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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 0 and <J> of the 
magnetic field. (Burlaga [1969]).
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FIGURE 2

Twenty-four hour subsection of figure 1 illustrating mesoscaie 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 0) and the standard deviation c. (Burlaga [1969])
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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]).
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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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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 km/s. 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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2.2b Other characteristic timescales.
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�	 �� �� �� �4 �� �� �� �� �� �� �� �� �� �� �� �9 �� �� �� �� �� �� ����

�� �� �� �	 �	 �	 �# �� �	 �� �!

�< �2 �� �� �� �� �� �� �� �" �� �� �� �� �� �� �� �� �� �� �� �� �R �	 �� ����

�4 �� �� �� �� �� �� �� �� �� �� �� �9 �� �� �� �� �� �� ����

�� �) �� �	 �� �	 �# �� �	 �� �!

�� �1�� �U ��� < � E � * � : � Y � V� � � ��� �9 �� �� �� �� �� �� �2 �� �� �� �� �� �� �� �� �= �� �� �� �� �� �� �� �� �� �� �� �� �� �� �4 �	 �! �	 �� �� �� �� �� �3 �� �" �� �� ��
�� �� �� �: �%� �� �� �� �� �! �� �� �� �� �� �	 �� �� �' �� �� �� �� ��

�9 �� �� �� �! �� �� �R �� �� �� �� �� �� �� �" �� �L �A �� �	 �� �� �L

Table 1

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

������ �����	���� ���������������������� �����������	���$���	���� ���	�������� �� ������������ ���������������������������!�����������	���� ���	�����"�� �����������!��������

�$���	������ ���������� �#�������� ���#�����������"�� �	���� �	���������������������������� �����������%�� ������ �	���� �	�!���������������� ������ ���������� ����������

���	�!���������������� ���������� �"���������"�	������ ������ �������� �"�	�������������� �������!�� �������� �������� ������ �������� �!�����������	���� ���	�����"����

������������ �	���� �������������������� �"������ ������ �����!�����������	�����&�� �������!�������	�������� ���E���������	�����&�� �"�	�����	�������	������ �������%��

�'�����������������&�� �"������ ������ �������� ���#�����"���������� �� ���� �������������	������ ���#�������������	�������&�� ���������� �������������� ������ ����

�"�	�������������� �� ���� �*�� ������ �������!�� �������� �������� �$�	������ �#���� ������������ �	�������� ���������������%�� ���������� �����������!���������� �$�	������

�#���� �����������"���"�� �	������ ���$���� ���������	������ �$���	������ �$�	������ ���������	������ �� ���������!���� �#�����������������"�� �����"�� �������������%

���	������������ ������������ �������� �!���(������ ������������ �� �����!�����������	���� ���	�����"�� ���#�������������	�������� ���������� �#�������� �������	���$���"����

���� ������������ �����������	���$�� �$�	������ �#���� ���	�������� �	���� �������� �������!�� �� �������� �"�	���������!�&�� �	�����������������	������ �������� �"�	����������������

�����������!�������� ������������ �������� ���	�!�������������%

� �%�. �� �� ������������ ������������ �������	�����	������

�'������ ���������������� ���	�!�������������� �������������� �� ���� �	���������������� �������� �������� ������������ ������������ �������	�����	�������%�� �������"�	������

���������� ���������� �#�������!���� ���������	�#������ �	���� �������� ���������� �"�������"���� ������ ������������������ �� ������������ ���E���������	������ �"�������� ��������

�����$�� �������	�����#������ ������ �����	�������	�������%�� ���� �"�������� �������� �����������	������ ���� �����!������������ ������������ ������������ �$������

���������!�#�����"�� �����	������ ���!���?���	�!���� �����"�� �3�������� �"�������� ����������(K in g �� �F�*�+�,�=�G�D�%�� �'������ �"�������#��������

���������	�������� �� ���� �*� �*�<�� ������������ ������ �!�������������!���������� �#�����$�������� �A�������!�#������ � �,�&�*�+�=�.�� �����"��

�����#������������ �*�<�&�*�+�=�5�&�� �����"�� �<�*�&�,�*�5�� ������������ �#�����$�������� �1�������� �*�&�*�+�=�<�� �����"�� �8������ �*�,�&�*�+�,�5�%

������������ ������������ �������	�����	�������� ���������� ���� �������������������	�����	���� ���	�!�������������� �� ���� ���������������� �*�*�� �����������%�� �'������

���$���� �!���	���������������!�������&�� �$�	���������������������������� ���������	���������������������������� �!�����������	�������	�����"�&�� ���#�����������"��

������ �����	���� ���	�!�������������� �������� �"�	�������������"�� �	���� �������� �����E���� ���$���� ���������������������� �� ���������	���� ���������	�����%

I ) Azimuthal asymmetry

�'������ ���	�������� ���#�������������	�������� �� ���� ���;�	�!������������ �������	���	�����������������	������ �������!�!���������� �$�������� �!���"���� �#����

S v a lg a a r d  &  W ilc o x �� �F�*�+�,�5�G�%�� �����	�������"���������������!�� �=���"�	������������������������������������������������ ���������������"��

���������������	���	������ �����"�������������	������ ���	�����"������������������ �����"�� �"�����	�����"�� �������������������������������� ������������ �- �&������ �&�� ������

�����"���������� ���������������� �� ���� ���������� �����"�� ������ �%�� �'�������������������!������������ �������� �"�	�������������"�� �	���� �������� ���	���������� �=��

�#�������$�%
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Figure 7
Plot depicting the values of an and ap from King's analysis, the Svalgaard 
& Wilcox a  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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K in g [ l9 1 6 ] �� �������"�� ���	���� ������������ ������������ �"�������� ������ ������������ �����"�� ���������	���!�� ������������ ���#�������������	�������%��

�������!�� ���	���� ���������������� �	���� ���������������"�� ���������� �������	���� �*�+�=�,�� �������� �����������	������ �����������	������ ���������������������� �$��������

�$�	������ �������� �������	�����"���%�� �'���	���� �����������������	������ �"�	������������������ �	���� �*�+�=�-���*�+�=�+�� �����"�� ���������������������� ����

�����������	������ �����������������	������ �	���� ���#�����������"�%

�'������ �"���!�	���������� �����������	������ �������������� �$������ ���������� ���������	���!���"�� ������������ �#����T r i ta k i s �� �F�*�+�-�5�G�� �$������

�"�	�"�� ���� ���������	�����	�������� �������������� �� ���� �!�����������	���� �����������	������ �#�����$�������� �������� ������������ �!���E�	�!���� �	���� �*�+�<�5��

�����"�� �*�+�-�:�%�� �'������ �����������������������������"�� �����������"�����	������ �������������!�	���	�!���!�� �����"�� �������� ������������ ���"�(������������

������ �	���&�� �������� ���������������� ������������ ������ ������������������ �������	�����"������ �������$���"�� ���� �����������$�����"�� �"�������������	������

�$�������������� �������� ���������������� ������������ ������ �����������	������ �������	�����"������ �������$���"�� ������ �"�������������	������ �����"�� �$������

�����!�!�������	�������%�� �'���	���� �����������!���������� �$������ �������� ���#�����������"�� �����������"�� ������������ �!���E�	�!���!�� �����"��

�����������"�� �������� �������������!�����������	���� ���	�����"�� �	�����������	������ � ���.�� ������������ �������������!���E�	�!���!�%�� ���� ���������	�����	��������

�������"���� �����������	���� �������	���"�������������"�� �������� ���������������������������������� ������ �#�������� ���	�"������ �� ������������ ���)������������������ �#����

���)�������&���$���	�������	�������������	�������������$�	������ �������������������������������������!�!�������	�������������������������"���$�	����������������������

������ �������� ������������ ���)�����������&�� �$���	������ �	���� �����!�������� ���������	�������� ������ �������� ������������ ���)������������ �����"�� ���E�������"���� ������

�!�������� ���	���������� �������	�����"������ ���������� ���������� ������ �������������!�	���	�!���!�%

�3�����������!���� ������ ������ �F�*�+�-� �&�*�+�-�.�G�� �!���"���������"�� �������� �������	�������������	���� ���������������� ������������

���������	�����������	�������� �������� �"�	���������������� �������������� �� ������������ ������������ �����������%�� �'���	���� ������������ ������������ �������	�����	������

�$������ ���������� �!���"���������"�� �#����A k a s o fu  a n d  F r y �� �F�*�+�-�=�G�� �$�������������"�� �������� ���������������� ���	�������� ���������� ������

�������� �������� �	���"�	�������	������ �������	�������� �$���������� �������� ���������������� ������������ �����	���	�����������%�� �'������ ���������	������ ������

�������������� �#�������"�����	������ �C� �%�.���D�� ���������	�"������ ���"�"�	���	���������� �����!�!�������%

� �%�.�#�� �8�����������	�������������"��

�����!�����������	���� ���������"���	���� ���������������� ���������������	�������� �������������������� �������������"�� �#���� �������� ���(�������	������ �������!����������

�������� �� ���� ���	���������� �������"�������	������ ���������!���� �$�	������ ���	�����"�� ���	�������� ���������������������"�&�� �������!�	������ ����

�>�!�����������	���� �#���#�#�����>�%�� �'���������� ���(�������	�������� �������� �����������"�� �#���� �������	�������� �	�! �������������������������� ������ ��������

�������� ���������� ������ �������������� �����"�� �����������	������ �������!�	�������������%

�'������ ���������������� �� ���� ���� �!�����������	���� ���������"�� �$������ ���	�������� �	���������"�������"�� �#����M o r r i s o n �� �F�*�+�<�5�G�� �$������

���������������"�� ���������� ���������!���� �$�	������ �����������	�������"�� �!�����������	���� ���	�����"���� �������� ���(���������"�� �������!�� �������� �������%��

�'���������� ���(���������� �$�����������������������������������"�� ������ ������ �>�!�����������	���� �������� �"���>�%���4����������P i d d in g t o n �� �F�*�+�<�-�G��

���������������"�� ���������� �������� �!�����������	���� ���	�����"�� ���	�������� ���������������	������ �������� ���(���������� ������ �������� �������� ���������"��

�������������������� �������!�	������ �>�#���#�#�������>�%
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B u r l a g a  e t  a l .�� �F�*�+�-�*�G�� �	�����������	���������"�� ������������ �������������� �����"�� ���������"�� ���������� �������� �"�	���������	������ �� �����/��

