Abstract

Several recent space missions have provided a set of observations of the
interplanetary magnetic field which can be used for the analysis of heliospheric
phenomena at a higher time resolution than previously available. At the same
time, observations from several spacecraft can be combined to derive the
geometry of large scale structures. This thesis makes use of both these features
in a study of interplanetary shock waves. A review has been carried out of all
major features of the interplanetary magnetic field using their timescales as the
basis for classification. These range from long timescale phenomena such as
solar cycle variations to discontinuities which have timescales in the order of a
second. Interplanetary magnetohydrodynamic shocks are highlighted and an
investigation is made into the structure of their shock fronts. Using various
techniques, shock normals are calculated at different locations in space with the
aid of date from the ISEE satellites. A survey of one-minute magnetic field
averages has been performed using data collected over the years 1978-1981. This
resulted in a list of multiple interplanetary shock observations together with
other phenomena such as shock induced tail- and magnetosphere compressions.
Taking into account error calculations, a comparison is made of the normals
calculated for these shocks, in order to determine whether there is a case for
non-planarity of shock fronts. The question of non-planarity versus planarity is
highlighted, and the nature of the shock front itself and what the shock normal

signifies, is discussed.
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1. Introduction

Since the first satellites carried out measurements in interplanetary space it has
been known that the heliosphere exhibits a large range of plasma phenomena.
These are usually characterised by their magnetic field, temperature, velocity
and density configurations. The phenomena originate at or near the sun, which
dominates interplanetary space. The sun ejects lafge amounts of plasma into
space which results in shocks, cprotating streams, magnetic clouds and many
more phenomena. Superposed on or around these structures are smaller scale

phenomena such as Alfvén waves and discontinuities.

These phenomena range in timescale from the very long such as solar cycle
variations (years) to the very short such as discontinuities (seconds). In the
late sixties and early seventies the first attempts were made to classify the
phenomena in interplanetary space using criteria such as timescale and origin
(Hundhausen [1972], Burlaga and Ness [1968]). In Chapter 2 a review is
presented of these early classifications together with an updated timescale

classification including all observed phenomena at 1 AU.

Interplanetary space provides the scientist with an environment where
collisionless plasma can be studied in detail. Collisionless shock research was
initially attempted in laboratories but could be performed much more readily in
space (Kennel et al. [1985]). Today collisionless shock research is still of
great interest even though it has been investigated thoroughly over the last two
decades. This is primarily because of the sensitive dependence of shock
structures on solar wind conditions. A review of present day theory, pertinent

to this thesis, is presented in Chapter 3.

The launch of ISEE satellites in 1977 and 1978 introduced a new era for
collisionless shock research with the opportunity for high-resolution
measurements of the bow shock and interplanetary shocks. The group of three
satellites, known collectively as the ISEE mission, was positioned in near-earth
orbit and at the Lagrangian point L1. These satellites provided practically
continuous coverage of magnetic field measurements lastin g till 1982 when

ISEE 3 was directed to intercept the comet Giacobini-Zinner.
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From these missions a great deal of information was obtained about shocks.
Another contributory factor to the increase in shock research is the advent of
better equipment and high-resolution measurements available to the scientist
(eg. AMPTE/UKS).

A suite of computer programs was designed to process and analyse the raw
ISEE data. These enable the identification of shocks and the calculation of
their normals using various techniques such as coplanarity and minimum
variance. The normals of shocks observed by more than one satellite are of
particular interest for the propagation and geometry of shock fronts in

interplanetary space. All this is discussed in Chapter 4.

Recent studies (Gazis et al. [1985]) have indicated the possibilities of shock
fronts, waves or structures which are non-planar in nature (non-planar on the
scale where the component of normal radial expansion is negligible). This idea
is not new. De Young and Hundhausen [1971] argued on theoretical grounds
that shock fronts were non-spherical. Heinemann and Siscoe [1974] using
model simulations of density distributions, based on satellite measurements,
demonstrated that shock fronts exhibited a structured nature as shown in

Chapter 5.

The initial problem posed to this experimenter was whether shocks were planar
or not. As mentioned above this could be determined by measuring shock
normals in interplanetary space at different locations. The normal-calculation
techniques are based on the Rankine-Hugoniot equations which model the
shock as a discontinuity separating dissipationless asymptotic solar wind
states. Further investigation leads to the question of the nature of the shock
front itself and what the shock normal signifies. The assumption that details of
shock fronts can be determined by using Rankine-Hugoniot equatidns is

examined Chapter 5.
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+ 2. Review of interplanetary magnetic phenomena'

2.1 Introduction:

It is a commonly held view that interplanetary space is essentially a vacuum.
Nothing can be further from the truth. Interplanetury space is dominated by the
sun, which has a strong magnetic field and ejects vast amounts of plasma into
space. The structure of the heliosphere is complex and exhibits many features. It
is therefore important to clarify this complexity by using a classification system

of phenomena which is easily understandable.

With the new space technologies, satellites have explored a rapidly increasing
volume of interplanetary space; for example, Pioneer 10 is currently located at
45 AU, far outside the solar system. The data sets available to the scientist are
larger than ever before and the data is of a much higher quality, allowing the
study of fine-structure phenomena and as a consequence, many new phenomena
are being discovered. This merits a comprehensive review and classification of

phenomena occurring in interplanetary space.

2.2 Timescales and their classification:

Timescales vary for different phenomena ranging from seconds to decades. In the
late sixties and early seventies timescale-classification systems were defined by
Burlaga & Ness [1968], Burlaga [1969] and Hundhausen[1972]. These systems -
were used to show that different information could be gained at different

timescales and thus provided a means to classify phenomena in a rough way.

