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ABSTRACT

Time-dependent cosmic ray modulation in the heliosphere is studied by using a two-dimensional

time dependent modulation model. To compute realistic cosmic ray modulation a compound

approach is used, which combines the effect of the global changes in the heliospheric magnetic

field magnitude and the current sheet tilt angle to establish realistic time dependent diffusion

and drift coefficients. This approach is refined by scaling down drifts additionally (compared

to diffusion) towards solar maximum. The amount of drifts needed in the model to realistically

compute 2.5 GV proton and electron and 1.2 GV electron and helium intensities, as measured

by Ulysses from 1990 to 2004, is established. It is shown that the model produces the correct

latitudinal gradients evident from the observations during both the Ulysses fast latitude scan

periods. Also, much can be learned on the magnitude of perpendicular diffusion in the polar

direction, KJ..o,especially for solar minimum conditions and for polarity cycles when particles

drift in from the poles. For these periods KJ..o = 0.12KIJ in the polar regions (with KIJ the par-

alleldiffusioncoefficient)and KJ..o/KIJcan varybetween0.01 to even0.04 in the equatorial

regions depending on the enhancement factor toward the poles. The model is also applied to

compute radial gradients for 2.5 GV cosmic ray electrons and protons in the inner heliosphere.

It is shown that, for solar minimum, and in the ~quatorial regions, the protons (electrons) have

a radial gradient of 1.9 %/AU (2.9 %/AU), increasing for both species to a very fluctuating

gradient varying between 3 to 4 %/AU at solar maximum. Furthermore, the model also com-

putes realistic electron to proton and electron to helium ratios when compared to Ulysses ob-

servations, and charge-sign dependent modulation is predicted up to the next solar minimum

expected in 2007. Lastly the model is also applied to model simultaneously galactic cosmic
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ray modulation at Earth and along the Voyager 1 trajectory, and results are compared with> 70

Me V count rates from Voyager 1 and IMP8. To produce realistic modulation, this model gives

the magnitude of perpendicular diffusion in the radial direction as K.l..r/KU = 0.035 and that

the modulation boundary seemed to be situated between at 120 AU and 140 AU.

Keywords: cosmic rays, long-term modulation, heliosphere, Ulysses, modulation models.
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OPSOMMING

Die tydsathanklike modulasie van kosmiese strale in die heliosfees word bestudeer deur van

'n twee-dimensionele tydsathanklike modulasiemodel gebruik te maak. Om realistiese kos-

miese straal modulasie te bereken word 'n saamgestelde model benadering gevolg. Die be-

nadering kombineer die effek van globale tydsathanklike veranderinge in die heliosferiese

magneetveld met die kantelhoek van die neutral vlak om tydsathanklike diffusie en dryf ko-

effisiente te bereken. In hierdie werk word hierdie benadering verfyn deur dryf addisioneel

af te skaal met toenemende sonaktiwiteit. Die hoeveelheid dryf benodig in die model om re-

alistiese 2.5 GV proton en elektron en 1.2 GV elektron en helium intensiteite (soos deur die

Ulysses ruimtetuig waargeneem) te bereken, word gegee. Daar word gewys dat die model die

korrekte breedtegraadsgradiente vir beide die vinnige poolwaardse waarnemingsperiodes van

die Ulysses ruimtetuig kan bereken as dit met die waarnemings vergelyk word. Ook kan baie

geleer word oor die grootte van die loodregte diffusie koeffisient in die poolrigting, KJ..(J,veral

vir sonminimum tydperke en wannees kosmiese straal deeltjies vanaf die poolgebiede indryf.

VIr hierdie tydperke geld dat KJ..(J=0.12KU in die poolgebiede (met KUdie parallele diffusie

koeffisient) en dat KJ..(J/KU kan wissel tussen 0.01 en 0.04, athangende van die verhogings-

faktor na die pole. Die model word ook toegepas om radiale gradiente te bereken soos dit

voorkom in 2.5 GV kosmiese straal protone en elektrone. Daar word gewys dat vir sonmin-

imum tydperke die protone (elektrone) in die ekwitoriale gebiede 'n radiale gradient van 1.9

%/AE (2.9 %/ AE) het wat vir beide spesies toeneem tot 2-4 %/AE vir sonmaksimum. Verder

word die model ook gebruik om realistiese elektron tot proton en elektron tot helium verhoud-

ings te bereken en om ladingsathanklike modulasie te voorspel tot die volgende sonminimum
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wat in 2007 mag voorkom. Laastens word die model ook toegepas om kosmiese straal modu-

lasie gelyktydig by die Aarde en langs Voyager 1 ruimtetuig se baan te bereken en te vergelyk

met > 70 MeV waamemings van Voyager 1 en IMP 8. Daar word gewys dat om realistiese

modulasie te bereken hierde model, die grooUevan die loodregte diffusie koeffisient in die ra-

diale rigting gee as KJ.r/ KII =0.035 en dat die modulasiegrens tessen 120 AE en 140 AE

voorkom.

Sleutelwoorde: kosmiese strale, langtermyn modulasie, heliosfeer, Ulysses, modulasie mod-

elle.
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Chapter 1
INTRODUCTION

Cosmic ray measurements show that the intensity of cosmic ray particles is dependent on solar

activity with high intensities at solar minimum and low intensities at solar maximum activ-

ity. Understanding these time dependent changes may be important for climate studies (see

e.g. Svensmark 1998) where cosmic ray intensities could influence cloud formation on Earth.

Also, when manned spacecraft missions are considered, knowledge of the galactic cosmic ray

background radiation is also important. Earlier work by e.g. Ie Roux and Potgieter (1990) who

studied time dependent cosmic ray modulation using a modulation model, but with the tilt angle

of the heliospheric current sheet as the only time varying parameter, computed realistic mod-

ulation for solar minimum periods, but failed for increasing solar activity. This is especially

true when step decreases in observed cosmic ray intensities occurred. Le Roux and Potgieter

(1995) later showed that the step decreases in cosmic ray intensities toward solar maximum

could be explained by including global merged interaction regions (GMIR's) (see e.g. Burlaga

et al. 1993) in their model. They showed that it was therefore possible to simulate, to the first

order an 11- and 22- year modulation cycle using the time varying tilt angle and GMIR's.

More recently, Cane et al. (1999) and Wibberenz et al. (2002) argued that GMIR's cannot

be responsible for time-dependent modulation in the inner heliosphere and that this is rather

caused by time-dependent changes in the heliospheric magnetic field (HMF) (which varies

by factor of rv2 from solar minimum to solar maximum). Ferreira (2002) and Ferreira and

Potgieter (2004) tested this approach by changing all diffusion coefficients in a time dependent

modulation model to reflect the time-dependent changes in the measured HMF magnitude at

7
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Earth. They showed that this could lead to realistic computed modulation at neutron monitor

energies, but for energies < 5 GeV it produced a smaller modulation amplitude than observed.

To overcome this, Ferreira and Potgieter (2004) proposed a compound approach. This approach

incorporates realistic time-dependent changes in the current sheet tilt angle and magnitude of

the heliospheric magnetic field to calculate diffusion and drift coefficients over a solar cycle.

In this work the time dependent modulation of cosmic rays is studied with the main aim to

use an existing two-dimensional time-dependent modulation model, including all major mod-

ulation processes, and to refine and apply the compound approach of Ferreira (2002) and Fer-

reira and Potgieter (2004) to compute realistic cosmic ray modulation. In particular it is used to

calculate 2.5 GV cosmic ray intensities along the Ulysses trajectory and to compare them to ob-

servations (see e.g. Heber et al. 2003). By comparing results from such a model to observations

it is shown in this work that much can be learned about:

(1) The time-dependence of the diffusion, and especially the drift coefficient, over a

solar cycle. Although Ferreira and Potgieter (2004) managed to successfully compute realistic

cosmic ray modulation over 11 and 22-year cycles, using the compound approach, their results

still showed unrealistic charge-sign dependent modulation especially when the heliospheric

magnetic field changed polarity. They showed that drifts needed to be scaled down additionally

toward solar maximum. In this work the compound model is refined by scaling down drifts

additionally (as compared to diffusion) toward solar maximum and it is shown that the total

amount of drifts needed in the model to compute realistic cosmic ray modulation can be scaled

to the tilt angle of the heliospheric current sheet.

(2) The magnitude of the perpendicular diffusion coefficients. By computing realistic

cosmic ray modulation over a solar cycle much can be learned about the magnitude of these

8



coefficients by comparing model results with Ulysses and Voyager observations. It is shown

that upper and lower limits of the magnitude of the perpendicular diffusion coefficient in the

polar direction can be calculated when model results are compared to Ulysses observations

during the first fast latitude scan (FLSl) period. This is especially true when cosmic ray par-

ticles drift in from the heliospheric poles toward the Sun. By comparing model results with

Voyager observations, which extends to the outer heliosphere, much can also be learned about

the perpendicular diffusion in the radial direction and its influence on the cosmic ray particle

distribution.

(3) Charge-sign dependent modulation. By calculating the electron to proton and elec-

tron to helium ratios and comparing them to Ulysses observations, the need of scaling down

of drifts toward solar maximum is highlighted, especially during the period of the heliospheric

magnetic field polarity reversal. The sensitivity of the model to the polarity reversal is also

shown and an optimal value for this parameter from a modulation model perspective is given.

Apart from explaining current observations, the model can also be utilized to predict cosmic

ray modulation (in this case the electron to proton ratio) up to the next solar minimum.

(4) Radial and latitudinal gradients. Because of the success of the compound model

to compute realistic cosmic ray modulation, it can be applied to calculate, for the first time,

realistic time-dependent cosmic ray radial gradients in the inner heliosphere and to compare

them to Ulysses observations. It is also shown that the model calculates a significant latitudinal

gradient for cosmic ray protons in the A > 0 polarity cycle which disappears toward solar

maximum. For electrons almost no latitudinal gradient is calculated, irrespective of the level

solar activity.

Parts of this work are published by Ndiitwani et al. (2005). The structure and chapters

9
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division of this work are as follows:

Chapter 2: In this chapter the reader is introduced to the concept of cosmic rays, and the

terminology used in the study of cosmic ray modulation. The chapter closes with the descrip-

tion of spacecraft missions which provided electron, proton and helium data for comparison

with model results.

The four processes which cosmic rays are subjected to when entering the heliosphere, as

combined in the transport equation (Parker 1965), are discussed in Chapter 3. The theoretical

background of the diffusion tensor, as used in this work, is also given here.

Chapter 4 begins by introducing the reader to long-term cosmic ray modulation. The ef-

fects of the global merged interaction regions (GMIR's) on galactic cosmic ray modulation are

discussed. The compound approach as an alternative to the GMIR approach is reviewed, refined

and also applied to model 2.5 GV proton and electron intensities along the Ulysses trajectory.

In Chapter 5 the latitudinal and radial dependence of2.5 GV protons and electrons are stud-

ied. The effects of different perpendicular diffusion coefficient in the polar direction (K.l.o) on

the latitudinal transport of cosmic rays are illustrated. Upper and lower limits to the magnitude

of this coefficient are calculated. The time dependent radial gradients are also calculated along

the Ulysses trajectory,polar and equatorial regions.

Due to the success of the compound approach it is further applied in Chapter 6 to also

model 1.2 GV electron and helium modulation. From this charge-sign dependent modulation is

studied by calculating the 2.5 GV electron to proton and 1.2 GV electron to helium ratios along

the Ulysses trajectory. Also shown is the sensitivity of the model to the heliospheric magnetic

field polarity reversal. Predictions for the next three years of charge-sign dependent modulation

along the Ulysses trajectory are also made.

10



The compound approach is also used to calculate cosmic ray intensities in the outer helio-

sphere in Chapter 7 where the results are compared to Voyager 1 and IMP 8 > 70 MeV obser-

vations. The effects of different perpendicular diffusion coefficients and modulation boundaries

on computed intensities are illustrated.

A summary of this work is given in Chapter 8.
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Chapter 2
COSMIC RAYSAND THE HELIOSPHERE

2.1 Introduction

In this work the time-dependent modulation of cosmic rays (CR's) in the heliosphere is stud-

ied. This is done by utilizing a time-dependent numerical modulation model to compute time

dependent cosmic ray intensities throughout the heliosphere and compare it to observations

from different spacecraft. In this chapter the reader is introduced to important concepts and

processes regarding cosmic ray modulation. Examples are: cosmic rays, the heliosphere and

solar wind, the heliospheric magnetic field, the heliospheric current sheet and tilt angle and

the corresponding solar cycle related changes evident in these. At the end of this chapter is a

discussion of selected spacecraft missions, which provides valuable data for comparison with

numerical models. In the next chapter the transport of cosmic rays inside the heliosphere, and

the modulation models used to compute these are discussed.

2.2 Cosmic rays

Galactic cosmic rays are charged particles (in this study mainly protons, electrons and helium

are considered) that are ionized with kinetic energy greater than a few hundred keV to several

GeV. These particles can travel through space and filter through our atmosphere to be detected

at Earth. Their origin was shown to be extraterrestial (see e.g. Simpson 1998) and they have

first been discovered by Hess (1911,1912) during historic balloon flights. Galactic cosmic rays

that arrive at Earth are mainly composed of ",98% nuclei, stripped of their orbital electrons, and

",2% electrons and positrons. Cosmic rays can generally be classified into 4 different groups:

12



(1) Galactic cosmic rays (GCR's): These are fonned during energy transfer processes oc-

curring during supernova explosions (see e.g. Casedei and Bindi 2004; Kobayashi et al. 2004).

These particles are accelerated to high energies (Axford et al. 1977; Bell 1978a,b; Blandford

and Ostriker 1978) with the subsequent supernova blast wave responsible for the acceleration.

This work concentrates on the study of their modulation in the heliosphere, and the tenn cosmic

rays refers to this type.

(2) Solar cosmic rays (SCR's): This population of cosmic rays originates from solar flares

(Forbush 1946). During localized explosions in the chromosphere (second layer of the Sun)

energy is released in the fonn of electromagnetic radiation and energetic particles. Coronal

mass ejections (CME's) and shocks also produce these particles which have energies of several

Me V and can be detected for several hours at a time at Earth.

(3) Anomalous cosmic rays (ACR's): This third component originates from neutral inter-

stellar particles that have entered the solar system and are largely unaffected by the magnetic

field in the solar wind. Once in the heliosphere, they get ionized and transported to the termi-

nation shock (TS) where they are accelerated (see e.g. Garcia-Munoz et al. 1973; Fisk et al.

1974). These cosmic rays are named anomalous because of their unusually high intensities at

lower energies (in the lower MeV range).

(4) The "Jovian" electrons: It was discovered by the Jupiter fly-by of the Pioneer 10 space-

craft in 1973 that the Jovian magnetosphere, situated at rv5 AU, is a relatively strong source

of electrons with energies up to several hundred MeV (Simpson et al. 1974; Teegarden et al.

1974; Chenette et al. 1974). These electrons dominate low energy electron intensities within

the first 10 AU in the equatorial regions of the inner heliosphere (see e.g. Ferreira 2002).

13
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Figure (2.1) This figure shows the layers of the Sun as discussed in the text with addition of the
convection and radiative zones (from www.oulu.fi/.spaceweb/textbooklsun.html).

2.3 The Sun

The Sun is a rotating magnetic star which consists of ",90% hydrogen, and", 10% helium with a

small fraction of heavier elements. The solar atmosphere consists of four layers. The first layer

is called the photosphere. It is the apparent solar surface that emits most of the Sun's light and

heat. The second layer is called the chromosphere, which is a several thousand kilometer thick

layer above the photosphere. The third layer is a transition region, just above the chromosphere,

where temperature increases rapidly from about 104 K to 106 K. The fourth layer is the corona

which expands into interplanetary space and becomes the solar wind (see Figure 2.1) which

determines the structure of the heliosphere.

On the Sun a basic indication of solar activity is through sunspots, which are the darker

14
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Figure (2.2) Monthly averaged sunspot numbers (basic indication of solar activity) from 1750
to early 2005 as function of time in years (data from http://www.spaceweather.com).

and irregular cooler regions on the surface of the Sun and are associated with strong magnetic

fields. A record of sunspots since 1750 is shown in Figure 2.2 as function of time (data from

http://www.spaceweather.com). Fewer and smaller sunspots are correlated to low solar activity,

whereas larger and more sunspots are correlated to high solar activity. From Figure 2.2 follows

that every I'V11 years the Sun goes through a period of fewer and smaller sunspots called solar

minimum that changes to a period of larger and more sunspots called solar maximum. It will

be shown later that cosmic ray intensities also change over a solar cycle.