�������	���"�� �����������!�����	������������ ������������ ���� ������������ �� ���� �!���E�	�!���!�� �������	���������� �������!�� ���� ������������ ������������������

������ ���� ������������ ������������������ ������������ ������ ���	������ �����������%�� �'���������� �������������� �$�������� �������!���"�� �!�����������	����

���������"���%

�4����������K l e in  a n d  B u r la g a �� �F�*�+�-� �G�� ���������	���"�� �������� ������ ���E���������	������ �	�����������	�������	������ �� ���� �����	����

�����������!���������� �����	������ �"�������� �������!�� �5�<�� ���������"���� �!�������������"�� ������ �*�� ������ �C�� ���#�������� �*�� ������������ �.��

�!�����������D�%�� ������ ���� �����	�������	���� �������� �"�����������	������ ���� ���������"�&�� �������� �������	�����"���� ������������ �:�� �� ���� �/�� �����"�� ������

�������������� �����������!�����	�����������������������������	�!���������������� ����� �5�� �����������%�� �����������������������������������������!�����������	����

���������"�� �	���� �������#���#������ �������������� ���������� �������� ���	�!�	������ �� ���� �����	���� �����������	�����&�� �������� ���	�!�������������� �������������� �	����

�������� ���	�����	���	���������� �����"�� ������������ ���������������	������ �� �����!�������������	���������������	������ �"�����	�������� �������� ���	�!�������������%

���	���������� �+�� �������$���� ���� �"�������� �������� �����������	���	������ ���� �!�����������	���� ���������"�%�� ���� �������"�������� �������������� �� ���� �:��

�������������� �#�����$�������� ���$���� ���E�������!���� �������������� ���������� �������� �	���������������� �/�����%

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 0 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 Burlaga
[1982]).
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Y e a r

S t a r e

D ay Hour Y e a r

S t o p

Day Hour

X - . /X -  
e 3

0 0 $

1 967 12 2 1 0 0 1 967 14 0 7 0 0 9. 9 91 24 195
1 967 3 6 3 1500 1 968 0 0 900 2 9 . 0 00 21 177
1 968 26 0 900 1 968 27 0 6 0 0 4 . 8 46 2 106
1 969 42 0 9 0 0 1 969 «3 1 2 0 0 7 . 7 75 15 144

1 5 6 9 2 3 7 1200 1 969 2 3 8 0 6 0 0 2 1 . 0 102  * 1 9 195
1 972 2 0 0 3 0 0 1 977 21 0 0 0 0 2 . 5 72 33 2 1 6
1972 32 0 5 0 0 1 972 33 1 900 1 5 . 0 7 9 30 214
1 9T2 81 0 3 0 0 1 572 31 1800 2 .  9 138 24 137
1 972 3 0 5  • 0 2 0 0 1 972 3 0 6 0 0 0 0 1 5 . 5 72 1 9 1 96
1 973 102 0 0 0 0 1973 103 0 4 0 0 3 - 2 106 - 2 7 144
1973 1«0 0 4 0 0 1973 140 2 1 0 0 1 . 9 11 9 43 165
1 974 284 1200 1 974 285 2 2 0 0 2 .  9 88 5 170
1 978 3 1 0 0 0 1978 4 2 0 0 0 2 . 3 70 14 2 4 0
1 978 92 1800 1978 93 1500 4 .  Q 82 1 204

Table 2
List of all magnetic clouds observed which are preceded by a shock. The 
average duration of the rotation is 28.3 ± 1 2 . 1  hour (Klein and Burlaga 
[1982]).
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������ �3������ �]������

�� ���� ��

������ �3������

V x3
�/ �+

1 968 5 7 1800 1 9 6 8 5 8 1 2 0 0 6 . n 111 2 2 1 6 9
1 9 6 8 176 1 8 0 0 1 9 6 8 1 7 7 11 0 0 5 . 3 7 8 2 1 90

1 969 22 1800 1 9 6 9 23 2 1 0 0 n . n 62 m 201
1971 97 1 0 0 0 1971 . 98 0 3 0 0 3 . 2 n6 - 3 2 1 8 0
1 972 �*�� 1 2 0 0 1 97��2 15 0 1 0 0 1 3 . 8 3 7 - 8 180
1 9 7 2 no 0 3 0 0  - 1 9 7 2 no 2 1 0 0 8 . n 55 2 9 2 1 3
1 973 1 9 1100 1973 20 1 1 0 0 6 . 0 100 n6 2 m

1973 63 0 3 0 0 1 9 7 3 6n 0 3 0 0 n . 1 111 0 173
1 9 7 3 8 9 2 1 0 0 19 7 3 91 0 0 0 0 1 6 . 6 97 - 1 182

1 9 7 3 178 2 0 0 0 1 9 7 3 1 7 9 1 2 0 0 1 0 . 8 91 2 231
1 9 7 3 2 0 6 0 0 0 0 19 7 3 2 0 7 0 3 0 0 6 . 2 97 n3 221
197« 23 0 0 0 0 1 974 2 n 0 6 0 0 6 . 5 90 - 8 221

1975 85 0 7 0 0 1975 85 2 2 0 0 6 . 6 7n - n 5 m 7

1975 1 0 9 1 1 0 0 1 9 7 5 110 0 7 0 0 6 . 3 107 n 2 2 6
1 976 3 m 0 6 0 0 1 976 3 n 2 0 0 0 0 3 . 3 .86 no 2 1 7
1 9 7 8 51 1 2 0 0 1 9 7 8 5 2 0 9 0 0 1 6 . 8 86 - 2 9 21  n

Table 3
Table of magnetic cloud observations preceding an interaction region. The 
timescale deduced fromthe At column is 20.8±5.1 Hours (Klein andBurlaga 
[1982]).

�� �� �� �� �� �� ���� ��
X2 / X 3

B �: �M

�]�������� �������� �3������ �]������ �������� �3������

1 967 3 n 8 2 1 0 0 1 967 3 5 0 0 0 0 0 9. 9 105 - 8 152
1 968 1 0 3 0 0 19 6 8 0 0 2 1500 9 . 7 102 - 2 1 99
1 969 62 1800 1 969 63 1000 2 1 . 0 76 - 1 2 152
1 971 173 m o o 1 971 175 16 0 0 1 7 . 5 93 - 7 185
1 972 n7 0 6 0 0 1 9 7 2 ns 2 1 0 0 9 . 0 103 - 1 1 1 91
1 972 86 1 7 0 0 1 9 7 2 87 18 0 0 8 . 8 85 - 2 6 1 8 7
1 972 107 2 1 0 0 19 7 2 108 1200 1 3 . 5 98 18 174

1972 331 0 0 0 0 1 9 7 2 3 3 3 0 0 0 0 n . o 106 - i n 117

1973 2 6 8 0 0 0 0 1973 2 6 9 0 6 0 0 1 5 . 0 36 1 2 1 2

1973 3 2 n 1 5 0 0 19 7 3 3 2 5 0 5 0 0 2 1 . 0 8 9. - 7 160
1 975 m n 1700 1975 i n 6 0 0 0 0 5 . 6 70 - 3 1 2 0 6

1975 2 1 2 0 3 0 0 1 9 7 5 2 1 3 0 0 0 0 1 7 . 2 86 - 1 3 171

1 975 3 2 0 0 0 0 0 19 7 5 321 0 5 0 0 1 1 . 6 131 - 2 6 164

1 9 7 7 155 0 3 0 0 1 9 7 7 156 0 0 0 0 n .  9 71 - 3 3 2 0 8
1 977 2 6 8 2 1 0 0 1 977 2 7 0 0 3 0 0 1 6 . n 83 - m 184

1 9 7 8 15 1 2 0 0 1 978 17 1 2 0 0  ' 6 .  9 103 34 1 8 6

Table 4
Magnetic clouds associated with a CME. The average timescale from the 
At column is 30.0 ±  11.7 Hours (Klein and Burlaga / i  982]).
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�*�+�,�- �1�����%�� �. � � �:�: �1�����%�� �5 �*� �:�: �1�����%�� �< � �.�:�: �*
�A���� ���������� �1�����%�� �*�= �*�=�:�: �1�����%�� �*�- �:�-�:�: �.

�*�+�,�- �������	���� � � � �:�: �������	���� �. �*�+�:�: �������	���� �5 �:�+�:�: �*
�*�+�,�- �1�������� �5 �*�.�:�: �1�������� �5 � �5�:�: �1�������� �< �*�,�:�: �*�^
�*�+�,�- �������%�� � �, �:�<�:�: �������%�� � �, �*�-�:�: �������%�� � �- �*�.�:�: � 
�*�+�,�- ���������%�� � �+ �:�5�:�: ���������%�� � �+ �*�:�:�: ���������%�� �.�: �:�.�:�: �*

�A���� ���������� �������%�� � �+ � �.�:�: �������%�� �.�: �:�+�:�: �5�^
�C�������%�� �.�* �*� �:�:�D

�*�+�,�+ �������	���� �. �*�*�:�: �������	���� �. � � �:�: �������	���� �5 � �:�:�: �!
�*�+�,�+ ���������%�� �*�, �*�:�:�: ���������%�� �*�- �������� ���������%�� �*�+ �:�,�:�: �!�R

�C���������%�� �*�+ � �.�:�:�D
�A���� ���������� �������%�� �. �*�*�:�: �������%�� �5 �*�=�:�: �5

�C�������%�� �< �:�,�:�:�D
�*�+�-�: �����#�%�� �*�< � �̂^ �����#�%�� �*�= �:�5�:�: �����#�%�� �*�, �:�+�:�: �!
�*�+�-�: �8���������� �*�+ �:�,�:�: �8���������� �*�+ �*�=�:�: �8���������� � �* �*�+�:�: ��
�*�+�-�: �������%�� �*�* �*�*�:�: �������%�� �*�* � �.�:�: �������%�� �*�. �:�,�:�: �!
�*�+�-�: �������%�� �*�+ �:�,�:�: �������%�� �*�+ �*�5�:�: �������%�� � �: �*�.�:�: �!
�*�+�-�* �����#�%�� �= �*�.�:�: �����#�%�� �= �*�+�:�: �����#�%�� �, �:�+�:�: �!
�*�+�-�* �8���������� �< �:�=�:�: �8���������� �< �*�.�:�: �8���������� �= �:�,�:�: �!
�*�+�-�* ���������%�� �*�- � �:�:�: ���������%�� �*�+ �:�,�:�: ���������%�� �*�+ � �:�:�: �!
�*�+�-� �����#�%�� �*�* �*�=�:�: �����#�%�� �*� �:�.�:�: �����#�%�� �*�. � �*�:�: � 
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Tables
List of all magnetic clouds seen by ISEE 3 and IMPS 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]).
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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 B i, B2 
and B3, 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]).
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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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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]).
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Figure 14
Plot depicting a cold magnetic enhancement ( C M E ) . 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]).
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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]).
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Figure 16
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]).
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Figure 17
Example of Alfven waves 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]).
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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 Alfvdn waves computed with 30 
degrees of freedom {Belcher and Davis [1971]).
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Figure 19
Three ten-minute graphs showing discontinuities with alfvenic 
characteristics. The top six plots show the magnetic field fluctuations (dots) 
and the 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 magnetic field strength (dots) {Belcher and Davis [1971]).
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Figure 20
Structures of the heliospheric current 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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Figure 22

