INTERPLANETARY SHOCK WAVES AND THE STRUCTURE
OF SOLAR WIND DISTURBANCES
An invited review

A. J. Hundhausen

Observations and theoretical models of interplanetary shock waves are reviewed with ABSTRACT

emphasis on the large-scale characteristics of the associated solar wind disturbances and
on the relationship of these disturbances to solar activity. The sum of present day
observational knowledge indicates that shock waves propagate through the solar wind
along a broad, roughly spherical front, ahead of plasma and magnetic field ejected from
solar flares. Typically, the shock front reaches 1 AU about two days after its flare origin,
and is of intermediate strength (Mach number of ~2). Not all large flares produce
observable interplanetary shock waves; the best indicator of shock production appears to
be the generation of hoth type 1l and type IV radio bursts by a flare. Theoretical models
of shock propagation in the solar wind can account for the typically observed shock
strength, transit time, and shape. Both observations and theory imply that the flare
releases a mass of ~5X10'® gm and an energy of ~1.6X10%? ergs into the shock wave on
a time scale of hours. This energy release estimate indicates that the shock wave is a major

energy loss mechanism for some solar flares.

INTRODUCTION

The existence of interplanetary shock waves was inferred
from the short rise times of geomagnetic sudden
impulses [Gold, 1955] before the era of direct inter-
planetary observations. Quantitative theoretical models
of shock propagation through an ambient interplanetary
medium were shortly thereafter developed by Parker
[1961]. Since the first direct observation of such a
shock by the Mariner 2 spacecraft in 1962 [Sonett et al.,
1964}, considerable effort, both theoretical and observa-
tional, has been directed to the study of interplanetary
shock ‘waves. Most of this effort has concentrated on the
detailed, local characteristics of the shock front. In
contrast, here we emphasize the relationship of inter-
planetary shocks to the large-scale solar wind distur-
bances of which they are part and to the solar activity
thought to produce the entire phenomenon. For pur-
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poses of this discussion the following terminology is
used: shock is the surface discontinuity at which plasma
properties change abruptly; a solar wind disturbance is
any large-scale perturbation of ambient or quiet solar
wind conditions; a shock wave is a solar wind distur-
bance with a shock at its leading edge. These phenomena
are discussed in reviews by Wilcox [1969] and Hund-
hausen [1970a, b]. '

A QUALITATIVE DESCRIPTION OF SOLAR WIND
DISTURBANCES

Classical studies of solar-terrestrial relationships have
pointed to the existence of two classes of interplanetary
disturbances: transient disturbances following some solar
flares, and recurrent (at 1 AU) disturbances thought to
be produced by long-lived active regions (the so-called
“M regions”). We present here qualitative descriptions of
the interactions (leading to the formation of shocks) of
these two types of disturbances with a steady, spheri-
cally symmetric, ambient solar wind. These descriptions
will prove useful in organizing later discussions of
quantitative  theoretical models and of shock
observations.
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Figure 1 illustrates the plasma and magnetic field
characteristics expected in a steady, structureless solar
wind near the solar equatorial plane. At heliocentric
distances greater than 10 to 20R, solar wind models
predict an almost radial plasma flow at nearly constant
speed [Parker, 1963, 1969]. The expansion of the
highly conductive plasma and the rotation of the sun
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The plasma flow and magnetic field line con-
figurations near the solar equatorial plane for a
spherically symmetric, steady solar wind. Part (a) shows
the flow pattern in a stationary frame of reference, while
part (b} shows the same pattern in a frame of reference
rotating with the sun.
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combine to produce the familiar spiral pattern of the
interplanetary magnetic field lines [Parker, 1963,
pp. 137-138]. Figure 1(a) shows the plasma and field
configuration in a frame of reference stationary with
respect to the solar system. Figure 1(b) shows the same
configuration in a frame of reference rotating with the
sun; in this latter frame both the field lines and flow
streamlines are Archimedes spirals for a constant expan-
sion speed.

Flare-Associated Solar Wind Disturbances
Optical, radio, particle observations all indicate that
material is explosively ejected by large solar flares.
Consider a volume of this material, presumably plasma
from the chromosphere or low corona, moving rapidly
outward into a slower ambient solar wind. Figure 2
shows a hypothetical cross section (in the solar equato-
rial plane) of the resulting solar wind disturbance at a
time when it has traveled well out into interplanetary
space. The shape given the disturbance in the drawing
assumes some lateral expansion; theoretical and observa-
tional arguments for this effect are given in later
sections. The ambient solar wind plasma and magnetic
field lines must be compressed and pushed aside by
expanding flare ejecta (the high electrical conductivity
of the plasma prevents rapid interpenetration of the
plasmas). If the speed of the ejected material exceeds the
ambient solar wind speed by more than the local sound
(or Alfvén) speed, a shock front will form at the leading
edge of the compressed ambient plasma shell.

The nature of the boundary between the compressed
ambient solar wind and the flare ejecta depends some-
what on details of the flare process. If the flare region
was also a source of the ambient solar wind, the
magnetic field lines in the flare plasma must connect to
the ambient field. However, for the configuration shown
in figure 2, this connection would take place only on a
small part of the boundary, as shown just above and to
the right of the flare site. Most of the boundary surface
separates plasmas from different solar source regions, as
well as with different time histories. Thus, the material
on the two sides of the boundary might be expected to
have different thermodynamic and chemical properties.
Further, magnetic field lines would not cross such a
region of the boundary, which must then form a
tangential discontinuity within the interplanetary plasma
and magnetic field [Colburn and Sonett, 1966]. If the
flare region was not a source of the ambient solar wind,
the entire boundary surface would separate plasma from
different source regions and would be expected to be a
tangential discontinuity; this situation is entirely differ-
ent from that illustrated by Parker [1963] for a
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A qualitative sketch, in equatorial cross section, of a flare-produced solar

wind disturbance, propagating into an ambient solar wind similar to that shown in fig-
ure 1. The arrows again indicate the plasma flow velocity and the light lines indicate the
magnetic field. The rotation of the sun has been neglected in drawing a configuration

symmetric about the flare site.

spherically symmetric wave, where the entire boundary
is crossed by the field lines [Colburn and Sonett, 1966] .
The rarity of collisions in the tenuous interplanetary
plasma leads to extremely slow diffusion normal to
magnetic field lines. The expected tangential nature of
the boundary discontinuity would then help to preserve
any thermodynamic or chemical differences between the
ambient and flare plasmas.

The magnetic field and plasma structure within the
flare ejecta depends strongly on the details of the flare
process. The magnetic field lines must connect back to

the flare site (with a current sheet extending through the
body of the ejecta as well as along its boundary) unless
some diffusion of the plasma relative to the field lines,
or “reconnection” of the field lines [Perschek, 1966]
were to occur. Reconnection is a distinct possibility, as
some theories of solar flares employ this process as the
basic flare mechanism; for example, figure 3 shows the
magnetic field configurations assumed and produced in
the flare model of Sturrock [1967]. Such reconnection
would produce closed magnetic loops within the flare
plasma, as shown by the dashed field line of figure 2.
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This configuration has been advocated by Gold [see the
numerous discussions following relevant papers in Mac-
kin and Neugebauer, 1966]. If some of the ejected
material moves outward more rapidly than that near the
tangential discontinuity (due either to acceleration of
the former or deceleration of the latter) a second shock
might form within the flare ejecta. This would be a
“reverse” shock, moving toward the sun relative to the
plasma but convected outward by the rapid plasma
motion [Sonett and Colburn, 1965].
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Figure 3. Coronal magnetic field configurations in the
solar flare model of Sturrock [1967]. Closed magnetic
field loops are formed within the flare efecta (c} by the
field line reconnection process taken to be the basic
energy mechanism in the model.

Steady, High-Speed Solar Wind Streams
Solar wind observations such as those by Neugebauer
and Snyder [1966] indicate that some streams of high
speed solar wind, presumably emanating from specific
centers of solar activity, persist long enough to be
present on several successive solar rotations. Consider
such a steady stream of solar wind flowing radially
outward, with high, constant speed, from a source
rotating with the sun. Figure 4 shows a hypothetical
cross section of this stream (in the solar equatorial
plane) viewed in the frame of reference rotating with the
sun. In this frame, as in figure 1(b), the flow is along
Archimedes spirals, with the magnetic field lines along
the flow streamlines. The flow of a slow ambient wind,
-assumed to exist ahead of the fast stream, is along more
tightly wound spirals that must eventually intersect the
high speed stream. The high electrical conductivity of
the plasma again prevents interpenetration, and the
ambient plasma must be compressed and deflected to
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ultimately flow parallel to the interface with the fast
stream. If the inflow of the ambient plasma relative to
this interface exceeds the local sound speed, a shock
wave should form at the leading edge of the compressed
ambient plasma region. The resulting flow pattern is
steady in the frame of reference rotating with the sun.
Figure 5 shows this pattern transformed into a stationary
frame of reference, wherein the entire shock wave would
appear to rotate counterclockwise about the sun.