2.4 The solar wind

The plasma atmosphere of the Sun continuously blows away from its surface to maintain equi-
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Figure (2.3) Six-hour average solar wind speed for the pole-to-pole transit of Ulysses from the
peak southerly latitude of -80.2° on 12 September 1994 to the corresponding northerly latitude
on 31 July 1995 (from Phillips et al. 1995).

librium (parker 1958, 1963), a phenomenon called the solar wind. The solar wind was discov-

ered by Bierman (1951) when he reported that comet tails point directly away from the Sun,

and the first mathematical model was established by Parker (1958). In the equatorial regions of

the Sun the magnetic field begins and ends on the solar surface. These closed field lines result

in a slow solar wind, which is characterized by a speed of ",400 km.s-1. At higher heliographic

latitudes, the magnetic field lines are anchored at one point and the other end is carried away

by solar wind. These open magnetic fields affect the transport of cosmic rays in the heliosphere

and are the source of the fast solar wind, characterized by speeds up to '"'-'800km s-l.

The above mentioned latitude dependence of the solar wind speed was confirmed by Ulysses

spacecraft observations (McComas et al. 1995; Phillips et al. 1995) and is shown in Figure

2.3. This figure shows that Ulysses observed a high solar wind speed (700 - 800 km.s-1) at

~'"'-' 200S. In the '"'-'200Sto '"'-'200Nregion it observed medium to slow speeds, '"'-'400 km.s-1,

16

c.. ... ...4.) .c ... c:s c.. "" bOtI) = <'OS :is < :is ='Q c: tf :is <(""'j ..... 0 \0 .....
900

- ...... 00 \Q -.:r- (""'j

.--.

] 700

-n--'-'---Tli""' r-r..-..nn- -

tI)nco"-" 0-"'0 ---------- -- --------------- ---- ------ c..cu 500 30
aa

4.)c..
en

8"'0

.- - - ------- -- ---- ----.-- -'..-.iN.-- --.-- .-- ..

.:== 300 20 0

nn __. __.. n _._. _. ___._
g... (I><'OS .

"0 10tI)

-80 -60 -40 -20 0 20 40 60 80
0

Heliographic Latitude (degree)



after which the solar wind speed increased again at ~rv 200N.

In the modulation model used in this work the solar wind speed, V,is taken to be radial and

it is assumed that

V(r, (})= V(r, (})er = ~(r)Ve((})er (2.1)

where r is the radial distance and () the polar angle with er the unit vector in the radial

direction.The radialdependenceof ~ (r) isgivenbyHattingh(1998)as

~(r) = 400{1- exp [~O (r0r~ r) ] }km.s-1

with ro = 1 AU and r0 the radius of the Sun. The latitude dependence Ve( (})of the solar wind

(2.2)

speed during solar minimum conditions is given by

ve((})= 1.51= 0.5 tanh [~; (() - 90°:!: cp)]
(2.3)

in the northern and southern hemisphere respectively with, cptaken as 35°. For solar maximum

the solar wind speed is assumed independent of the latitude so that

Ve((})= 1. (2.4)

Figure 2.4 shows the latitude dependence of solar wind speed given by Equations 2.3 and 2.4

for solar minimum and maximum conditions respectively. The solid line shows solar minimum

while the dotted line shows solar maximum conditions. For solar minimum there is a slow

solar wind speed of 400 km.s-1 in the equatorial regions which increases at the polar regions

to 800 km.s-1. For solar maximum conditions the solar wind speed on average is 400 km.s-1

for all latitudes. As shown by Ferreira et al. (2003), for energies < 300 MeV, the heliospheric

transport of cosmic rays can be affected by changes in V. However, at the energies concerned

in this work, e.g. 1-3 GV,changes in Valone result in almost no effect on particle transport.

17
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Figure (2.4) The latitude dependence of the solar wind speedfor solar minimum and maximum,
given by Equations 2.3 and 2.4 respectively.

2.5 The heliosphere

The region around the Sun, filled with the solar wind plasma and the Sun's magnetic field, is

called the heliosphere (Relios is the Greek word for the "Sun" and therefore the heliosphere

indicates the influence sphere of the Sun). As discussed earlier, the Sun's magnetic field is

carried by the solar wind into the heliosphere and forms the heliospheric magnetic field (HMF).

It is this HMF which determines the passage of cosmic rays changing the intensities with time

as a function of energy and position, a process known as the heliospheric modulation of cosmic

rays.

As the solar wind flows outward, it encounters at large radial distances the local interstellar

medium (LISM) and the pressure from the LISM causes the supersonic solar wind speed to de-

crease to subsonic speeds. A shock is then created called the solar wind termination shock (TS).
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Figure (2.5) Contour plot of the heliosphere showing the computed proton number density (top)
and proton speed (bottom). Shown by the dashed lines are the positions of the termination shock
and the heliopause (from Ferreira and Scherer 2004).

Bell (1978a,b), Blandford and Ostriker (1978) and Axford et aI. (1977) discussed the theory

of cosmic rays acceleration at shocks. However, in this work cosmic ray acceleration at shocks

are neglected because we mostly concentrate on particle intensities in the inner heliosphere.

Because the mutual interaction of the solar wind plasma and the interstellar medium defines

the geometry of the heliosphere, a hydrodynamic model can be used to calculate the geometry

of the heliosphere and solar wind profiles. Figure 2.5 (from Ferreira and Scherer 2004) shows

a contour plot of the heliosphere with the computed proton number density (top) and proton
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speed (bottom) for an anisotropic solar wind speed (as for solar minimum conditions). Since the

proton number density varies over several orders of magnitude, a logarithmic scale is assumed.

The results are shown in the rest frame of the Sun, where its motion relative to the LISM

appears as an interstellar wind blowing from right to left. The dashed lines indicate the position

of the termination shock and heliopause (a distance which beyond the Sun has no significant

influence). As shown, both the termination shock radius, Ts, and heliopause radius, Tb, are

functions of polar angle and are elongated along the Sun's polar axis. This elongation is due to

an increase in solar wind ram pressure in the polar regions (see also Pauls and Zank 1996; Zank

1999). From Figure 2.5 follows that in the equatorial regions Ts = 94 AU and Tb = 140 AU in

the nose direction, while Ts = 206 AU in the tail direction and Ts = 157 AU and Tb = 244 AU

at the poles. However, as shown by Ferreira and Scherer (2004), for energies around 1 GeV (as

studied in this work) and in the inner heliosphere, the cosmic ray intensities are not as sensitive

to an asymmetry in the modulation volume. Therefore, in this work a spherical heliosphere is

assumed with Tb=120 AU, and the effect of the termination shock is neglected, to optimize

computing resources.

2.6 The heliospheric magnetic field

Charged particles, such as cosmic rays, follow and gyrate along the heliospheric magnetic field

(HMF). During this time the magnetic field irregularities, due to turbulence, result in pitch

angle scattering of these particles. Therefore the HMF plays an important role in the transport

of cosmic rays in the heliosphere. Different HMF models have been proposed by e.g. by Parker

(1958) and Fisk (1996). For this work the Paker model is used and briefly discussed next.

The rotation ofthe Sun causes the HMF to have a spiral structure derived by Parker (1958)
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Figure (2.6) The Parker spiral which rotates around the polar axis at 4SO (dotted line), 900
(solid line) and 13SO (dashed line).

as

(
ro

)
2

B = Bo -; (er - tan'ljJetjJ) (2.5)

where er and etjJare unit vectors in the radial and azimuthal direction respectively, Bo is the

value of the HMF at Earth, ro = 1 AU, and 'ljJis the spiral angle defined as the average angle

between the radial direction and the average HMF at a certain position, giving an indication of

how tightly wound the HMF is. This angle is given by

./. n (r - r0) sinOtan 'f/= V (2.6)

where n is the angular speed of the Sun and r0 the solar radius. Substituting Equation 2.6 in

Equation 2.5 yields the magnitude of the HMF spiral structure throughout the heliosphere

B=Bo(:Or ,/1+ [n(r-~)Sinor. (2.7)

Figure 2.6 shows the 3-dimensional HMF spiral structure given by Equation 2.7 where the spiral
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rotates around a polar axis at 0 = 450 (northern hemisphere) dotted line, 0 = 900 (equatorial

plane) solid line and 0 = 1350 (southern hemisphere) dashed line. The Sun is at the center

position.

Concerning Equation 2.7, a modification was proposed by Jokipii and K6ta (1989) arguing

that the solar surface is not smooth but turbulent. This causes the field lines to wander randomly,

causing temporal deviations from a smooth Parker spiral geometry. These authors suggested

that

Em = Eo (~r VI + (0(r - ~0)SinO)2+ (r:: ) 2 (2.8)
withsubscriptm implyingthemodificationof theHMF.TheHMFis modifiedby varying8m.

In this work we use 8m = 0.003 (Haasbroek 1993) and for this value the magnitude of the

HMF changes in the polar regions without changing the field in the equatorial plane.

Because of the differential rotation (the equatorial region rotates faster than the polar region)

of the Sun, Fisk (1996) showed that a modification of the Parker spiral may be needed. The

interplay between the differential rotation of the footprints of the HMF lines in the photosphere

of the Sun, and the subsequent non-radial expansion of the field lines with the solar wind from

coronal holes, can result in excursions of the field lines with heliographic latitude. The Fisk

model therefore includes a meridional component which is not present in the Parker model.

This could account for observations from the Ulysses spacecraft of recurrent energetic particles

events at higher latitudes, where in the Fisk model the magnetic field lines at high latitudes can

be connected directly to corotating regions in the solar wind at lower latitudes. However, the

Fisk field leads to a more complicated form of transport equation and the implementation of

this field in the numerical model (K6ta and Jokipii 1997) lies beyond the scope of this work.

For a discussion of this field, see e.g. Van Niekerk (2000) and Burger and Hattingh (2001).
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Figure (2.7) A three dimensional representation of HCS out to 10 AU with a = 5° (lowsolar
activity, left panel) and a = 20° (low to moderate activity, right panel) (from Haasbroek 1997).

2.7 The heliospheric current sheet

The magnetic and rotation axes of the Sun are not aligned, with the angle between them called

the tilt angle a. Therefore, as the Sun rotates it causes a wavy current sheet, called the he-

liospheric current sheet (RCS) which is convected with the solar wind outward to the outer

heliosphere. The HCS therefore oscillates about the heliographic equator to form a series of

peaks and troughs as shown in Figure 2.7. The larger a corresponds to a larger latitudinal

extend of the HCS (for a review see e.g. Smith 2001).

The tilt angle also changes with solar activity, increasing for increasing solar activity. During

times of low solar activity the axis of the magnetic equator and the heliographic equator become

nearly aligned, causing a relative small current sheet waviness with a =5°to 10°, During high

levels of activity, the tilt angle increases to as much as a ~ 75°, as will be shown in the next

section. In the model used in this work the tilt angle is also changed to simulate changes in solar

activity. For a constant and radial solar wind the HCS satisfies equation (Jokipii and Thomas
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Figure (2.8) The solar cycle dependence of the average magnitude of the HMF measured at
Earthfrom 1975 up to 2000. (datafrom http://nssdc.gfc.nasa.gov/coheweb).

1981)

0' 7r . 1

{

. .
[
A. O(r - ro)

] }="2 +sm- smasm '1'+ V .

However, for small a, Equation 2.9 reduces to (e.g. Hattingh 1998)

(2.9)

,7r

[0= "2+ a sin <p+ O(r ~ ro)] . (2.10)

2.8 Solar cycle related changes

As mentioned before, the record of sunspots (Figure 2.2) shows that the Sun goes through a

period of fewer and smaller sunspots called solar minimum, changing to a period of larger and

more sunspots called solar maximum. Apart from sunspots, the HMF and tilt angle discussed
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Figure (2.9) Solar polar magnetic field strength for both the southern and northern polar re-
gions respectively (data from Wilcox observatory http://quake.stanford.edu./).

above also varies with solar activity. Figure 2.8 shows the magnitude of HMF strength at Earth,

B(t), as a function of time from 1975 to 2000. Shown in this figure is that B(t) exhibits a

difference of rv 2 between solar maximum to solar minimum, increasing for increasing solar

activity. As discussed later, this variation is important for particle transport. The magnetic polar

field strength also changes with time. Figure 2.9 shows polar field strength for both northern

and southern poles respectively. In the figure the shaded regions indicate the periods where

the solar polar field strength, at both the southern and northern solar poles, reverses and which

occur in 1980.0-1980.5, 1989.9-1991.3 and 2000.0-2001.5. During these periods there is no

well-defined HMF polarity. In the model the polarity reversal is specified at a specific time step

and because this work concentrates on simulating particle transport from 1990.0 until recently,

the HMF polarity reversal is specified at 2000.2.
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Apart from the HMF, the tilt angle, a, also varies with solar activity as shown in Figure

2.10 (data from Wilcox solar observatory: http://sun.stanford.eduJ). Two models are shown,

the "classic" and "new" model. The classic model uses line-of-sight boundary conditions and

the new model uses radial boundary conditions at the photosphere to calculate a. As shown in

Figure 2.10, both tilt angle models vary from low values rvSo (solar minimum) to high values

rv7S0 (solar maximum), beyond which the observed tilt angle becomes undefined.
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Figure (2.10) Variation ojthe tilt angle from 1976 up to recently. The dotted line represents the
classic model, which uses line-oj-sight boundary conditions and the solid line representsa new
model, which uses radial boundary conditions at the photosphere (see Hoeksama 1992) (data
from Wilcox solar observatory: http://sun.stanford.edu/).

2.9 Spacecraft missions

In this work the time dependent modulation of galactic cosmic rays in the heliosphere is stud-
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ied with a numerical modulation model. It is important to compare these computations with

spacecraft observations to gain important insights and to establish realistic modulation param-

eters. For this work observations from the Ulysses and to a lesser extent the Voyager spacecraft

are used, and a brief discussion of these missions are given.

2.9.1 The Ulysses mission

The Ulysses spacecraft is the first spacecraft to have undertaken measurements far from the

ecliptic plane and over the polar regions of the Sun, thus obtaining first-hand knowledge con-

ceming the high latitudes of the inner heliosphere (see e.g. Heber et al. 1997). The Ulysses

mission together with the Kiel Electron Telescope (KET), which is part of the Ulysses Cos-

mic and Solar particle Investigation (COSPIN), are described by e.g. Simpson et al. (1992),

Marsden (1993), Wenzel (1993), Rastoin et al. (1996), Ferrando et al. (1996) and Heber et al.

(1997) (see also http://helio.estec.esa.nllUlysses/). The specific objectives of Ulysses scientific

investigation are described by Wenzel et al. (1992) and include:

(1) To asses the global three-dimensional properties of the solar wind and the interplanetary

magnetic field.

(2) To study the origin of the solar wind.

(3) To increase current knowledge of waves, shocks and other discontinuities in the solar

wind.

(4) To study the acceleration of energetic particles in solar flares.

(5) To improve the understanding of galactic cosmic rays by sampling these particles over

the poles.

(6) To increase knowledge of the neutral component of the interstellar gas that enters the
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heliosphere.

(7) To improve the understanding of interplanetary dust.
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Figure (2.11) The Ulysses trajectory in radial component (left panel) and latitude component
(right panel) (datafrom http://nssdc.gsfc.nasa.gov/space/helios/heli.html). The two dashed ver-
tical lines indicate the beginning and the end offast latitude scan periods (FLS1 and FLS2).

The Ulysses spacecraft was launched on 6 October 1990. From launch it moved in the

equatorial plane to Jupiter (at rv 5 AU) and from there it started to move to higher latitudes

south of the ecliptic plane. This unique trajectory of Ulysses from 1990 to 2006 in the latitude

and radial distance is shown in Figure 2.11 (http://nssdc.gsfc.nasa.gov/space/helios/heli.html).

From Figure 2.11 follows that Ulysses travelled to high latitudes with the first highest southern

latitude of 800 reached in mid year 1994, after this, the spacecraft did the first fast latitude

scan returned to the ecliptic plane in 1998. After 1998, it started its second out of the ecliptic

orbit,when it kept moving south covering regions within and outside the heliospheric current

sheet, to reach for second time a latitude of 800 in 2001, crossing the equatorial plane in May
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2001. Indicated by vertical dashed lines are the two fast latitude scan (FLS) periods with FLSI

occurring around 1995 and FLS2 occurring around 2001.

Onboard Ulysses are nine scientific instruments of which the KET provides a wide range of

electron fluxes from 2.5 Me V to 6000 MeV. In this work observations from KET with <E> =

rv 1.2 GeV and <E> =rv 2.5 GeV are mainly used.