Example of a sector transition near 1 AU using Heiios 1 15-min average 
magnetic field data. The plot show the magnetic field strength, azimuthal 
angle <j> (0 degrees points to the sun, increasing counterclockwise) and the 
latitude angle 0 (positive when pointing north). Note the sector transition 
contains multiple discontinuities in magnetic field direction (Behannon etal.
[1981]).
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Figure 23

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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�;���� �������/���� ������ ���������������(�,���� ���������	 ���F������������ �@�#�(�Z�A�� �� ������������ ������������������ ����������������������������������������������

����������������Bn �[�>��IB I �^�� �>�� �3�$�,�$�� �������� ������������ ������ �#�(�Z�� ������ ���������������������� ���������� �������� ���:������������������������������

�������+�4�Z�� ������������ �S���������������������������������$�� �L���������������������� ������������ �������� ���������������� �� ����Bn /<IBI> �^�� �3�$�'��

�/ �������������� ������ �������� ������������ �/�������� �(�3�6�,�3�Z�� �������������������������������������� ���2������������ ������������ �������������$�� �� ����������

���������� �������	 ������ ������������ ��������������(Bz) �������� ���������������� ���������������������� �/�������� ����������������������

�������������������������������� �������� ���������� ������ �������� ������ �������	 ���������� ���������� �������� �������������� ������������������

�������������������������������� �������� �	 �������� ���������������������� ������ �������������� ���������� ���������������������$

�������� ������������������������ �� ���� �������� �������������� ���������������������� ������ �������� �����	���� ������ �������������������� �������� ��������

���������������������� �������������������������������� ������ �������� ���� �S�� �@B u r la g a  e t  a l . ���I�!�"�'�'�N�A�� �1�� �������� �������	 ������ �� ���� ����

���������������������������� ������ ���������������������������� ������ �������� �������������� �������������������� �������������������� ������ �������� �� �����7������

�	 ���������� �������� ���������� ������ �������� ������������������ �@B e h a n n o r t  e t  a l . �� �I�!�"�#�!�N�A�$

�� ���������� �������� �������	 �������1

�2�� �T�� �;���� �@�K�6�K�����A�$���� �@�(�$�4�A��

�������� ������������������ ���������7����������(t)�� �� ���� �������� �������������� ������������������ �������� ������ ���������������������� �@���� ������ ��������

������������������ �������	 ���������K������ ������ �������� ������������������ �� �����9������������ �����K�������� �������� ���������������� ������������������ �� ������������

�������������/ �������� ���������;���� ������ �������� ������������������ �����	 ���A�$�� �)���������������� ������ �����$�� ���������������������� ���� ���������7���������� ������

�,�6�.�� �!�3�+�� �7�	�$�� ���������� ������������ ������ �	 �������� �������������� ���������� �������� �2�� �T�� �!�,�3�3�� �7�	�� ������������ ������������ ��������

���������������������� �������������������������������� �@�����A�� ������ �������� ���� �S��{ B u r la g a  e t  a l . ���I�!�"�'�'�N�A�� �������� �������� �2�� �T��

�(�'�3�3�� �7�	�� ������������ ������������ ������ �!�� �;���� �������� ���������������������� �� �������� �� ������ �� ������������ ������L e p p i n g  a n d ��

B e h a n n o n �� �I�!�"�#�!�N�$�� ���������� ���������������������� ���������� �������� �������������� ���������������������� �������� �������:������

�����������	 �������$�� �������� �������������� ���������7���������� �������������� ������ ���2���������������� ������ �������� ���������������� ������������ �������� �3�A��

���������������� ������������ ������ ������ ������������ ������������������ �������/ �������� �2�� ���������:�D��{ L e p p in g  a n d  B e h a n n o n

�I�!�"�#�!�N���I�!�"�#�.�N�A�$

�S������������ �(�+�� �������/���� �������� �������	������ �������������� ������������������������ ������ �������������������� �������� ���0���	 �������� ���� ���� ����

���������������� ���������������������������� ������ �!�� �;����{ B e h a n n o n  e t  a l .���I�!�"�#�!�N�A�$���� �������������������������������� ���������������	 ������

�������������������� �/������ ������������������������ ������ ���������������� ���������������������� ���������� �������� ������������������������������ ����������������

������������ �/������ ���������������$�� ������ �/������ ���������������������� �������������������� ���������� �������� ������������������ ������ ����������������

�� �������������������������� ������ �������� �����������������$�� ���������� ������������ ���� �������������	 �� ���� ���� ���� ���� ���������� �������� ������������ �� ����<J>n 

�������������� ���������� ���� ������������ �� ���� �������������� �/ �������������� �������� ������������ ��������0n �������������� �����	 �������� �����������������$
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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 etal. [1981]).

Behannon ex al.�� �I�!�"�#�!�N�� �������/������ �����/ ���������� ���������� �������� �������������� �������� �"���� �/�������� �������������� ����������

���� �/�������� ������������ �� ���� �������������� �������� �������� ������ ���������������� �� ���� �0�������$�� �������� �������������������� ���������	 ����������

�/ ���������� ���������������� ���������� �������� ������������������ ������ ���������������� ���������������������������� ������ ������������������ ������ ��������

�����������������$�� �S������������ �(�4�� �������/���� ���� �	 ���������� �� ���� ���� ���������������6������������ ������������������ ������������������ �/�������� ��������

���������� �����7������ ������ �������� �9������������ �������������������� ������������������ �������� ������������ ���������������������$
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Figure 25

Illustration 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 etal. [1981]).
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�F�*�+�=�=�G�� ���������	���"�� �������� ������ �� �E���� �� ���	�� �� �� �� �� �� �	�� �$ �� �� �� �� ���� �������� �" �	���� �� �� ���	�� �� �	���	�� ���%�� �� ���� ���	�������� �	���� �$������

�� �� ������ ���� �����" �� ���������� �������� �	���������������������������� ������������ �$�	�� �"�� �$������ ���	�����! ���� ���������� �	���� ��������������(Burlaga��
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�� �	�� �� �� �� ���	�� �� �	���	�� �� �� �������� �#���� �����������������"�� �	�� ���� �� ���$ ���� �! ���	���� ���� ������ �� ���	�����7�� �����������	���� ������

�" �	���� �� �� ���	�� �� �	���	�� ���� �C�0�� �D�� �����"�� ������ ������ ���	������ �" �	���� �� �� ���	�� �� �	���	�� ���� �C�' �� �D�%�� �� �� �! ���� �" �	���� �� �� ���	�� �� �	���	�� ����

�������� �� ���� �� �� �	���	�� �" �� ������ ���	���������� �C�� �� �D�� ������ �� ���	���� ������ �C�A�� �D�� �	�� �" �	���� ���	�� �� �� ���������� ���� ���	���� ���� �� ���� �	����

�	�� �"���������! �	�� ��������(Neugebauer et al.�� �F�* �+ �- �5 �G�D�%

Figure 26

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

�� �	���� ������ � �=�� ���� �� �$ ���� ���� �"�	���������! �� �	������ �������� ���	�� �� �� ���� ���� �� ������ ���	������ �" �	���� �� �� ���	�� �� �	���� ��{Hundhausen��

�F�* �+ �, � �G�D�%�� �' ���� ������ ���	������ �" �	���� �� �� ���	�� �� �	���	�� ���� �������� �������������������	�����"�� �#���� ���� �! �� �� �� �����	���� ���	�� ���" �� �/�� �����"��

�� �� ���� �� �	�� �� �� �B�� �$ �� �	���� �� �������� ������������������ ������ �������� �" �	������ �� ���	�� �� �	���� �� �����������%�%

�'������ ���� �� �� �� ������ �	���� �� �� ���� �� �	�� �� �� ���B�� �����"�� �! �� �� �� �����	���� ���	�� ���" �� ���/�� �� �������� �#������ �� �� �#���� ���� ���" �� ������ �#����

�� ����������������{Neugebauer et al.�� �F�* �+ �- �= �G�D�%�� �' �������������	������ �" �	���� �� �� ���	�� �� �	���	�� ���� �������"�� ������ �� ������ �����! ��������

�������)�� ���� ��������in ���� �� �� �	�� �� ���� ���� �� ���� �	�� �	�� �� �� �� ���� �$ �� ������������ �$ �	�� �" ���%

���	���� ������ � �,�� �	������ �������� �������� ���� �����������	���� ������ �" �	������ �� ���	�� �� �	���� ��{Hundhausen�� �F�* �+ �, � �G�D�%�� �0 ������ ���	�� �� �� ����

�" �	���� �� �� ���	�� �� �	���	�� ���� �������� �������������������	�����"�� �#���� ���� �� �� �� ���;������ �� �! �� �� �� �����	���� �� �	�� ���" �� �����"�� �� �� ���� �� �	�� ����

���� �! �� �� �� ���� ���� �������! ������ ������ �������� �" �	���� �� �� ���	�� �� �	���� �� �� ���� �� ���&�� �� ���� ������ �� ���� ���! �� �� �� ���� �$ �� �� ���������������� ��������
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�� ���� ������ ������ �� �0 �� �>���� �� �������� ���� ���! �������� ���/�� �����"�� ������������ �/���� ���� �! �� �� �� ���� ���%�%�� �0 ������ ���	�� �� �� ����

�" �	���� �� �� ���	�� �� �	���	�� ���� �� ������ ���� �� �����"���! �	�� ���� �������� �	���� �� ������ �� �� �	�� �� �� �� �� �	�� �� ���� �� �� �� ���	���� �� �����������������	������

�#�����$ ������ �� �/���� �����"�� �B���� �C�/ �������� ������ �����"�� �� �� ���� �" �� �� �� �� �F�* �+�, �<�G�D�%�� ���� ���! �������� �����������	���� �� �� �� �������������	���� ������

�" �	���� �� �� ���	�� �� �	���	�� ���� �������� �� ������ ���	�� �����" �� �$�	���� �� �������� �� �� ������ �� ���� �� �� �� ���� �� ���� �� �������� �����%
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Figure 27

Alfv6n shock. Diagram illustrating a rotational discontinuity (RD) together 
with changes in plasma velocity , magnetic field and the normal vector n 
(Hundhausen [1972]).
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�������� �" �	���� �� �� ���	�� �� �	���� �� �	���� ���	�� �� ���� �� ������ �#���� ���� ���������������	�����"�� �#���� ���������������	���� �� �� �� ���������� �� �� �� ���� �� ���� ����������������

�������� �" �	���� �� �� ���	�� �� �	���� �� �� ���� �� ���%�� �R �������� ������ ������������ �	�� �� ���� �� ���������������"�� ���� �� ���� �� �� �� �� �����������	���� �� �����"��

���� �� ���� �) �� �� �� ������ �� ���� �������� �����������������! ���! ���� ���� �! �����������	���"���� �$ ������ �������! �� �������� �������&�� �� ���	�����������! ���	�� ���� ������

�#���� �������� �%

�' ������ �! ���(�����	������ �� �� �� �" �	���� �� �� ���	�� �� �	���	�� ���� �C�-�:�_ �D�� �� �������� ���	�! �� �� �� �� ���� �� �� �� �� �� ���� �� �� �� ���������� �*�:�� �������� �� �" ���%��

�� �	���� ������ � �-�� ���� �� �$ ���� ���� �* �, �%�<���� �� �� �� �� �" �� ���������	�� �� �� �� �� �� �"�������� ���� �� ���� �	�� �	�� �� �� ���� �" �	������ �� ���	�� �� �	���� �%�� �' ���	����

�� ���� ���� �$ ������ �! ���"���� �� ���	�� �� �� �5 �: �� �! ���� �8�����	�������� �*�:�� �! �� �� �� �����	���� ���	�� ���" �� �"��������(Lepping and��

Behannon�� �F�*�+�- �=�G�� �D�%�� �2�������������� ���� �	���� �� �� ���� ���! ���� ���� �� �	���� �� ������ �" �	������ �� ���	�� �� �� �� ���� ������ ���������� ����

������ �����%�� �' ������ ���	�! �� ���� �� ���� �� �� �� �� �*�:�� ���� �� �� �	���� �	�� ���	�� �	���� ���	�! �� ������ �� ���! �������� �����! �� �������"�� ������ �������� ���	�! �������� ������

�� �� �� �������� ���������� ������ ���E�� �� �� ���	�� �� �� �����"�� ���� �	���� ���� ���� ���� �	���� ���� ���������������� �� �	�� �$ �� �" �� ������ ���� �" �	������ �� ���	�� �� �	������

�� ������ �� �	�� ���� �" �� �$�	���� �� ���� ���������������� ������ ���������	�� ���� ������ �" �	�����	�� �������� ���� ���! �� ���� �� �� �	�! �� ����(Burlaga�� �F�* �+�=�+�G�D�%��

�' �� ���� �� ���� ���! �� �� �������������� ������ �#�������� ���	�" �� ���� ���� �� ���" �� �#�����������������"�� �	���� �������� �� �� �� ���� �E���� �� �� ���� ���"�����! ������ �����	����

�������������&�� �8 �� �E�$ �� �������� �������������� �����"�� ���)�� ������ �� ���������� �������&�� �������! ������ ������ �������� �" �	���� �� �� ���	�� �� �	���� �� �� ����������

(Hundhausen�� �F�*�+�, � �G�� �D�%
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Figure 28

High-resoiution (40 ms) plot containing magnetic field latitude, longitude and 
coordinate values. Observations made by Mariner 10 show that 
discontinuities have a detailed structure occurring at small timescale values 
(Lepping and Behannon [1986]).

Hudson�� �F�*�+�, �: �G�� �" �����	�� ���" �� �������� �#�� ���	���� ���)�� �����	���� ���� ���� �� ���	�����#������ ������ �" �	���� �� �� ���	�� �� �	���	�� ���%�� �' �� ��������

���) �� �� ���	�� �� ���� �������� ���� ���$ ���� �	���� ���	�� �� ������ � �+�%

�'���/�4���� ���%�� �9�������������	������ �������0���V���� �����"�� �'���V���%�� �������	�����"�� �������!��H u d s o n �� �F�*�+�,�:�G

�0���������	��������

�2�����"�	���	���� ���������������	�� �����	�������������	�� �'�������������	����

�* �C�B�� �� �� ���D�� �a�� �	�	��* �� �: �C�B�� �� �� ���D�� �a��n�� �M �� �: �� �� �U�� �:
� �F�C�B�� �� �� ���D�� �a�� �W�G�� �U�� �:���&�&�C�B�� �� �� ���D�� �a�� �&�	�G�� �U�� �:
�. B n�� �M �� �: B„ * �� �: B„ = �� �:
�5 ���� �1�� �U�� �� �� �W �1 �� �U�� ��
�< �F�����(�� �U�� ���%��IP ���1 �� �U�� �W �F�&�&�� �b��B 1 SttJ = 0 �F�?� �̀&�� �b�� �/� �?�-�,���1�� �U�a�� �:
�= ���K�G�� �U�� �:��

A �� �U�� �*
�F �3 �	 �� �U�� �: �F�?� �̀G�� �����#�	������������

�4�����*�1�� �����#�	����������
�, �F�� �G�� �U�� �: �F�/�G�� �����	���������� �����#�	������������ ��������

�����������������	������ ���)�������� ������ �:
[ B ] �� �����#�	����������

�H �F�B�G�� �U�� �d�*�*�&�5�,�*�&�&�D�V�� �7 �F�/�1�F�B�1�� �� �� �d �C�?�K�%���c���5�,���D�*�F�B�&�1�� �����#�	������������
�F�/�1�� �����#�	����������

�+ �F�5���� �b��S v Stt] = 0 l l P ' + P �� �b�� �����.�?���	���G�� �U�� �: ������ ���)���	�������������� �������"�	���	����

Figure 29

List of properties associated with rotational and tangential discontinuities 
derived from Hudson [1970] (from Neugebauer et al. [1984]).

�' ������ �! �� ������ �$ �	�" �� ���� �� �� �����"�� ���� �� �" �	���	�� �� �� �������� �" �	�����	�� �� �� �	���� �	�� �� �� �#�����$ ������ �� �0 �� �>���� �����"�� �' �� �>���� �	����

���� �� �" �	���	�� �� �� �����! �#������ �����������&�� �$ �� �	���� �� �������������� ���������� �! �� �� �� �����	���� ���	�� ���" �� ���	�� �� �� �� �������� ������ �� ���� ���	�� ���� ������

�' �� �>���� �����"�� ������ ������ �0���� �#�������"�������� �����������������%�� �' �� �	���� ���� �� �" �	���	�� �� �� �������� �#���� ���E���! �	�� ���" �� �� ���	�� ����

�! �	���	�! ���! �� �������	���� ������ �� �� �� ���� ���	���� ������ �"���������	�#���"�� �#����Sonnerup and Cahill�� �F�*�+�=�, �G�%
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2.3g �3 �� �" �� �� �! �� �� �� �� �� �	�� �� �� �� �� �� �� �� �� �	�� �� ���� �� �� �� �� ���	�� �� �� �� �� �� ��

������������������������������ ���� �� �� �� ���� �� �������� �#�������� �� �#�������� ���" �� �	���� �������� �� �����	�� ���� �� �������� ������ ������������ ������ �*�+�=� ��

�$������ �� �8�����	�������� � �� ���� �� ���	���! ���" �� ���� ���	���� �� �E�	������ �� �� �� ��(Sonett et a l.�� �F�* �+ �=�5�G�D�%�� �' �� �������� ���� ������ ����

���� �� ���" �� �#���� �������������������"�� �$ �	���� �� �������� ���(�������	�� �� �� �� �� ���� �������! ���� �������! �� �������� �������� ���� �� �����" �� �#���� �	�� �������������"��

������������ ���������������� �� �����	���	�����%�� �' �� �������� ���������� ������ �����������	���������� ���������� �������! �� ���� ���� �$ �� ������ ������ �! �������� ������ �<�:�&��

�"�����	������ ������������ �! ���E�	�! ���! �&�� �������� ���� ������ �� ������������ �����������	���� ��(Hundhausen�� �F�* �+ �, � �G�&��Hildner et��

al.�� �F�* �+ �, �= �G�D�%�� ���� �������������"�� �� �� ���	�� �	���� �� ������ �������� �������� �	���� �$ �� ������ �������������������"�� �$�	������ ������ �	�� �������� ������ �	���� ��������

�����! �#������ �� �� �� �	���������������������������� ���� �� �� �� ���� �� �#�������� ���" �� �#���� ���������������������%

���� ���� �� �	���� ���� ���E���! �� ������ �� �� ������������ ���� ���� �� �� �� �� ������������ �	���� �	������ �������������"�� �	���� ���	�� �%�� �.�*�%

HELI OS-1 . DOY 3.  1978 HEL1 OS-2 . DOY 3. 1978
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Figure 31

Plots showing the behaviour of plasma parameters associated with a 
transient shock (left) and a corotating shock front (right). The stream 
interface is denoted by SI (Richter et al. [1986]).
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���� ������ �� �$ �	���� �� �	�� �������� ������ �������� ������ �#�����$ ������ �� �������� ���������������! �� �����"�� �"���$ �������������! �� �� �� ���� �� ���� �� ����

�� �� �� �� �� �� ���	�� �� ���� �� �������� ������ �$ �� ���������"�� �B���� �� �� �� ������������ �$ �	���"�� �� ���������� ���� �&�� �������	���� �" ���� ���	���� �� �A���� �&��

�����! ������������������ �'���� �����"�� �������� �! ������ �	���� �" ���� �� �� �� �������� �! �� �� �� �����	���� ���	�� ���" �� �/�� �����������"���"�� �#���� �3 �� ���	�� �� �� �*��

�����"�� � �&�� �1������ � ���. �� �*�+�,�-��{Richter et al.�� �F�* �+�- �=�G�D�%�� �' �� �������� �� �#���� ���� �� ���	�� �� ���� �$ �������� �! ���"����

�� �� ���� ���	�� �� ���� �� �� ���� �� �� �� ������ �������� �������� ���� �� �$ �	�� �� �� �������� �����������"���� �$ �� ������ �" �� �� �� ���� �� �� �" �� ������������ �� �� ���������� ������������

�$�	���� �� �������� ���������� �� �� �� �������� ���� ������ �� �"�	���������#���������� �����! ���	�� �	�� ���� ������ �� �	�� �� ������ ���� �� �� ���� �� �	���� �������� ����������

���������! ������������ �� ���� �� ���� �������� �*��� �� �"�������� ������������ �������� ���� �� ���� �� �����������%�� �' �� �	���� ���#���������� �	�� �� �� �� �� ���� �� ���� �� �� �����"��

�$�	���� �� ���� �� �� �� ���� �����	�� �� �� �� �	���� �� �� �������! ���� �� �� ���� �� ���� �	���� ���� �� �	���� ���� �������� ���� �����������������$ �����"�� ���� �� �� �� �� �$ ���	���� �� �	����

�������� �! �� ������ �� �� �! �! �� �� ���� �� �� �#�������� ���" �� ���� ������ �� �$�	���� �	�� �� �*�� �� �� �%�� ������������ ���� �� ���� ���� ���������� ������ ����������������

���� �� ���� ���� �����"�� ���������������	�� ���� �����������! ���� �������� �� �#�������� ���" �� �	���� ���������������� �����! �#�������� �� �� �����	�" �� ������ �� �� ��

�2Richter and Luttrell�� �F�* �+�- �=�G�&��Hundhausen�� �F�* �+�, �. �� �?�# �G�D�%�� ������ �	���� �	�! ���������������� ������ �� �������� ����������

�������� �����! ������������������ �� �� �� ���	���� �� �������� ���� �� �� �� ���� �"������ ������ �������� ���� �� ���� ���������� �������� ������ ������ ���(���������� �	����

�! �� �� �� �� ���	�� �� ������ �� �����"�� �� ���� ������ ���� �����! ���������� �	���� ���� �����" �� �������! �� �������� ������������ �$�	���"�%

�������! �� ���� ���� �������	���� ���� ���� �� ���	�" ������ ���	�� �� ���� �����"�� ���E�� �����	�! ���� ���� ���� �� �#���� ���� �� ���	�� �� ���� ������������ ���� �� ������ �� ����

���� ������ ���� �������� �#���� �"���"�������"�7�� ������������ �������"�������"�&�� ���� ���� ���� ���	�� �� �� �����������! �� �����"�� �������� ������������ �#���$��

���� ������ ���%

I ) Fiare-produced shocks.

�� �	������ ���#�� �� �������� �	���� �������� �����������>���� �! �� �� �� �����	���� ���	�� ���" �� �� �������� �#�������� �� �#���� ���� ���" �� ���������������� �� �� �� ���	�! ���� �����"��

�$ �������� �������������������"�� �$ �	���� �� ������������ �� �����	�� �	���� �� ������ �������� ��������(Gold[���* �+�<�<�G�D�%�� �� �� ������������������

�! �������� �����! ���� ������ �� �������� ���� �� ���	���! ���" �� �������� �� �E�	������ �� �� �� �� �	�� �� �������� ������������ �$ �	���"�� �� �� �� ���� ������ �! �� �� �	�� ����

�! ���������	������ �� �(�������� �" �� �#���� �������� �������� � ���. �� �"�������� ������������ ���� �������� ������ �������� ���������������"�%�� �� ���� ���#�������� �*�� �� ����

�������� �! ���(�����	������ �� �� �� ���� �� ���� ���� �� �#�������� ���" �� �������� �� �� �� �����	���� ������ ���%

���� ������ ���! �� ���	���� �"�	���������! �� �	������ �������� ���	�� �� �� �������� �� �� �� �� �� �� ���� �� �� �� ������������ �� �����" �� �����" �� ���� �� �� �� �� �$ �� �� �� ���� �	����

���� ���$ ���� �	���� �� �	�� �%�� �.� �%�� �' ������ �"�	���������! �� �" ���� �	�������� ���� ������ ������ ���� �� ���	�� �� �� �	���� �������� ������������ �� �� ���	�� ���	�� �� �� ������ ���%��

�� ���� �����������"�� �#����Hundhausen�� �F�* �+�, � �G�� �������� �������������� �� �� �� �������� �#�������"�������� �#�����$ ������ �� ��������
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Shocks can also propagate oblique or parallel to the magnetic field introducing 

an extra dimension in measured parameters. This situation is depicted in figure

' 37 showing the shock front together with an oblique magnetic field and velocity.

Figure 37
Plot illustrating a magneto-hydrodynamic shock propagating oblique to the 
upstream magnetic field {Priest [1982])

As all the vectors lie in one plane (x-y), the associated Rankine-Hugoniot set is: 

�9 � �� � �E �U �� �	 �� �	 �E �� �C �. �%�* �. �D
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Figure 38
Friedrichs diagrams illustrating the 3 MHD wave speeds (radial coordinate) 
versus the angle of propagation to the field (angular coordinate) for different 
values of Cs2/Ca2 (Kennel et al. [1985]).
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�. �%� ���� �����������!���"�	�������������������	�����7

The intermediate solution of the Rankine-Hugoniot equations is characterised by 

a shock velocity of

vix=vicos9=Ci

From this it follows that vi = v a . A solution of the Rankine - Hugoniot equations 

gives a value of X = l. This corresponds to a rotational discontinuity characterised 

by:

�/ � �� ��= -Biy �/ � �E �U �/ �	 �E (3.21)

�B� ���� �U�� �� �� �	 �� �� �B � �E�U���	�E

In other words, the magnetic and velocity fields rotate inside the wave front 

while maintaining constant magnitudes. These wave fronts do not steepen 

because they do not alter the density.The tangential components change sign.

�.�%� �"�� ���������� �����"�� �������$�������������� �����������	�������7

The other two solutions corresponding to the slow and fast modes are 

characterised by an upstream velocity v i<Va and v i>XVa respectively 

(X=p2/pi). Shock waves are defined as being compressive, resulting in an 

increase in the density and the pressure. The sign of the magnetic field 

component is also conserved.

It can be determined from the Rankine-Hugoniot equations that the magnetic 

field and the tangential velocity increases across a fast shock and decreases 

across a slow shock. Using evolutionary arguments and boundary conditions it 

can be shown that the slow-shock upstream velocity should be less than the 

intermediate speed, but faster than the slow speed. Also the downstream speed 

of a fast shock should be slower than the fast wave and faster than the 

intermediate speed (Kantrowitz and Petschek [1966]).

For slow shocks the magnetic field is rotated towards the shock normal, 

cancelling the tangential magnetic field in the limit of v i = v a  (or v ix=Ci). This is 

known as the switch-off shock. A fast wave rotates the magnetic field away from
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3 .2 e  D issipative shocks

Dissipation mechanisms influence the shape of the shock fronts as observed by 

satellites. Note that, in this discussion, models describing the forms of 

dissipation are two-dimensional in nature. Accurate three-dimensional models 

which extend in the direction tangential to the shock front have not yet been 

formulated and hence dissipation effects on the structure o f the shock-front plane 

are not well understood. One of the main barriers is the lack of computing power 

needed to simulate the motion of large amounts of particles in three dimensions.

The Rankine-Hugoniot equations discussed above, relate asymptotic 

dissipation-free states, upstream and downstream from a shock. The R-H 

relations are only valid when dissipation mechanisms inside the shock front are 

taken into account. Several scale lengths are associated with these dissipation 

processes. Pressure pulses will steepen until the front reaches the characteristic 

scale length where dissipation is sufficient to satisfy R-H relations. In MHD 

theory three types of dissipation are postulated: thermal conductivity, resistivity 

and viscosity. These are associated with a thermal conduction scale length, the 

scale length where the magnetic Reynolds number is equal to unity and a scale 

length where the ordinary Reynolds number is unity. The degree to which these 

dissipation processes occur in different shocks, and the scale length to which the 

shock will steepen, is not known without a comprehensive model of the 

microstructure of the shock. Fast shocks can be initiated by resistive dissipation. 

Viscosity does not provide enough dissipation on its own to complete the fast 

shock transition, while thermal conductivity is only sufficient for weak shocks 

(Coroniti [1970]). Although the actual micro-processes inside a shock front are 

not well understood, one result follows from these postulations: the critical Mach 

number M e above which resistivity can no longer satisfy the R-H equations. Two 

methods were illustrated by Kennel et a l. [1985] based on evolutionary 

arguments and the stationary point analysis. Below follows a description of the 

evolutionary arguments:

Dissipation is always accompanied by dispersion as the fast magnetosonic 

velocity is a function of wave length. The equation of dispersion for a shock in a 

resistive and viscous fluid is given by:
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Re Cm2 = C s2 + ------(3.23)
� � �b � �2�0m2

k is the wave number and Rm is the magnetic Reynolds length.

A plot of this curve is shown in the left-hand graph of figure 39.

DISSIPATIVE

Figure 39
Dispersion relationship (left) and the derived shock structure (right) for small 
amplitude waves propagating at 90 degrees to the magnetic field into a 
resistive, viscous and dispersionless plasma (Kennel et al. [1985]).

The dotted and dashed lines correspond to velocities found downstream of 

subcritical and supercritical shocks. In the long-wavelength limit the speed of 

the wave approaches the ideal MHD magnetosonic velocity.