The structure of the magnetic field and plasma in this
shock wave is, in many ways, similar to that already
described for flare-associated disturbances. The bound-
ary between the compressed ambient solar wind and the
high speed stream should again be a tangential discon-
tinuity separating plasma and magnetic fields from two
different solar source regions. The material on the two
sides of the boundary might again be expected to have
different thermodynamic and chemical properties, pre-
served because of the slow rates of diffusion across the
field lines. A second or reverse shock could again form
within the high speed stream if material is flowing
toward the tangential discontinuity [Colezrn and Son-
ett, 1966].
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Figure 4. A qualitative sketch, in equatorial cross
section, of a steady, localized stream of high speed solar
wind interacting with a slow, ambient solar wind similar
to that shown in figure 1. The interaction is shown ina
frame of reference rotating with the sun. The arrows
again indicate the plasma flow velocity and the light
lines indicate the magnetic field.
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Figure 5.  The interaction of figure 4, shown here in a
stationary frame of reference.
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Distinctions Between Flare-Associated and Steady-

Stream Solar Wind Disturbances
Despite the many similarities between the flare-
associated solar wind disturbance of figure 2 and the
steady-stream disturbance of figure 5, several differences
exist that might permit an observational distinction
between the two classes. The most obvious of these is
the shape of the shock front. For flare-associated
disturbances the shock front is expected to be roughly
symmetric about the radial direction from the flare site,
while for steady-stream disturbances the shock front is
more nearly alined with the spiral interplanetary field
lines. Observations of a single disturbance by several
widely separated spacecraft, or the observation and
statistical analysis of many shock orientations by a single
spacecraft [Hirshberg, 1968] might be used to distin-
guish these two geometries. A still more fundamental
difference exists in the basic topology of the field lines
intersecting the shock front. For flare-associated distur-
bances the field lines in the preshock, ambient plasma all
lead outward toward interstellar space, while for the
steady-stream disturbance the field lines in the preshock,
ambient plasma connect back to the sun. Observations
of galactic cosmic rays, whose high energies make them
tracers of large-scale magnetic field geometry, might be
capable of distinguishing the two topologies.

In pursuing either of these suggested tests, as is done in
a later section, one should always bear in mind that

these two classes of disturbances are idealized extremes.
Intermediate classes, in which plasma is emitted from a
solar source for about the same time required for its
transit to an observer, could well occur and would be
expected to display configurations between these two
extremes. Further, solar flares occur in active regions,
and thus might occur preferentially near the sources of

. high-speed streams; a correlation of this basic nature has

been reported by Bumba and Obridko [1969]. The
transient disturbances produced by such flares would be
distorted by the lack of symmetry in the ambient
medium into a configuration quite different from that
shown in figure 2. We present some evidence later that
solar wind disturbances appearing to be flare associated
also show some characteristics of steady-stream
emission.

THEORETICAL MODELS OF SOLAR WIND
DISTURBANCES

Quantitative theoretical models have been developed for
some aspects of the solar wind disturbances qualitatively
described in the preceding section. Most attention has
concentrated on the propagation of flare-associated
shock-waves under the assumption of spherical symme-
try; as such models have recently been reviewed in some
detail [Hundhausen, 1970b, Hundhausen and Mont-
gomery, 1971], only a brief summary of some useful
results is given here. The present discussion will then
focus on the propagation of nonspherical, flare-
associated shock waves, on the formation of shock waves
in steady-stream disturbances, and on the effect of the
high thermal conductivity of interplanetary electrons on
both classes of solar wind disturbances.

Flare-Associated Shock Waves
Theoretical models of transient disturbances propagating
through an ambient solar wind are most easily derived if
both the ambient medium and the disturbances are
assumed to be spherically symmetric (plasma properties
are then functions only of the time ¢ and heliocentric
distance r). Parker [1961, 1963] obtained spherical
shock wave solutions of the adiabatic fluid equations
(neglecting magnetic forces and solar gravity) by similar-
ity techniques that assume basic dependence on the
parameter n= . Any feature of these solutions that
is at position r, at time f, moves with time as
r=r, (t/to)‘/)\. The solutions are connected to the
ambient medium by assuming a sfrong shock at the
leading edge of the disturbances. ‘

Figure 6 shows the density versus position (normalized
to the shock location) for two of Parker’s shock waves,
with a ratio of specific heats ¥ =5/3 and an ambient
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Figure 6. Similarity solutions for the propagation of

spherically symmetric shock waves in the solar wind.
The ‘‘driven wave” has an energy increasing linearly with
time, while the “blast wave” has a constant energy
[adapted from Parker, 1961].

density proportional to 2. The density change by a
factor of 4 at the shock location indicates the assump-
tion of infinite shock strength. The solution labeled
driven wave corresponds to A=1; the density rises
monotonically behind the shock with a singularity as
r—>0.84, the position of the vertical line on figure 6.
This wave moves with constant speed, and can be shown
to have an energy increasing linearly with time. It
represents the wave pushed (or driven) ahead of a
steadily expanding “piston” (located at the singularity).
The solution labeled blast wave corresponds to A'=3/2;
the density falls monotonically behind the shock. This
wave moves with steadily decreasing speed, and can be
shown to have constant energy. It represents the wave
produced by an explosion at r= 0, r =0, with no further
addition of energy thereafter. This class of “blast wave”
solutions (approached by disturbances with energy input
occurring over a time short compared to the transit time
to a position of interest) has an interesting and useful
characteristic; the properties of the wave (e.g., shock
speed, transit time to a given radius) depend only on the
total energy of the disturbance. The classification of
solar wind disturbances as “driven” or “blast” waves will
prove useful in the next section. Physically, the driven
wave can be thought of as a disturbance whose proper-
ties are determined by the nature of the initiating signal
at the sun, while the blast wave can be thought of as a
disturbance whose properties are determined by inter-
action with the ambient medium.

Extensions of Parker’s basic similarity solutions have
been carried out by Simon and Axford [1966], Lee and
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Balwanz [1968], Lee and Chen [1968], and Lee et al.,
[1970]. Korobeinikov [1969] has derived similarity
solutions in which the assumption of infinite shock
strength is somewhat relaxed, these solutions being valid
to first order in the ratio of the ambient solar wind
speed to the shock speed. However, all of these
similarity theories of interplanetary shock waves basi-
cally apply to strong shocks. Observations (to be
discussed in the next section) reveal that most inter-
planetary shocks are of intermediate strength. The
applicability of the similarity solutions to solar wind
conditions is therefore questionable.

This difficulty can be overcome by numerical integra-
tion of the fluid equations for shocks of arbitrary
strength. Hundhausen and Gentry [1969a, 1969b] thus
obtained spherical wave solutions of the adiabatic fluid
equations (again neglecting magnetic forces, but includ-
ing solar gravity). Figure 7 shows the density versus
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Figure 7. Numerical solutions for the propagation of

spherically symmetric shock waves in the solar wind.
The “driven wave’ and “blast wave” cases correspond to
the same basic definitions used in figure 6 [adapted from
Hundhausen and Gentry, 1969a] .

heliocentric position (in AU) for two of these shock
waves, with a ratio of specific heats y=5/3 and an
ambient adiabatic solar wind with a fiow speed of 400
km sec™! and a density of 12 protons cm™> at 1 AU.
The density change of less than a factor of 4 at the
shock location indicates the finite strength of the shock.
The solution labeled driven wave shows a monotonic
density rise behind the shock until a contact surface,
separating the compressed ambient solar wind from the
gas ejected in the initial disturbance at ¢ =0, is reached.
‘This interface requires special treatment in the numerical
integrations, and its properties are only qualitatively



indicated in figure 7. However, there is no density
singularity as found at the “piston” interface in the
similarity solutions (the latter appears to be due to the
assumption of zero temperature in the similarity
theory). The wave moves with nearly constant speed,
and has an energy increasing linearly with time. If is thus
analogous to the driven wave of similarity theory,
representing a wave pushed by a continuous output of
driver gas from the sun (forming a new steady state,
shown in figure 7 for r< 0.83 AU). It differs from the
similarity solution of figure 6 in that it considers the
flow at heliocentric distances within the contact surface.
The numerical solution labeled blast wave in figure 7
shows a monotonic decrease in density for some time
after the shock, with an eventual increase to the original
.ambient profile (approximately proportional to #~2) at
F ~ 0.6 AU. This wave moves with steadily decreasing
speed and has a constant total (including gravitational)
energy. It is thus analogous to the blast wave of
similarity theory, representing a wave produced by a
short-duration explosion at ¢=0, followed here by a
return to ambient conditions. As in similarity theory,
the properties of this impulsively generated class of
waves depend only on the total energy in the distur-
bance [Hundhausen and Gentry, 1969a] . The numerical
blast waves differ from those of similarity theory in that
the density rarefaction following the shock does not
extend all of the way back to the sun.