Figure 1 shows a data set taken from Pioneer 6. The data set spans 20 days and
consists of one-hour averages. In this graph the total magnetic strength, the
azimuthal angle ¢ and the meridional angle 6 are shown. Some large-scale
patterns are discernible. The average field is parallel to the ecliptic and aligned
along the Parker spiral. The sector structure is also observed where the B-field
points away from the sun on DEC 16-21,DEC26-JAN2 and towards the sun on
DEC22-24 ,JAN 2-4 .
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Figure 1

One-hour Pioneer 6 data averages between December 16,1965 and
January 4, 1966. The top panel illustrates two magnetic field profiles. High
values were computed by averaging the magnitudes, whereas the smaller
values were calculated using root mean square values of the magnetic field.
The two bottom plots show angular solar ecliptic coordinates 6 and ¢ of the
magnetic field. (Burlaga[1969]).

Figure 2 shows the same data but now on a 24-hour timescale. This scale change

by a factor of ten reveals quite a number of discontinuities especially at
0500,0900 and 1600 UT. Large fluctuations in total magnetic field strength B can

0000 0200 0400 0600 a0 1000 1200 1400 1600 ne
DECEMBER 19,1963

FIGURE 2

Twenty-four hour subsection of figure 1 illustrating mesoscale structures,
using 30 second averages of Pioneer 6 data. The panels from top to bottom
show the total magnetic field, the direction of the magnetic field (longitude
¢ and latitude 6) and the standard deviation o. (Burlaga [1969])



be observed in the first half of the graph. A sustained change in the direction of

the magnetic field occurs between 0350 and 0500 UT.
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FIGURE 3

Microscale plot of 30 second averages depicting three one-hour subsections
of data shown in figure 2. From top to bottom magnetic field strength,
longitude and latitude (Burlaga [1969]).

If one views the data at an even smaller timescale, for example 1 hour, as shown
in figure 3, discontinuities become clearly visible. It can be readily observed that
between 1500 and 1600 UT a large discontinuity occurs at 1539 UT.

¢

1538 153¢
DAY 353

FIGURE 4

~ One and a half-second data illustrating the finescale structure of a
discontinuity seen in figure 3 (Burlaga [1969]).
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In the last graph (Fig. 4) a one-minute set of data is shown spanning this apparent
change in field direction which is clearly no longer discontinuous. On this scale
the term discontinﬁity is no longer applicable. This is seen more readily using 40
ms magnetic field data from Mariner 10 (Lepping and Behannon [1986]), which
show distinct structures at the discontinuity transition (see Section 2.3f on

Hydromagnetic discontinuities).

These four graphs, discussed above, clearly show that different phenomena can

be observed using different timescales.

2.2a Macro, meso, micro and kinetic scales

The first classification system was developed by Burlaga & Ness [1968]. They
defined three timescales to differentiate phenomena: macrostructure (>102

hours), mesostructure (1-102 hours) and microstructure (< 1 hour).

In a subsequent paper by Burlaga [1969] it was shown that an additional new
timescale: the kinetic scale (~10 -2 hours) had to be introduced. Whereas
large-scale structures can be described using aerodynamic theory (Parker
[1963]), one has to resort to magnetohydrodynamics to describe events, observed

as structures in the data, ranging from seconds to an hour.
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Figure 5

Classification of phenomena according to the Burlaga and Ness timescaling
system. Timescales can be converted to length scales by multiplication of
the average solar wind speed of ~400 knvs. Frequency f is equal to 1/t and
is useful in the discussion of power spectra. Also the energy of a proton,
whose gyroradius, in a 5§ nT, field is equal to the scale length, is shown
(Burlaga[1969)).
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When the spatial dimensions scale down and become comparable to the proton
gyroradius, the theory of plasma kinetics offers a better explanation of the

observed data and hence the introduction of the kinetic scale.

Figure 5 shows these timescales along with some phenomena. Scale length L is
equal to the timescale multiplied by the average solar wind velocity (400km/s).
The frequency f is the reciprocal of t and the energy E is the energy of a proton

in a 5 nT field with a gyroradius comparable to scale length L.

2.2b Other characteristic timescales.

Unlike the previous method Hundhausen classifies the phenomena relative to

certain physically significant timescales.

The first and largest timescale t1 is defined as the time required for the solar
wind to flow through density scale height (A1 ), defined analogously to the case

of the exponential atmosphere:

1 4d
—— 53— In n(r) 2.1)
dr

A

At 1 AU the observed constancy of particle flux suggests that the density n e 2,

Substituting this in 2.1, and dividing the result by the solar wind velocity
(Vsw=400 km/s), gives a value for the scale length A1 and consequently t; = 50

hours.

The second timescale t2 is defined in terms of A2 which is the dista_nce travelled

by a sound wave in a reference frame moving with the plasma in time tj :
t2 = A2/Vsw = 5 hours.

The third and last timescale is defined in terms of the proton cyclotron radius at
1AU:

A 3= 8x10* m => t3 = 0.2 seconds (assuming B=5nT)
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Hundhausen [1972] defines 7 classes as shown in table 1. The features classified,
vary from the steady structureless coronal expansion to plasma waves and noise.
Since this classification new phenomena such as magnetic clouds (1981) and

solar cycle variations (1974) have been observed.