Moving to smaller wavelengths, resistivity progressively decouples the fluid and 

magnetic field oscillations, causing the phase velocity of the wave to decrease in 

value to the sound velocity when �P�0� !� �* 1. Viscous dispersion at wavelengths 

comparable to the ordinary Reynolds length R causes the phase speed to decrease 

to zero in the extremely short-wavelength limit. Evolutionary arguments indicate 

that the downstream normal component velocity should be larger than Cs in order 

for resistivity to be the sole dissipation mechanism (Coroniti [1970]). If one 

considers two magnetosonic pulses in the solar wind then the first wave will 

steepen to a shock wave with a scale length equal to �0� !�%� �This wave will then 

propagate with the sound speed. The second pulse overtakes the first one if the
��

downstream velocity is less than Cs. In this case the second wave catches up and
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DISPERSIVE

Figure 40
Dispersion relationship (left) and resultant shock profile (right) for a small 
amplitude wave propagating perpendicular to the magnetic field in a 
dispersive plasma, free of dissipation {Kennel e ta l. [1985]).
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Figure 41
Dispersion relationships for oblique shocks for Cs2>Ca2 and Cs2<Ca2 
respectively (Formisano and Kennel [1969]). The curves plotted are for 
(1)Fast, (2)Intermediate and (3) Slow modes.
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Figure 42
Diagram illustrating the Collisionless Shock Friedrichs diagram. This plot 
was made assuming Cs2/Ca2=0.1 upstream of the shock. The first, second 
and foreshock critical Machnumber together with the resistive-dispersive 
transition for subcritical shocks are shown as a function of fast Mach number 
(radial coordinate) and the angle of shock propagation (radial coordinate) 
(Kennel e ta l. [1985]).



���- �, ��

Having obtained the value for n, and combining it with individual plasma 

measurements, a linear one-dimensional least squares method can be applied to 

determine Vs.

1 N A[piVi]
Vs = -  x -------------.n (3.34)

N i=l A[pi]

The values of the conservation constants can subsequently be determined in the 

same manner. By various substitutions the asymptotic up- and downstream 

values of V and B can be determined as a function of density p. Using these two 

functions and utilising the same method as for the Rankine-Hugoniot equations 

the optimum value of p=(p) can be found, which results in an optimum solution.

This method was tested on synthetic data as well as real data producing good 

results.

If the assumption is made that the shock front is planar on the scale of 

inter-satellite distances, the fact that AB’s, measured at separate locations, must 

lie in the same plane can be used to obtain a value for n.

n = ABi x AB� ,

where subscripts 1 and 2 denote the two different satellites; this technique is 

known as the double-delta B method.

Also using four satellite observations an estimate of the normal N using the 

respective intersatellite distances and arrival times can be calculated (Russell et 

al. [1983a]). The relationship between arrival times and the intersatellite 

distances can be formulated as follows:

�H�*�: �A�E ���	��
�H� �: �A�� = V ��� �:
�J�H�.�:�(�C�A�;�1 ���.�:

(3.35)

where X �*�: , X � �: , X �.�: are the distances between three satellites and the fourth, N 

the normal vector, V the shock velocity and tio , t20 , t30 the separation in time
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between shock arrivals at the first three satellites and the fourth. Solving this fo r 

(1/V) N and introducing an extra condition stating that all AB’s at different 

satellites must be perpendicular to n:

<  . s

ABo [Nxl
ABi Ny
AB2 Nz.

|A B 3j

(3.36)

,an estimate of the shock normal N is obtained.

�. �%�5 �# �� �� �� �� �� �� �! �	�� �� �� �	�� �� �� �� �� �� �: �#��

The most obvious way to determine 0bn is to calculate the shock normal n and 

compare it with the upstream magnetic field. This parameter is an important 

factor in classifying shocks into three different types:

1) Quasi-parallel 0bn ~ 0

2) Quasi-perpendicular 0bn -  90

3) Oblique shocks - 0c ^  0bn £ 0c ,

where cos 0c =MCf V(me /mi)/CA and where M,CF,CA,me and mi are the 

Machnumber; fast speed, Alfvdn speed, and electron and proton mass 

respectively.

Observations have shown that waves form upstream and downstream o f 

quasi-parallel shocks, whereas quasi-perpendicular shocks have generally 

relatively smooth up- and downstream regions. For a detailed study the reader is 

referred to Tsurutani et al. [1983] and Bavasano- Cattaneo et al. [1986].

With the aid of more accurate measurements of n and BUp one can determine 

0bn and the shock frame in which the R-H relations are valid.
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3 .4 c  D eterm ination of M a and Ms :

Using the R-H relations the shock-normal velocity Vn and the shock velocity Vs 

can be determined:

Vs ------- -- (V2 - V i ) . n  (3.37)
P2“ P1

Ma (the upstream Alfven Mach number) can now be calculated :

Ma = Vn /  Va where Va = B i/fliopl)1̂ 2 (Alfven speed)

The magnetosonic Mach number can also be calculated:

Vs
�8�����U���g

Cf

where Cf  is the fast-mode wave speed, which for example, may have the 

following values:

Cf  = (Ca2 + Ci2 )1/2 (for �= �#����-  90)

Cf  = Ca or Ci (for 0bn ~ 0 )

Where Ca =(B2 Mrcp)1̂ 2 (Alfvdn speed) and 

Ci = (yP/p)1/2 (ion sound speed)

For a detailed determination of Cf  see Tsurutani and Lin [1985], Kennel et al.

[1985], Priest [1982].

A more accurate way to determine 0bn and Ma was developed by Chao and 

Hsieh [1984] who derived a method to calculate these parameters without 

knowing the value of n. By the use of density, B-field and some simple geometry, 

they could obtain the values for 0bn and Ma .

Using the magnetosonic Mach number (Ms) and comparing it with the critical 

Mach number (Mc) one can classify the shocks as follows:

1) Supercritical (Ms > M e )

2) Subcritical (Ms < M e )
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Various critical Mach numbers have been defined at which shock-structure 

changes occur. In subcritical shocks the dissipation method for satisfying the 

R-H relations is resistivity. As the Mach number increases resistivity cannot 

dissipate adequately and viscosity is required. The change between these to 

regions happens at the first critical Mach number Me. The majority of shocks in 

interplanetary space arc supercritical and are characterised by an overshoot and 

foot at the shock jump (see fig. 45):

��������������

Figure 45
Characteristic plot of a supercritical shock which contains a foot and 
overshoot (Bavassano-Cattaneo e ta l. [1986]).

3.5 Assumption of planarity:

As previously mentioned, shock normals can be calculated using multiple 

satellite observations under the assumption that shocks are approximately planar 

on the scale of intersatellite distances. Satellite observations (Gazis et al. [1985], 

Smith & Wolf [1976], Lepping & Chao [1976]) and mathematical models 

Heinemann and Siscoe [1974] have shown that this is not valid over sufficiently 

large distances.

It is the purpose of this thesis to test this planar assumption by using ISEE1/2 and 

3 data and comparing the shock normals measured by the spacecraft. The 

magnetic data used is high-resolution data (ie. B field 6 measurements per 

second). If any two satellite normals have an angle between them which is larger 

than the calculated error, the assumption that shocks are planar cannot be 

maintained. For this study ISEE 1/2 and 3 data from the years 1978-1981 were 

analysed and a total of thirty-five multiple observations of shocks with clearly 

defined shock fronts at both satellites were detected. These shock observations 
will be discussed in Chapter 4.
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4.1 Introduction

This chapter is mainly concerned with the examination of the assumption that 

shocks are planar on the scale of 0.01 to 0.1 AU.

To test this hypothesis measurements of shock normals n must be made at 

different locations in interplanetary space (see Fig 46 below).

�����4���0�� �R���A��
� �5�+�� �0��

�� �U �� ��

�����A

����������������������

�� �U �����b �" ��

Multiple satellite observations of interplanetary shock fronts. As the shock 
moves away from the sun it is detected by satellites at different places along 
the shock front. Any difference in shock front orientation detected by 
satellites indicates a non-planar structure. L1 is the first Lagrangian point.

Any appreciable difference in shock-front orientation which cannot be accounted 

for by a large-scale radial structure, created by the “bubble-like” nature 

(Hundhausen [1972]) of flare induced shocks, indicates that the shock is 

non-planar. Most reports relating to m ultiple-satellite observations of 

interplanetary shocks have assumed that, at 1 AU, shocks are planar on the scale 

of 100 Re (.Russell et a/.[1983a/b]).
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At larger distances from the sun {Smith and Wolfe [1976,1977], Gazis et al.

[1985]) and at larger satellite separations {Lepping and Chao [1976]), however, 

shocks were shown to have non-planar fronts.

In order to examine the planar assumption, a rigorous scan of interplanetary 

shocks must be made using satellites at different locations.

4.2 Satellites

The next stage in the investigation was to select various satellites which were 

capable of making multiple observations of a shock front at different locations in 

space.

In 1971 a NASA-ESRO (European Space Research Organisation) review 

proposed a three- spacecraft mission to investigate interplanetary space and the 

magnetopause in detail. Two spacecraft would be positioned in near-earth orbit 

and the third at the Lagrangian point L I (see fig 47).

Figure 47

Diagram illustrating the different orbits of the three ISEE satellites. ISEE 1 
& 2 are placed in a high apogee orbit around the earth whereas ISEE 3 was 
located at the Lagrangian point L1 in a "halo" orbit (Ogilvie et al. [1978]).
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This mission was later called the International Sun Earth Explorer (ISEE). It was 

an international collaboration between ESA, supplying the ISEE 2 spacecraft 

investigating the magnetopause, and NASA, building its sister ship ISEE 1 and 

the interplanetary observer ISEE 3 (Ogilvie et al. [1977]) .

�5�%� ���� ���������� �*�?� 

�	�D�� �����������	�����	����

The first two satellites, ISEE 1 and 2, are depicted in figures 48 and 49. 

The architecture of ISEE 1 was based on the old IMP satellite design whereas the 

ISEE 2 satellite was designed by ESA specifically for this mission. The payload 

of the two satellites was matched carefully to allow comparative studies of their 

measurements. A list of all experiments is given in Appendix A. The main 

ISEE 1/2 instrument relevant for this thesis is the fluxgate magnetometer (C.T. 

Russell [1978]).

Figure 48 Figure 49

Diagram depicting the ISEE 1 
satellite which closely follows the 
design of the older IMP satellite. 
Both ISEE 1 & 3 are built 
according to this design (Ogilvie 
©fa/. [1977]).

This figure depicts the ISEE 2 design. 
This design is different from the other 
satellites and is lighter making it easy 
to manoeuvre (Ogilvie e ta l. [1977]).
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The two satellites pass through the earth’s magnetic field as well as through the 

fields encountered in interplanetary space. The magnetometer must therefore be 

able to measure field strengths as high as 50000 nT and as low as 5 nT, 

accurately.