2.9.2 The Voyager mission

The two Voyager spacecraft were launched in 1977. These two spacecraft were to study the

planets Jupiter and Saturn and their satellites and magnetospheres. They were the first space-

craft sent to explore the outer solar system (http://nssdc.gsfc.nasa.gov/planetary/voyager.html).
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Figure (2.12) Voyager 1 and 2 trajectory shown in the radial distance and the latitudinal de-
grees component (data from http://nssdc.gsfc.nasa.gov/space/helios/heli.html).
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Figure 2.12 shows the trajectory of Voyager-1and Voyager-2radially (left panel) and latitudi-

nally (right panel). The radial distance illustrates that these two spacecrafts are about to explore

distances beyond 90 AU (expected position of the termination shock). Recently, some contro-

versy emerged around whether the Voyager 1 spacecraft actually reached the termination shock

(Krimigis et aI. 2003) or not (Stone and Cummings 2003). It is shown by the latitude that the

two Voyager spacecraft were set to explore the Sun's environment from different heliographic

latitudes simultaneously by sending Voyager 1 to the northern while Voyager 2 was sent to the

southern hemisphere. Cosmic ray observations onboard this spacecraft with energies E > 70

Me V are used as a comparison to model results in Chapter 7.

2.10 Summary

In this chapter the reader was introduced to cosmic rays, the highly energetic particles that

travel through the heliosphere before been detected at Earth. The four heliospheric populations

of cosmic rays were also described. These include: galactic and anomalous cosmic rays, solar

particles and Jovian electrons. In this work the transport of galactic cosmic rays in the helio-

sphere which is created by the solar wind, is studied. During solar minimum, the solar wind

is divided into a slow solar wind with speeds of 400 km.s-1 and a fast solar wind with speeds

up to 800 km.s-1 in the polar regions. For solar maximum the solar wind speed is 400 km.s-1

at all latitudes. The solar wind also carries the solar magnetic field into the heliosphere, form-

ing the heliospheric magnetic field. At large radial distances in the outer heliosphere, the local

interstellar pressure becomes larger than the solar wind pressure, causing the supersonic solar

wind speed to decrease to subsonic. A termination shock is created and cosmic rays can be

accelerated at this shock.
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The observation of sunspots show that the Sun has a quasi-periodic II-year cycle called solar

activity. Every 11 years the Sun goes through a period of fewer and smaller sunspots called

solar minimum, that changes to a period of larger and more sunspots called solar maximum.

The heliospheric magnetic field strength also varies with solar activity by a factor of rv2 from

solar maximum to solar minimum.

Because the rotation and the magnetic axis of the Sun are not aligned, the rotation of the

Sun causes a wavy current sheet called the heliospheric current sheet (HCS). This structure also

influences the transport of cosmic rays, by contributing to drift motions. The solar rotation of

the Sun causes HMF to have a spiral structure called the Parker spiral. This HMF determines

the passage of cosmic rays changing their intensities as a function of time, position and energy,

a processes called modulation of cosmic rays in the heliosphere. In modulation studies such as

this one, results are frequently compared to various spacecraft observations, but in particular

to Ulysses and Voyager observations and a brief discussion of these spacecraft missions were

given.

In the next chapter the major modulation processes, which cosmic rays are subjected to

when entering the heliosphere, are described.
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Chapter 3
COSMIC RAYTRANSPORT AND

MODULATIONMODELS

3.1 Introduction

Cosmic rays that travel through the heliosphere have their intensities changed as a function

of position, time and energy, a process called the modulation of cosmic rays. In this chapter

the four major cosmic ray modulation processes, as combined into a transport equation (TPE)

(paker 1965), are briefly described. In particular, emphasis is on the diffusion and drift pro-

cesses which are arguably the most important cosmic ray transport processes. Parts of this

chapter are published by Ndiitwani et al. (2005).

3.2 The transport equation and the diffusion tensor

When cosmic rays enter the heliosphere they experience four major modulation processes: (1)

Convection as a result of the constantly radial outward blowing solar wind. (2) Energy changes

in the form of adiabatic cooling, or acceleration at shocks. (3) Diffusive random walk along and

across the heliospheric magnetic field (HMF). (4) Drift motions due to gradients and curvature

of the HMF, and any abrupt changes like the heliospheric current sheet (RCS). These four

processes were combined by Parker (1965) into one equation, called the transport equation (see

also Gleeson and Axford 1967,1968;Jokipii and Paker 1970). The TPE is given by

M 1 8
- = \7 . (K . \7f - V f) + - (\7 . V) - (f) + Q8t 3 8lnP

(3.1)

where f(r,P, t) is the omnidirectional distribution of cosmic rays depending on position r,
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rigidity P and time t, V is the solar wind velocity, K the diffusion tensor and Q the source

function. The rigidity P is defined as the momentum per charge for a given specie of particles,

P = pc/q where p is the particle's momentum, q the charge and c the speed of light. Equa-

tion 3.1 contains all the important modulation processes, where the first term on the right side

describes the spatial diffusion parallel and perpendicular to the average heliospheric magnetic

field and particle drifts in the background magnetic field. The second term describes the out-

ward convention due to the radially outward blowing solar wind. The third term includes the

energy changes and the fourth term specifies possible sources or sinks of the cosmic rays inside

the heliosphere, like Jovian electrons. The diffusion tensor in spherical coordinates is:

[

Krr Kro Kr4>

]

K = KOr Koo K04>
K4>r K4>B K4>4>

[

KII cos2'l/J+ Kl.r sin2 'l/J -KA sin 'l/J
- KA sin'l/J K.L8

(Kl.r -KII)sin'l/Jcos'l/J -KAcos'l/J
with the diffusion coefficients of special interest

(3.2)

(Kl.r - KII) cos'l/Jsin'l/J

]

KA COS'l/J

Kl.r cos2 'l/J+ KII sin2 'l/J

(3.3)

Koo = Kl.o,

with Kl. and KII are the diffusion coefficients perpendicular and parallel to the heliospheric

magnetic field respectively, and KA the drift coefficient. The perpendicular diffusion coefficient

(Kl.) can be subdivided into possibly two independent coefficients namely the perpendicular

diffusion coefficient in radial (Kl.r) and in polar (K.L8) direction. Furthermore, 'l/Jis the spiral

angle which is the angle between the radial direction and the average HMF at a given position.

Concerning Equation 3.3, Figure 3.1 shows cos2'l/Jas a function of radial distance in the

equatorial plane, () = 90° and at the poles, () = 10°. As shown, cos2 'l/Jdecreases with increas-

ing radial distances in the polar region and even more for the equatorial region. Also shown is
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Figure (3.1) sin2'IjJand cos2'IjJin Equation 3.3 as afunction of radial distancefor the equatorial
plane at () = 90° and polar regions () = 10°,

sin2'IjJ which stays constant for most for the heliosphere except in the inner heliosphere where

it decreases for both the polar and equatorial regions. From Figure 3.1 follows that KJ.r domi-

nates Krr in the outer heliosphere whereas KII dominates Krr in the inner heliosphere.

3.3 Parallel diffusion

The diffusive transport of charged particles in the heliosphere is described by the parallel and

perpendicular diffusion coefficients. This section concentrates on the parallel diffusion coeffi-

cient (KII) which describes the transport of the cosmic rays along the HMF lines. These pro-

cesses can be described by the quasi linear theory (QLT) (see e.g. Jokipii 1966; Hasselmann

and Wibberenz 1968), with the parallel mean free path (All)given by

3v 1 (1 _/L2)2
All=2 J '" 1\ d/L,° (3.4)
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with v the speed of the particle and J.Lthe cosine of the pitch angle and ~ (J.L)the Fokker-

Planck coefficient for pitch-angle scattering (Hasselmann and Wibberenz 1970; Jokipii 1971;

Earl 1974). The relation between the parallel mean free path (All) and the parallel diffusion

coefficient is given by

(3.5)

with v the speed of the particle.

The calculation of ~ (J.L)in Equation 3.4 needs as input the power spectrum of the magnetic

field fluctuations which can be divided into three ranges (see e.g. Bieber et aI. 1994) namely

the energy range, where the power spectrum variation is independent of the wave number k, the

inertial range, where it is proportional to k-5/3, and a dissipation range where it is proportional

The dissipation range plays a significant role in the resonant scattering of low energy parti-

cles where the pitch angles of these particles approach 90°. In the original derivation of Allthe

dissipation range was neglected (see e.g. Jokipii 1966). It soon become evident from plasma

wave observations in the solar wind (see e.g. Coroniti et al. 1982) that the magnetic fluctua-

tion spectra typically exhibit a dissipation range. By neglecting the dissipation range, Allis too

small for lower rigidities and has the wrong rigidity dependence (Bieber et al. 1994). However,

this Allcan be applied to high energy proton modulation in the heliosphere because cosmic ray

protons experience large adiabatic energy changes below rv 300 Me V and at these energies the

proton modulation seems unaffected by changes in All(see e.g. Potgieter 1984). For electron

modulation the knowledge of Allis vital because the electrons respond directly to changes in

Allfor rigidities P < 100 MV.

Including the dissipation range, QLT predicts a Allwhich is infinite. This is because ~ (J.L)
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goes more rapidly to zero without dissipation range as the pitch angle approaches 900. When

~ (J.L)~ 0 then from Equation 3.4 follows that All ~ 00. A higher order theory is there-

fore needed. Several mechanisms have been proposed to overcome this problem. Examples are

mirroring by the fluctuations of the magnetic field magnitude (see e.g. Goldstein et al. 1975),

a variety of nonlinear extensions of the theory of pitch angle scattering (see e.g. Goldstein

1976), wave propagation (Schlickeiser 1988) and the effects of dynamical turbulence (Bieber

and Matthaeus 1991; Bieber et al. 1994). The latter introduced two dynamical turbulence mod-

els, namely the damping model and the random sweeping model. The inclusion of dynamical

turbulence causes ~ (J.L)not to decrease to zero for small J.L,which leads to a finite Allat lower

energies (Hattingh 1998).

Taking into account theoretical arguments by Burger et al. (2000), Ferreira (2002) con-

structed a parallel diffusion coefficient to compute realistic cosmic ray electron modulation

inside the heliosphere. By comparing model results with cosmic ray electron observations by

Pioneer 10 and Ulysses, a diffusion tensor was constructed which included a Allsimilar to the

damping model (proposed by Bieber et al. 1994) at low energies. This coefficient is given by

KII = Ko!3h (r,P) (3.6)

where

h (r, P) = 0.29(P) c (r) h (r, P) (3.7)
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with

h (r,p) (
P

)
2

( )
1.7

(
P

)( )
2.2

(
P

)
1/3

( )- a Po ~ + Po :0 + b Po ~ + ee (r)

}

(3.8)

e (r)
{

I if r > rc

- m (r) if r < rc

_ (~)0.6
g(P)

whereKo = 4.5 X 1022cm2s-1, /3 = vie the ratio of the particle speed v to the speed of light

e, Po = 1 GV,ro = 1 AUand Ps = P whenP < 1 GV and Ps = 1 GV whenP 2: 1 GV.

This coefficient is based on theoretical arguments at the higher rigidities (Burger et al. 2000)

and is comparable to solar particle events at lower rigidities (Droge 2000) and is shown at three

radial distances as the dark lines in Figure 3.2. Equation 3.6 is closely related to the studies of

Ferreira (2002). However, this >'11resulted in too large values for rigidities P < 3 GV and P >

300 MY when compared to theory. For this work a new >'11is constructed based on theoretical
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€ = ()X
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ro
rc =

0.1 + (Psi Po) 1.4

e (r) -
{ (lOrolr)k ifr > 10 AU }1 ifr 10AU

k = 0.000125 (rlro)2 ,



work by Teufel and Schlickeiser (2002) for A" at Earth. In addition, a radial dependence was

constructed resulting in a A" which produces realistic cosmic ray modulation inside the whole

heliosphere, similar to that of Ferreira (2002).

The new expression of the parallel mean free path used in this work (see also Ndiitwani et.

al. 2005) is given by:

A" = AI(r,P) A2(r,P) h (t) with h (t) = (~~)) n
(3.10)

where

AI(r,P)
5

( (
(PIR )(1/3)+ 3.57

) )= _ 0.016 ° (0.5112+(p/po)2r4
3 + (rIro)1.8x 10-9 (PIPo)

C1(P) + 0.08

- C1(P) (rlro)-2.30 + 0.08 (rlro)0.37

(3.11)

A2(r, P)

with

C1(P) = 83.0 (
0.02

)
0.75

1000P . (3.12)

For lower rigidity A" has almost no rigidity dependence as needed to compute realistic electron

modulation (Ferreira 2002).

Figure 3.2 shows Equation 3.10 at 1 AU (solid line), 10 AU (dotted line) and 60 AU (dashed

line) as grey lines, together with Equation 3.6 from Ferreira (2002) as dark lines. At 1 AU the

new expression shows a smoother transition from higher to lower rigidities compared to that of

Ferreira (2002). Note that for 10 and 60 AU Equation 3.10 is also higher compared to Ferreira

(2002) because of a larger modulation volume (increased outer boundary) used in this work.

Also, a more detailed study into the outer heliosphere modulation was done as will be discussed

in following chapters, resulting in a more realistic A".
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Figure (3.2) The parallel mean free path of which diffusion coefficient is given by Equation 3.6
(dark colour see e.g. Ferreira 2002) and the parallel mean free path given by Equation 3.10
(light colour, see e.g. Ndiitwani et al. 2005) as function of rigidity at 1 AU (solid line), 10 AU
(dotted line) and 60 AU (dashed line).

3.4 Perpendicular diffusion

The transport of the charged particles perpendicular to the HMF is described by the perpen-

dicular diffusion coefficient Kl., which can be subdivided into two possibly independent co-

efficients, namely Kl.r and Kl.B, which are perpendicular diffusion in the radial and polar

direction respectively. Although some progresses has been made recently, theoretical work on

Kl. has been mostly neglected (see e.g. Ie Roux et aI. 1999; Jokipii 2001) because of its com-

plexity. However, Kl. is very important at lower energies (e.g. E < 300 MeV) for electron

modulation where drifts and energy changes are not important as for cosmic ray protons (Fer-

reira et al. 2000). Because of its complexity, authors using modulation models usually scale
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Figure (3.3) Ulysses cosmic ray measurements (see e.g. Simpson et al. 1995) compared with
classical drift-model predictions by Potgieter and Haasbroek (1993). The two panels represent
measurements and model predictions at different energies (from Smith 200a,b).

KJ.. as KU (Jokipii and Kota 1995; Potgieter 1996; Ferreira et al. 2000; Burger et al. 2000;

Ferreira et al. 2001a,b).

Prior to the Ulysses mission it was believed that due to large drifts cosmic rays preferen-

tially enter the heliosphere from above the Sun's poles in a A > 0 HMF polarity cycle. However,

observations with the Ulysses spacecraft in the inner heliosphere showed that the latitude de-

pendence of cosmic rays protons is significantly less than predicted by classical drift models

as shown in Figure 3.3 (Potgieter and Haasbroek 1993; see also Heber et al. 1996). To over-
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come this it has become standard practice in modulation models to assume KJ..(J> KJ..r (see

e.g. K6ta and Jokipii 1995; Potgieter 1996; Burger et al. 2000; Ferreira et al. 2000; Ferreira

et al. 2001a). This not only results in more realistic latitudinal gradients of cosmic rays, but

also explains the fact that corotating interaction region related changes are observed at high lat-

itudes without equivalent structures in the equatorial regions (see e.g. Jokipii et al. 1995; K6ta

and Jokipii 1998).

Ferreira et al. (2000) studied in detail the effect of anisotropic perpendicular diffusion on

cosmic ray electron modulation. They showed that for a A < 0 polarity cycle, and increas-

ing K J..(Jthat the radial dependence decreased for differential intensities at distances with large

radial dependencies and increased the radial dependence at a distances with a small radial de-

pendence. The increase in KJ..(Jalso resulted in the reduction of the latitudinal dependence of

cosmic ray electron intensities at all radial distances. It was shown by Potgieter (1996) and Pot-

gieter et al. (1997) that assuming anisotropic perpendicular diffusion and by increasing KJ..(J

relative to Killed to a remarkable reduction in drifts as experienced by cosmic ray protons. Fer-

reira et al. (2000) found similar results for galactic cosmic ray electrons. Therefore increasing

KJ..(Jsmears out the signature of the drifts.

In this work, for the perpendicular diffusion coefficient in radial direction, it is assumed

that

(
P

)
0.3

KJ..r = 0.02 Po KII (3.13)

where KJ..r is scaled spatially as KII, but their ratio is a function of rigidity (Ferreira et al.