Time Physical Scale Class Type of Phenomena
Time
1 Stecady, Structurcless Coronal
Expansion
1, =50h Expansion 2 Nonsteady, Structured Coronal
Expansion
3 Propagating Structures With
Larpe-Scale Pressure Gradieats
,=5h Sonic Motion 4 Propagating Structures Approach-
ing Large-Scale Pressure
Equilibrium
5 Convected Structures With

Large-Scale Pressure
Equiiibrium
1y=5x10"*h Proton Cyclotron Structures at Limit of Hydro-
or 0.2scc magnetic Theory
Plasma Waves and "Neise™

o

Table 1

List of phenomena classified according the timescale system proposed by
Hundhausen[1972].
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2.3 Phenomena:

In this chapter an overview is given of all the relevant magnetic field phenomena
which have been observed in interplanetary space. It is important to note that
timescales vary depending on the distance from the sun as the magnetic fields
alter in structure due to compression, geometrical expansion, dissipation etc.
Therefore, due to the abundance of satellite observations, only events at a
distance of 1 AU from the sun will be taken into account. Each phenomenon will

be accorded its own section which will consist of some background and theory.

Finally after all major types of magnetic field observations have been reviewed,
a short overview will be given in the form of a diagram, illustrating the different

phenomena along the timescale.

2.3a Solar cycle variations

The largest timescale events of interest are the solar cycle variations. Studies
have only become feasible in the last decade as a result of the extensive data set
now available to scientists. A data set covering a complete solar cycle was
assembled using Imp/Aimp and Heos data sets (King [1976]). The database
consists of 1215 hours of measurements between November 27,1963 and
February 15,1964, and 51,714 hours between June 1,1965 and May 17,1974.

Solar cycle variations have a characteristic timescale of roughly 11 years. The
two main phenomena, with respect to the interplanetary magnetic field, observed

on this timescale are discussed in the next two paragraphs of this section.

I ) Azimuthal asymmetry

The first observations of azimuthal positive-negative asymmetry were made by
Svalgaard & Wilcox [1974]. Using data from 6 different spacecraft they averaged
the positive and negative field vectors and derived a value for the angle 8,an , ap
~ and the average o of 0p and on . These parameters are displayed in the figure 6

below.
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1966 1967 1968 1969 1970 1971 1972 1973 1974

1965

1964

1963

YEAR

Plot depicting the values of an and ap from King's analysis, the Svalgaard
& Wilcox o values and the values of a calculated using solar wind velocity
data presented in Diodato et al. [1974]. Diodato gives only one velocity
value for the years 1970-71 and two values are available for 1967 due to

the separate treatment of Explorer 33 and 35 data (King [1976]).
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King[1976] used his solar cycle data to check and confirm these observations.
From his results it appeared that until 1967 the negative polarity correlates well
with the latitude. This correlation disappears in 1968-1969 and thereafter a

negative correlation is observed.

The dominant polarity effect was also confirmed later by Tritakis [1984] who
did a statistical survey of magnetic polarity between the solar maxima in 1954
and 1980. The survey revealed that during solar minimum and the years adjacent
to it, the current sheet at northern latitudes showed a southward depression
whereas the current sheet at negative latitudes showed no deflection and was
symmetrical. This phenomenon was not observed around solar maximum and
around the solar magnetic field inversion 2-3 years after maximum. A statistical
study of this period proved the sector structure on both sides of the equator to be
equal, which is consistent with a current sheet symmetrically located with respect
to the solar equator, which is almost vertical at the solar equator and extends to

much higher latitudes than seen at solar minimum.

Hoeksema et al [1982,1983] modelled the heliospheric current sheet
configurations for different phases of the solar cycle. This solar cycle variation
was also modelled by Akasofu and Fry [1986] who used the neutral lines seen on -
the sun indicating regions where the current sheet originates. The section on

sector boundaries (2.3e) provides additional comment.

2.3b Magnetic clouds

A magnetic cloud is a type of transient structure created by the ejection from the
sun of highly conducting plasma with field lines reconnected, forming a
'magnetic bubble’. These ejections are caused by various impulse-events on the

sun such as flares and eruptive prominences.

The concept of a magnetic cloud was first introduced by Morrison [1954] who
proposed that plasma with associated magnetic fields are ejected from the sun.
These ejecta were later referred to as *magnetic clouds’. Later Piddington [1958]
proposed that the magnetic field lines connecting the ejecta to the sun could

reconnect forming ’bubbles’.
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Burlaga et al. [1981] investigated three shocks and found that the direction of B
varied systematically along a plane of maximum variance from a large southern
to a large northern value or vice versa. These events were termed magnetic

clouds.

Later Klein and Burlaga [1982] carried out an extensive investigation of this
phenomenon using data from 45 clouds measured at 1 AU ( about 1 every 3
months). As a criteria for detecting a cloud, the latitude angle 6 of B had to
change systematically over a timescale of 24 hours. Although the actual magnetic
cloud is probably larger than the limits of this rotation, the timescale change is

not significant and hence the region of monotonic rotation defines the timescale.

Figure 9 shows a data set containing a magnetic cloud. A gradual change of 6

occurs between two extreme values over the interval B-D.
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Figure 9.

Plot illustrating magnetic field and plasma parameters associated with a
magnetic cloud. The cloud can be observed by the systematic variation of
the magnetic field latitude angle 6 between B and D. The cloud has a
relatively low proton temperature (Tp) and moves faster than the ambient
plasma (V). Also included are the values of the density n, NV2 and the
north-south (NS) and east-west (EW) velocity directions (Klein and Buriaga
[1982)).
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Other characteristics are its low proton temperature Tp, a high field strength F
and a relatively high velocity V. The high magnetic field creates a pressure

which is larger than the ambient value, causing expansion of the cloud.