Figure 8 shows a more detailed comparison of the
density (normalized here to the ambient density at any
heliocentric radius) versus heliocentric position (normal-
ized to one at the leading-edge shock) for the driven
wave solutions derived numerically by Hundhausen and
Gentry [1969b] and using similarity theory by Simon
and Axford [1966] . Both solutions shown involve a new
steady flow at small heliocentric distances that is faster
than the flow near the contact surface separating the
ambient and “driver gas.” Both solutions thus include a
“reverse shock™ (at S, in the numerical solution and at
the innermost S in the similarity solution) within the
driver gas, as mentioned in the qualitative discussion of
the preceding section. Hundhausen and Gentry [1969b]
demonstrated that this configuration will be observed at
a given heliocentric position in interplanetary space only
if the initiating solar disturbance persists for more than
10 percent of the transit time of the resulting inter-
planetary shock wave to that position. ‘

The optical emission from nearly all solar flares comes
from an area of less than 10~ of a hemisphere [Smith
and Smith, 1963, pp.61-63]. Hence the theoretical
models described above, all of which assume spherical
symmetry of the flare-associated solar wind disturbance,
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Figure 8. Numerical and similarity solutions showing
the existence of a ‘‘reverse shock pair” in the solar wind
[ Hundhausen and Gentry, 1969b] .

can only roughly approximate reality. De Young and
Hundhausen [1971] have considered a radially moving
flare ejecta confined to a thin spherical shell (at
r=0.1 AU) within a cone of half-angle ¢ (with symme-
try axis above the flare site). The propagation of this
disturbance into a spherically symmetric, adiabatic am-

‘bient solar wind is followed by numerical integration of

the hydrodynamic equations. As the energy of the
disturbance is constant, it is of the blast wave class
defined above. Figure 9 shows the shape of the resulting
shock front at several times (in hr) after introduction of
a flare ejecta with #=15° and an energy of
2.8X10%° ergs. The wave slows and expands laterally in
propagating to 1 AU; upon arrival at this distance, 67.6
hr after initiation at 0.1 AU, the shock fills a cone with
half angle of nearly 60°. The transverse expansion
becomes important when the wave is beyond r ~ 0.4 AU
because interaction with the ambient medium has
considerably slowed and weakened the shock; the high
pressure produced behind the front can then produce
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Figure 9. The shock configuration as a function of

time (indicated in hours) produced by a shell of flare
¢fecta initially confined to a cone with half-angle 15° at
a heliocentric distance of 0.1 AU [ De Young and Hund-
hausen, 1971]. On arrival ar 1 AU, the disturbance has
expanded laterally to fill a cone with half angle of ~60°.

lateral expansion at a significant fraction of the shock
propagation speed.

Figure 10 shows the shapes of the shock fronts (on
reaching 1 AU) produced by flare ejecta of the same
energy but subtending different half angles when intro-
duced at r=0.1 AU. For 8 < 15°, the shock shapes are
almost identical; the shock is roughly spherical with
radius ~0.5 AU, but centered at 0.5 AU. Thus, for small
initial angles, the nonspherical blast waves display an
extension of the characteristic of spherical blast waves
noted above. The shock shape, as well as the shock speed
and transit time, depends on the energy of the initial
disturbance, not on such details as the initial angular
extent. This characteristic again iltustrates the dominant
role of the interaction with the ambient medium in
determining the properties of blast waves.

Steady, High-Speed Streams
Theoretical models of solar wind disturbances produced
by steady, high-speed streams are most logically con-

sidered in the frame of reference rotating with the sun-

(as in fig. 4), wherein the flow is steady although not
spherically symmetric (in this sense, the system is at an
opposite extreme from the transient, spherical models
described earlier). Viewed in this frame, the interaction
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of a slow ambient solar wind with the high-speed stream
is the deflection of a nonuniform, supersonic flow by an
impenetrable, curved surface.

No thorough quantitative treatment of this interaction
has yet been published. The most pertinent theoretical
work in the literature treats corotating, linear perturba-
tions of a'uniform ambient flow [Carovillano and Siscoe,
1969; Siscoe and Finley, 1970]. Figure 11 shows the
perturbation of the density p, the radial velocity
component V, and the azimuthal velocity component
Vd) produced at 1 AU by the introduction of a localized,
radial, high-speed stream on a source surface at
r=0.1 AU [Carovillano and Siscoe, 1969]. The abscissa
is in units of time for a stationary observer, or,
equivalently, the azimuthal angle within the steady
structure in the rotating frame (fig. 4). The interaction
of the ambient solar wind with the high speed stream has
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Figure 10. The interplanetary shock configurations

produced by flare ejecta that were initially confined to
cones with different half-angles 0 at 0.1 AU For
0 S 15°, the initial half angle has little influence on the
configuration near 1 AU [De Young and Hundhausen,
1971].
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Figure 11.  The linear perturbations in the density p,

radial velocity component v,, and azimuthal velocity
component v, produced at 1 AU by a steady high-speed
stream, rotating with the sun, introduced at 0.1 AU. The
abscissa is the time in a stationary frame of reference
rotating with the sun (as in figure 4) [ Carovillano and
Siscoe, 1969] .

produced the expected density compression and rarefac-
tion in the leading and trailing halves of the disturbance,
as well as a small azimuthal velocity component. The
nonlinear steepening of the leading edge of the density
compression would be expected to ultimately produce a
shock. Mori [1970] has discussed this process and
estimated the heliocentric position of shock formation
as a function of the difference in speeds of the ambient
solar wind and high-speed stream. This treatment in-
volves several drastic simplifying assumptions (e.g.,
one-dimensional flow) and does not consider momentum
exchange implicit in the interaction of the streams. Its
applicability to the actual phenomenon is thus
questionable.

Possible Effects of Heat Conduction on Solar Wind

Disturbances
For the sake of tractability, all the theoretical models
described above have assumed an adiabatic flow of
plasma. However, it is expected that the interplanetary
plasma is a highly efficient heat conductor. Parker
{1963] pointed out that the “thermal equilibration
time” in the hot plasma behind an interplanetary shock
is of the order of 10% sec, much shorter than the
expected transit time of a flare-produced shock wave to
1 AU. This implies that the flow behind the shock would
be more nearly isothermal than adiabatic. Hundhausen

and Montgomery [1971] have extended this analysis to
more general solar wind conditions, arguing that a nearly
steady balance will exist between heat conduction and
any solar wind heating mechanism persisting on a time
scale longer than ~4X10? sec. In fact, the heat con-
ductivity of interplanetary electrons is so large that only
a small electron temperature gradient is required to
dissipate the energy released at a typical interplanetary
shock or in the typical interaction of slow and fast solar
wind streams. Heat conduction must then prevent any
large rise in electron temperatures associated with such
disturbances and ultimately affect their large-scale struc-
ture. In the case of flare-produced shock waves, heat
conduction should broaden the entire wave structure
[Parker, 1963]. In the case of steady streams, heat con-
duction might even prevent the formation of shocks in
front of high-speed streams.

OBSERVATIONS OF SOLAR WIND DISTURBANCES
Many detailed observations of interplanetary shock
waves have been reported in the literature and discussed
in the reviews by Wilcox [1969] and Hundhausen
[1970a, b]. The emphasis here will be on placing the
observations within the context of the large-scale struc-
ture of solar wind disturbances. After some illustration
of the difficulties encountered in relation specific
interplanetary shock waves to specific solar activity,
some pertinent observations are presented (with refer-
ence to the reviews already mentioned for most details)
and a general description of a typical flare-associated
disturbance synthesized from the various pieces of
observational evidence.