�	�	�D�� ���������� �*�?� �� �����#�	����

ISEE 1 and 2 were launched on the 26th of October 1977, stacked on a D elta 2914 

launch vehicle, into a highly elliptical orbit with an apogee of 23 Re. This orbit 

allowed the two spacecraft, depending on the time of year, to spend up to 

three-quarters of their orbits in interplanetary space, enabling dual satellite 

observations of magnetic phenomena, such as shocks, in that region. The 

spacecraft can be spaced at distances of 100 to 5000 km apart, using hydrazine 

rockets on board the lighter ISEE 2. This allowed for detailed investigations of 

the small-scale structure of, for example, boundaries such as the magnetopause, 

the bow shock and interplanetary shocks .

�5�%� �#�� ���������� �.

�	�D�� �����������	�����	����

The third spacecraft, ISEE 3, depicted in Fig 50, was also based on the IMP 

construction design. This vehicle was launched on the 12th of August 1978 into 

a heliocentric orbit 234 Re upstream of the earth in the solar wind. This provided 

reference data for measurements obtained near, and in the geomagnetic tail and 

magnetosphere. In addition, a high data transmission rate could be maintained- 

because the satellite was only 0.01 AU away from the earth. Appendix B shows 

a list tabulating all the experiments carried on board ISEE 3. Some of the 

experiments on ISEE 3 differ from those carried by ISEE 1 and 2 because of the 

interplanetary nature of the measurements made.

The magnetic field measurements used in this thesis were obtained using a vector 

helium magnetometer which had originally served as reserve for the Pioneer 10 

and 11 spacecraft (Frandsen et al. [1978]).
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ISEE-3

SM5RT EltCTnC ANTENNA

NOW HAL SPH RATE ����  (pm 
AVAL ABLE POWER 175 oarts 
TOTAL S/C WEGHT 470 Kg 

f HVORATtJE 90 Kg I  
IEXPERWENTS 100 K ; J

OMNI S-BANO ANTENNA

.  NERTIA BOOMS

EXPERIMENT
SECTON

PWENSONS (MAW BODY)

DIAMETER 173 cm 
HEGMT 161 cm 

ANTENNAE LENGTH fTP TO TP)

AXIAL 15 meters 
RAOUL 100 meiers

30 RADIO 

MAPPtiC ANTENNA
/

VECTOR HELUM 
MAGNETOMETER

Figure 50

Illustration of ISEE 3 showing the various experiments on board. This 
satellite, like the ISEE 1 satellite, was based on the IMP design (Farquhar 
e ta l . [1977]).

�	�	�D�� ���������� �.�� �����#�	��

ISEE-3 was placed into a "halo" orbit around the Lagrange p o in t’L l, first 

proposed and described by Farquhar et al. [1977]. A diagram of the orbit is 

shown in figure 51.

Using the GSE coordinate system, where the sun-earth line is X, the direction 

perpendicular to X and lying in the ecliptic plane is Y with Z perpendicular to X 

and Y, the halo orbit had a Z amplitude Az =20 Re and a Y amplitude Ay=106 Re.
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Figure 51

Diagram illustrating the "halo" orbit in GSE coordinates. This orbit revolves 
around the L1 Lagrangian point and although it is an unstable orbit; it needs 
very few station-keeping manoeuvres {Farquhar et al. [1977]).

4.3 Evaluation of suitability of satellites

Because of the unprecedented, for that time, complexity and diversity of 

experiments and the need for data interchange between the investigators, a data 

pool tape was created. The data consists of one-minute averages of the most 

relevant experiments showing, for example, the velocity and density of the solar 

wind and the magnetic-field. It is these tapes with numerous hours of data 

covering a time-period ranging over years, which make these satellites so 

attractive for the problem of shock-front structure analysis by multiple-satellite 

observations.

Tapes were supplied by the University of California (UCLA) for ISEE 1 and 2 

data in one-minute averaged format ranging over the years 1978-81. ISEE 3 data, 

covering the years 1978-1981, were already available at Imperial College.
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For rapid inspection, micro-fiche plots were generated from these tapes showing 

various parameters with different resolution.

Initial calculations were made using one-minute average data and were later 

verified using higher resolution data obtained from the Principal Investigators 

who have access to the full set of original measurements sent back by their 

instruments.

A shock travelling radially away from the sun would pass the ISEE spacecraft in 

a direction running, approximately, from L I towards the earth (see fig. 46). In 

order to measure the planar or non-planar nature of shock fronts the satellites 

must be spaced an appreciable distance apart, measured along the direction 

perpendicular to the shock propagation. ISEE 3 follows a "halo" orbit with an 

amplitude in the y direction of approximately 106 Re. The apogees of the ISEE 

1 and 2 orbits are around 23 Re, resulting in a maximum intersatellite distance 

perpendicular to the direction of shock propagation of approximately 130 Re.

This appears to be a small scale on which to study shock-front structures but the 

large amount of m ultiple-satellite data coupled with the negligible radial 

curvature of the shock front and the possible shock-normal morphology makes 

it an interesting problem to investigate. The intersatellite distance measured 

along the x-axis in the GSE coordinate system can have a second order effect on 

the shock front, due to mutation of the shock front, moving away from the sun.

4.4 Software tools

Most of the interplanetary data obtained was in digital format and several 

software packages were developed to analyze the data from satellite 

observations. The programs can be subdivided into the following categories:

a) Analyzers (4.4a).

b) Extractors (4.4b)

c) Translators (4.4c)

d) Displayers (4.4d)
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match to within certain tolerances the user specified up- and downstream field 

strengths.

The program then moves back to the beginning of this data section and scans 

through it again with a much higher sampling rate XX, locating the position of 

the largest magnetic field jump (ABmax). Both sides of this position are checked 

for additional data jumps greater than a certain user-specified percentage J (eg. 

10 %) of the located field change ABmax .

The program averages the up- and downstream magnetic fields �/ ������ and �/�"���� in 

increments of XXX data points away from the shock jump and calculates the 

corresponding coplanarity normals (Formula 4.2). The results are stored in a file 

for later analysis.

The user, by means of the parameters described above, is able to control the 

program for detecting the shock jump and calculating the position of the up- and 

downstream areas with great flexibility. This program was tested using sample 

one-minute data and found to be working satisfactorily. It had to be modified 

radically when using higher resolution data because of the difficulty in detecting 

the actual size of the jump in B which could be more complex in nature. These 

changes are discussed later in this chapter. Further analysis was carried out using 

empirical methods (section 4.8) where the shock program mentioned above 

encountered difficulties with the identification of data corresponding to the up- 

and downstream magnetic fields. The program written for the empirical method 

is described in section 4.8. The Rankine-Hugoniot equations (see Chapter 3) 

show that the normal component of the magnetic field does not change when 

moving from the upstream to the downstream region. Using a minimum variance 

technique a direction can be determined along which minimum variation of the 

measured field vectors occurs; This corresponds to the normal direction. A 

program (M-V) was developed for this method and with the aid of user-generated 

test data this program was found to function correctly (see section 4.9). This 

technique was less effective when vectors parallel to the shock plane were found 

with a minimum variance component. This had the effect of "pulling” the 

calculated normal vector away from the true normal direction. (See section 4.9 

on minimum variance observations).
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4.4b Data extractors

Most of the data was obtained from large databases containing data, spanning 

years of observation. In order to obtain data for each shock, a program was 

written to retrieve a block of data specified by the user, allowing for easier access 

to and faster analysis of data. A major problem was that the data were supplied in 

widely different formats.

4.4c Data translators

The different data formats required the creation of a library of routines tailored 

to each format which would convert the data to a standard format for further use 

by other programs. The standardization of data formats is essential and allows for 

easier data transfer between programs. Data gap values, time formats and 

inconsistent data are processed by these programs.

4.4d Data displayers

Finally, for the data and the results to be displayed in an intelligent manner 

various routines were developed which ranged from hodograms to data vs. time 

plots. It was important that these routines are compatible with the previously 

defined standard format.

4.5 One-minute data

One of the primary sources of shock data, used in this thesis, is based on a paper 

supplied by the Jet Propulsion Lab (E J . Smith, private communication). This 

paper lists all interplanetary shocks detected by ISEE 3 at the Lagrangian point 

L I. This listing is included in Appendix C. The occurrence of these shocks was 

confirmed using the ISEE 3 microfiche data spanning the relevant 

years 1978-1981.

Dividing the distance between L I and the earth by an approximate shock speed 

of 400-800 km/s, the delay between the time that ISEE 3 detects the shock and



�� �* �: �* ��

the time that ISEE 1/2 observes the shock was calculated to range between 30 

minutes to one hour.

By checking the ISEE 1 and 2 microfiches at these calculated times for any 

indication of a rapid field change attributable to a shock, a list was compiled of 

candidates for multiple shock observations. The list consists of the arrival times 

of the shocks detected at various satellites and the type of shock as observed at 

ISEE 1/2.

The database was separated into two periods of two years, with ISEE 2 covering 

1978-79 and ISEE 1 the years 1980-81.

With the aid of the programs discussed previously, thirty-minute data blocks 

containing the candidate shock jumps were obtained and plotted on paper. 

Subsequent analysis ruled out a sizeable number of the shocks due to 

unavailability of data for a particular satellite (ISEE 3) or unrecognisable shock 

jumps because of data gaps.

The remaining multiple observations can be classified into three separate 

categories; magnetopause related, tail compression related and interplanetary 

shocks.

4.5a Magnetopause related shocks:

At certain times ISEE 1 and 2 were situated inside the magnetosphere when the 

shock, first detected at LI by ISEE 3, arrived near the earth. An example of the 

resultant magnetic field profiles detected by ISEE 1 and 2 at this location are 

shown in figure 53 overleaf.

This figure consists of magnetic field plot as a function of time. It shows a sharp 

increase in the total magnetic field strength which is a factor of five to ten times 

larger than the jump detected at L I. An example of this phenomenon was 

mentioned in a paper by Winterhalter et al. [1981] showing that the 

magnetopause and the bow shock were rapidly “pushed” past the observing ISEE 

satellites revealing a near- instantaneous picture of the magnetopause and bow 

shock.
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Figure 56
Problems incurred when using one-minute averages. Averaging over 
one-minute intervals causes the shock front to be included giving an 
intermediate value, resulting in a possible miscalculation by the shock 
analyser.
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High resolution multiple shock observations together with the data 
resolution for each individual satellite observation.
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4.7 High resolution magnetic coplanarity 
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Coplanarity normals, calculated using the shock analysis program, together 
with intersatellite angle a , upstream-downstream angle (1 and error angle t  
for each high-resolution observation of the shock.
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As mentioned before the data sets generated by the shock analysis program 

contain regions of shock-normal stability where the shock normal oscillates 

slightly around a particular direction.

