correlationn between the Hermanus AB data and the Jungfraujoch ARC data. However, we 
foundd that a similar strong correlation exists with the San Juan AB data. 

Hattonn and Marsden (1962) were the first ones to show the existence of an asymmetry in 
thee cutoff variations at the various stations all over the earth. This asymmetry as well as the 
onee measured at the magnetic observatories during the main phase of a geomagnetic storm is 
duee to a partial ring current in the afternoon-midnight sector, as is well established by now. 
Frankk (1970) was the first to measure this asymmetric growth of the ring current in situ with 
thee OGO-3 satellite during two moderate geomagnetic storms on July 9 and September 8, 
1966. . 

Itt can also be concluded that the growth rate of the asymmetric ring current must play an 
importantt role in originating a large cutoff variation. In particular for the 210470 event the 
timee of maximum depression of the H component was in the late afternoon sector, but the 
growthh rate was very small. For the 140471 event no cutoff variation could probably have 
beenn measured because the decrease in H at Hermanus was small and its time of maximum 
depressionn was in the early morning sector. 
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CHAPTE RR VI 

Interpretationn of the cutoff rigidity variations 

6.11 INTRODUCTION 

Firstt of all we will test the reliability of the method of analysis by comparing our results 
withh those of others. 

Thee most significant events from our sample will be used for a detailed analysis by carrying 
outt a comparison with the geomagnetic field data from the various Dst stations. From this 
analysiss we will derive the influence of the partial ring current on cutoff rigidity variations. 
Somee remarks will be made on the occurrence or non-occurrence of cutoff rigidity variations 
duringg the various storms analyzed. 

Wee will in particular analyse the December 17, 1971 storm because for this event detailed 
satellitee data are at our disposal. Finally, a general review of the applicability to other events 
off  the results for this event will be given. 

6.22 RELIABILIT Y OF THE RESULTS 

Upp to now data on cutoff rigidity variations have been presented in the literature for the 
Marchh 1976 (Krestyannikov et al., 1977), the September 1974 (Flückiger et al., 1975) and the 
Aprill  1973 (Debrunner and Flückiger, 1976) geomagnetic storms. In order to compare, 
wheneverr possible, these results with the ones obtained in the present analysis we will use as a 
parameterr the maximum ARC values for the various events. These values are listed in table VI.I . 

Tablee VI.I 

ComparisonComparison of the maximum ARC values 

Event t 

171271 1 

010473 3 

150974 4 

Bernn analysis 
Thiss analysis 
Bernn analysis 
Thiss analysis 
Bernn analysis 
Thiss analysis 

ARCC Jungfraujoch 

-0.888  0.06 GV 
-0.66  0.3 GV 
-0.688  0.03 GV 
-0.66  0.3 GV 
-0.988  0.3 GV 
-0.77  0.3 GV 

ARCC Pic du Midi 

-0.588  0.09 GV 
-0.44  0.3 GV 
-0 .60+0.033 GV 
-0.55  0.3 GV 

ARCC Rome Time U.T 

-0.511  0.21 GV 
-0.55  0.3 GV 
-0.533  0.06 GV 
-0.88  0.3 GV 
-0.73 3 
-1 .00  0.3 GV 

1900 0 
1900 0 
1800 0 
1800 0 
1900 0 
1900 0 

Recentlyy 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 
variationn ARC = -0.9 GV for both Irkutsk (Rc = 3.81GV) and Khabarovsk (Rc = 5,54 GV). 
Inn our analysis for the same event we found a maximum cutoff change for Jungfraujoch and 
Picc du Midi of -0.6  0.3 GV and -0.5  0.3 GV, respectively. 

Basedd on these comparisons it seems fair to have a reasonable confidence in our method of 
analysis. . 
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6.33 THE ROLE OF PARTIAL RING CURRENTS 

Thee most significant events will be studied in detail. They are selected from table III.VII I 
andd are reproduced in table VI.II.The criterium for the selection is: |ARC| > 0.5 GV. 