The Relationship Between Interplanetary Shock Waves

and Solar Activity
The study of solar-terrestrial relationships was pursued
long before any direct observations of the intervening
medium were possible. Statistical correlations of solar
and geomagnetic activity provided both some general
cause-and-effect relationships and some specific infer-
ences regarding the geometry of interplanetary distur-
bances. Unfortunately, interpretation of such indirect
studies was not always unambiguous. To cite only a
recent example, Bell [1961] has found that over half of
the major flares (basically important 2+ or greater) from
the years 1937 through 1959 produced a geomagnetic
storm within three days, while Ballif and Jones [1969]
have advocated geomagnetic storms “can be accounted
for entirely by the effects of interplanetary streams,”
with no consideration of emissions from individual flares
being necessary. One might conclude that the heritage of
the presatellite era is a mixture of wisdom and
confusion. :

Direct interplanetary observations of shock waves and
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Figare 12. A summary of solar and interplanetary observations made during the 27-day

solar rotation period 27 November to 24

December 1965. Zurich sunspot number,

Ottawa 2800 MHz radio flux, optical flare observations (with importance rating

denoted by the length of the vertical line),

and the 3 averages of the solar wind speed

observed on Vela 3 satellites are shown as functions of time. Interplanetary shock
waves detected in the Vela 3 observations are denoted by the vertical bars (indicating
the observed change in flow speed) and the letter S along the flow speed curve.

correlations of these observations with indices of solar
and geomagnetic activity have added to this heritage.
Some observed shock waves can be reasonably attributed
to large solar flares, others can be attributed only to
small flares, and some have no reasonable flare associa-
tions. A few large flares appear to produce no inter-
planetary shock waves. The relationship between solar
activity and solar wind disturbances is still, in fact,
imperfectly understood. A few illustrations of specific
difficulties are in order.

Figure 12 summarizes solar and interplanetary observa-
tions from a 27-day solar rotation period in late
1965. Daily values of the Zurich sunspot number R, and
the Ottawa index of 2800-MHz solar radio flux, taken
from Solar-Geophysical Data [1967], are shown in the
first frame. Solar flares listed in the same compilation
are shown in the second frame by vertical lines whose
lengths denote optical importance. Three-hour averages
of the solar wind speed observed by Vela 3 spacecraft
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[Bame et al, 1971] are shown in the lowest frame;
interplanetary shocks discernible in the Vela data are
indicated by a vertical bar, indicating the observed
change in flow speed, and the letter S along the flow
speed versus time curve.

The low level of solar activity during this period can be
judged from the low sunspot numbers and radio fluxes.
Only 14 solar flares of importance 1 or greater, including
only one flare rated at importance 2 by a single station,
were reported during these 27 days. The Vela solar wind
observations detected three small interplanetary shock
waves; other shocks might have gone undetected during
gaps in spacecraft telemetry. None of the three observed
shock waves appears to be recurrent [Hundhausen et al.,
1970] or associated with a high speed stream of the
nature described by Neugebauer and Snyder [1966].
Reasonable flare associations can be proposed for the 3
December and 18 December shocks, but these associa-
tions must of necessity involve flares of importance 1
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solar rotation period 21 May to 17 June 1967. Typell and type IV radio bursts,
indicated by dashed and solid lines (whose lengths again denote importance ), respectively,
have been added to the data shown in figure 12. Simultaneous type Il and type IV bursts

are emphasized by asterisks above the events.

(i.e., flares with optical emission from a rather small
area). Even during this time of low solat activity, there is
no unambigous relationship between the observed solar
activity and interplanetary disturbances.

Figure 13 summarizes solar and interplanetary observa-
tions from a solar rotation in mid-1967. In addition to
the information given in the previous example, figure 13
includes type II and type IV radio bursts from the
compilations in Solar-Geophysical Data [1967] and the

Quaiterly Bulletin on Solar Activity [1967]. The bursts
are shown by vertical lines, dashed for type 11, solid for
type IV, whose lengths indicate importance on the scale
(based on maximum intensity) used in the above
SOurces.

Solar activity was at a much higher level during this
rotation than during the previous example, as attested
by the higher sunspot numbers and 2800-MHz radio
fluxes. This difference is manifested in the reporting of
147 importance 1 flares, 12 importance 2 flares, and 2
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importance 3 flares during the May-June 1967 solar
rotation. It may then be somewhat surprising to find
that Vela 3 and Vela 4 satellites detected only four
interplanetary shock waves during this rotation. None of
the solar wind disturbances related to these shocks
~appears to be recurrent. Any atterﬁpt at flare associa-
tions encounters a problem completely different from
the paucity of flares in the previous example; in the
present example there are many more flares (even many
more major flares) than observed interplanetary shock
waves.

Consideration of the radio burst data might be
expected to help in clarifying flare associations, as type
II and type IV bursts are generally attributed to
flare-related coronal processes and have been statistically
related to geomagnetic storms. In particular, the occur-
rence of “a combined type Il-type IV burst, which
indicates a shock front moving ahead of a plasma cloud
through the solar corona™ [Kundu, 1965, p. 553], hasa
very high correlation with geomagnetic activity. Three
such combinations, hereafter referred to as II-1V radio
burst pairs, occurred during the solar rotation under
discussion and are indicated on figure 13 by asterisks
above the vertical lines denoting the bursts. Each burst
pair can be associated with a solar flare and was followed
within three days by an interplanetary shock wave
observation at 1 AU. Consideration of the radio burst
data thus leads to an entirely reasonable set of flare—
radio burst—interplanetary shock associations: an impor-
tance 2N flare and a II-IV burst pair on 21 May with the
interplanetary shock observed on 24 May, one of several
importance 2B flares and a II-IV burst pair on 23 May
with the interplanetary shock observed on 25 May; and
an importance 1 flare and a II-IV burst pair on 3 June
with the interplanetary shock observed on 5 June. It is
curious that the last of these associations favors an
importance 1 flare over two later importance 2 flares as
the origin of the June 5 shock. The only remaining
interplanetary shock from- this rotation period, that of
30 May, can be assigned a reasonable association with an
importance 3 flare and simultaneous type II burst (but
with no reported type IV burst) on 28 May. Thus use of
a combination of optical flare and radio burst data
brings some order out of the original chaos, leading to a
highly plausible association for each observed inter-
planetary shock wave. The conclusion remains, as stated
earlier, that some large solar flares (importance 2 or
greater) do not produce interplanetary shock waves.

Further evidence for the usefulness of combined type
II-type IV radio bursts in assigning flare associations, as
well as a devastating proof that all is not simple, can be
found in observations from two successive solar rota-
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tions at a level of solar activity intermediate between the
examples already discussed. Figure 14 shows sunspot
number, 2800-MHz radio flux, type Il and type IV radio
bursts, optical flares, and solar wind speeds for a solar
rotation in February 1967. Two interplanetary shock
waves were observed by Vela 3 satellites, each following
an importance 2 or 3 flare and a simultaneous II-IV
burst pair by the canonical two to three days. The
pattern of successful associations of such events was
broken on 22 February when a new active region,
associated with the plage area McMath 8704, appeared
on the east limb of the sun. Figure 15 extends the solar
and interplanétary observations through the transit of
this active region across the visible solar hemisphere.
Many flares, including five with importance ratings as
high as 2, were observed within the active region. Four
II-IV radio burst pairs, presumably related to some of
these flares, were reported during the transit of McMath
8704. Yet no interplanetary shock waves were detected
by the Vela 3 satellites; in fact, no major solar wind
disturbance is revealed in the flow speed data of figures
14 and 15 for the entire period of transit. Despite a high
level of optical flare and radio burst activity, despite the
high general level of activity evidenced by the sunspot
numbers and 2800-MHz radio fluxes, this active region
produced very little perturbation of the solar wind at
1 AU. The interval from 22 February to 16 March is, in
fact, the most extended interval of undisturbed solar
wind (characterized by low and relatively steady flow
speeds) observed by the Vela 3 satellites between July
1965 and June 1967.

Despite the ample demonstration afforded by the
above examples of our imperfect understanding of the
relationship between solar activity and interplanetary
disturbances, some hope can be salvaged from the
frequent correlations between the combination type
II-typelV radio bursts and observed interplanetary shock
waves. For example, during the first 6 months of 1967,
17 II-IV burst pairs were reported. Nine of the burst
pairs were followed within one to three days by an
interplanetary shock wave discernible in Vela 3 data;
eight of these bursts could be related to simultancous
solar flares that occurred at solar longitudes within 51°
of central meridian. Eight of the 17 reported burst pairs
were not followed by observed interplanetary shock
waves; of these, 3 could be related to flares at solar
longitudes greater than 51° from central meridian, while
4 could be related to flares in the infamous McMath
8704 discussed above. Thus 60 percent of the II-IV radio
burst pairs related to flares within ~ 50° of central
meridian, a restriction similar to those derived in some
indirect studies such as that by Akasofu and Yoshida
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Figure 14. A summary of solar and interplanetary observations made during the 27-day
solar rotation period 2 February to 1 March 1967.