Of the 45 clouds examined, 13 followed a shock (see fig. 9 mark A), 16 preceded
an interaction region and the same number were associated with a Cold Magnetic
Enhancement (CME). Tables 2, 3 and 4 below show these clouds with 'their

respective time duration (At in hours).

Start Stop )‘Z/ k3 El 8 6
Year Day Hour Year Day Hour
1067 12 2100 1967 14 Q700 2.9 N 24 165
1067 363 1500 1068 0 0900 29.0 L) 21 177
1968 26 0900 1968 27 0600 u.8 u6 2 106
199 42 090 1969 43 1200 7.7 75 15 1ul
1669 237 1200 1969 238 0500 21.0 102 19 165
1972 20 0300 1077 21 0000 2.5 T2 23 216
1972 32 0500 1672 33 1900 15.0 79 30 214
1672 81 0300 1672 81 1800 2.0 138 2u 137
1672 305 0200 1972 306 0000 15.5 72 10 106
1673 102 0000 1673 103 0400 3.2 106 =27 L
1973 140 0400 1973 140 2100 1.9 110 43 165
16747 284 1200 1674 285 2200 2.¢ 88 5 170
1978 3 1000 1678 ¥ 2000 2.3 70 14 240
4,0 82 1 204

1978 g2 1800 15678 93 1500

Table 2
List of all magnetic clouds observed which are preceded by a shock. The
average duration of the rotation is 28.3 + 12.1 hour (Klein and Burlaga
[1982]).

The tables contain the start and stop times of the systematic rotation together
with the ratio of the intermediate and the minimum eigenvectors A2/A3 of the
variance ellipsoid calculated from minimum variance (Sonnerup and Cahill
[1967]). Large values indicate a well-defined minimum-variance vector. B is
equal to the ratio of kinetic pressure and magnetic pressure. 6 and ¢ are the

latitude and lcngitude of the minimum-variance vector.

The timescales of these clouds varied from 13 to 66 hrs resulting in an average

timescale of 26 hrs with a standard deviation of 10.
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Start Stop A/ ] ] $°

Year Day Hour Year Day Hour

1968 57 1800 1068 58 1200 6.4 111 22 160
1968 176 1800 198 177 1100 5.3 78 2 100
1969 22 1800 1%9 23 2100 4.4 62 1 201
1971 97 1000 1971 . 98 0300 3.2 46 =32 180
172 14 1200 1972 15 0100 13.8 37 -8 180
1972 40 0300 - 1972 40 2100 8.4 55 2¢ 213
1973 19 1100 1973 20 1100 6.0 100 46 214
1973 63 0300 1973 64 0300 4.1 1mm 0 173
1973 89 2100 1973 91 0000 16.6 97 -1 182
1973 178 2000 1973 179 1200 10.8 N 2 231
1973 206 0000 1973 207 0300 6.2 a7 43 221
1974 23 0000 1974 24 0600 6.5 90 -8 221
1975 85 0700 1975 85 2200 6.6 74 -45 147
1675 109 1100 1975 110 0700 6.3 107 b4 226
1976 341 0600 1976 342 0000 3.3 .86 40 217
1978 51 1200 1978 52 0900 16.8 86 -29 214

Table 3
Table of magnetic cloud observations preceding an interaction region. The
timescale deduced fromthe At columnis 20.8 + 5.1 Hours (Klein and Burlaga

[1982)).

Start Stop x2/ x3 8 8 ¢

Year Day Hour Year Day Hour

1967 348 2100 1967 350 0000 9.0 105 -8 152
1068 1 0300 1068 002 1500 9.7 102 -2 190
1060 62 1800 1069 63 1000 21.0 76 -12 152
1971 173 1400 1971 175 1600 17.5 a3 -7 185
1672 47 0600 1972 48 2100 2.0 103 =11 191
1972 86 1700 1972 87 1800 8.8 85 -26 187
1672 107 2100 1072 108 1200 13.5 98 18 174
1972 331 0000 1972 333 0000 4,0 106 -14 117
1973 268 0000 1073 269 0600 15.0 36 1 212
1973 324 1500 1973 325 0500 21.0 8¢. -7 160
1675 144 1700 1975 146 0000 5.6 70 =31 206
1975 212 0300 1975 213 0000 17.2 86 -13 171
1975 320 0000 1975 321 0500 1.6 131 -26 164
1977 155 0300 1977 156 0000 4,9 71 =33 208
1677 268 2100 1977 270 0300 16.4 83 -14 184
1978 15 1200 1978 17 1200 6.9 103 38 186
Table 4

Magnetic clouds associated with a CME. The average timescale from the
At column is 30.0 + 11.7 Hours (Klein and Burlaga [1982]).
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This was later confirmed by Zhang and Burlaga [1988] who extended the
original data set of 45 magnetic clouds to 64 using IMP 8 and ISEE 3 data. A

listing of these clouds is shown in table 5.

The clouds are classified according to their initial values of Bz (negative or

positive) and whether the cloud is associated with a shock or not.