Tablee VI  .II 

TheThe most significant events to be studied 

Eventt  Jungfraujoch A B (nT) 

08037 0 0 
171271 1 
14097 2 2 
01047 3 3 
06077 4 4 
15097 4 4 
09117 5 5 
26037 6 6 

Timee o f  max .  AR C (U.T. ) 

2200 0 
1900 0 
2100 0 
1800 0 
1600 0 
1900 0 
1800 0 
1500 0 

Max..  AR C(GV) 

-0. 77 ±  0. 3 
-0. 66 ±  0. 3 
-0. 55 ±  0. 3 
-0. 66 ±  0. 3 
-0. 66 ±  0. 3 
-0. 77 ±  0. 3 
-0. 66 ±  0. 3 
-0. 66 ±  0. 3 

Her m m 

-22 2 2 
-12 6 6 
-14 3 3 
-20 5 5 
-14 3 3 
-19 0 0 
-12 4 4 
-22 6 6 

Kaki i 

-13 9 9 
--  8 8 
--  3 7 
--  7 9 
--  9 8 
--  8 4 
--  4 8 
-21 8 8 

Hono o 

-19 2 2 
--  8 2 
--  7 1 
--  6 0 
-10 0 0 
--  8 2 
--  3 4 
-11 5 5 

Saj u u 

-16 6 6 
-13 4 4 
-11 8 8 
-11 9 9 
-13 2 2 
--  9 0 
-16 4 4 

Firstt of all we notice from this table that the time of maximum ARC occurs in the 
afternoon-midnightt sector for all events. A study on energetic proton {>  30 keV) injection 
eventss from the measurements carried out with the geosynchronous satellite ATS-5 (Bogott 
andd Mozer, 1973) yielded that all events were observed between 1500 and 2200 hours L.T. 
Noo proton injections were recorded by ATS-5 after 2300 hours L.T. Both the symmetric and 
partiall  ring current are built up by these protons as was outlined in chapter II . The above 
mentionedd authors also found a good correlation between the magnitude of the maximum 
protonn intensity and the magnitude of the depression of the H component measured on earth. 

Too obtain more insight in the effect of the partial ring current on cutoff rigidity variations, 
hourlyy averages Dst of AB from the various Dst stations were calculated as follows 

D;'tt = '« 2 ABi sec Xj 
ii  —1 

withh X j being the geomagnetic latitude. Then for each station the hourly deviation from this 
D'D'%%\\ was calculated, i.e.: 

5Bjj  = ABjsecXj - D" 
11 i i st

Thee values of 6Bj for all four stations together with the ARC values for Jungfraujoch were 
plottedd on an hourly basis. These plots are given in figures 6.1-6.8. 

Fromm these figures some characteristics of the development and the progression of the 
magneticc storms can be deduced. 

Firstt of all an estimate of the sector width and its variation in time of the partial ring 
currentt can be made in the same way as in chapter V. To this purpose the maximum positive 
valuee of S B of a Dst station was taken as the criterium for merging into the partial ring current 
sector. . 

Thee minimum negative value of 5B was assumed to indicate the time of passing the most 
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Fig.. 6.1 Hourly values of 6Bj (nT) and AR (GV) for the 080370 event. 
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Fig.. 6.2 Hourly values of 6Bj (nT) and ARC (GV) for the 171271 event. 
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Fig.. 6.3 Hourly values of 6Bj (nT) and AR (GV) for the 140972 event. 
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Fig.. 6.4 Hourly values of 6Bj (nT) and ARC (GV) for the 010473 event. 
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Fig.. 6.5 Hourly values of 6Bj (nT) and ARC (GV) for the 060774 event. 
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Fig.. 6.6 Hourly values of 6Bj (nT) and ARC (GV) for the 150974 event. 
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Fig.. 6.7 Hourly values of 6Bj (nT) and ARC (GV) for the 091175 event. 
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Fig.. 6.8 Hourly values of 6Bj (nT) and ARC (GV) for the 260376 event. 
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intensee part as well as the beginning of the phase of emerging out of the partial ring current 
sector. . 

Inn this way all events were analyzed. We will consider now the most prominent results. 

6.44 THE MOST PROMINENT RESULTS OF OUR ANALYSIS 

Thee most intense part of the partial ring current was centered around 1800 hours L.T. and 
thee 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, 
thee sector may gradually expand and become very large, about 270° in longitudinal width. In 
generall  the asymmetric sector is located between 2200 and 1800 hours L.T. at the beginning 
off  the magnetic storm. 

Duringg every storm also a symmetric ring current is building up, as can be deduced from the 
Dstt values. 