[1967], were followed by an observed interplanetary
shock wave. Particular active regions, such as McMath
8704, however, can be completely anomalous. A test on
the necessity of II-IV burst pairs for the occurrence of
interplanetary shock waves (the discussion above tests
sufficiency) yields a similar result. During the first half
of 1967, 9 of the 15 interplanetary shock -waves
detected by Vela 3 satellites were preceded (within three
days) by reported 1I-1V radio burst pairs (note that daily
gaps do exist in solar spectral observations). This latter
test works much less well for the solar rotation from late
1965, discussed as the first example above. In fact,
Hundhausen [1970b] and Hundhausen et al. {1970] list
7 shock observations from the last half of 1965, while
not one H-IV burst pair is reported from these 6 months.

However, the shock waves observed in late 1965 were
found to be an order of magnitude less energetic than
those observed in early 1967; if radio emission were
similarly less energetic in 1965, bursts might have
occurred but fallen below the threshold of observation.
The correlation of radio burst and solar wind observa-
tions clearly deserves further and more detailed study.

Local Properties of Interplanetary Shocks
The properties of 27 individual interplanetary shocks
observed on various satellites between October 1962 and
February 1969 are tabulated in the review by Hund-
hausen [1970b]. Table 1 summarizes the dynamic
properties of the “typical” shock drawn from this
sample. Relevant to the preseat discussion are the
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Figure 15. A summary of solar and interplanetary observations made during the 27-day

solar rotation period 1 March to 28 March 1967.

following conclusions:
1. Interplanetary shocks are not strong (of high Mach

Table 1.  Dynamical properties of the typical inter-
planetary shock observed near 1 AU (based on the

number) but rather of intermediate strength. Two
implications follow from this conclusion. First, theo-
retical models that assume strong interplanetary
shocks must be applied to solar wind disturbances
with some caution. Second, the motion of a shock
through interplanetary space is largely the result of
the general outward flow of the solar wind plasma
rather than the propagation of the shock relative to
the plasma. The geometric configuration of the shock
wave will then be strongly influenced by irregularities
in the plasma flow. In particular, the large-scale shock
shape can be greatly distorted from the, idealized
configurations of figures 2 and 5 by a spatial struc-
ture of the ambient solar wind.

. Both the similarity and numerical models of inter-
planetary shock propagation yield relationships be-
tween transit time to a given heliocentric distance
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tabulation in [ Hundhausen, 1970b] )

Flow speed of preshock plasma 390 km sec™!
Flow speed of postshock plasma 470 km sec™?
‘Shock propagation speed
relative to stationary observer 500 km sec™!
Shock propagation speed
relative to ambient solar wind 110 km sec™*
Mach number (sonic or Alfvén) 2t03
Transit time from the sun 55 hr

and the energy in the shock wave, valid for “blast-
wave” or impulsively generated disturbances. These
relationships have been used to infer shock wave



energies from transit times by Dryer and Jones
[1968], Hundhausen and Gentry [1969a], Koro-
beinikov [1969], and De Young and Hundhausen
[1971]. The 55-hr average transit time given in table
1 leads to an energy estimate of a few times
1032 ergs from similarity theory, or of a few times
103! ergs (at 1 AU) from the numerical computa-
tions. These estimates assume that the typical inter-
planetary shock wave is of the blast wave class, and
are dependent on both the models and flare associa-
tions. A comparison with more directly derived shock
wave energies is presented later in this paper.

The local orientations of interplanetary shocks are of
special interest as indicators of large-scale shock configu-
rations. A basis for deriving shock orientations from
spacecraft observations of the vector magnetic fields, B,
in the preshock or ambient plasma, and B, in the
postshock plasma, is the so-called ‘“coplanarity theo-
rem.” Application of Maxwell’s equations and momen-
tum conservation to a compressive shock front in a
medium with isotropic pressure tensor shows[Colburn
and Sonett, 1966} that the shock normal must lie in the
plane defined by B, and B,. Chao [1970] has demon-
strated that this theorem remains valid in an anisotropic
medium if the pressure tensor is symmetric about the
magnetic field (as one would expect on the basis of
physical symmetry arguments). As AB= B, ~ B; must
lie in the plane of a shock (to satisfy V « B = 0), it
follows that the shock normal is parallel to
ABX(B;XB,). Thus, in principle, observation of the
preshock and postshock magnetic fields is sufficient to
determine a shock orientation. This technique was
applied to actual observations by Sonett et al. [1964]
and Ogilvie and Burlaga [1969]. In practice, however,
the coplanarity method does not usually lead to an
accurate determination of shock orientation; fluctua-
tions in the fields of the preshock and postshock plasmas
and the small change in field direction that occurs at
many shocks conspire to produce large uncertainties in
the computed normal. Ogilvie and Burlaga [1969] were
forced to use observations from two spacecraft to derive
acceptable normals for several shocks despite the avail-
ability of magnetic field observations.

Using both coplanarity and dual-satellite observations
Ogilvie and Burlaga [1969] derived six shock normals,
which gave the first direct statistical evidence regarding
shock configurations near 1 AU. These normals clustered
about the radial from the sun, with a 20° average
deviation therefrom. This distribution is qualitatively
consistent with expectations for the shock configuration
of figure 2—that is, the flare-produced case. Taylor
[1969] combined the AB observed by the IMP 3

90°E

magnetometer at 8 “possible shocks” (no unambiguous
identification was possible due to the lack of plasma
data) having reasonable flare associations with the
assumption that the normal was parallel to the ecliptic
plane. The resulting shock orientations are shown in
figure 16 at a position (on the circle representing 1 AU)

Figure 16. The orientations of eight shock surfaces
inferred from IMP 3 magnetometer data, each plotted at
the heliocentric longitude of observation relative to the
associated flare [ Taylor, 19691 .

corresponding to the solar longitude of each actual
observation, relative to the site of the associated flare.
All of the shocks except that labeled 1014 are consistent
with shock propagation over a broad front roughly
symmetric about the flare site. The dashed line on figure
16 is a circle of radius 0.75 AU centered at 0.5 AU,
judged by Taylor to be a reasonable representation of
the shock configuration implied by the IMP 3 observa-
tions. A similar configuration was proposed by Hirshberg
[1968] from a statistical study-of geomagnetlc sudden
commencements and solar flares.

Two more complex techniques for denvatlon of shock
normals have been proposed to reduce the uncertainties
inherent in the coplanarity method. Chao [1970] has
used the time delay between observations of a shock at
two different locations to improve the shock orienta-
tions and propagation speeds derived from detailed data
obtained at one position. Figure 17 shows five shock
normals, determined by Chao from Mariner 5 and
Pioneer 6 or 7 data. These normals cluster at approxi-
mately an average direction about 20° from the radial,
with a spread similar to that obtained by Ogilvie and
Burlaga [1969). Lepping and Argentiero {1970] com-
bine mass and momentum conservation with Maxwell’s
equations to derive an overdetermined system of equa-
tions in the plasma densities, flow speeds, and magnetic
field components of the preshock and postshock plas-
mas. A least-squares fit of these equations to plasma and
magnetometer data, accumulated before and after shock
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Figure 17. The orientations of five shock normals

derived by Chao [1970]. The angle 8 is solar ecliptic
latitude, while ¢ is solar ecliptic longitude.

passage at a single spacecraft, then reduces the effects of
fluctuations within the accumulation periods and yields
a more accurate shock orientation. This technique has
been applied to only a few actual observations.

Characteristics of the Postshock Plasma
The plasma observed after the passage of an inter-
planetary shock wave is initially the compressed ambient
solar wind and ultimately the flare ejecta or high-speed
stream responsible for the solar wind disturbance. The
properties of these two regimes of postshock plasma are
influenced both by the original (near-sun) properties of
the ejecta or stream and by the interaction with the
ambient solar wind. The shock propagation models
described in the preceding section suggest a classification
scheme for the dynamical properties of flare-associated
disturbances based on the dominance of one or the other
of these influences. In the “driven waves,” the continual
addition of mass, momentum, and energy to the
disturbance dominates the dynamics of its propagation
and results in a negligible interaction with the ambient
plasma. This extreme case is characterized at a given
position by continued increases in density and flow
speed after the abrupt increases at shock passage. In the
“blast waves,” the finite mass, momentum, and energy
in the disturbance are ultimately less than those in
swept-up ambient plasma, so that the interaction with
the ambient dominates the dynamies of wave propaga-
tion. This extreme case is characterized at a given
position by steady decreases in density and flow speed
after the abrupt increases at the shock. Although no
similar quantitative foundation exists for steady-stream
disturbances, a similar classification scheme, based on
mass, momentum, and energy fluxes, can be envisioned.
The concepts of driven and blast waves will prove useful
in organizing observations of the postshock plasma and
provide some evidence regarding the duration of energy
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release in a solar flare. The thermodynamic and chemical
characteristics of the ejecta or steady stream would be
expected to be retained, as discussed earlier, regardless
of the dynamical evolution of the disturbance.
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[ Hundhausen et al., 1970].