2oo1b). For the perpendicular diffusion coefficient in the polar direction it is assumed that

(3.14)
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with

F (0) = A+ =r= A- tanh [~O (0 - 900+ OF)], (3.15)

where Ai: = dt1, LO = 1/8, and OF = 350 for 0 < 900 while for 0 > 900 OF = -350

(Ferreira et al. 2001a). In this equation F (0) is an enhancement function suggested by Burger

et al. (2000). According to Equation 3.14, Kl.o is enhanced with respect to KU by a factor

d from the value in the equatorial regions towards the poles. This is shown in Figure 3.4,

where F (0) is shown as a function of a polar angle illustrating how F (0) increases from
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Figure (3.4) The function F (0) given by Equation 3.15 as afunction of polar angle for four dif-
ferent assumptions of d, e.g. d = 1, 2.5, 6 and 13 from bottom to top. The values at 0 = 550,900
and 12SO correspond to polar angles where F (0) = d/2.

unity, which gives no enhancement in the equatorial plane, toward the poles depending on the

value of d (Ferreira 2002). Arguments for this enhancement can be found in Ferreira et al.

(2001a) and Burger et al. (2000). They showed that to produce the correct magnitude and
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rigidity dependence of the latitudinal cosmic ray proton and electron gradients, as observed by

Ulysses, enhanced latitudinal transport is required (see also K6ta & Jokipii 1995; Potgieter et

al. 1997). A physical justification of this increase in K.l..9 towards the polar regions could be to

compensate for a HMF with a meridional a component. For a solar minimum, a Fisk-type HMF

(Fisk 1996) is probably more realistic, resulting in more realistic latitudinal transport than in

a Parker field. To account for this effect K.l..9needs to be enhanced towards the poles when

Parker HMF is used (Ferreira and Potgieter 2004) as in this work.

3.5 Drifts

The Parker spiral field affects cosmic ray transport by contributing drifts associated with the

gradient and curvature of the field and any abrupt change in the field direction such as the HCS.

The drift direction depends on the HMF polarity and the inclusion of the drifts in modulation

models may significantly alter the modulation (Jokipii et aI. 1977). The components of the

gradient, curvature and current sheet drifts are given in three dimensions (see e.g. Hattingh

1998):

sign (Bq) ~ (sinOK9r),. /I !:I/I

rffin 8

]

sign (Bq) [~~ (Klf>9)+ ~ (rKr9)= - r sinO 81jJ ur

sign (Bq) ~ (K9lf»r 80

(3.16)

or

(3.17)

with eB = Bm/B, KA the drift coefficient given by Equation 3.22, DDthe Dirac-function
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given by e.g. Hattingh (1993) and H the Heaviside function given by

H (e _ (/ ) =
{

0 when e < e:
}1whene > e . (3.18)

The first term in Equation 3.17 describes the gradient and curvature drifts caused by the mag-

netic field, and the second term describes the drifts caused by the HCS.

When cosmic ray transport is calculated the transport equation, Equation 3.1, is solved

numerically in modulation models. The first one-dimensional numerical model was developed

in 1971 by Fisk for spherical symmetry with radial distances as the only spatial variable (Fisk

1971). This model was later upgraded to be two-dimensional by the inclusion of the polar

angle dependence without drifts (Fisk 1976). A model with curvature and gradient drifts was

developed by Jokipii and Kopriva (1979), Moraal et al. (1979) and Kadura and Nishida (1986)

but with a flat heliospheric current sheet. Later extensions to simulate HCS was done by Jokipii

and Thomas (1981), Potgieter (1984), Potgieter and Moraal (1985) and Burger (1987).

By including drifts in modulation models the record of the long-term modulation by neutron

monitors, (which shows a ll-year modulation cycle) could be explained. Because positively

charged particles drift from the polar region down to the equatorial region they are insensitive

to the conditions in the equatorial region, like changes in HCS, and a plateau pattern can be

computed. For A < 0, positively charged particles drift in along the HCS, and out the polar

regions and are sensitive to changes in the tilt angle of the HCS resulting in a peak plateau. An

example of proton drift is shown in Figure 3.5. This work used the model with an improved

simulation ofthe HCS done by Hattingh (1993), referred to as the wavy current sheet (WCS)

model. The WCS model has been used successfully by many authors to model differential

intensities of cosmic rays in the heliosphere. In this model, the HCS is simulated by replacing

the three-dimensional drift velocity fieldby a two-dimensional drift field. The two-dimensional
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drift is obtained by averaging Equation 3.17 over one solar rotation (Hattingh 1993; Hattingh

(3.19)

with

{

1,0 ::;0 ::; 1f/2 - a - !:::.Ons,

}
9 (0) = ~ sin-1 C~1~B~.) , 1f/2 - a - !:::.Ons,< 0 < 1f /2 + a + !:::.Ons,

-1, 1f/2 + a + !:::.Ons::;0 ::; 1f

where r = tan'IjJ and !:::.Ons= 2RL/r the angle spanned by two gyroradii RL = P /Boc ofthe

(3.20)

particle, v the speed, P the rigidity, Ac = ::f:la constant determining the polarity of the HMF

which alternates every 11 years in value and

, n

(
a

)r = V (r - r0) cos J2 .

The second term in Equation 3.19 is the HCS drift which is zero outside the HCS region where

(3.21)

9 (0) = ::f:1.In the HCS region, 1f/2 - a - !:::.Ons< 0 < 1f/2 + a + !:::.Onsthe function 9 (0)

simulates HCS drift in two dimensions.

The drift coefficient in Equation 3.20 is given by

K - (KA)o Kdrift (P)
A - 3Bm (3.22)

where

Dfakp2
Kdrift = j3P D p2 1 (3.23)fak +

with Dfak = 10 in units of (Rigidity)-2 and (KA)o = 1.0, unless otherwise stated.
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Figure (3.5) The drift direction of protons due to gradients and curvature of the HMF for (a)
the A > 0 HMF, and (b) the A < 0 HMF polarity. The electron directions are the opposite of
the proton drift directions (from Jokipii and Thomas 1981).

3.6 Summary

The distribution of cosmic rays inside the heliosphere is a result of four modulation processes

namely diffusion, convection, drift and energy changes which can be combined into a trans-

port equation (Parker 1965). This equation can be solved numerically in various dimensions

to study cosmic ray transport, of which the most important are probably the diffusion and drift

processes. The diffusion coefficients of special interest are the parallel diffusion coefficient

KII and a perpendicular coefficient Kl.. which can be divided into Kl..r and Kl..(}, which are

perpendicular coefficient in radial and"in polar direction respectively. The parallel diffusion
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coefficient, which describes the transport of charged particles along the HMF lines, can be de-

scribed by quasi linear theory (Jokipii 1966;Hasselman and Wibberenz 1968). In this chapter a

new expression has been constructed from such theoretical studies by e.g. Teufel and Schlick-

eiser (2002) to be used in a modulation model. Because of the complexity, the perpendicular

diffusion coefficient it is scaled as the parallel diffusion coefficient (Jokipii and K6ta 1995;

Potgieter 1996; Ferreira et al. 2000; Burger et al. 2000). Furthermore, it was illustrated by Pot-

gieter et al. (1997), Burger et al. (2000) and Ferreira (2002) that to produce the correct cosmic

ray latitude dependence, K.l.9 needs also an enhancement toward the poles.

The drift coefficient describes gradients and curvature of the field, and any abrupt change

in the field direction such as HCS. The drift directions depend on the HMF polarity sign and

influence cosmic ray transport resulting in a 22-year and charge-sign dependent modulation

(Potgieter and MoraaI1985). In the next chapter the compound approach of Ferreira (2002)

and Ferreira and Potgieter (2004) is refined and in particular the importance of scaling down

the drift coefficients around solar maximum conditions will be illustrated.
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Chapter 4
LONG TERM COSMIC RAY

MODULATION

4.1 Introduction

The record of the long-tenn solar modulation of cosmic rays (CR's) in the heliosphere, as e.g.

recorded by neutron monitors at Earth, shows a clear II-year modulation cycle (see e.g. Figure

4.1). This cycle is anti-correlated with solar activity, with maximum cosmic ray intensities

for solar minimum and vice versa for solar maximum conditions. Apart from the ll-year

modulation cycle, a 22-year cycle is also evident where some periods of maximum intensity

show a plateau and some peaklike shapes. This can be described by drift effects where in an

A > 0 cycle positively charged particles drift inwards to the Sun through the polar regions

and are relatively insensitive to conditions in the equatorial region, e.g. like changes in the

heliospheric current sheet (HCS), and the plateau-like pattern is observed. For the A < 0

cycle these positive particles drift along the HCS and are very sensitive to changes in the tilt

angle resulting in a peaked profile (Potgieter and Moraal 1985). For intennediate to solar

maximum conditions, where step decreases or increases are observed, it is generally believed

that propagating diffusion barriers (PDB's) are responsible for cosmic ray modulation. These

are discussed in detail below.

In this chapter, the compound approach of Ferreira (2002) and Ferreira and Potgieter (2004),

as a model to describe long-tenn time dependent cosmic ray modulation, is reviewed and re-

fined. This model incorporates drifts and time dependent changes in the diffusion coefficients
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Figure (4.1) The long-term modulation of galactic cosmic rays as measured by the Hermanus
neutron monitor South Africa with a cutoff rigidity of 4.6 Gv.

resulting effectively in propagating diffusion barriers (PDB's) to model cosmic ray intensities

over 11 and 22-year cycles. In particular results from this model are compared to Ulysses ob-

servations for different energies and species in oder to refine these time dependent changes in

the diffusion coefficients to compute a realistic modulation. Parts of this chapter are published

by Ndiitwani et al. (2005).

4.2 Long term cosmic ray modulation: GMIR's

Le Roux and Potgieter (1990) studied the long-term modulation of cosmic rays with a time

dependent drift model with special reference to the asymmetries observed in cosmic ray inten-

49

--

95

Q)
0')
CtS-
c: 90Q)
e
Q)

a..

85



-- --- --- - - - --

sities with respect to the solar minimum of 1987. As a time dependent parameter their model

included the simulated wavy heliospheric current sheet (RCS) propagated radially outward with

the solar wind speed. With this model cosmic ray intensities at Earth were computed from 1976

to 1989, and compared with e.g. IMP proton data. These results are shown in Figure 4.2 (from

Ie Roux and Potgieter 1990). Shown here are the computed intensities (left panel) and the tilt

angle (right panel) as a function time with IMP observations for comparison. The two vertical

lines indicate the period of the HMF polarity reversal (see also Potgieter and Ie Roux 1992).

It is shown in Figure 4.2 by modelling observed cosmic ray intensities with a two-dimensional

time dependent numerical modulation model, including gradient, curvature and current sheet

drift effects (Jokipii et al. 1977), that it is possible to reproduce realistic modulation features

for solar minimum periods. As mentioned above, for these calculations the tilt angle a, which

determines the waviness of the heliospheric current sheet (RCS), was assumed as the only time

dependent parameter. Figure 4.2 shows that the model deviates from the observations as the

waviness (tilt angle) of the neutral sheet increases from small to larger values for both A < 0

(e.g. 1976-1980) and A> 0 (e.g. 1982-1989)HMFpolarity cycles. The model also produced a

"break" in the computed intensities during the period of HMF polarity reversal, indicating that

drift effects were too effective in these models and the role drift during increasing solar activity

needed more attention (see e.g. Webber et aI. 1990; Ie Roux and Potgieter 1995).

As discussed above, modulation models with the waviness of the RCS as the only time de-

pendent parameter could not reproduce cosmic ray observations for increasing solar activity,

which is especially true when the large step decreases in the observed cosmic ray intensities

occurred. Examples of these step decreases, as observed by IMP 8 and Pioneer 10 from 1977

up to 1983, are shown in Figure 4.3. Shown here is that for these periods, cosmic ray mod-
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Figure (4.2) Left panel: The calculated cosmic ray intensity as function of time from 1976 to
1978. The dashed line indicates the period of HMF polarity reversal. Right panel: The same
intensities are compared to the tilt angles of the HCS (from le Roux and Potgieter 1990).

ulation occurs in a series of "steps" as indicated by labels I to IV. These step decreases are

very prominent during moderate to high solar activity where changes of RCS are presumably

no longer primarily responsible for the modulation. Therefore Ie Roux and Potgieter (1995)

found that to successfully model cosmic ray intensities during moderate to high solar activity

requires some propagating diffusion barriers (PDBs) as introduced by Perko and Fisk (1983).

These propagating diffusion barriers are in the form of interaction regions (IR's) which tend to

form corotating interaction region (CIR's) which may form merged interaction regions (MIR's)

with the extreme form global merged interaction regions (GMIR's) as introduced by Burlaga et

al. (1993). The effects of MIR's on the long-term modulation of cosmic rays were studied by

Potgieter et al. (1993) and Potgieter and Ie Roux (1994). They confirmed that these structures

contribute little to long-term modulation and that GMIR's are needed. A GMIR in its extreme

form can be described as a shell-like region surrounding the Sun with a thickness up to ",,20

AU and strong magnetic fields which may reduce the diffusion parameters.
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Figure (4.3) The 26 day average cosmic ray intensities of 130-225 MeV hydrogen from IMP
8 and Pioneer 10 for 1977 through the end of 1983. The heliocentric distances are indicated
at the top of the plot. The step decrease in the observed intensities, discussed in the text, are
identified by roman symbols (from Fujii and McDonald 1995).

Le Roux and Potgieter (1995) studied the effect of GMIR' s on the modulation of cosmic rays

with a two-dimensional time dependent drift modulation model. They assumed that the passage

of a GMIR causes a temporal variation of the diffusion tensor from the background values. As

an example Figure 4.4 shows the simulated time variation of the normalized diffusion tensor at

10 AU in the equatorial plane. This is an idealistic reconstruction of the effects of the four major

GMIR's on the diffusion tensor during the 1977-1987 cycle (Ie Roux and Potgieter 1995). Their

duration was chosen to correspond to that of observations. In the bottom panel a reconstruction

of time variation in the tilt angle of the current sheet is shown. Shown here is that the inclusion

of GMIR's in the drift model added the realistic step appearance in the long-term modulation

profile, in accordance with observations (see e.g. McDonald et al. 1993). These GMIR's also
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Figure (4.4) The diffusion tensor plotted as function of time (top panel) and the tilt angles
(bottom panel). The dashed vertical lines show the change in polarity from A > 0 to A < 0
(from Ie Roux and Potgieter 1995).

strongly influence modulation even in the distant heliosphere (Burlaga et a. 1995) as observed

by Voyager 2.

Le Roux and Potgieter (1995) therefore found that it was possible to simulate, to a first order,

a complete II-year proton modulation cycle by including drifts and GMIR's as time dependent

parameters in their two-dimensional time dependent model, as shown in Figure 4.5.

4.3 Long term cosmic ray modulation: Compound approach

The simulations of Ie Roux and Potgieter (1995), of which an example is shown in Figure 4.5,

were generally done for radial distances larger than 20 AU allowing enough time for merging

of corotating structures to take place. More recently Cane et al. (1999) and Wibberenz et

al. (2002) argued that the cosmic ray step decrease observed at Earth cannot be caused by

GMIR's because these decreases occurred before any GMIR's could form beyond 10-20 AU.
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Figure (4.5) Computednormalized cosmic ray intensity-time profile for 1 GVprotons at 20 AU.
This figure shows the ability of a combined drift-HCS-GM1R-approach to simulate complete
11 and 22-year cycles in the modulation of cosmic rays in the heliosphere (from le Roux and
Potgieter 1995).

Instead they suggested that the time-dependent global changes in the heliospheric magnetic

field (HMF) (which vary by a factor of ",2 from solar minimum to solar maximum) might

be responsible for the long-term modulation. This means that one does not have to wait for

merging to occur beyond 10-20 AU before increasing modulation sets in at Earth.

Also, by modelling cosmic ray intensities it was shown by Ie Roux and Fichtner (1999) that,

due to weakening of GMIR's upstream and when crossing the solar wind termination shock

(TS), a series of GMIR's alone as they occurred in the 1978-1987 modulation cycle, cannot

reproduce the observed amount of cosmic ray modulation. This could only be achieved by

adding global, long-term variations in the diffusion coefficient (by a factor of '" 2 from solar

minimum to maximum).

The approach of Cane et al. (1999) was tested by Ferreira (2002) and Ferreira and Potgieter
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(2004) by changing all diffusion coefficients in a fully time-dependent model to reflect the

time-dependent changes in the measured HMF magnitude at Earth. Their diffusion coefficients

are changed time dependently by assuming

KII = II (r,P) h (t) (j (4.1)

where II (r, P) is a function determining the rigidity and spatial dependence (e.g. Ferreira

et al. 2001a,b) and given in Chapter 3 (Equation 3.7) with parameter (j = 1.3 for A < 0

epoch i.e. when positive particles drift along the heliospheric current sheet, and (j = 1.0

for A > 0 epoch, when positive particles drift in from the polar regions. This gives different

diffusion coefficients for two alternate epochs in qualitative agreement with e.g. Reinecke et

al. (1996) and Potgieter (2000) who found that these coefficients were different for consecutive

solar minimum periods. This might also indicate that an additional charge-sign dependent

mechanism could be contributing to modulation, such as magnetic helicity (see e.g. Burger et

al. 1997).