Shock Cloud Starts Cloud Ends
" Year Date Time, UT Date Time, UT Date Time, UT Class
1978 Jan. 3 2200 Jan. 4 1200 Jan. § 2300 1
No shock Jan. 16 1600 Jan, 18 0800 3
1978 April 2 2200 April 3 1900 April 4 0900 1
1978 June 4 1300 June 4 2400 June 5 1700 1?
1978 Aug. 27 0500 Aug. 27 1800 Aug. 28 1300 2
1978 Sept. 29 0400 Sept. 29 1000 Sept. 30 0300 1
No shock Oct. 29 2300 Oct. 30 0900 47
(Oct. 31 1200)
1979 April 3 ' 1100 April 3 2200 April 4 2000 1
1979 Sept. 17 1000 Sept. 18 0800 Sept. 19 0700 1?
(Sept. 19 2300)
No shock Dec. 3 1100 Dec. 4 1600 4
(Dec. 5 0700)
1980 Feb. 15 7 Feb. 16 0400 Feb. 17 0900 I
1980 March 19 0700 March 19 1600 March 21 1900 2
1980 Dec. 11 1100 Dec. It 2500 Dec. 13 0700 1
1980 Dec. 19 0700 Dec. 19 1400 Dec. 20 1300 1
1981 Feb. 6 1300 Feb. 6 1900 Feb. 7 0900 1
1981 March 5 0600 March § 1300 March 6 0700 1
1981 Sept. 18 ’ 2000 Sept. 19 0700 Sept. 19 2000 1
1982 Feb. 11 1600 Feb. 12 0300 Feb. 13 2100 2
Sept. 25 2200 Sept. 26 1800 4

Table 5

List of all magnetic clouds seen by ISEE 3 and IMP8 between the years
1978 and 1982. Class 1: Negative Bz associated with shock. Class 2:
Positive Bz preceded by a shock. Class 3: Negative cloud without a shock.
Class 4: Positive cloud with no shock (Zhang and Burlaga [1988]).

Using simultaneous satellite measurements Klein and Burlaga [1982] found a
rough value of 0.25 AU for the size of the cloud at 1 AU. Taking a velocity of
400 km/s the scale distance of 0.25 AU corresponds to a timescale of 26 hours.
Burlaga & Behannon [1982] observed that the size of the cloud changed with
distance from the sun. At 2 AU the size was 0.47 AU suggesting that the cloud
was expanding. This expansion might be the cause of the low temperature
observed in the cloud. Burlaga and Behannon argued that the cloud expanded at

- half the Alfvén speed which is consistent with the radial expansion observed.

Models for magnetic cloud structures were later reviewed by Burlaga et al.
[1982,1984] and are shown in figure 10. .
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b)

Figure 10

Various models for magnetic cloud structures. They are based on satellite
observations which are characterised by the magnetic field vectors B1, B2
and Bs, measured at the beginning, middle and end of the cloud
observations. Note (a) is not consistent with observations as the minimum
variance normal was never observed to be perpendicular to the radial
direction R, diagram (b) shows a possible configuration for a structure
connected to the sun and (c) depicts a structure travelling through
interplanetary space. The minimum variance normal indicates the plane of
rotation of B (Burlaga and Behannon [1982]).

Recent research has focussed upon the relationship between magnetic clouds,
geomagnetic activity and decreases in cosmic ray activity (Burlaga et al.
[1981]). Burlaga et al. [1981] also noted that a decrease in cosmic ray intensity
occurred near magnetic clouds preceded by shocks. This decrease commenced at
the start of the shock wave but did not decrease inside the magnetic cloud
(Burlaga et al. [1985]). Zhang and Burlaga [1988] postulated that the cosmic ray
intensity was attenuated by the turbulent sheath between the shock front and the
magnetic cloud and not by the strongly ordered magnetic field inside the cloud.
The relatively large decrease (2.5%) in cosmic ray intensity associated with
magnetic clouds preceded by shocks, was considerably smaller (0.5%) when

observing magnetic clouds which were not preceded by shocks.
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on the solar wind flows, causing geomagnetic activity. This activity was
investigated by Burlaga et al. [1987] who surveyed the two largest geomagnetic
storms in 1979 as well as the largest geomagnetic storm since 1968. Without
exception all storms were caused by compound streams consisting of a
combination of magnetic clouds, streams and shocks. The high value of the
magnetic field inside a cloud enhanced by interactions with fast streams and
~ ejecta, has a sizeable southward component of the magnetic field causing large

geomagnetic storms such as those three mentioned above.

Magnetically enhanced regions can be classified into four different categories:

1) Magnetic enhancements associated with interplanetary shock waves
(B>13y).

Figure 12 shows an example of an enhancement associated with a shock wave.It
is characterised by an abrupt increase in all measured variables. Such
enhancements associated with shock waves produce the highest magnetic field
values found in interplanetary space. Above 25y all enhanced regions can be

ascribed to shock-related occurrences.
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Figure 12

Plot of hourly averages of B,V,n and T showing a shock-related magnetic
field enhancement. The vertical line indicates the onset of the shock, the
dashed line shows the end position of the shocked plasma regime (Burlaga
and King[1979)).
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II ) Magnetic enhancements associated with stream interfaces (13y<B<257y).

These enhancements show an abrupt decrease in density- associated with a
strong increase in temperature T and velocity V. This is illustrated in figure 13.

shown below. The B-field has peak values at the interface.

T

v 550

n 10

H
JAN 1974 FEB

Figure 13

A high-speed stream interface associated magnetic enhancement. The
interface region is marked by vertical lines, between the maxima of density
and temperature. The velocity maximum occurs after the interface region
and the magnetic field strength fluctuates around a slightly increased

constant level (Burlaga and King [1979]).