Figures 18 and 19 present contrasting examples of
solar wind -disturbances observed by the Vela 3 satellites
[Hundhausen et al,, 1970}. The proton density, flow
speed, and (for future use) energy flux density are
shown as functions of time for 18 December (fig. 18)
and 5 October (fig. 19), 1965. The occurrence of a
shock during the data gap near 0600 UT on figure 18
can be inferred from a geomagnetic sudden commence-
ment and is confirmed by direct magnetic field observa-
tions from the IMP 3 satellite [Taylor, 1969]. As both



the density and flow speed continued to rise for some 6
hr after this shock, the disturbance of 18 December
qualitatively fit the pattern of postshock plasma varia-
tions expected for a driven wave. A shock is cleatly
indicated in figure 19 by the abrupt rises in density and
flow speed just before 0300 UT. As both quantities
decreased for some six hours after the shock, the
disturbance of 5 October qualitatively fit the pattern of
post shock plasma variations expected for a blast wave.
The numerical shock propagation models of Hundhausen
and Gentry [1969a, b] predict a driven wave-like
disturbance profile near 1 AU if energy release near the
sun persists for more than ~20 percent of the transit
time, a blast wave-like disturbance profile if energy
release persists for less than ~8 percent of the transit
time, and an intermediate disturbance profile (in which
the density rises but the flow speed falls after shock
passage) for intermediate durations of energy release.
The observation of both driven and blast wave profiles,
along with transit times in the range 40 to 60 hr, thus
implies that energy release by flares must occur on time
scales varying from less than 1 hour to several hours. It
has generally been found [Ogilvie and Burlaga, 1969;
Hundhausen, 1970a, b; Lazarus et al., 1970] that the
driven wave or intermediate disturbance profiles are
most commonly observed near 1 AU.

Despite the general resemblance of the 5 October solar
wind disturbance (fig. 19) to a blast wave, the rise in
flow speed after 1200 UT is a distinct deviation from the
expected pattern. High speed, low-density solar wind
was, in fact, observed for several days after this shock.
Hundhausen et al. [1970] have emphasized that such a
persistent stream of high-speed solar wind is observed
after most interplanetary shocks (figs. 12 through 14
illustrate this generality) and used a classification scheme
for solar wind disturbances based on the rising or falling
nature of the postshock energy flux (as shown in figs. 18
and 19). This interpretation of flare-associated distur-
bances involves a two-stage origin; an enhanced mass and
energy injection into the solar wind by the flare, with a
duration on the few hour time scale deduced above,
followed by a flow of high-speed, low-density solar wind
from the general region of the flare for several days
thereafter. The persistent high speed stream would be
distorted by solar rotation and, despite its flare-related
origin, assume some resemblance to the steady-stream
configuration of figures 4 and 5.

No observations of a distinct thermodynamic nature of
the flare ejecta or steady stream have been reported. Of
some interest in this respect are limited observations
showing only small changes in the electron temperature

at and following an interplanetary shock wave [Hund-
hausen, 1970d] and only a minor elevation of the
electron temperature in regions where high-speed
streams overtake slower solar wind [Burlage et al,
1971]. Hundhausen and Montgomery [1971] have
interpreted these results as an effect of heat conduction
on solar wind disturbances, as discussed in the preceding
section.

Numerous observations do indicate a chemical differ-
ence between the compressed ambient solar wind and
flare ejecta. The appearance of plasma unusually rich in
helium § to 12 hr after passage of a shock has been
reported by Gosling et al. [1967], Bame et al. [1968],
Ogilvie et al. [1968), Lazarus and Binsack [1969],
Ogilvie and Wilkerson [1969], Hirshberg et al [1970],
and Bonetti et al. [1970]. Figure 20 illustrates this
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Figure 20. Solar wind speed, interplanetary magnetic
field strength, and the ratio of helium and hydrogen
number densities observed on 15-16 February 1967. The
shaded area on the lower frame indicates observation of
a helium-hydrogen density ratio greater than 0.1
[ Hirshberg et al., 1970] .

phenomenon with Vela 3 plasma data and Explorer 33
magnetic field data obtained during the solar wind
disturbance of 15-16 February, 1967 [Hirshberg et al,
1970]. The ratios of helium and hydrogen number
densities in the plasma observed before the shock and
for some 9 hours after the shock were in the range 1 to 2
percent. At 0920 UT, the Explorer 33 magnetometer
detected the passage of a tangential discontinuity,
discernible in figure 20 as a sudden decrease in the
magnitude B of the magnetic field. The plasma following
the discontinuity was observed by Vela 3 to have an
extremely high helium content, with individual density
ratio determinations as high as 22 percent. The helium
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content remained above 10 percent for 30 min (indi-
cated by the shaded area on the lowest frame of fig. 20).
Hirshberg et al. [1970] interpreted the sudden appear-
ance of helium-rich plasma as the arrival of the flare
ejecta, separated from the compressed ambient solar
wind by the expected tangential discontinuity. The
ambient plasma and flare ejecta presumably owe their
different chemical compositions either to origins in
different regions of a chemically inhomogeneous chro-
mosphere and corona or to their different time histories
in expanding from the sun to 1 AU.

One further possible feature of the postshock plasma
flow, the reverse shock expected on the basis of the
qualitative discussion and quantitative models given
earlier, has been the subject of some observational
interest. The existence of a small number of reverse
shocks has been reported [Burlaga, 1970; Binsack,
1970], but none has been clearly related to large-scale
solar wind disturbances. The apparent rarity of reverse
shocks is puzzling, as the high-speed, low-density stream
observed to follow most shocks gives precisely the flow
condition that should lead to reverse shock formation
[Sonett and Colburn, 1965; Hundhausen and Gentry,
1969b.; Hundhausen et al., 1970]. Perhaps some energy
dissipation mechanism, such as heat conduction, inhibits
formation of the shock.

Mass and Energy in Solar Wind Disturbances
The energy in a typical flare-associated solar wind
disturbance was estimated at the beginning of this
section by using a theoretical relationship between
energy and transit time and a mean transit time inferred
from flare associations. More direct estimates of the
mass as well as the energy can be derived from spacecraft
observations at a given heliocentric distance r by
integrating the excess of the mass or energy flux
(through the sun-centered sphere of radius 7) above the
ambient value throughout the solar wind disturbance.
Hundhausen et al. [1970] have applied this technique
to Vela 3 and Vela 4 shock wave observations made
between August 1965 and July 1967. The flux through
the 1 AU sphere was estimated from the observed flux
density by assuming that the deviations from ambient
conditions were uniform within a m solid angle. This
assumption is in reasonable accord with the theoretical
shock shapes of De Young and Hundhausen {1971},
described in the preceding section, or the observational
inferences of Hirshberg [1968] and Taylor [1969],
described earlier in this section. The integration over
time is illustrated in figures 18 and 19 by the shaded
areas under the energy flux density curves. Analysis of
19 nonrecurrent solar wind disturbances led to mass
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estimates ranging from 5X10'° to 1.5X10'7 gm, with
an average of 3X10'° gm, and to energy estimates
ranging from 5X10%° to 2X 1032 ergs, with an average
of 5X10°! ergs. The latter value, independent of any
theoretical models or specific flare associations, is in
excellent agreement with the estimate based on the
models of Hundhausen and Gentry [19694] and the
55-hr ‘mean transit time to 1 AU given in table 1. The
energy released at 1Ry (corrected from the 1-AU values
for the work done against solar gravity) ranges from
1.7X10%" to 5X1032 ergs, with an average of 1.1X 1032
ergs. These mass and energy estimates will be discussed
in the context of solar flare physical processes in the
next section.

Multiple Satellite and Integral Observations
An obvious means of determining the large-scale struc-
ture of a solar wind disturbance would be the combina-
tion of observations made at several spacecraft separated
by distances comparable to the scale size of the
disturbance. Unfortunately, only two such multiple
satellite observations of an interplanetary shock wave
have been reported in the literature. Lazarus and Binsack
[19691], using Explorer 33 and Pioneer 6 observations,
found a significant deviation from spherical symmetry in
a shock associated with the 7 July 1966 proton flare.
The distortion of the shock wave was attributed to the
presence of a spatial structure (related to a magnetic
sector) in the ambient solar wind. Lazarus et al. [1970]
have combined observations from Mariner 5 and Explor-
er 34, separated by 0.1 AU in heliocentric distance, of
an 11 August 1967 solar wind disturbance. A similar
disturbance profile, resembling that expected in a driven
wave, swept past both spacecraft.