AA second result of the analysis is that a large cutoff rigidity decrease is always found to be 
stronglyy correlated with large decreases in the H component at both Hermanus and San Juan, a 
conclusionn already arrived at in the preceding chapter. For small A Rc values this correlation is 
nott always found. 

AA third result of the analysis is the condition for the occurrence of a cutoff variation. Only 
duringg the asymmetric period of the storm cutoff variations are found. As soon as the 
symmetricc phase sets in, the ARC values become zero. 

Forr 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 
andd San Juan. In a few cases even an anti-correlation was observed, probably indicating that 
thee magnetosphere was disturbed in a very irregular way. 

6.55 THE DECEMBER 17,1971 SATELLITE MEASUREMENTS 

Untilll  now only for the December 17, 1971 magnetic storm relevant satellite data of magneto-
sphericc measurements are available. 

Inn November 1971 the Explorer 45 (S3-A) satellite was launched. This satellite was 
specificallyy designed to investigate the development and the progression of magnetic storms. 
Itss initial apogee was located at 2148 hours L.T. at a distance of 5,24 rE . The elliptic orbit was 
equatoriall  or nearly equatorial and the orbital period was 7,8 hours. The line of apsides moved 
westwardd at a rate of 12°/month (Longanecker and Hoffman, 1973). 

Inn a series of papers published in the Journal of Geophysical Research (J.G.R.) 1973, vol. 
788 (No. 22), the initial results of the December 1971 event were presented. In our analysis 
onlyy the data on proton measurements (Smith and Hoffman, 1973) and the magnetic field 
dataa (Cahill, Jr., 1973) will be used. 

Thee main problem in analyzing satellite data is the fact that the measurements only give 
snapshotss of the magnetosphere both in space and time. The interpretation of these data 
shouldd be done very carefully. 

Smithh and Hoffman (1973) gave the results of proton measurements in the energy range 
1-1388 keV for a series of orbits of Explorer 45 before, during and after the December 17, 1971 
magneticc storm. In fact two storms occurred in succession. The first one started with a s.s.c. at 
19044 hours U.T. on December 16, 1971. However, no significant main phase developed after 
thiss commencement. A second s.s.c. was observed at 1418 hours U.T. on December 17, 1971. 
Thee main phase developed rapidly and asymmetrically. This particular storm will be analyzed 
here. . 
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Fromm the energy density measured at a certain location in the magnetosphere the current 
densityy due to gradient and curvature drifting protons can be calculated. The general formula 
(Crookerr and Siscoe, 1974) for this current density in the equatorial plane is 

3Gaa Tp k+3 ,. i \ /^ 
jj  = - (a3) ( k - ! ) / 2 

MEE k+2 
GG being the energy density, ME the magnetic dipole moment of the earth, arE the distance 
fromm the earth and k being the exponent of the pitch angle distribution, which is assumed to 
bee given by sink a. In order to obtain the current density certain assumptions have to be made 
regardingg the extension of the current. Assuming a toroidal current and taking an isotropic 
pitchh angle distribution (k = 1) and a measured depression of the horizontal component of 160 
nTT and energy density of 2,7.10"̂  J/m3 at a distance of 3,7 rE for the diameter of the current 
wee find: 4,9 rE which is too large for formula (2.11) to be applicable as this formula has been 
derivedd for a filamentary current. 

Takingg k = 3, as in chapter II and the same values as before we arrive at a current diameter 
off  only 0,7 rE. From these results we conclude that measurements on pitch angle distribution 
aree very important. 

Thee location of the ring current can be derived from the maximum difference in energy 
densityy measured during the disturbance (orbit 101 on December 17, 1971) and one during 
magneticc quietness (orbit 97 on December 16, 1971). We assume that this maximum is the 
signaturee of the ring current location. For the out- and inbound phase of orbit 101 which 
startedd after the s.s.c. at 1418 hours U.T. on December 17, 1971 we derived two locations of 
thee ring current, viz.: outbound at a = 4,2 and inbound at a = 3,1. 

Fromm this we find that the ring current moved inward during the event. This inward motion 
wass also pointed out for the April 1, 1973 magnetic storm by Debrunner and Flückiger 
(1976). . 