IIT ) Cold magnetic enhancement (CME, 13 Y< B <19 ¥).

In figure 14 an example is given of a cold magnetic enhancement associated
enhancement clearly showing the characteristic drop in temperature and low
solar wind speeds preceding this region. The variation in 6 is indicative of a

magnetic cloud corresponding to a ’bottle’ or ’bubble-like’ phenomena.
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Figure 14

Plot depicting a cold magnetic enhancement (CME) . Although the largest
peak observed may be a result of a compound stream, the region of
enhanced B-field has a low temperature and a velocity which is constant or
decreasing. This is a characteristic of a CME (not to be confused with
Coronal Mass Ejection). (Burlaga and King [1979]).

1V ) Enhancements not associated with shocks, interfaces or CME’s
(B<19y).

These occurrences account for about 8-10% of all observed magnetic

enhancements.
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Using 149 separate magnetic enhancements or intense magnetic fields,
histograms have been compiled by Burlaga & King [1979] which depict the
occurrence rates versus the field intensities for various types of enhancements
discussed above. The interface-associated intense magnetic fields (category II)
are subdivided into two subcategories: near an interface, no shock and near an
interface, with shock. These are shown in figure 15. The highest B-field detected
is 37y for a shock-associated region. Interface-associated enhancements appear
to have a limit in B of 25y which coulci be due to magnetocoustic compression
waves travelling away from the interaction region (Pizzo[1979]). CME regions

have a maximum value of 19y in B.
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Figure 15

histograms of magnetic field maxima for the main types of intense magnetic

fields. The amount for each type is shown (N) (Burlaga and King [1979]).
Theoretically, timescales should differ for shock- and interface-associated
enhancements. Shock-associated magnetic fields are dragged out of the sun by
piston-like flares which drive the shock. Alternatively, intense fields near
interfaces are created by the compression of the ambient plasma in front of the

stream. The latter phenomenon is expected to have a shorter duration.
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In figure 16, histograms of the occurrence rate versus the timescale are shown
for shock- and interface-associated magnetic enhancements respectively. It can
be observed that the shock related enhancements have a much larger range of
timescales than the interface-associated regions with the latter not lasting longer
than 16 hours. Using the histograms an average time length of 9 hours is

calculated for shock regions whereas the interface-associated enhancements have

an average duration of 4.5 hours.
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Figure 16 i
Histograms showing the different timescales of events associated with
shocks and interfaces respectively. Note that all observation are shorter

than 24 hours (Burlaga and King [1977])).

2.3d Hydromagnetic waves

Alfvén wavelike structures were first identified by Belcher er al. [1969] using

data received from the Mariner 5 (Venus 1967) satellite.

To observe these waves, the magnetic field vector was transformed to solar-polar
(RTN) coordinates. R is the axis which points radially outward from the sun, the
T-axis is parallel to the ecliptic plane pointing in the direction of earth motion,

and the N-coordinate is perpendicular to both R and T.
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Figure 17 shows a sample of data depicting the radial components of the solar
wind velocity VR and the magnetic field Br. A detailed correlation between the
two sets of data is apparent. These highly correlated regions, termed Alfvénic
intervals, can last as long as three days and occur usually when the plasma

density is constant. In the example shown in figure 17 the correlation coefficient

is larger than 0.9.
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Figure 17

Example of Alfvénwaves in interplanetary space The plot depicts the radial
component Br together with the radial velocity component VR. Note the
correlation between the two parameters is strikingly good (Belcher et al.
[1969)).

There also occur periods of high anti-correlation or negative correlation. BRr and

VR are anticorrelated during positive sectors and correlated in negative sectors.

Alfvénic intervals with a strong cross-correlation between magnetic field b and
velocity v are quite commonly observed in tke trailing edges of high speed
streams. Belcher et al. [1969] discovered that these waves had characteristic
With the aid of the theory of

magnetohydrodynamics, three Alfvén modes are established: Alfvén, fast and

times in the order of one hour

slow modes.
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Consider a system where the wave travels along the propagation vector k, and
where there is a background field Bo, The wave creates perturbations in the
velocity and magnetic field (v and b). The Alfvén mode is characterised by small
fluctuations in density and parallel (or anti-parallel) b and v vectors . These
vectors are both perpendicular to k and Be. The perturbations in an

inhomogeneous plasma are related using the formula :
b=+/-Da.v 2.3),
where
DA=“](4TCmpnp) = [Bol /VA (2.4) (For pure hydrogen),

and where mp, np and VA are the proton mass, proton density and the Alfvén

speed respectively. The sign of the product k.Bo determines the sign in 2.3.

The other modes are characterised by a fluctuation in the density and
perturbations (b,v) which are in the plane of k and Bo. b is now connected to v

by a tensorial relationship and b is normal to k for the slow mode.

Waves in figure 17 are thought to be primarily Alfvénic, mainly because of the
small density fluctuations observed at these times. If the data observed were a
mixture of fast and slow magnetocoustic modes, larger density fluctuations
would occur. Secondly the relation between the direction of Br and the sign of
the correlation factor is Alfvénic. Thirdly no correlation between BT, BN and VR
is observed, at the same time BR varies with VR. This would be the case when

fast and slow modes are involved.