A related technique for the direct observation of the
structure of solar wind disturbances involves the Stan-
ford radio propagation experiment, flown on several
Pioneer spacecraft, which determines the total electron
content along the propagation path between the space-
craft and the earth. The passage of the high-density
cloud following an interplanetary shock across this path
provides an integrated density measurement from which
the gross features of the cloud can be inferred. For
example, data obtained from Pioneer 6 on 9 July 1966
indicated the passage of the cloud associated with a
shock observed directly by an onboard plasma probe
[Lazarus and Binsack, 1969). Landt and Croft [1970]
have attempted to reconstruct the geometry of the cloud
by assuming the presence of two outward moving
regions with densities of 140 cm™2 and 50 cm™3, values
derived from the direct observations. Figure 21 shows
the three postshock plasma clouds that could have
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produced the observed total density signals. Although no
objective choijce can be made among the three, Landt
and Croft [1970] favored the disturbance of inter-
mediate size (fig. 21(b)). This disturbance has a charac-
teristic size of several tenths of an AU, and is in basic
agreement with the other inferences regarding the
geometries of solar wind disturbances presented above.

Conclusions
The observations described in this section point to

several conclusions regarding the nature and structure of
the solar wind disturbances related to interplanetary
shock waves. The distributions of observed shock nor-
mals are basically consistent with the configuration
expected qualitatively (fig. 2) and predicted quantita-
tively (fig. 10) for a flare-produced disturbance. The
ordering in solar longitude of sudden commencements or
observed shock fronts relative to the sites of associated
flares (fig. 16) and the plasma cloud shape inferred from
the integrated electron density (fig. 21) both lead to this
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same consistency. None of these pieces of observational
evidence is consistent with the expected steady stream-
produced shock configuration (fig. 5). In fact, no single
directly observed shock has been positively attributed to
a steady high speed stream, and most observed recurrent
streams [Neugebauer and Snyder, 1966; Hundhausen et
al., 19701 do not appear to be preceded by shocks. We
can only conclude that shocks produced by steady high
speed streams are difficult to observe or identify, or are
extremely rare. Qur present observational Knowledge
appears to apply to flare-produced solar wind
disturbances.

Figure 22 is an attempt to synthesize this knowledge
and add some precision to our earlier qualitative

INTERMEDIATE
STRENGTH SHOCK

HELIUM RICH SHELL

TANGENTIAL
DISCONTINUITY

HIGH SPEED STREAM
(LASTING FOR AT LEAST
2 DAYS)

‘pM=——FLARE SITE AT
/ TIME OF FLARE

FLARE SITE AT
TIME OF | AU
ARRIVAL OF SHOCK
(2 TO 3 DAYS AFTER
FLARE)

Figure 22. A sketch, in equatorial cross section, of the
observed features of a flare-produced solar wind distur-
bance {compare with fig 2.).

description (fig. 2) of a flare-produced disturbance,
hereafter considered to be near 1 AU. The shape of the
shock at the leading edge of the disturbance is much as
previously drawn. The shock is of intermediate strength,
propagating through interplanetary space at ~500 km
sec™!. The region of compressed ambient solar wind
behind the shock is 0.1 to 0.2 AU thick. The tangential
discontinuity that separates the compressed ambient
plasma from the flare ejecta is sometimes followed by a
thin shell (~0.01 AU thick) of helium-rich material. A
localized stream of high-speed, low-density solar wind
usually follows the flare ejecta: in the two to three days
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required for the shock wave to reach 1 AU this stream is
expected to be distorted into a spiral configuration by
solar rotation. Reverse shocks within the flare ejecta or
high-speed stream appear only rarely.

Thus many properties of a flare-produced solar wind
disturbance are indicated (although in some cases only
tentatively) by presently available observations. Many
equally interesting properties remain undetermined. For
example, there is virtually no observational evidence
related to the possible existence of closed field lines
within the flare ejecta (as denoted by the question mark
on fig. 22). We further note that most of the observa-
tions used in this synthesis date from the rising portion
of the present solar cycle. These observations do indicate
some changes within the cycle—that is, the changes in
the energies of disturbances. The large-scale struciures of
solar wind disturbances might also undergo detailed or
gross changes. Clearly, much remains to be learned from
future observations.

THE PHYSICS OF SOLAR FLARES

if most interplanetary shock waves are produced by
solar flares, as deduced in the preceding section, it is
reasonable to attempt to use observations of these waves
to infer characteristics of flares. In particular, the
estimates of the mass and energy in observed shock
waves imply some constraints on the mass and energy
release in the flare phenomenon. Before pursuing these
implications, a specific warning regarding selection
effects is in order.

Both the statistical correlation of solar and geomag-
netic activity and the specific relationships between solar
and interplanetary observations indicate that not all
solar flares, nor even all large solar flares, produce
observable interplanetary shock waves. Further evidence
for this conclusion has been found in the observation of
three transient Faraday rotations of a polarized micro-
wave signal transmitted from Pioneer 6 to earth while
the spacecraft moved through occultation by the solar
corona [Levy et al., 1969). Schatten [1970] associated
each of these events with a specific 1B to 1F flare and
interpreted the observed rotation in terms of the
expansion and subsequent contraction of a “coronal
magnetic bottle” into the microwave transmission path,
as illustrated in figure 23. The plasma within the closed
field structure or bottle was inferred to be expanding
outward at ~200 km sec™! from the delay between the
associated flare and the onset of the observed rotation
(for the transmission path near 10R). This-expansion is
hypothesized to be slowed and ultimately stopped by
the tension in the magnetic field lines. After cooling by
radiation and heat conduction, the magnetic bottle
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presumably contracts to a configuration similar to that
of the preshock stage. The energy of the plasma within
the structure is estimated to be of the order of
1029 ergs, one to two orders of magnitude smaller than
that in the inferplanetary shocks discussed in the
preceding section.

This situation could lead to selection effects; that is,
the (unknown) characteristics that allow some flares to
produce interplanetary shock waves might not be typical
of all flares. In fact, the shock wave mass and energy
observations hint that some such selection does take
place. Figure 24 shows the estimates of the mass and
equivalent energy at 1Ry for the 19 solar wind distur-
bances analyzed by Hundhausen et al. ]1970}. No
observation can fall below the dashed line, as an energy
of 1.92X10'% ergs gm™' has been added to each value
derived at 1 AU to account for the work done against
solar gravity in transit to the latter distance. Remark-
ably, all the observations fall in a limited region just
above this line, near an equivalent energy per mass of
3keV per H atom or a temperature of ~107°K. This
grouping could be interpreted as evidence that all flares

produce flare ejecta with essentially the same tempera-
ture. However, a completely different interpretation can
be proposed. Suppose rather that flares produce ejecta
with an effective energy (kinetic plus thermal) per mass
distributed about an average that is less than that
required for excape to 1 AU against solar gravity, as
shown in figure 25. The solar wind disturbances observ-
ed at 1 AU would have an equivalent energy (with the
gravitational correction back to 1R,) per mass distribu-
ied as indicated by the shaded area under the curve of
figure 25, producing an effect similar to that noted in
figure 24. In fact, this latter interpretation is in accord
with the earlier conclusion that most flares do not
produce interplanetary shocks observed at 1 AU. It
neglects such important complications as heat conduc-
tion or the magnetic forces invoked by Schatten.
However, the remarkable ordering of figure 24 in terms
of the energy per mass may indicate that solar gravity is
a dominant factor in limiting the escape of flare ejecta
into interplanetary space.

O B e I S S
|
- F(?} 4
o

» - R /
0] 1 ?
£ v
- 32
z 10%2}— /R R/
» 1 /
b - 1 R
8 F
2 r/
w - F
w F F
x
> 3

03—
g J/
zZ
w | /

1030 S U | { . 1 1 } U TR N

lol5 IO'G IOI7 ‘OIB
MASS N DISTURBANCE, GMS

Figure 24. The mass and cquivalent energy at 1 solar

radius in 19 interplanctary shock waves analyzed by
Hundhausen et al. {1970]. The behavior of the post-
shock energy flux is denoted by the symbols R (rising),
F (falling), I (intermediate), or ? (undetermined) for
each event. The dashed line indicates the gravitational
correction added to the energy determined at 1 AU,

With these possible selection effects in mind, let us
finally consider the implications. of the interplanetuary

observations with respect to the mass and energy releases
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whose energy per mass are distributed about an average
less than the energy per mass required for'escape to
1 AU in the solar gravitational field..

in solar flares. Of the 19 solar wind disturbances
considered by Hundhausen et al. [1970], six have
highly plausible associations with optical flares accom-
panied by type 1l and type IV radio bursts (five of these
associations were dicussed among the examples at the
beginning of the preceding section). Table 2 summarizes
this set of solar-interplanetary associations. Five of these
flares were of importance 2 or greater, and could thus be
described as large flares. The average optical duration of

Table 2.
analyzed in Hundhausen et al. [1970]

all six flares was 130 min, comparable to the several
hour time scale for energy deposition deduced from
interplanetary shock profiles, as well as typical of large
flares [Bruzek, 1967]. The average mass of the associa-
ted solar wind disturbances was 4.5X 10" ® gm, while the
average equivalent energy at 1R, was 1.6X10°? ergs.