The function h (t) is given by

(4.2)

with Bo =5 nT, the average magnitude of the measured HMF at Earth for solar minimum

conditions. This function determines the time dependence of all diffusion coefficients as func-

tion of measured HMF at Earth B(t). These changes are then propagated outwards at the solar

wind speed to form effective propagating diffusive barriers throughout the heliosphere, chang-

ing with the solar cycle. If n = 1 and B(t) changes by a factor of 2 over a solar cycle, then

Equation 4.2 resulted in a corresponding variation of the diffusion coefficients also by a factor

of 2 then as shown in Figure 4.6, this approach managed to successfully simulate the ll-year
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modulation cycle for neutron monitor cosmic ray observations at Earth for rigidities rv 16 GV

as argued by Cane et al. (1999).

100
I

<> Hermanus NM count rate
Mod

80

1980 1982 1984 1986 1988 1990 199

Time (years)

Figure (4.6) Model computations together with Hennanus neutron monitor count rates ex-
pressed as percentage values for the period 1980-1992. The shaded areas indicate the time
periods where there was no well-defined HMF polarity (from Ferreira 2002; Ferreira and Pot-
gieter 2004).

However, for rigidities < 5 GV, this approach resulted in less modulation than what is ob-

served so that a modified approach is needed. Figure 4.7 (from Ferreira 2002) shows the com-

puted 1.2 GV galactic cosmic ray electron differential intensities for the period 1976-2000 in

comparison with rv1.2 GV electron measurements from ISEE/ICE (see e.g. Clem et al. 1996;

Evenson 1998) and Ulysses (Rastoin 1995; Heber private communication 2001). Three com-

puted scenarios of parameter n are shown: The dashed line shows the model results for n = 0,
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Figure (4.7) The computed 1.2 GV cosmic ray electron differential intensities at Earth. The
dashed line corresponds to intensities using the tilt angle a as the only time-varying entity
with n =0 in Equation 4.2. The dotted line corresponds to intensities using a as well as
incorporating the time-dependent changes of the HMF in the diffusion coefficient by assuming
n =1 in Equation 4.2. The solid line isfor n =3 in Equation 4.2. In comparison 1.2 GVelectron
data from ISSE/ICE (e.g. Clem et al. 1996; Evenson 1998) and Ulysses/KET (Rastoin 1995;
Heber private communication 2001) are shown. The shaded areas indicate the periods when
there not a well defined HMF polarity (from Ferreira 2002; see also Ferreira and Potgieter
2004).

in which no time-dependent changes in the diffusion coefficients in Equation 4.2 are assumed.

The only time varying parameter is the tilt angle a. For this scenario the model results are com-

patible with the observations for solar minimum conditions, whereas for intermediate to solar

maximum conditions the computed modulation is too small. This is a clear indication that the

HCS drifts alone are not responsible for solar modulation of galactic cosmic rays over a com-

plete 22-year modulation cycle (see also Ie Roux and Potgieter 1995). The dotted line shows

the model results which also incorporates time dependent changes in HMF in the diffusion
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coefficients by assuming n = 1. As shown in Figure 4.6, this produced computed intensi-

ties compatible with neutron monitor observations. However, this is not the case for the 1.2 GV

electrons where the computed modulation is too small. Therefore the factor of 2 (which roughly

resembles the solar activity related changes in the HMF magnitude) is not sufficient enough to

produce the observed modulation amplitude of the 1.2 GV electrons at Earth. The solid line

shows the computed intensities with n = 3 in Equation 4.2. Unlike for n = 1 the amplitude

between the solar maximum and solar minimum conditions is simulated more realistically and

some of the modulation steps in the observations are also produced. For solar minimum con-

ditions the computed intensities are not compatible with the observations, which indicate that

to simulate the measured 1.2 GV cosmic ray electron intensities over a complete 22-year cy-

cle, n 2: 3 in Equation 4.2 for solar maximum conditions and n =rv 1 for solar minimum

conditions. Therefore n should be a time dependent parameter coupled to solar activity.

The most natural way of approximating solar activity in drift modulation models is the tilt

angle. Ferreira (2002) and Ferreira and Potgieter (2004) concluded that n should be a function

of a and assumed n = aj ao where a is time-varying tilt angle and ao is a constant which

could change with the rigidity. This is the basis of the compound approach, which combines

the effects of the global changes in the HMF magnitude with drifts and the time dependent

current sheet angles to establish realistic time-dependent diffusion coefficients.

The compound approach was used by Ferreira (2002) and Ferreira and Potgieter (2004) to

compute 1.2 GV CR electron differential intensities with ao = 110 for two different models

of a i.e. "new" model and "classic" model. They found that for increasing solar activity e.g.

1976-1980, 1986-1991, and 1997-2000 the new model produced results compatible with the

observations and for decreasing solar activity e.g. 1980-1986 and 1991-1997 and the classic
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Figure (4.8) The computed 1.2 GV cosmic ray electron differential intensities at Earth using
the compound approach with two types oj a namely the "classic" and "new" model. The
classic model uses line-oj-sight boundary conditions and the newer model uses radial boundary
conditions at the photosphere. (Wilcox solar observatory: http://quake.stanJord.edu/; see also
Hoeksema 1992) (from Ferreira 2002).

model produced results compatible with the observations (see Figure 4.8). Therefore the a

model with the smallest rate of change over a period of increasing or decreasing solar activity

produced the best results. Assuming this, the model produces 1.2 GV electron differential

intensities compatible with the observations as shown in Figure 4.9.

4.4 Features of the compound approach

As discussed above, Potgieter and Ferreira (2001a,b,c) computed 1.2 GV electron intensities

at Earth (Figure 4.9), using the compound approach with a time dependence in the diffusion

coefficients by assuming ao = 110 in Equation 4.2. This approach successfully simulated

realistic modulation of 1.2 GV electron intensities at Earth when compared to observations.
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Figure (4.9) The computed 1.2 GV CR electron differential intensities at Earth using the com-
pound approach with data as in Figure 4.8. The "new" a is usedfor periods of increasing solar
activity (1976-1979.9, 1987.4-1990.0 and 1995.5 onwards) and the "classic" afor periods of
decreasing solar activity (1979.9-1987.4 and 1990.0-1995.5) to compute realistic modulation
as argued by Ferreira and Potgieter (2004) (from Ferreira 2002).

Later Ferreira and Potgieter (2004) showed, by studying charge-sign dependent modulation,

that this approach still resulted in too much drift effects especially for solar maximum, and that

drifts needed to be reduced additionally.

In this section the compound approach is refined and applied to model 2.5 GV galactic

electron and proton intensities along the Ulysses trajectory as solar activity changes from so-

lar maximum rv1990 (Ulysses launch date) to minimum in ",1997 and to maximum again in

",2000 including realistic drift effects. It is assumed that n = a/ao in Equation 4.2 (which

determines the time dependence of the diffusion coefficients). For their studies Ferreira and

Potgieter (2004) used ao = 110 for their 1.2 GV electron modulation studies. In this section

the effects of different values of this constant ao on cosmic ray modulation are shown.
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Figure (4.10) Computed proton differential intensities along the Ulysses trajectory as afunction

of time for dift~rent assumptions of ao, solid line (ao = 220), doued line (ao = 1'fJ) and dashed
line (ao = 8 ). Shown in comparison are rv 2.5 GV KET proton observations (dots) (Heber et

al. 2003). It is assumed that the heliospheric magnetic field switches polarity (from A > 0 to A
< 0) at 2000.2 as indicated by the thick line.

Figure 4.10 shows the 2.5 GV computed proton differential intensities along Ulysses tra-

jectory in comparison with the rv2.5 GV Ulysses/KET (Heber private communication 2003;

see also Heber et al. 2(03) observations (dots). Note that for the proton computations in this

work the galactic local interstellar spectrum from Moskalenko et al. (2002) is used. Results are

shown from solar maximum (rv 1990) to minimum (rv 1996) and back to maximum (rv2000) up

to the present. It is assumed in the model that for the period 1990 to 2000.2 an A > 0 polar-

ity cycle exists, while the period after 2000.2 up to 2004 an A < 0 cycle exists. The choice of

2000.2 for the HMF polarity reversal is optimal from a cosmic ray perspective, and is investi-
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gated in more detail later. Model computations are shown for three different assumptions of ao

in Equation 4.2, ao = 22° (solid line), ao = 17° (dotted line) and ao = 8° (dashedline).Con-

centrating on the solid line, it is clear that for solar minimum the model is compatible with the

observations and even produces the latitude dependence observed during fast latitude scan re-

alistically. However, for increasing solar activity the model results in a too small modulation

compared to the observations. Also drifts seem to be too large, resulting in a sudden decrease

in intensities when the polarity cycle is changed in the model.

In an attempt to produce realistic modulation at solar maximum conditions ao is decreased

to 17° (dotted line) and ao=So (dashed line). For ao = 1~ the model computations result

in slightly more modulation, but are still unrealistically small. However, ao = So, results

in a more realistic modulation for the 1990-1994 solar maximum period, but produces too

much modulation for the recent solar maximum with the corresponding coefficients too small

especially at solar maximum. Figure the 4.11 shows the corresponding h (t) (Equation 4.2)

which represents the time-dependence of the diffusion coefficients for the different ao for the

period 1990 to 2004 (see Ferreira 2002 for similar results). These are propagated outward in

the heliosphere with the solar wind speed and it results in diffusion barriers (via the global

change in HMF magnitude). From Figure 4.11 follows that decreasing ao results in a decrease

in diffusion coefficients, especially as solar activity increases, by a factor 10-100.

Figure 4.12 shows the same as Figure 4.10 except shown here are the 2.5 GV computed

electron differential intensities along the Ulysses trajectory, in comparison with the ",2.5 GV

Ulysses/KET (Heber private communication 2003; see also Heber et al. 2003) electron obser-

vations (dots). Note that for galactic cosmic ray electrons the local interstellar spectrum from

Langer et al. (2001) is used. Again three different scenarios, corresponding to different ao are
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Figure (4,11) The function h (t) in Equation 4.2 as a function of time representing the
time-dependencein the diffusioncoefficientsfor the period rv 1986 to rv 2002 with a the
observed tilt angle.

shown, namely ao =22° (solid line), ao =17° (dotted line) and ao =gO(dashed line), similar

to Figure 4.10. Shown here is that the results are similar for the protons except that the elec-

trons show almost no latitudinal gradients. As before, solar minimum is well fitted with ao =

22°, but not for solar maximum where the computations are still higher than the observations.

Decreasing ao to ao = 17° resulted in small changes, while ao =gOgives a too strong modula-

tion for intermediate to minimum solar conditions, but result in realistic modulation especially

for the 2000-2002 solar maximum period.

Ferreira and Potgieter (2004) and Ferreira (2002) found similar results and showed that
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the changes in a as calculated by Hoeksema seem not an appropriate proxy for modulation

conditions in the heliosphere for increasing solar activity. Their model also responded too

directly to increasing a as shown here for the ao =80 scenario. To overcome this they proposed

that the HCS becomes increasingly deformed further away from the Sun, especially for fast

increasing solar activity (see also Ie Roux and Potgieter 1992, 1995). This results in cosmic rays

experiencing reduced tilt angles. To simulate this realistically, Ferreira (2002) used a modified

set of tilt angles for this period. However, as shown more recently by Ferreira and Potgieter

(2004) solar maximum is better fitted using this approach, although the model still produced

too much drift effects with the HMF polarity reversal. In this work it is shown that these periods

are better fitted by reducing the drifts toward solar maximum than by using modified tilt angles

as Ferreira (2002) did.

4.5 Refining the compound approach

Ferreira and Potgieter (2004) illustrated that the charge-sign dependent modulation of cosmic

rays can be better described at solar maximum conditions by additionally reducing the already

small amount of drifts via the compound approach. This feature is investigated in this sec-

tion. In the compound approach the drift coefficient is changed time dependently in the model

through the equation

(4.3)

To illustrate this aspect, Figure 4.13 shows computed proton differential intensities along the

Ulysses trajectory in comparison with ",2.5 GV Ulysses/KET observations. Shown from top to

bottom are 7 scenarios corresponding to different values of (KA)o' namely (KA)o =1.0, 0.8,

0.6, 0.5, 0.3, 0.2, 0.0 respectively in Equation 4.3. It is assumed that the heliospheric magnetic
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Figure (4.12) Computed electron differential intensity along the Ulysses trajectory as afunction
of time for three different assumption of ao, solid line (ao = 220), dotted line (ao = 170) and
dashed line (ao = 80). Shown in comparisons are ",2.5 GV KET electron observations (Heber
et al. 2003). It is assumed that the HMF switches polarity (from A > 0 to A < 0) at 2000.2 as
indicated by the think line.

field switches the polarity from A > 0 to A < 0 at 2000.2 as indicated by the thick line. A

time dependent function, h (t), in the diffusion coefficient (and drift) parameters is assumed

by setting ao =180 in Equation 4.2. As shown in Figure 4.11, this results in a factor of ",10

difference between solar minimum and solar maximum. This time dependence is chosen to

give realistic cosmic ray modulation, when compared to observations at solar maximum, when

zero drifts are assumed as well as realistic modulation at solar minimum with full drifts.

Comparing the model with the Ulysses observations, for the (KA)o = 1.0 scenario, the

model results are compatible with the observations for solar minimum conditions (1996-1998),
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Figure (4.13) The computed proton differential intensities along the Ulysses trajectory as func-
tion of time for different assumptions of the drift constant (K A)O in Equation 4.3. Shown in
comparison are Ulysses/KET observations (Heber at al. 2003). It is assumed that the helio-
spheric magnetic field switches polarity (from A > 0 to A < 0) at 2000.2 as indicated by the
thick line. Shown from top to bottom are model results corresponding to (KA)O =1.0, 0.8, 0.6,
0.5, 0.3, 0.2, 0.0 in Equation 4.3 respectively (from Ndiitwani et al. 2005).

while for intermediate to solar maximum activity the computations are much higher than the

observations. In order to improve this, the drift coefficient (KA)O is decreased to (KA)o =0.8,

0.6, 0.5, 0.3, 0.2 and 0.0 respectively, for the extreme solar activity zero drifts are assumed

as argued by Ferreira and Potgieter (2004). For the cosmic ray electrons (see Figure 4.14)

similar results are found. E.g. comparing the computations to the Ulysses observations, for

",1991 to ",1991.8, (KA)o =0.2 is required and from ",1991.8 to ",1991.9, (KA)o = 0.0

results in compatibility with the observations, while for ",1995 to ",2000 value of (KA)o =

1.0 produces better results and so forth. Comparing Figures 4.13 and 4.14 shows that for
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a period of the solar minimum the full drifts e.g. (KA)O = 1 produce better results whilst

periods of intermediate drifts need to be scaled down or even to be switched off in the model

around extreme solar maximum activity conditions. This indicates that, to produce realistic

modulation, the heliosphere must be diffusion dominated rather than drift dominated (see e.g.

Haasbroek et al. 1995; Heber et al. 2001).

(K.J.=1.0
- - - - (K.J.=O.8
- - - - - (K.J...o.6

(K.J.=O.5
(K.J.=O.3
(K.J.=O.2
(K.J.=O.O
Ulysseselectronobservation

0.012 _
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Figure (4.14) The computed electron differential intensity asfunction of time along the Ulysses
trajectory for different values for the constant (KA)o. Shown from top to bottom are model
results corresponding to (KA)O =1.0, 0.8, 0.6, 0.5, 0.3, 0.2, 0.0, respectively. In comparison
shown are the 2.5 GV electrons from Ulysses observation (Heber et al. 2003). It is assumed
that the HMF switches the polarity from A > 0 to A < 0 at 2000.2 as indicated by the thick line
(from Ndiitwani et al. 2005).