Later Belcher and Davis [1971] showed that Alfvénic structures can have
timescales going down to 10 mins. This is illustrated in figure 18. Although the
waves belong mainly in the microscale category as defined by Burlaga, they do
extend into the mesoscale. These waves are large-amplitude non-sinusoidal
Alfvén waves flowing outwardly from the sun, having spatial wavelengths
between 10° and 5x10% km.
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Figure 18 )

Plot of coherency (line) and phase (circle) for cross spectra between VR
and Br during a period containing good Alfvén waves computed with 30
degrees of freedom (Belcher and Davis [1971]).

The use of magnetometer data in conjunction with plasma data on the microscale
level shows that phenomena with timescales down to the range of 10 seconds are
Alfvénic. This is illustrated in figure 19 where the top six horizontal bars in each

graph represent the velocity deduced from the plasma data. The magnetic data is
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Figure 19

Three ten-minute graphs showing discontinuities with alfvénic
characteristics. The top six plots show the magnetic field fluctuations (dots)
andthe bulk velocity (bars). R, T and N are identical to the coordinate system
described on page 43. The two lower curves are the proton density (bar)
and the magpnetic field strength (dots) (Belcher and Davis [1971)).



-40-

illustrated using points. There is a correlation between these velocity bars and the

magnetic field preceding and following the discontinuous jumps..

Alfvén waves with the highest correlation factors are usually found in
high-speed streams particularly on their trailing edges where the velocity does
not change very much. The Alfvén waves in low-speed regions usually have
smaller amplitudes and are less pure due to mixing with non-Alfvénic and static
structures. Large-amplitude Alfvén waves are observed in the compression
regions at the front of the streams. These regions may contain inwardly
travelling non-Alfvénic structures. Magnetocoustic waves were not detected by
Belcher and Davis and were assumed to have a power equal to 10% of that of an

Alfvén wave.

Sari and Valley [1976], using power spectra and coherency analyses, discovered
constant-magnitude Alfvén waves, propagating along the field lines as well as
magnetocoustic waves moving obliquely to the mean magnetic field. The data
obtained from the Pioneer 6 fluxgate magnetometer could be interpreted in terms
of magnetocoustic waves which are superimposed on Alfvén waves in both radial
and perpendicular directions. These magnetocoustic waves had approximately a

quarter of the power of Alfvén waves.

At 1 AU Roberts et al. [1987] observed that around 15% of the waves are

Alfvénic and have durations of a few hours or less.

As discussed in the Hydromagnetic discontinuity section (2.3f), Alfvénic
regions contain a high amount of rotational discontinuities (Belcher and
Solodyna [1975]).

Using data from two satellites, Explorer 33 and 35, Denskat and Burlaga [1977]
attempted to determine the phase fronts of these waves. They discovered that the
minimum variance analysis technique gave poor results. They also observed a
possible static structure which behaved in the same way as Alfvén waves. These
structures had phase planes almost parallel to the mean field Bo. Phase planes

not parallel to BO (propagating waves) were found to move neither along Bo
nor in a radial direction.
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These transition regions consist of a large number of polarity reversals spaced
over several days. These individual polarity reversals are discontinuous on a
: relatively large scale with characteristic timescales of minutes to hours, instead

of seconds associated with discontinuities in the IMF.

The concept of a warped current sheet was first proposed by Schulz [1973] in his
explanation for the observed sector patterns. The two sector polarities observed
can be explained by a tilting of the solar magnetic dipole field while the four (or
more) sectors of opposite polarities are caused by a current sheet which was
warped like the "skirt of a ballerina". The current sheet surrounds the sun around
the equatorial plane and is thought to be rooted at the "magnetic neutral line"
located on an imaginary surface 2-3 solar radii away from the sun, known as the
"source surface" (Schatte}z [1969], Akasofu and Fry [1986]). The sheet extends
radially outward from the sun and probably consists of solar particles emanating
from the neutral line.

The source surface can be extremely complex as modelled by Akasofu and Fry
[1986] who used neutral-line charts to calculate the shape of the current sheet at

the source and extrapolated this into interplanetary space (see fig. 20).

Rotation #1647 R= 2 AU

MLAT=0° ) e
MLAT=0° LONG=300° LAT=20° ==

LONG=210° LAT=20° (if)

Figure 20

Structures of the heliospheric curent sheet determined from the magnetic
neutral line. The first graph is associated with solar minimum showing the
"wound up ballerina skirt". The second occurs during solar maximum. Note
the large extension of the current sheet into both hemispheres, with the
sheet being almost perpendicular to the solar equator at low latitudes . The
sheet displayed is not continuous because of the variation of the neutral line
over one solar rotation (Akasofu and Fry[1986]).
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fnspecting in detail the fine-scale properties of a transition region reveals that
these regions are very complex. Figure 22 illustrates a data set taken by Helios 1
at a distance of 0.98 AU. (Behannon et al. [1981]).
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Figure 22

16 DEC

L] 6 12 13

17 OEC

Example of a sector transition near 1 AU using Helios 1 15-min average
magnetic field data. The plot show the magnetic field strength, azimuthal
angle ¢ (0 degrees points to the sun, increasing counterclockwise) and the
latitude angle 6 (positive when pointing north). Note the sector transition
contains multiple discontinuities in magnetic field direction (Behannon et al.

[1981]).

It is apparent from the ¢ graph that prior to the final transition occurring at

roughly 2100 hours on 16 DEC, various changes in the direction of the magnetic

field occur which are spread over two days.
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Histogram depicting the distribution of the observed phenomena as a
function of the magnetic field magnitude, normal to the discontinuity plane

(Behannon et al. [1981]).
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As shown in figure 23, the majority (82%) of all observed sector boundaries have
aratio Bp /< IBI > £ 0.3. The value of 82% is far larger than the equivalent value
of 45% for IMF discontinuities. None of the cases had a value of Bn /<IBI>2 0.7
whereas in the solar wind 20-30% of discontinuities exhibit these values. These
high normal field values (Bz) are usually associated with rotational
discontinuities and thus it can be surmised that the sector boundary

discontinuities are more tangential in nature than rotational.