Shock-normal data can be stable when taken from magnetic field plots which 

exhibit a certain degree of smoothness.

In some cases such as DAY 198,1981 the lists generated are extremely stable with 

a high value of p. A high value for the upstream-downstream angle guarantees a 

certain amount of stability in the calculated shock normal. The lists generated for 

DAY 288,1980 contain a value of p in the order of 12 to 20 degrees. The observed 

shock normals vary greatly, however, despite this high angle. This could be 

explained by the presence of a detailed and systematic non wave-like structured 

field (see Appendix D). These structures observed in the magnetic field plot for 

this day would cause the averaged upstream and downstream values to deviate 

from previously calculated values.

In these cases it is important to determine the actual size of the immediate up- 

and downstream regions to calculate the best possible shock normal.

Discrepancies in normal vectors between ISEE 1 and 2 can be explained by:

A) Low values of P where a small change in the values of BUp and Bdn would 

cause a sizeable change in the shock normal. This, in addition to varying field 

structures adjacent to the field jump, causes the normals to fluctuate. Large 

averages over up- and downstream values should be taken in order to avoid the 

influence of turbulent wavelike structures on each side of the jump.

B) Apart from the variability of the shock-normal list, some lists, calculated at 

ISEE 1 and 2, exhibit markedly different values. These can be explained by a 

false detection of the actual shock jump. Extra magnetic field values which differ 

from the Bup and Bdn values are then included or alternatively omitted due to 

incorrect identification of the shock front. These influences become negligible 

when taking large averaging regions (10-60 seconds). For smaller regions they 

pose a problem and it is for this reason (false detection of shocks linked with 

small averaging regions) that the empirical method, described in detail in section 

4.8, is used. This technique consists principally of examining the data and noting
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immediate up- and downstream values visually by making use of greatly 

magnified plots.

C) The difference could be explained by different magnetic fields detected at 

ISEE 1 and 2, on for example DAY284,1981.

in each case the shock normal was derived in an unbiased manner to give the 

most realistic shock normal possible.

4.7c ���������� �*��� �� �����������������������	�������� �������������%

The intersatellite angles between shock normals are predominantly small. Four 

out of the six intersatellite angles have values ranging between 2 degrees for 

DAY 198,1981 and DAY 215,1981, 8.7 degrees for DAY 271,1978 and 12.1 

degrees at DAY 290,1978. This is expected, as the field plots shown in Appendix 

D are very similar in appearance and hence their analysis would lead to identical 

results.

Small differences might be attributable to:

A) Very small-scale differences between ISEE 1 and 2 in magnetic field B. These 

shocks are observed near the earth which could influence the nature of magnetic 

fields upstream and downstream of the shock.

Practically all shocks show differences in small-scale structure between ISEE 1 

and 2. Whether these changes have any influence depends on the value of the 

upstream- downstream angle.

B) All shocks with low ISEE1-ISEE2 angles (a  <12), have upstream-downstream 

angles P which, when averaged between the two satellites, are higher than the 

corresponding angles of shocks showing normal vector discrepancies. The most 

notable examples are DAY 198, 1981 and DAY 215, 1981 which have P values 

of 15 degrees and 10 degrees respectively (the highest values in the survey) 

together with the lowest ISEE1-ISEE2 angles (= 2 degrees).
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Two out of the six shocks have larger intersatellite angles: DAY 288,1980 which 

has an ISEE1-ISEE2 angle of 27 degrees and Day 284,1981 with an angle of 15.4 

degrees. Likely explanations for these values are;

A) As previously mentioned, the values of (3 are inversely correlated with the 

angular differences between calculated shock normals. These two shocks are in 

accordance with this assumption, as their respective upstream-downstream 

angles are 8 and 6.5 degrees, lower than all other values for (3.

B) On DAY 284, upstream activity is observed on the ISEE 1 plot but none is seen 

on the ISEE 2 plot. This could explain the angular difference calculated between 

the normal vectors. This wave-like structure could possibly be caused by the 

proximity of the earth’s environment.

�5�%�,�"�� �9�����������	�����������%�� ���������������������	����

One of the purposes of this study is to determine the nature of the shock front and 

to discover whether it is planar or non-planar on the scale of 50 Re.

Current assumptions are that shock fronts are planar on the scale of 50-100 Re. 

Therefore, to examine this assumption, a test is made on all shocks for non-planar 

structures.

The results illustrated by the second and third a  for each shock, shown in table 

11, indicate that a large proportion of shocks have moderately high intersatellite 

angles between ISEE 1/2 and ISEE 3. This suggests that either the data and the 

analysis used are error-prone or there is a case for non-planarity. To verify this 

second assumption the first has to be examined in greater detail.

The coplanarity technique appears to be susceptible to three different effects as 

discussed previously:

1) The averaging region: The averaging region needed to calculate the shock 

normal, is set at four minutes and reduced down to a sixth of a second, when the 

shock normal and the upstream and downstream averages vary (E.J. Smith, 

private communication 1987). This is important if the immediate upstream value 

is very different from the overall upstream value because of large magnetic
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structures seen, for example, in the downstream Bz component at ISEE 3 on DAY 

271,1978. It was essential to judge these small regions up- and downstream of the 

shock accurately and for this reason primarily the empirical technique described 

later is used.

2) Upstream-downstream angle p: The previous section on ISEE1-ISEE2 angles 

shows that there is some normal vector similarity, between ISEE1 and 2, 

dependent on the angle between up- and downstream magnetic fields. Use of test 

data (see fig. 55) shows that small changes in magnetic fields have a much 

greater effect on the coplanarity shock normal, when p is small.

At ISEE 3 the magnetic field plot is usually very different from plots at ISEE 1 

and 2. In both cases, the value of p is a measure of the accuracy of the shock 

normal. DAY198,1981 shows that a large upstream-downstream angle gives 

similar results to those seen at ISEE 1/2 and 3, although the magnetic field plots 

at the three satellites are different.

3) Smoothness of magnetic fields: If the magnetic field is smooth and devoid of 

magnetic structures and turbulence, the value of P is less significant.

The shocks can be subdivided into different categories of angular difference, 

a,between shock normals determined at ISEE 1/2 and ISEE 3:

4.7e �0������������
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The shock recorded on DAY 271,1978 is associated with an intersatellite angle 

of 13 degrees. Whereas the vectors at ISEE 1/2 are almost identical there is a 

small deviation when comparing these with the ISEE 3 vector. In the magnetic 

field plot of ISEE 3 (Appendix D) there appears, especially in the Bz component, 

an immediate and large deviation from the downstream field value at the shock 

front. In this case it is extremely important to get the averaging regions correct 

(this was attempted) and hence this is a shock for which the empirical method 

will be used. It is surprising however that the normals were so identical in 

direction.
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The most notable event in this category is that of DAY 198,1981 which has an 

average intersatellite angle of 6 degrees.

This shock is associated with a very large p indicating a reasonably accurate 

normal. It also has stable up- and downstream magnetic fields, without any large 

scale magnetic structures. Some turbulence is involved but this averages out over 

large regions.

The other shock in this category is DAY 288,1980 which has an average 

intersatellite angle of 16 degrees. The values of p are around 8-9 degrees. From 

the plots it can be seen that one should average (to avoid large scale magnetic 

field deviations) over a couple of seconds both upstream and downstream of the 

shock. This was attempted using the empirical method in section 4.8.

b) M edium  a(20-40 degrees)

DAY 215,1981 has a value of 34 degrees for the ISEE 1/2-ISEE 3 angle. The 

average value of p is about 9 degrees which is larger than some values in the data 

set. Also the magnetic fields are clearly defined despite the turbulence seen at 

ISEE 1 and 2, which average out over longer regions. This shock, which cannot 

be readily explained in terms of possible errors in the coplanarity theory, was 

analysed using alternative techniques discussed later.

Finally, DAY283 (a  = 36 degrees) has very high values of P of around 17 

degrees. This supports the accuracy of the large discrepancy between the normal 

vectors of 36 degrees. In the ISEE 3 plot (Appendix D) a large amount of 

turbulence can be seen downstream of the shock. This turbulence appears to 

deviate from the immediate downstream value suggesting that there might be an 

underlying structure. The upstream and downstream values therefore must be 

obtained from averaging over very small regions. Turbulence could cause 

problems when using the empirical method.
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c) L arge a  ( > 40 degrees)

Finally the extremely large angular values between normals derived at ISEE 3 

and ISEE 1/2 are discussed below.

The first shock is DAY 290 which has a value of 43 degrees. The ISEE1-ISEE2 

angle is small (12.1 degrees), whereas the ISEE 1/2-ISEE 3 angle is large. This 

suggests that the ISEE 3 normal might be incorrect. The angle P is measured to 

be 4.8 degrees. This could account for the large deviation of the ISEE 3 shock 

normal from the rest. The magnetic field plots are very similar and this, together 

with the smooth magnetic fields, suggests a small intersatellite angle under 

planar assumption. Looking at the list of ISEE 3 shock normals, similar vectors 

to those at ISEE 1/2 can be found near the shock front but their angles vary due 

to the low value of P linked with the effects of downstream structure in the Bz 

component. Some closer examination will be made using the empirical method. 

It is not likely that the ISEE 1/2 vectors are incorrect, because both have an 

average value of p of 9.5 degrees.

Day 312,1978 has an ISEE 1/2-ISEE 3 angle of 41 degrees. The 

upstream-downstream angle P is 20 degrees at both shocks, supporting the 

accuracy of the discrepancy observed. However, the plots provide a possible 

explanation. The shock jump is almost obscured by turbulence in the region of 

interest. The shock program works on the principle of finding the largest value 

of AB. It is quite conceivable that the program identified as the shock front any 

of five jumps seen in the plots causing the upstream and downstream values to be 

miscalculated. A large averaging region was used to average out the turbulence. 

This had little effect. Looking at the underlying structure of the shock a gradual 

increase in the total magnetic field is observed.

DAY 359,1978 is associated with the largest value of an intersatellite angle: 80 

degrees. Two explanations are possible. Firstly, the angle p at ISEE 3 is of the 

order of five degrees. The extremely stable nature of the magnetic fields at the 

satellite suggests that this did not have much effect on the value of the shock 

normal. Secondly, ISEE 1 and 2 show a highly structured field around the shock 

front indicating that the region over which the magnetic field was determined had


















































































































