This modified compound approach means that the "drift coefficient" is reduced significantly

more with time compared to all the diffusion coefficients to compute realistic modulation, espe-

cially when the HMF polarity reverses. The product of h (t) and (KA)O yields the total percent-
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Figure (4.15) The percentage of drifts (dashed line) in the model described by h (t) (KA)o that
gives realistic modulation for various stages of the solar cycle for both the 2.5 GV electron and
protons as shown in Figures 4.13 and 4.14 respectively. As a proxy of the solar activity the
tilt angles used in the model are shown by the solid line with the scale shown on the right side
(from Ndiitwani et al. 2005).

age of drifts needed in the model to compute II-year modulation compatible to Ulysses/KET

observations at various stages of the solar cycle. Figure 4.15 shows the total percentage of drifts

h (t) (KA)O (dashed line) required in the model as a function oftime. The tilt angle a is used

as a proxy of solar activity in the model and is shown as the solid line. Note that the values for

the tilt angle are shown from small at the top to large at the bottom. This figure illustrates that

the percentage of drifts correlates with the solar activity. For solar minimum (rv 1995 to rv 1998)

the drifts are large, varying between 80% to 100% for a period of three years. As soon as the

intermediate solar activity starts (rv1995 to rvI992), the tilt angle is decreasing, and drifts start

to increase. For a solar minimum activity around 1990 to early 1992 the drifts are reduced to

less than 10% for this period of extreme conditions to produce realistic modulation. Using the
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Figure (4.16) The computed differential intensities along the Ulysses trajectory for protons
(left panel) and electrons (right panel) with the model parameters described in the text. In
comparison the Ulysses/KET observations are shown. The HMF switches its polarity (from A
> 0 to A < 0) at 2000.2. The two dashed vertical lines show the beginning and the end of
the fast latitude scan (FLS1) and the secondfast latitude scan of the Ulysses spacecraft (from
Ndiitwani et al. 2005).

h (t) (KA)o, as shown in Figure 4.15 in the model, results in realistic modulation as shown in

Figure 4.16.

Figure 4.16 shows the computed proton (left panel) and electron (right panel) intensities

along the Ulysses trajectory using the modified compound approach and the parameters de-

scribed above. The HMF switches the polarity around 2000.2 as indicated by the thick line. In

comparison the Ulysses/KET observations (Heber et al. 2003) are shown. The dashed vertical

lines indicate the beginning and the end of the first fast latitude scan (FLS1) and second fast

latitude scan (FLS2) period of the Ulysses spacecraft. The figure shows that the model com-
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putes realistic modulation when compared to Ulysses observations. The protons show a large

latitudinal dependence evident during the FLSI period (during 1995 close before solar mini-

mum), which disappears for the FLS2 period which is during the solar maximum activity. This

aspect is studied in more detail in the next chapter. For the A > 0 polarity cycle the protons

drift in through the polar region showing a observable latitudinal dependence which is realis-

tically modelled. Unlike for the protons, the electron observations show almost no latitudinal

dependence which is also realistically computed.

4.6 Summary and conclusions

Early studies of time-dependent cosmic ray modulation with numerical modulation models

showed limitations when computations were compared to observations. For example Ie Roux

and Potgieter (1995) illustrated that a modulation model, with the wavy current sheet model

as only time dependent parameter, could not produce realistic modulation for increasing solar

activity especially when step decreases in observed cosmic ray intensities occurred. They ar-

gued that these decreases were caused by global merged interaction regions, GMIR's, and that

it was possible to simulate realistic modulation by varying the tilt angle of the HCS and in-

cluding GMIR's. However, it was argued by Cane et al. (1999) and Wibberenz et al. (2002)

that these step decreases occurred before any GMIR's set in at Earth. They suggested that the

time-dependent global changes in the heliospheric magnetic field (HMF), which vary by a fac-

tor of ",2 from solar minimum to solar maximum, are responsible for long-term cosmic ray

modulation. This approach was tested by Ferreira (2002) and Ferreira and Potgieter (2004)

by changing all diffusion coefficients in a time dependent model to reflect the time-dependent

changes in the measured HMF magnitude at Earth. This produced realistic modulation to a first

70



oder at neutron monitor rigidities, but failed for lower energies e.g. for 1.2 GV electron inten-

sities. Therefore, changing diffusion coefficient by a factor rv2 from solar minimum to solar

maximum results in less modulation compared to the observations. This has led to the estab-

lishment of the compound approach which has been reviewed and refined in this chapter. The

approach combines the effects of the global changes in the heliospheric magnetic field mag-

nitude with drifts, therefore also with time dependent current sheet "tilt angles", to establish

realistic time-dependent diffusion and drift coefficients. In this chapter the model presented

by Ferreira (2002) and Ferreira and Potgieter (2004) was modified, especially at solar maxi-

mum, by scaling down drifts additionally toward solar maximum. It has been shown that, for

different periods of solar activity, different amount of drifts are required in the model, with

no drifts at solar maximum and full drifts at solar minimum. Assuming this, realistic modula-

tion computed, as was shown in Figure 4.16, illustrating the success of this approach. In the

next chapters this approach will be applied to study e.g. charge-sign dependent modulation and

radial and latitudinal gradients of cosmic rays in the inner heliosphere.
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Chapter 5
THE LATITUDINALAND RADIAL
DEPENDENCE OF COSMIC RAYS

5.1 Introduction

In the previous chapter the compound approach was refined and applied to study the modula-

tion of 2.5 GV cosmic ray intensities along the Ulysses trajectory and to establish the relative

importance of drifts during a II-year solar cycle. In this chapter it is further utilized to study

the latitudinal and radial dependence of the distribution of cosmic rays in the inner heliosphere.

Concerning the latitudinal dependence, the effects of different perpendicular diffusion coef-

ficients in the polar direction, Kl..o, on the modulation of 2.5 GV protons and electrons are

studied along the Ulysses trajectory. By comparing results with Ulysses observations, upper

and lower limits can be determined for this coefficient, especially in the polar regions. Also

computed is the time evolution of the radial gradients along the Ulysses trajectory and it is

compared to observations. Parts of this chapter are published by Ndiitwani et al. (2005).

5.2 Latitudinal perpendicular transport

The perpendicular diffusion coefficient Kl.. describes the transport of charged particles across

the heliospheric magnetic field (HMF). This coefficient can be subdivided into two possibly

independent coefficients, namely perpendicular diffusion in the radial direction, Kl..r, and per-

pendicular diffusion in the polar direction, Kl..o, In this section the effects of different Kl..o on

cosmic ray modulation are shown. The perpendicular diffusion in the polar direction is given
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by

KJ.8 = bKUF (0) (5.1)

where function F (0) is the enhancement toward the poles (Burger et al. 2000; Ferreira et al.

2001a) and is given by

F (0) = A+ + A- tanh [~O (OA- 90°+ OF)] (5.2)

withAi: = (d::l:1)/2,.6.0 = 1/8, whereOF= 35°for0 ~ 90°while0 > 90°and0A =

180° - O. This function increases KJ.8 toward the poles by a factor d compared to the value in

the equatorial plane. In this section the effects of different values of d and b on the modulation

of 2.5 GV cosmic rays are studied. The effect of the enhancement factor, d, in F (0) , is shown

in Figure 3.4. As shown, F (0) has no effect on KJ.8 in the equatorial regions, but increases this

coefficient toward the poles by a factor d. This enhancement is based on Ulysses measurements

which show the variance in the transverse and normal directions of the HMF to increase more

than in the radial direction, resulting in larger diffusion in this direction (e.g. Burger et al.

2(00). Furthermore, in a Fisk-type HMF (Fisk 1996),which is probably a more realistic HMF

geometry for solar minimum conditions, the latitudinal transport is supposedly more effective

than in a Parker field and to account for this KJ.8 needs to be enhanced when a Parker field is

used as in this work.

Figure 5.1 shows corresponding 2.5 GV computed proton (top panel) and electron (bottom

panel) differential intensities for b = 0.02 (the same value as used in the previous chapter),

using the compound approach. Computed scenarios corresponding to different values of d

ranging from 1 to 8 are shown from top to bottom. As shown here, for small d (no enhance-

ment), the computed proton intensities show large latitudinal gradients, especially during the
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first fast latitude scan (FLS1) period. Increasing d results in a decrease in the computed pro-

ton latitudinal gradients, which become more realistic. For the FLS2 period, which coincides

with solar maximum, the computed proton intensities are insensitive to this parameter, due to

the disappearance of drifts as discussed in the previous chapter. For the proton intensities the

values of d ranging from 1 to 5 result in too high intensities when compared to observations.

The value of d = 6 results in compatible observations and produces also the first fast latitude

scan (FLS1) period realistically while for the d = 7 and d =8 scenarios, the model results in

too small computed latitudinal gradients, especially around the FLS 1period. For the electrons,

the effect of changing d is less pronounced as compared to the protons for the period of 1990

to 2002. Beyond 2002, the value of d =1 to d =3 results in too high intensities as compared

to the Ulysses observations, but for the values of d = 4 to d = 8 the intensities are comparable

to the observations. Therefore cosmic ray particles are sensitive to this enhancement especially

for the polarity cycles where they drift in from the heliospheric poles toward the Sun.

For a more detailed study, Figure 5.2 shows the computed proton differential intensity along

the Ulysses trajectory for different values of b and d in Equations 5.1 and 5.2. From this

figure follows that for b = 0.01, d = 12 resultsin compatibilitybut for b = 0.02,d = 6 is

required, while for b = 0.03,d = 4 producescompatibilitybut b = 0.04 requires d = 3 to

produce realistic modulation when compared to Ulysses observations. From this follows that,

to compute realistic modulation, KH/K" must be 0.12 in the polar regions, and depending

on the enhancement, Kl.(J/K" can vary between 0.01 to even 0.04 in the equatorial regions.

The simulation of the electrons shows that the 2.5 GV electrons are not as sensitive to changes

of d for each value b as shown in the Figure 5.3. Shown also here are the computed electron

intensities for different values of band d as in Figure 5.2. As for the protons, for electrons the
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Figure (5.4) The magnitude of the factor increases in Kl.o toward the poles, d, as afunction of

KJ.(J/ KII in the equatorial plane needed to produce solutions compatible with 2.5 GV proton
observations (Heber et al. 2003).

scenario corresponding to b =0.02 and 0.03 results in realistic modulation when d =6 and d =4

respectively, but b = 0.01 results in too high intensities and b =0.04 results in too low computed

intensities even when d is adjusted accordingly.

Concerning the protons, Figure 5.4 shows d as a function of KJ.(J/ KII when the results are

compatible to 2.5 GV Ulysses proton observations. A similar result was found by Ferreira

et al. (200la) as shown in Figure 5.5, which shows a linear dependence between d and the

ratio K J.(J/KII up to K J.(Jwhen model solutions compatible to 7 MeV electron observations

were produced. They showed that to produce compatibility with the I'J 7MeV Ulysses electron

observations, the magnitude of the factor increase in F (B), therefore Kl.o toward the poles

is dependent on the ratio KJ.(J/KII in the equatorial plane. An upper limit of 0.05-0.065 of

Kl.o/ KII was computed in the polar regions, which is less than what we found here. However,
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for these high energy protons, K.l..9can vary between 0.01 and 0.04 in the equatorial regions

depending on d, and when electrons are taken into account K.l..9/KII can only vary between

0.02-0.03 with d =6 and d =4 respectively.

5

10

o
0.000 0.005 0.010 0.015 0.020 0.025

KJ.8/~'

Figure (5.5) The magnitude of the factor increases in K.l..9 toward the poles, d, as afunction
of K.l..9/ KII in the equatorial plane needed to produce solutions compatible to 7 MeV electron
observations (from Ferreira et al. 2001 a).

5.3 Latitudinal profiles of the fast latitude scan periods

In the previous section, the effect of different K.l..9on the modulation of the 2.5 GV protons and

electrons has been studied and compared to observations along the Ulysses trajectory. It was il-

lustrated that to produce realistic modulation, the magnitude of the increase in the enhancement

factor F (0) of K.l..9toward the poles, depends on the ratio K.l..9/KII in the equatorial plane.

This section studies the latitudinal dependence more quantitatively by concentrating on the first

and second fast latitude scan (FLS) periods. As before b =0.02 in Equation 5.1, but different

scenarios of d in Equation 5.2 are shown.
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Figure (5.6) The computed 2.5 GV proton differential intensity as afunction of polar angle for
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with b = 0.02 and d = 1, 6 and 8. The shaded band on the left figure indicate the observed
values at the poles and the equatorial plane respectively. The shaded band on the left figure
indicate the observed values at the poles and equatorial plane respectively.

Figure 5.6 shows the computed polar angle dependence of 2.5 GV protons for the FLS 1 (left

panel) and FLS2 (right panel) periods. Values are shown for d = 1 (solid line), d =6 (dotted

line) and d =8 (dashed lines). The FLS1 period occurs during the A> 0 polarity cycle during

solar minimum conditions, when protons drift into the heliosphere through the polar regions

and the computations show higher intensities at the polar regions for all three scenarios of d.

For the d = 1 scenario, which according to Figure 3.4 gives no enhancement, the intensities

show a larger latitude dependence than the other scenario, e.g. d = 6 and d = 8. As shown in

Figure 5.1 the d =6 scenario is more realistic, compared to d = 1 and d = 8 with the computed

values between the shaded regions. Turning attention to the second fast latitude scan occurring

at solar maximum, not much difference is found between the different computations because
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Figure (5.7) The computed 2.5 GV electron differential intensity as a function of polar angle
for thefirstfast latitude scan FLS1 (left panel) and secondfast latitude scan FLS2 (right panel)
with b = 0.02 and d = 1, 6 and 8.

of the reduction of drifts.

Figure 5.7 shows the same, but this time for the electrons. The intensities are again shown

for d = 1 (solid line), d =6 (dotted line) and d = 8 (dashed lines). Concentrating on the

FLS 1 period occurring during A > 0 polarity cycle and during solar minimum conditions,

the electrons drift in along the RCS to the poles and there is not much difference between

intensities at all latitudes. The d = 1 values are higher than the d =6 and d =8. For the FLS2

period, occurring during the early phase of the A < 0 polarity cycle during solar maximum

conditions, the computed electron intensities are much more sensitive to changes in d than the

protons during the FLS2 period. The intensities for the solution d =1 are higher than that for

the d =6 and d =8 from approximately 15° to 40°. The d =1 solution shows a large latitudinal

dependence in the polar regions which is not observed. These figures illustrate that much can be
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learned about K.l..B,by comparing modeling results to Ulysses observations, and in particular

at solar minimum periods.

5.4 Radial gradients

In this section the radial dependence of cosmic ray intensities is studied. In particular, the

radial gradients of the computed 2.5 GV electrons and protons are calculated and compared

to Ulysses observations. In the literature (see e.g. Potgieter et al. 1989) two types of radial

gradients, namely the local (gr) and non-local gradient (Gr) are defined. The local gradient

(gr) is defined as the variation of the differential intensity j with radial distances r, and is given

by

1 dj
gr = Jdr

(5.3)

and can easily be computed at various energies and different positions in the heliosphere

with numerical models as used in this work. However, this form of gradient is impossible to

measure locally, so that a non-local or global radial gradient (Gr) is usually calculated from

measured intensities by spacecraft probes which are often separated in different radial distances

from the Sun. The global radial gradient (Gr) between distances rl and r2 is defined as

Gr = In (N2/Nl)
r2 - rl

(5.4)

with N2 and Nl integral counting rates at these distances respectively. This form of gradient

may also be calculated from computed differential intensities for a particular energy bin, and is

then called the non-local differential gradient. This type of gradient will be calculated in this

section and compared to Ulysses observations (see also Heber et al. 2002).

Concerning the observations, Heber et al. (1993) studied the radial gradient variations of

electrons, protons and a-particles using the data from IMP8 and from KET onboard the Ulysses
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Figure (5.8) The radial gradient in %/AU of the daily averaged counting rate between IMP8
and Ulysses when Ulysses was between 5.2 and 5.4 AU (from Heber et al. 1993).

spacecraft from November 1990 to January 1993 when it was between 5.2 and 5.4 AU. This

corresponds to solar maximum activity. These radial gradients are shown in Figure 5.8, as func-

tion of .a.rigidity. Shown here is that the radial gradients decrease with increasing rigidity. For

solar maximum conditions, this averaged radial gradient is found to be (4.9 x 1.3) %/AU. More

recently Heber et al. (2002) showed that the radial gradients of 2.5 GV protons increased from

2.2 %/AU to 3.5 %/AU from solar minimum to maximum, making time-dependent determina-

tion of electron radial gradients mandatory. Fujii and McDonald (2001) also showed that the

radial gradients for protons vary with HMF polarity, and is larger in an A < 0 than in an A > 0

magnetic polarity epoch.

Figure 5.9 shows the time-dependent radial gradients in the inner heliosphere (between 1and

5 AU), for the 2.5 GV electrons and protons, computed with the compound approach. This is

based on the realistic computed modulation of protons and electrons showed in the last chapter.