Too check the assumption that the maximum difference in energy density is the signature of 
thee ring current location we also analyzed the magnetic field data measured with Explorer 45. 
Thesee data were provided by Cahill, Jr. (1973). The analysis yielded the location of the ring 
currentt at a = 4,2 on the outbound and at a = 3,2 on the inbound phase of orbit 101. The two 
setss of data corroborate to a fair degree. 

Fromm the energy density profiles versus the location of the satellite the moments of strong 
protonn 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 
thee injection rate is larger than the loss rate of the protons. 

Satellitee 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 
foundd to be located at a = 6-7, the main phase ring current at a = 3-4. During the recovery 
phasee the ring current moved outward to a = 4-5. In the post-storm phase the maximum energy 
densityy was observed again at a = 6-7. 

Withh the Explorer 45 no measurements of the quiet time ring current can be made as the 
satellitee is always underneath the region where this current is flowing. 

Ass we already pointed out in chapter II it is possible in principle to derive both the radius 
andd the intensity of the ring current from cosmic ray data using the Treiman theory. A 
comparisonn of the radius of the ring current derived in this way from the Explorer 45 data for 
thee December 17, 1971 event will be given in Debrunner et al. (1978). 

Ass only for the December 17, 1971 storm satellite data are at our disposal it is impossible to 
givee clues from these data for the other events. However, if one assumes the location of the 
ringg current not to vary drastically from event to event a general estimate of the energy density 
cann 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 
distributionn of the storm particles also have to be made. 
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CHAPTE RR VI I 

Conclusions s 

Inn this thesis cutoff rigidity variations during twenty geomagnetic storms have been studied. 
Thee aim was to find out the importance of the partial ring currents for explaining these varia-
tions. . 

Fromm the analysis we arrive at the conclusion that cutoff changes occur only during the 
asymmetricc phase of the magnetic storms. As soon as the symmetric phase begins the changes 
inn cutoff rigidity disappear. 

Thee largest variations are observed when the cosmic ray observatory is underneath the 
partiall  ring current during its build-up phase, which is located in the afternoon-midnight sector 
off  the magnetosphere. 

AA strong correlation exists between the magnitude of ARC at Jungfraujoch and the 
magnitudee 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 
instancee the absence of cutoff changes during the April 1970 storm is puzzling. The 
developmentt was rather slow but asymmetric, while Jungfraujoch was located in the 
favourablee afternoon-midnight sector. Probably the growth rate of the main phase plays an 
importantt part in the occurrence of cutoff rigidity variations. 

Somee small ARC values were found when the cosmic ray station was located outside the 
afternoon-midnightt sector. 

Thee Treiman theory on the influence of ring currents on cosmic ray intensities was deve-
lopedd for symmetric currents. However, this analysis has shown that only asymmetric ring cur-
rentss can produce the observed changes. 

AA theoretical derivation of cutoff rigidity variations during asymmetric conditions would be 
veryy useful because the Treiman theory is a strong tool to derive both the intensity and 
locationn of the ring current from cosmic ray data. 

Modell  calculations on cosmic ray particle trajectories in the asymmetrically disturbed 
geomagneticc field would be helpful to arrive at the physical mechanism responsible for the 
cutofff  rigidity variations. 

Ass partial ring currents are closed via field-aligned and ionospheric currents the influence of 
thee field-aligned currents in originating cutoff rigidity changes should be studied in detail. 
Fukushimaa and Kamide (1973) already pointed out the importance of the variation of the 
horizontall  component H due to these currents. Insight in the intensity of the field-aligned 
currentss may be obtained from observations of magnetic field variations at high-latitude 
stationss where strong ionospheric currents may flow. Special magnetic indices (the AE-indices, 
Daviss and Sugiura, 1966) have been defined as an indication of the strength of these currents. 

Inn this analysis it is shown that it is impossible to derive conclusions on the variation in 
widthh and time of the partial ring current from cosmic ray data. This is due to the fact that the 
cosmicc ray observatories are not favourably distributed over the earth. As was pointed out, 
welll  separated stations both in latitude and longitude are needed in order to carry out an 
accuratee 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 
utopiee wish to have a well distributed network of stations. 