The orientation of the sector boundaries is the same as predicted for the
tangential discontinuities in the IMF (Burlaga et al. [1977]) : the normal of a
discontinuity is perpendicular to the spiral direction predicted by the Parker
model and lies in the ecliptic (Behannon et al. [1981]).

Using the formula:
T = At (V-Vsc).n (2.5),

the apparent thickness (t) of the sector boundary can be calculated (n is the
boundary normal,Vsc is the velocity of Helios I,V is the average velocity of the
solar wind and At is the crossing time). Behannon et al. calculated a thickness of
3-6 104 km. This value is much larger than the © = 1300 km value found for
tangential discontinuities (TD) in the IMF (Burlaga et al. [1977]) and the T =
2700 km value found at 1 AU for rotational discontinuities by Lepping and
Behannon [1981]. This underlines that the sector boundaries are unique
phenomena. The larger thickness cannot be explained by the greater value for ®
because there is no clear relation between T and ® (Lepping and Behannon
[1981],[1986]).

Figure 24 shows the normal vector orientation in elevation and azimuth for a
series of transitions at 1 AU (Behannon et al. [1981]). The variation in the normal
direction was oscillatory in nature, suggesting that the interplanetary current
sheet was rippled. It was previously suggested that the boundary is usually
perpendicular to the ecliptic. This poses a problem insofar that the value of On

varies over a range of values whereas the value for 65 should remain constant.
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Figure 24

Hodograms of orientation angles of successive current sheet normals
during two sector transition periods. The first graph was made near 1AU,
whereas the second was made near 0.52 AU. The individual normals are
connected to show oscillatory motions during successive fine-scale current
sheet transitions (Behannon et al. [1981]).

Behannon et al. [1981] showed however that the values for 6 were spread over
a wide range of values but had an average of zero. The foregoing arguments
would suggest that the boundary is neither perpendicular or parallel to the
ecliptic. Figure 25 shows a model of a current-sheet boundary together with the

path taken by the Helios satellite crossing the sheet repeatedly.
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Figure 25

lllustration of fine-scale sinusoidal ripples superimposed on a warped
current sheet. The second graph shows the transition of a satellite through
such a current sheet. Note that this simple model is only one of many
possible geometries capable of explaining the previously mentioned
observations (Behannon et al. [1981]).

2.3f Hydromagnetic discontinuities

Discontinuities occur on average once or twice an hour. Colburn and Sonett
[1966] carried out an extensive review of these discontinuities. At-first it was
postuléted that the interplanetary solar wind was filamentary in nature (Burlaga
[1969]). This assumption was, however, later discredited (Hundhausen [1972]).
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Discontinuities can be separated into two main categories: rotational
discontinuities (RD) and tangential discontinuities (TD). Some discontinuities
are classified as either (ED) or neither (ND) indicating that their type is
indeterminate (Neugebauer et al. [1984]).

Figure 26

Diagram illustrating the velocity and magnetic field jumps across a
tangential discontinuity together with a normal n (Hundhausen[1972]).

Figure 26 shows a diagram illustrating a tangential discontinuity (Hundhausen
[1972]). Tangential discontinuities are characterised by a magnetic field B and

velocity V which are parallel to the discontinuity plane.

The changes in velocity AV and magnetic field AB have been observed to be
parallel (Neugebauer et al. [1986]). Tangential discontinuities tend to occur more

frequently in regions containing slow solar winds.

Figure 27 illustrates a rotational discontinuity (Hundhausen [1972]). Rotational
discontinuities are characterised by a non-zero magnetic field and velocity

component normal to the discontinuity plane, hence plasma flows through the
| discontinuity plane. The angle between AB and AV is expected to be either O or
180 degrees depending on the direction of B (towards or away from the sun).
Generally RD’s have a small AB and large Bn component.. Rotational
discontinuities occur predominantly in Alfvénic regions of high correlation
between Br and Vr (Belcher and Solodyna [1975]). A small fraction of rotational

discontinuities are associated with the passage of shock fronts.
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Figure 27

Alfvén shock. Diagram illustrating a rotational discontinuity (RD) together
with changes in plasma velocity , magnetic field and the normal vector n
(Hundhausen[1972]).

In an isotropic plasma the field intensity and plasma velocity are identical and so
the discontinuity is likely to be characterised by a rotation of the vectors through
the discontinuity plane. Whether there is a preferred sense of rotation and
consequently a net angular momentum carried away from the sun, still remains to

be seen.

The majority of discontinuities (80%) have timescales of less than 10 seconds.
Figure 28 shows a 17.5-second section of data containing a discontinuity. This
plot was made using 40 ms Mariner 10 magnetic field data (Lepping and
Behannon [1986] ). Clearly this phenomenon is not discontinuous on such a
scale. The timescale of 10 sec is infinitesimally small compared to the timescale
of the coronal expansion and this event is therefore viewed as a discontinuity
associated with a surface separating to distinct plasma regimes (Burlaga [1969]).
The plasma states on both sides could be related in the context of hydromagnetic
theory, Maxwells theory and equal pressures, normal to the discontinuity plane
(Hundhausen [1972] ). '
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