Values are shown with respect to the Ulysses trajectory (top panel), near the heliospheric poles

(middle panel) and in the equatorial plane (bottom panel) for electrons (dashed line) and protons
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(solid line). Shown here is that in the equatorial regions, and for solar minimum conditions

(1995-1998), the electrons have a radial gradient of ",2.9 %/AU while for the protons a gradient

of ",1.9 %/AU is computed for the A> 0 polarity cycle. The latter is in good agreement with

the values reported by Heber et al. (2002). For solar maximum there is a general increase,

apart from a high variability, in the radial gradients for both particles species in the equatorial

regions. These values are also quite similar for protons and electrons, primarily caused by the

low levels of drifts present. For the extreme solar activity periods both the 2.5 GV electrons

and protons have a very fluctuating gradient varying between 3-4 %/AU (see also Heber et al.

2002), and up to even 5 %/AU on shorter time scales. When the HMF switches polarity from

A > 0 to A < 0 in the model after 2000.2, an interesting feature is noticed in the equatorial

regions, namely that a general decrease in the radial gradients start to occurs, and the electron

radial gradient becomes larger than the proton gradient. This is indicative of how the radial

gradients vary with the HMF polarity.

For the polar regions, middle panel of Figure 5.9, the opposite occurs. For the solar mini-

mum conditions in the A> 0 polarity cycle the electrons have a smaller gradient ",1.9 %/AU

compared to ",2.9 %/AU for protons. For solar maximum, the gradients of both particle species

increase. For the gradients with respect to the Ulysses trajectory, for solar minimum conditions

in the A > 0 polarity epoch, the computed radial gradients for electrons and protons vary

roughly between 2-3 %/AU. These values increase toward solar maximum to vary between 3-5

%/AU.

5.5 Summary and conclusions

In this chapter the latitudinal and radial transport of 2.5 GV cosmic ray electrons and protons
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Figure (5.9) The computed radial gradients in the inner heliosphere as afunction of time with
respect to the Ulysses trajectory (top panel), polar regions (middle panel) and equatorial plane
(bottom panel), for the 2.5 GV electrons (solid line) and 2.5 GV protons (dashed line). It was
assumed that the HMF switches polarity at 2000.2 (from Ndiitwani et al. 2005).
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in inner heliosphere have been studied. Firstly, the perpendicular latitudinal transport was

investigated by studying the effects of different KJ..(}on the modulation of2.5 GV electrons and

protons along the Ulysses trajectory. It was shown that to compute realistic proton modulation

KJ..{}/KII must be 0.12 in polar regions and that this ratio can vary between 0.01 to even 0.04

in the equatorial regions (see Figure 5.2) depending on the enhancement factor. Similar results

were found for electrons except that K J..(}/KII in the equatorial regions was restricted to 0.02-

0.03. A more detailed study of the latitude dependence during the two fast latitude scan (FLSI

and FLS2) periods of the Ulysses spacecraft, occurring in rv 1995 and rv2000 respectively,

were also done. It was shown, that indeed much can be learned about the magnitude of K J..(}

by comparing model results with Ulysses observations during the FLS periods, especially for

solar minimum.

In this chapter the radial gradients present in 2.5 GV electrons and protons were also ca1cu-

lated with respect to the Ulysses trajectory, the heliospheric poles and the equatorial regions.

For the equatorial regions and during solar minium conditions, the electrons showed a rv2.9

%/AU gradient while for protons a rv1.9 %/AU radial gradient was computed. The latter is

in good agreement with the values reported by Heber et al. (2002). Both the 2.5 GV protons

and electrons showed a fluctuating radial gradient during extreme solar activity, also evident in

Ulysses observations.

In the next chapter the charge sign dependent modulation will be studied.
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Chapter 6
CHARGE-SIGN DEPENDENT

MODULATION

6.1 Introduction

In the previous chapters the compound approach was successfully refined and utilized to model

the modulation of 2.5 GV electrons and protons along the Ulysses trajectory, with emphasis

also on the latitudinal and radial transport. In this chapter charge-sign dependent modulation

of 2.5 GV and 1.2 GV cosmic rays along the Ulysses trajectory is studied by comparing model

results with observations. Charge-sign dependent modulation is the most direct indication (see

e.g. Potgieter and Moraa11985; Ferreira and Potgieter 2004) of drifts in the heliosphere which

makes it an important topic of cosmic ray modulation studies. It can be used to study finer

details which is not possible by taking only one of the cosmic ray particle species into account.

Parts of this chapter are published by Ndiitwani et al. (2005).

6.2 Modelling charge-sign dependent modulation

To model charge-sign dependent modulation, the refined compound approach, with parameters

b =0.02 and d =6 in Equations 5.1 and 5.2, is used. This produces realistic modulation

as compared to the Ulysses observations, as shown in Figure 4.16. To compute charge-sign

dependent modulation, the 2.5 GV electron to proton (of which the intensities has already been

calculated in the previous chapter) and 1.2 GV electron to Helium ratios are calculated. These

are selected because of the availability of the Ulysses observations.

Firstly the modulation of 1.2 GV helium and electrons is calculated with the compound
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Figure (6.1) The computed 1.2 GV differential intensities of Helium (left panel) and electrons
(right panel) along the Ulysses trajectory. In comparison, Ulysses/KET observations are shown
(Heber et al. 2003). The HMF switches polarity (from A> 0 to A < 0) at 2000.2 as indicated
by the thick line. The two dashed vertical lines indicate the beginning and end of each fast
latitude scan (FLSI and FLS2) periods (from Ndiitwani et al. 2005).

approach, just as for the 2.5 GV electrons and protons, shown in Figure 4.16. Note that for

the helium calculations the local interstellar spectrum from Webber (1987) is used. Figure 6.1

shows the 1.2 GV computed (a) helium and (b) electron intensities along the Ulysses trajectory

with similar parameters as for the 2.5 GV intensities except for ao = 13 for 1.2 GV helium, and

ao =22 for 1.2 GV electrons. Shown in comparison are the Ulysses/KET observations for the

different particle species (Heber et al. 2003). The HMF switches polarity at 2000.2 as indicated

by the thick line. This figure illustrates that the model produces realistic modulation also at 1.2

GV. As for the 2.5 GV protons, the 1.2 GV helium shows a significant latitudinal dependence

around the first fast latitude scan period (FLS1). The 1.2 GV electrons shows similar behaviour

as the 2.5 GV electrons with almost no latitudinal dependence for both FLS periods (see also
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Figure (6.2) Computed 1.2 GVelectron to Helium (top panel) and 2.5 GVelectron to proton
ratios (bottom panel) along the Ulysses trajectory. In comparison the Ulysses/KET observa-
tions (Heber et al. 2003) are shown. Values shown are normalized to 1.0 at the initial stage of
the Ulysses mission in 1991. The two dashed vertical lines indicate the beginning and the end
of the first (FLS1) and second (FLS2) fast latitude scan periods of the Ulysses spacecraft. The
HMF switches polarity, from A > 0 to A < 0 in the model at 2000.2, as indicated by the thick
vertical line (from Ndiitwani et al. 2005).

Figure 6.2 shows the corresponding computed 1.2 GV electron to helium (top panel) and 2.5

GV electron to proton ratios (bottom panel) along the Ulysses trajectory. Shown in comparison

are Ulysses KET observations (Heber et al. 2003). Values are normalized to 1.0 during the

initial stage of the Ulysses mission. As shown, the model follows the observations at all times

and the FLSI is computed realistically around 1995. It follows that the decrease in the observed

and computed electron to proton and electron to helium ratios toward solar minimum from 1990

to 1995 can be attributed to charge-sign dependent modulation caused by drift effects resulting
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Figure (6.3) The computed nonnalized electron to helium (left panel) and electron to proton
(right panel) at Earth, as afunction of tilt angle, at three rigidities namely ",0.3 GV, "'] GV
and ",3 Gv. "ND (90)" denotes a no drift value at a hypothetical tilt angle of9(/J (from Burger
and Potgieter ]999). These values were computed by a steady-state model.

in the peak (electrons) and plateau (protons) like shapes of cosmic ray intensities over the 11-

year modulation cycle. In both panels the latitudinal dependence of the positively charged

particles for solar minimum periods is also visible around the FLS 1 period. After the HMF

switches polarity to A < 0, there is a steady increase of the computed intensities which follows

the observations closely to 2004 after which a decrease is predicted. The value of scaling down

drift effects in the model, especially for solar maximum, can be seen when these computations

are compared to the steady-state solutions of the transport equation by Burger and Potgieter

(1999), as shown in Figure 6.3. Shown here is the tilt angle dependence of computed cosmic

ray intensity ratios at Earth, in particular the normalized electron to helium (left panel), and

electron to proton (right panel) ratios as a function of tilt angle for A > ° as well as A < °

polarity cycle. Model computations are shown at three rigidities namely ",0.3 GV, rv1 GV

and ",3 GV. The intensities during A > ° show a "W" shape, and for the A < ° cycle, an

90

A>O I A<O A>O I A<O

7t.
. . .' .. . . . . J 7

__ -3GI
6 -0- 1GI

:t
__-3G1

5
__ .3GV -0- 1GI

__ .3G1
+ 8ectronardhelium

4 atEarth 4

GI
GI

j 3
j 3

i 2
ha. i2



"M" shape. Changes in this ratio become larger as the rigidity becomes smaller which is also

evident in Figure 6.2. In contrast to the computed gradual increase in the ratios toward solar

minimum after a polarity reversal, with the compound model, these traditional drift dominated

models predicted large and sudden increases or decreases with polarity reversals which are not

observed, illustrating the need of time dependent scaling of drifts as used here.

6.3 The effect of the HMF polarity reversal

The effect of the HMF polarity reversal on charge sign dependent modulation is investigated

and shown in Figure 6.4. The figure shows the computed and observed 2.5 GV electron to

proton ratio along the Ulysses trajectory. Unlike Figure 6.2, values are not normalized. Model

solutions are shown for three different assumed periods of the HMF polarity reversal from A

> 0 to A < O. The solid line corresponds to 2000.0, the dashed line to 2000.4 and the dotted

line to 2000.2 (as in Figure 6.2). Shown here is that the polarity reversal does influence model

computations for a period of approximately a year. This is the time scale needed for the reversal

information to travel from the inner heliosphere to the heliopause. After 200 1.6, the three model

solutions converge because the whole heliosphere is then filled with the heliospheric magnetic

field corresponding to the A < 0 polarity cycle. Evidently, the choice of 2000.2 from a cosmic

ray modulation model is optimal. Earlier reversal let the computed electron to proton ratio

increase too fast, and a later reversal let it decrease too much after 2000, which is not observed.

However, in modulation models as used here, the polarity reversal is specified to occur at a

particular time, usually in the order of a solar rotation, which is an oversimplification, because

observations show a longer time period, of several months (see e.g. Jones et al. 2003).
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Figure (6.4) Computed and observed 2.5 GVelectron to proton ratio (not nonnalized) along
the Ulysses trajectory. The compound model solutions are shown for three different times of a
polarity reversal in the model, namely 2000.0 (solid line), 2000.2, (dotted line) and 2000.4,
(dashed line) (from Ndiitwani et al. 2005).

6.4 Prediction of charge-sign dependent modulation up to the
next solar minimum.

In this section the compound approach is used to predict the 2.5 GV electron to proton ratio

along the Ulysses trajectory up to the next solar minimum expected at rv2007. This is shown

in Figure 6.5 which shows 2.5 GV electron to proton ratio (not normalized) from 1998 to 2007

in the right panel. The computations are shown for (KA)O =1.0 in Equation 4.3 (dotted line)

and 0.5 (solid line). The left panel shows the input in the model namely, tilt angle (top panel)

and HMF strength (bottom), where it is assumed that the tilt angle will decrease to rv200 in

2007, while the HMF strength decreases to rv5.8 nT. In both panels the dark line separates

observed values from the predicted values. Shown is a lower ratio given by (KA)O = 0.5,
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Figure (6.5) Computed 2.5 GV electron to proton along the Ulysses trajectory including predic-
tions up to next solar minimum assumed at ,,-,2007. Shown on the left top panel are tilt angles
where it is assumed that the tilt angle will decrease gradually as shown. In the lower left panel
are the HMF magnitude and predicted values. The dark line separates observed values from
predicted values. Shown in the right panel is the computed 2.5 GV electron to proton ratio
(not normalized) along the Ulysses trajectory with the most recent observations. Two differ-
ent computations are shown corresponding to two different (KA)o assumed after 2004.5 (from
Ndiitwani et al. 2005).

which computes realistic modulation even up to 2004, and an upper ratio with (KA)o =1.0,

where no additional decrease in the drift coefficient compared to diffusion was assumed. For

the predicted values, it follows that the (KA)O =0.5 scenario (solid line) will result in gradual

decrease in the computed electron to proton ratio up to 2006.5 after which an increase occurs.

For the scenario corresponding to (KA)o = 1.0 (dotted line), the predicted electron to proton

ratio will stay mostly constant. With the information from this study, future observations from

Ulysses of the electron to proton ratio, will play an important role in determining the amount

of drifts present in cosmic ray modulation and understanding particle transport during theA <
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o polarity cycle.

6.5 Summary and conclusions

In the previous chapter the compound approach was refined and utilized to study the modula-

tion of the 2.5 GV protons and electrons in the inner heliosphere along the Ulysses trajectory.

Due to the success of the compound approach it was used in this chapter to study charge-sign

dependent modulation of 1.2 GV helium and electrons and 2.5 GV protons and electrons along

the Ulysses trajectory. In particular the ratios of 2.5 GV electrons and protons and 1.2 GV

electron and helium ware computed and compared to observations. It followed by comparing

computations to observations that the decrease in the observed and computed electron to pro-

ton and electron to helium ratios toward solar minimum, from 1990 to 1995, can be attributed

to charge sign dependent modulation caused by drift effects resulting in the peak (electrons)

and plateau (protons) like shapes of cosmic ray intensities during this period. The latitudinal

dependence of the positive charged particles for solar minimum periods was clearly computed

around the first fast latitude scan (FLS1) period, which coincides with solar minimum. Af-

ter the HMF polarity reversal the model followed the observations up to 1"V2004,after which a

decrease was computed.

The effect of the HMF polarity reversal on charge-sign dependent was also investigated. It

was shown in Figure 6.4 that 2000.2 is optimal for the HMF polarity reversal from a cosmic

ray perspective. Lastly the compound approach was also used to predict the 2.5 GVelectron

to proton ratio along the Ulysses trajectory up to the next solar minimum expected in 1"V2007,

as was shown in Figure 6.5. It is concluded that the model, together with observations from

Ulysses for the electron to proton ratio, will play an important role in determining the amount

94



of drifts present in cosmic ray modulation and in understanding particle transport during the

present A < 0 polarity cycle.

In the next chapter the focus will be shifted toward the outer heliosphere to investigate

modulation in the outer heliosphere.
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Chapter 7
COSMIC RAYMODULATION IN THE

OUTER HELIOSPHERE

7.1 Introduction

In previous chapters cosmic ray modulation has been studied in the inner heliosphere using a

time-dependent modulation model and compound approach, with results compared to Ulysses

observations. In this chapter, the same model, including the compound approach, is utilized

to study cosmic ray modulation in the outer heliosphere by illustrating the effects of different

transport parameters on computed cosmic ray intensities. In particular it is shown how high

energy cosmic ray intensities (2.5 GV) throughout the heliosphere are affected by changes in

different modulation parameters, like the boundary radius and the magnitude of the perpendic-

ular diffusion coefficients. Results at 2.5 GV are compared to IMP8 and Voyager 1 count rates

with energies >70 MeV (Webber private communication 2005) which are normalized to the

Ulysses data.

7.2 Modulation in outer heliosphere

Cosmic ray modulation in the outer heliosphere is studied with respect to modulation in the

inner heliosphere by comparing model results with the Ulysses, IMP 8 and Voyager 1 observa-

tions. Figure 7.1 shows computed proton differential intensities at Earth (solid line) and along

the Voyager 1 trajectory (dotted line). Shown in comparison are >70 MeV IMP 8 and Voyager

1 proton count rates (Webber private communication 2005) together with Ulysses (2.5 GV)

proton observations. The Voyager and IMP count rates are normalized to the Ulysses 2.5 GV
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Figure (7.1) The computed differential intensity at Earth (solid line) and along the Voyager 1
trajectory (dotted line). In comparison are shown for protons Ulysses, Voyager 1 and IMP8
observations. Shown on top axis is the radial distance of the Voyager 1.

differential intensity observations. As shown, these data exhibit the same modulation amplitude

as the Ulysses observations and can therefore be used to compare it to model computations. The

intensity is computed at 2.5 GV, and it is shown what could have been measured had a particle

detector measuring cosmic ray differential intensities of this energy been onboard the IMP and

Voyager spacecraft. Note that the radial distance of the Voyager 1 spacecraft is shown on top

axis, for the latitude, see Figure 2.12. As shown, the computations at Earth follow the IMP 8

observations with some minor differences. The observations and model show a peak-like pro-

file during the A < 0 polarity cycle and a plateau-like profile during the A > 0 cycle. This

behaviour is mainly due to particle drifts and the effect of the RCS. The computed intensities at
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Earth exhibit the same modulation amplitude as measured by IMP 8 and Ulysses observations

for both cycles. However, for the period between 1985 and 1986 the model results in slightly

too high modulation as compared to the IMP 8 observations. The long-term profile along the

Voyager 1 trajectory also follows the observations well for most times, showing that this ap-

proach results also in realistic modulation in the outer heliosphere. The computed intensities

show even the realistic modulation steps as measured by the Voyager 1 spacecraft for solar

maximum periods. As from 2000 the model predicts only a gradual increase of the computed

intensities along the Voyager trajectory, in contrast to at Earth because of the small modulation

region left between the Voyager spacecraft (rv95 AU) and the outer boundary (rv 120 AU) as

this spacecraft moves toward the heliopause.