Itt is to be hoped that the joint efforts during the International Magnetospheric Study will 
bringg many of unsolved magnetospheric processes to a solution. In particular the double 
satellitee system ('Mother-Daughter' Mission) together with the already orbiting synchronous 
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andd other satellites will give valuable information concerning the ring current build-up during 
thee main phase of magnetic storms (Durney, 1977). 

Thiss mission will also be able to shed more light onto the acceleration processes responsible 
forr energetic proton injection from the magnetotail region during substorm activity. 
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Summary y 
Afterr a short introduction on cosmic ray modulation a description is presented of the mag-
netosphere,, and of some physical processes occurring within its boundaries. 

AA geomagnetic storm is one of the most violent phenomena in the magnetosphere. During 
thee development phase of the storm the horizontal component of the geomagnetic field may 
decreasee appreciably in strength. This component together with the other components is 
measuredd continuously at the magnetic observatories spread all over the earth. The decrease 
inn strength of the horizontal component is due to a westward flowing ring current in the 
equatoriall  plane. 

Inn general the development phase is not symmetric, the decrease of the horizontal 
componentt being largest at stations located in the late afternoon-midnight sector. It is thought 
thatt simultaneously with a symmetric ring current an asymmetric or partial ring current builds 
upp in the late afternoon-midnight sector. 

Treimann developed a theory for calculating the influence of symmetric ring currents on the 
cosmicc ray intensity measured on earth. A summary and the results of this calculation is given. 

Inn this thesis we analyse 20 geomagnetic storms together with the cosmic ray intensities 
duringg these storms as measured by Neutron Monitors. Using a semi-empirical method, the 
variationss in the magnetic cutoff rigidity for the mountain stations Pic du Midi and Jungfrau-
jochh are deduced. These stations are the most sensitive for measuring these variations. 

Thee analysis shows that all analyzed storms have an asymmetric development phase. Often 
thee asymmetry even continues during part of the recovery phase. 

Itt is shown that variations in magnetic cutoff rigidity occur only during the asymmetric 
phasee of the storm. The largest variations are found when the cosmic ray station is located in 
thee late afternoon-midnight sector. 

Samenvatting g 
Naa een korte behandeling van de verschillende tijdvariaties in de kosmische straling wordt 
eenn beschrijving van de magnetospheer en enkele hierin optredende physische processen 
gegeven. . 

Eénn van de meest spectaculaire gebeurtenissen is de magnetische storm. Deze openbaart zich 
inn de regel door een kleine toename gevolgd door een zeer grote afname van de horizontale 
componentt van het aard-magnetische veld, waarvan continu metingen gedaan worden in de 
magnetischee stations verspreid over de hele aarde. Deze afname van de horizontale component 
wordtt veroorzaakt door een in het aequator vlak W-waarts lopende ringstroom op een afstand 
vann enkele aardstralen. 

Hett is uit metingen gebleken, dat behalve een symmetrische ringstroom tegelijk ook een 
asymmetrischee of partiële ringstroom ontstaat, welke in de late middag-middernacht sector 
loopt.. Deze partiële ringstroom is in het algemeen slechts in de ontwikkelingsphase van de 
stormm aanwezig, hoewel de asymmetrie soms nog tot ver in de herstelphase kan voortduren. 

Inn 1953 is door Treiman de invloed van symmetrische ringstromen op de kosmische 
stralingsintensiteitt zoals gemeten op aarde theoretisch afgeleid. In het bijzonder bepaalde hij de 
hierbijj  optredende verandering van de magnetische afsnijd-stijfheid. De resultaten van deze 
berekeningg worden kort samengevat. 

Inn dit proefschrift zijn 20 aard-magnetische stormen en de door Neutronen Monitoren 
tijdenss deze stormen gemeten kosmische stralingsintensiteiten onderzocht. Via een semi-
empirischee methode is voor de bergstations Pic du Midi en Jungfraujoch de gemeten 
veranderingg in de magnetische afsnijd-stijfheid bepaald. De metingen van deze stations zijn het 
meestt gevoelig voor deze veranderingen. 

Uitt de analyse blijkt dat iedere storm een asymmetrische ontwikkelingsphase heeft en dat er 
slechtss gedurende de tijd, waarin een partiële ringstroom loopt, een verlaging van de 
stijfheidd optreedt. De grootste velagingen worden gemeten als het kosmische stralingsstation in 
dee middag-middernacht sector ligt. 95 
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