7.3 The effects of the heliospheric boundary

In the previous chapters the compound approach was used to calculate proton intensities at

2.5 GV with the outer boundary specified at 120 AU, with a local interstellar spectrum (LIS)

specified as a boundary condition. In this section the effect of the outer boundary radius on

the computed differential intensities in the outer heliosphere is illustrated. Figure 7.2 shows

computed differential intensities for protons as a function of time with three scenarios corre-

sponding to different outer boundary radius values, 100 AU (top panel), 120 AU (middle panel)

and 140 AU (bottom panel). Shown here are cosmic ray profiles which were computed during

two different HMF polarity cycles as Voyager moved into the outer heliosphere. The horizontal

line in all three panels indicate the value of the proton LIS at this energy. The 120 AU boundary

solutions are the same as in Figure 7.1.

Focusing on the 100AU outer boundary scenario, the intensities at Earth still follow the ob-
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Figure (7.2) The computed 2.5 GV proton intensitiesfor a 100 AU (top panel), 120 AU (middle
panel) and 140 AU (bottom panel) outer boundary assumption in the model. In each panel
values are shown at Earth (solid line) and along the Voyager trajectory (dotted line). The
horizontal line indicates the value of LIS. Also shown for comparison are the Ulysses, Voyager
1 and IMP8 observations.
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servations on average. However, the model results in higher intensities between 1985 and 1986

which is also evident for the 120 AU solutions. The intensities along the Voyager trajectory

also follow the observations from 1985 to rv 1994. For the period after this the model shows too

high intensities as compared to the observations. For the 140 AU boundary scenario the com-

puted intensities at Earth are more realistic, especially in the 1985-1986period, corresponding

to the A < 0 polarity cycle. Along the Voyagertrajectory the model also follows the observa-

tions except for the period beyond rv 1999. Within the assumption of this model, a heliosphere

between 120 AU and 140 AU seems optimal.

7.4 Perpendicular diffusion coefficients

In this section the effects of the magnitude of the perpendicular diffusion coefficients on the

outer heliospheric modulation are studied. As shown before, the perpendicular diffusion co-

efficient can be divided into perpendicular diffusion coefficient in the polar and in the radial

direction. The perpendicular diffusion in the polar direction is given by

KJ.(} = bKIlF (B) (7.1)

with F (B) given in Equation 3.15. The function increases KJ.(}toward the poles by a factor d

compared to the value in the equatorial plane. The perpendicular diffusion in radial direction is

given by

(7.2)

In the next section the effects of modulation parameters a, band d, as in Equations 7.1 and 3.15

and 7.2, are investigated.
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7.4.1 Perpendicular diffusion in the polar direction

In this section the effects of perpendicular diffusion coefficient in polar direction and the en-

hancement factor on the model computations are illustrated. Figure 7.3 shows computed dif-

ferential intensities for three scenarios of b in Equation 7.1. The values are shown for b =0.01

(top panel), 0.015 (middle panel) and 0.02 (bottom panel). Apart from the early (1985-1987)

and late (1998-2000) periods, the intensities at Earth still follow largely the observations on all

panels. For the top and middle panels, the intensities along the Voyager trajectory follow the

observations for A < 0 polarity cycle, while for the A > 0 cycle there are regions where the

model deviates from the observations. For the b =0.02 scenario the intensity along the space-

craft trajectory follows the observations for most of the time and this value has been adopted as

optimal.

The enhancement factor (depending on the value of d) increases K.l..8 toward the poles, and

the effects of different d on model computations are illustrated. Figure 7.4 shows the intensities

for d =1 (top panel), 3 (middle panel) and 6 (bottom panel). For the d =1 and 3 scenario the

intensities follow the observations, although there are some periods where the model deviates.

The intensities along the Voyager trajectory are better compatible than the ones at Earth. As

shown, the d =6 solutions are optimal both along the Voyager trajectory and at Earth.

7.4.2 Perpendicular diffusion in the radial direction

The parameter a in Equation 7.2, which defines the ratio of the parallel diffusion to the perpen-

dicular diffusion coefficient in the radial direction, is used to study the effects on cosmic ray

modulation in the outer heliosphere, shown in Figure 7.5. Figure 7.5 shows the model solu-

tions for a =0.02 (top panel), 0.035 (middle panel) and 0.05 (bottom panel). For the a = 0.02
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Figure (7.3) The computed intensities for b =0.01 , 0.02 and 0.03 in Equation 7.1, from top
to bottom panel respectively. The solid line shows the computed intensities at Earth and the
dotted line shows the computed intensities along the Voyager 1 trajectory. The value of the LIS
is indicated by the horizontal line. In comparison Ulysses, Voyager 1 and IMP8 observations
are shown.
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Figure (7.4) Same as Figure 7.3 but with different d.
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Figure (7.5) Shown are computed intensities at Earth (solid line) and along the Voyager 1
trajectory (dotted line) for different values of a. The LIS is shown by the horizontal line. The
computed intensities are compared to Ulysses, Voyager 1 and IMP8 observations.
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scenario the intensity is lower than the observations at both Earth and along the Voyager 1 tra-

jectory. Concentrating on the a =0.035 solutions, it is evident that this value is optimal since

the model follows the observation rather well. The a =0.05 solutions are too high as compared

to both the IMP and Voyager observations.

7.5 Summary and conclusions

The previous chapters concentrated on the cosmic ray modulation in the inner heliosphere, us-

ing a modulation model in comparison with Ulysses observations. In this chapter the same ap-

proach was used to study the cosmic ray modulation in the outer heliosphere and model results

were compared to Voyager 1 (outer heliosphere) and IMP 8 (inner heliosphere) observations.

The model, together with the compound approach, was used to calculate 2.5 GV proton intensi-

ties at Earth and along the Voyager 1 trajectory. It was shown that the model follows the count

rates with energy> 70 MeV for both Voyager and IMP (which have been normalized to 2.5

GV Ulysses observations). The model produces the same modulation amplitude evident from

the observations. The effects of the major modulation parameters e.g. the heliospheric outer

boundary radius and the perpendicular diffusion coefficients on the computed intensities were

also illustrated. For the outer boundary radius, three scenarios corresponding to a heliopause

at 100 AU, 120 AU and 140 AU respectively were shown. Comparison of model results to

observations illustrated that a heliopause between 120 AU and 140 AU seems optimal.

For the perpendicular diffusion coefficient in the polar direction, the solutions with K J...()/K"

=0.02 and the enhancement factor with d =6 produce realistic modulation at Earth and along

the Voyager trajectory. For the perpendicular diffusion in the radial direction, the KJ...r/K" =

0.035 solution showed realistic modulation when compared to observations. Although effects
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of the tennination shock are not included, these studies showed that the compound modeling

approach not only computes realistic modulation in the inner heliosphere but also produces

realistic modulation in the outer heliosphere.
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Chapter 8
SUMMARY AND CONCLUSIONS

In this work the time dependent modulation of cosmic rays in the heliosphere was studied. In

particular, cosmic ray modulation over 11- and 22-year cycles was computed by using a nu-

merical modulation model including time-dependent changes in the tilt angle, diffusion and

drift coefficients. Earlier work by e.g. Ie Roux and Potgieter (1990) who studied time de-

pendent modulation using a similar modulation model but with the tilt angle as the only time

varying parameter, computed realistic modulation for solar minimum but failed for increasing

solar activity. This is especially true when step decreases in observed cosmic ray intensities

occurred. Le Roux and Potgieter (1995) later showed that the step decreases in cosmic ray

intensities toward solar maximum could be explained by including global merged interaction

regions (GMIR's) (see e.g. Burlaga et al. 1993) in their model. They showed that it was there-

fore possible to simulate to the first order a 11 and 22- year cycle modulation using the time

varying tilt angle and GMIR's.

More recently, Cane et al. (1999) and Wibberenz et al. (2002) argued that GMIR's cannot be

responsible for time-dependent modulation in the inner heliosphere and that this is rather caused

by time-dependent changes in the heliospheric magnetic field (HMF) (which varies by factor of

rv2 from solar minimum to solar maximum). Ferreira (2002) and Ferreira and Potgieter (2004)

tested this approach by changing all diffusion coefficients in a time dependent model to reflect

the time-dependent changes in the measured HMF magnitude at Earth. They showed that this

could lead to realistic computed modulation at neutron monitor energies, but for energies < 5

GeV it produced a smaller modulation amplitude than observed. Their studies led to the es-
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tablishment of the compound approach, which combines the effect of the global changes in the

heliospheric magnetic field magnitude with drifts, therefore also with time dependent current

sheet angles, to establish realistic time-dependent diffusion and drift coefficients. In this work

this approach was refined and applied to study time-dependent cosmic ray modulation, espe-

cially along the Ulysses trajectory. Topics that were addressed included the time-dependence

in diffusion coefficients, the down-scaling of drifts toward solar maximum, time dependent

changes in the latitudinal and radial gradients, charge-sign dependent modulation and the ef-

fect of different modulation parameters on the time dependent cosmic ray modulation in the

outer heliosphere.

Given below is a brief summary of each chapter of this work of which parts were published

by Ndiitwani et al. (2005).

Chapter 1 served as an introduction, giving the motivation for this study. The main aim of

this work was to construct a realistic model to compute cosmic ray modulation over 11- and

22-year cycles. This is important to explain current spacecraft observations and may help to

understand the physics of long-term cosmic ray modulation. Because cosmic ray intensities

influence the climate on Earth and because knowledge of the particle background radiation

is vital for future manned spacecraft missions, findings of this study are also of importance

outside the cosmic ray modulation community.

A brief overview was given in Chapter 2 of the heliosphere and its properties, with topics

including cosmic rays, the Sun, the solar wind, the heliospheric magnetic field (HMF), the

heliospheric current sheet, the termination shock and the solar cycle related variations of these

features. This chapter also discussed different spacecraft missions of which data were used to

compare to model results. Also given were the modulation parameters as used in the model, e.g.
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it was assumed that for solar minimum conditions the solar wind speed changes from a slow

speed of 400 km.s-l in equatorial regions to a fast speed of 800 km.s-l at the polar regions. For

solar maximum, it was assumed that the heliosphere is filled by a slow solar wind. The outer

boundary was estimated to be at 120 AU where a local interstellar spectra were defined. The

acceleration of particles at the termination shock was neglected because in this work emphasis

was on the long-term modulation over 11- and 22- year. Furthermore, observed tilt angles as

published by the Wilcox solar observatory (see Hoeksema 1992) and observed HMF values at

Earth strength (http://nssdc.gfc.nasa.gov/cohoweb) were used in the model.

The modulation of cosmic rays in the heliosphere can be described by the four modulation

processes discussed in Chapter 3 namely convection, adiabatic cooling, diffusion and drifts

which are combined into a Parker transport equation (Parker 1965). This equation is solved

numerically in this work. Of these modulation processes, diffusion and drifts are arguably the

most important. A new parallel diffusion coefficient KII at Earth was constructed based on

theoretical work by Teufel and Schlickeiser (2002), including the radial dependence of Ferreira

(2002). Because of its complexity, not much theoretical work is done on the perpendicular

diffusion coefficient, Kl.., and it was assumed in this work that Kl.. ex:KII' Furthermore Kl..

can be divided into perpendicular diffusion in the radial, Kl..r, and polar, Kl..(J,direction. Also,

Kl..(} was enhanced toward the poles through a function F (0) as suggested by e.g. Burger et al.

(2000) and Ferreira et al. (2oo1a).

In Chapter 4 the compound approach was reviewed and refined, especially around solar

maximum to model cosmic ray intensities over a solar cycle. Firstly the amount of drifts re-

quired to realistically model time-dependent cosmic ray intensities, was established by a com-

parison of model results to 2.5 GV Ulysses observations (Heber et al. 2003). It was shown that
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by additionally scaling down drifts (compared to diffusion) toward solar maximum, the model

produced realistic 2.5 GV proton modulation and also produced the correct latitude dependent

evident during the first fast latitude scan (FLS1) period but disappeared for the second fast lati-

tude scan (FLS2) period. The model also computed the 2.5 GV electron intensities realistically,

which showed almost no latitude dependence during the FLS 1 period.

The latitudinal transport of cosmic rays was studied in detail in Chapter 5. The effects of

different values of perpendicular diffusion coefficient in the polar direction, Klo8, on 2.5 GV

cosmic rays were illustrated. It was shown that cosmic ray transport is sensitive to this param-

eter for the polarity cycles where they drift primarily from the heliospheric poles toward the

equatorial plane. Comparing model results caused by different Kl.6 to observed proton mod-

ulation, it was found that showed that Kl.6 = O.12KII in the polar regions, and that Klo8/ KII

can vary between 0.01 to even 0.04 in the equatorial regions depending on the enhancement to-

ward the poles. After successfully modelling the modulation of 2.5 GV electrons and protons

with the compound approach, the global radial gradient present at this rigidity was computed

with respect to the Ulysses trajectory, and for the polar and equatorial regions. For the equato-

rial regions the 2.5 GV electrons showed a radial gradient of rv2.9 %/AU while for the protons

rvl.9 %/AU were computed for the A> 0 polarity cycle at solar minimum. After the polarity

reversal the proton radial gradient became larger than the electrons (see also Fujii and McDon-

aid 2001). At the polar regions the opposite of the equatorial regions occurred, the electrons

had a smaller gradient of rv1.9 %/AU compared to rv2.9 %/AU of protons.

The compound approach was extended to model 1.2 GV helium and electrons along the

Ulysses trajectory in Chapter 6. The charge sign-dependent modulation was then studied by

computing electron to proton and electron to helium ratios at 2.5 GV and 1.2 GV respectively,
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and they were compared to Ulysses observations (Heber et al. 2003). It was shown that the

model results followed observed ratios from the Ulysses launch date until recently. The char-

acteristic "W" shape for the A > 0 polarity cycle was also computed but less pronounced than

the steady-state model predictions of Burger and Potgieter (1999). The scaling down of drifts

toward solar maximum also resulted in realistic computed electron to profile time profiles dur-

ing the HMF polarity reversal. This is something which has not been accomplished before. It

was also shown that the HMF polarity reversal at 2000.2 is optimal for the modulation stud-

ies. The charge sign-dependent modulation was also predicted up to the next solar minimum

expected around 2007. The computed electron to proton ratio shows a gradual decrease up to

2006.5 after which it will increase.

After studying the modulation in the inner heliosphere, the focus was shifted to the outer

heliosphere in Chapter 7. The model including the compound approach was utilized and 2.5

GV intensity time profiles were computed along the Voyager 1 trajectory and at Earth and were

also compared to IMP8 and Voyager 1 proton count rates with energies> 70 MeV. It was shown

that the 2.5 GV computed intensity profile at Earth has the same modulation amplitude as the

IMP 8 observations. The 2.5 GV computed proton intensities along the Voyager 1 trajectory

also resulted in realistic modulation when compared to the > 70 MeV observations. Also in

this chapter a parameter study was done which showed that heliosphere boundary radius at

120 AU results in better compatibility to observations than e.g. at 100 AU and 140 AU. The

effects of different perpendicular diffusion coefficients on the computed differential intensities

were shown. By comparing these to the IMP and Voyager observations it was shown that

K.l..()/KII = 0.02 in the equatorial plane with K.l..()enhanced toward the poles by a factor of 6,

and K.l..r = 0.035KII produced the most realistic modulation.
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Overall this work refined and applied the compound approach. As a result of the success of

this approach, much could be learned about the cosmic ray modulation at 2.5 GV, in particular

charge-sign dependent modulation, the time dependence of the diffusion coefficients, latitudinal

and radial gradients (which were successfully calculated for the first time) and upper and lower

limits to the magnitude of the diffusion coefficients. In particular, the results from this study,

together with future Ulysses cosmic ray observations, will help to understand particle transport

in the current A < 0 polarity cycle.
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