The rates of mass and energy addition to the solar wind
implied .by these mass, energy, and time scale estimates
are respectively 6X10'2 gm sec™! and 2X10?® ergs
sec™!. The rates of coronal mass and energy loss in the
quiet solar wind are 1X10'? gm sec™' and 3X 10?7 erg
sec™ [Kuperus, 1969; Hundhausen, 1971]. Thus solar
flares, despite having an area of < 10° of the total
sun, can tor a short time supply mass and energy to the
solar wind with a total flux greater than that of the
entire undisturbed corona.

The optical emission from a large solar flare comes
from a volume of ~10?% cm® wherein the electron
density is ~10'? cm™> [Bruzek, 1967]. Thus the mass
within the luminous volume is ~2X10!7gm. Bruzek
[1967] has estimated the mass in visible flare-associated
ejections to be ~2X10'® gm. Thus the mass ejected into
interplanetary space, ~5X10'® gm as deduced above, is
roughly equal to that in the visible ejections and an
appreciable fraction (~1/4) of that within the flare
region (note that these conclusions differ from those of
Bruzek, who estimated a much smaller mass in the
interplanetary shock wave.) Mass ejection on this scale
must be expected to produce large changes in the
chromosphere and corona near the flare site.

Associations of flares and radio bursts with interplanetary shock wave

Flare Radio Bursts Interplanetary Shock Wave
Date Imp. Duration Position Type Duration Date  Time Mass(gm) Energy at
Sun (erg)
Feb.4 2 1641-1902 N11E40 1 1708-1728 Feb.7 1640 4x10'° 1.6X 1032
[V 1705-1846
Feb.13 3 1749-2130  N20W10 11 1803-1820 Feb.15 2345 5x10'¢ 1.9X103%2
[V 1829-2438
May 3 2B 1537-1926 N25ES51 I 1548-1603 May 7 0100 3X10'¢ 0.9X1032
IV 1603-1650
May 21 2N 1919-1945 N24E39 H 1923-1945 May 24 1730 4x10'® 1.1X103%2
IV 1923-2100
May 28 3B 0527-0712 N28W33 1 0545-0552 May 30 1430 7X10'® - 3.3X1032
June 3 IN 0243-0342 N24E14 I 0243-0250 June5 1915 4x10'¢ 1.1X1032
IV 0235-0450 ’
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Table 3 compares the average energy at 1R, in an
interplanetary shock wave, as deduced above, with other
energy losses from a large (3+) flare; the tabulation is
based on the energy estimates (some valid only to an
order of magnitude) given by Bruzek [1967], with
correction of typographic errors and adoption of the
shock wave energy derived herein. All loss processes
other than optical emission and the interplanetary shock
wave are negligible despite their interest as indicators of
physical phenomena. The shock wave appears to carry
away about half of the energy released in a flare, with
most of the remainder radiated at optical wavelengths.
This is in contrast to the energy balance for normal
chromospheric and coronal conditions, wherein only
about 1 percent of the total energy loss is due to the
ambient solar wind flow. The total energy released by
the flare must be at least 2X10%2 ergs. This requires a
specific energy release of 2X10* ergscm™® from the
luminous volume of a flare. A comparison with the
normal chromospheric thermal energy density of
5ergs cm™ and the normal coronal energy density of
1 ergecm™ illustrates the magnitude of the problem to
be faced in any model of energy storage and release by a
solar flare.
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DISCUSSION

there are basically two mechanisms that could be thought of by which to make them.
One was the method mentioned by Hundhausen—that is, by increasing velocity in the
driver gas. Another one is by the interaction of the shack wave with a tangential
discontinuity, so that there is one wave reflected and one transmitted; under certain

conditions the reflected wave will be a shock wave.

M. Dryer 1 want to ask one question and make one comment. I’'m a bit puzzled about
the question of the mass coming out from the sun, and thought there might be a
contradiction in what was said in the first part of the talk, namely, about the gas being
compressed and then later making an experimental integration of the mass and then

saying that all of the mass came from the sun.

A. J. Hundhausen The whole point is if you had a steady ambient solar wind and put a
blip in it all of it will eventually come out. So you continuously integrate and you have
subtracted the ambient off correctly. You don’t have to identify which is compressed gas
and which is the original because the total ultimately passes through the sphere. The trick

is that you subtracted the ambient off.

M. Dryer Except you’re making a readjustment in the density distribution of that

mass.
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A. J. Hundhausen Yes, I’'m just obtaining an integral. Now, of course, it’s an estimate
of the mass and energy. You would have to know what the real ambient value was and of
course you don’t know because it’s been swept up, so one assumes it’s the same as just
before the shock. That’s one of the limitations in the accuracy of the calculation.

. M. Dryer The basis for the question was the suggestion by Hirshberg that the enriched

helium represented the flare ejecta that followed the first shock by a number of hours.

A.J. Hundhausen 1In that case, including only that material, you get just about the
same answer.

M. Dryer The second point is the comment regarding the type II radio bursts. May I
show one slide (fig. 1) which is of a type 1l radio burst published by Smerd [1970] using
the 80-MHz radio heliograph at Culgoora. This type Il burst, which extends over more
than 180° came from a flare that occurred about 20° behind the west limb. It would be
very interesting if there is any information at 1 AU following this flare. The point I want
to make is that this may be anomalous, but it is very suggestive that the use of spherical
models is not too bad.

Figure 1 Radioheliogram (Culgoora, Australia), at 80 MHz, of a series of type Il radio
bursts following a flare beyond the west limb on 30 March 1969, 0250 UT [ Smerd,
1970].

A. J. Hundhausen How do you know where this is along your line of sight?
M. Dryer There were some time developments of this, and so I can’t really say. This
radio heliogram is in the plane perpendicular to the line of sight.



J. Hirshberg 1 did want to mention there is a small amount of magnetic field data
when we suspect ejecta is being seen; in the very few cases looked at the field does not lie
in the plane of the equator of the sun but makes very large angles as you would expect.

A.J. Hundhausen You have complicated the problem by making it truly three
dimensional. What 1 really should have said is there is no consistent idea about how the
variation within the blob really goes.

J. Hirshberg Well, we haven’t really been able to look back to see whether it closes or
continues to be connected.

P. Mcintosh 1 know that at least two of the events in your list were white light flares
with visible shock waves in H a. Now, since white light flares are surely a bit deeper
than the other flares, doesn’t this allow you to get a little more particle ejecta than in the
normal flare? ;

A. J. Hundhausen 1 must confess that I have in the past appeared as a skeptic regarding
everybody’s flare associations. This is the closest I have ever gotten to seeing anything
definite. 1 think that any study of these observations has to be made very carefully. In
fact, if they are white light flares you may be able to estimate the energy since that is the
major source of energy emission other than the interplanetary shock wave; that’s a
fruitful thing to study.

R. J. Hynds Do 1 understand that if you put in the observed shock velocity near the
earth, then work out the transit times, you get good agreement between the measures?
Because I remember someone some years ago did a mean transit time and he came out
with about 40 hr, which implies a mean velocity of about 1000 km, which implies that
over a large fraction of an AU it is presumably moving at several 1000 km.

A. J. Hundhausen If you use 1 AU, of course, you imply something like 80 hr. The
associations I’ve got are on the order of 60 or 70 hr, which I don’t think is too bad an
agreement. Remember that the shock wave can be moving faster close to the sun and in
fact some of the observations indicate 1000 km/sec. I think that’s roughly what you get
from the type II bursts. If waves of the mass and energy that we have determined here do
start at 1000 km/sec they are very quickly stowed down in passing through the denser
parts of the corona and come out near 500 km/sec most of the way, which I think
explains why the difference isn’t too great. There may be some deceleration on the way
out.

Unidentified Speaker The shortest transit time observed is about 16 hr. Could you
then cope with such an extreme example?

A. J. Hundhausen No. That’s why I’'m skeptical about flare associations.

P. A. Sturrock 1 would like to comment on the mass problem. One has the problem of
trying to understand both the source of the energy and the source of the mass in a flare,
We don’t know where the mass comes from, but it most probably comes from the
chromosphere, not the corona. On the other hand, the magnetic energy is stored
primarily in the corona, not the chromosphere. 1 think this paradox is related to the
problem of understanding hard and soft X-ray bursts. A picture that has emerged recently
is as follows: The beginning of the magnetic field reconnection gives rise to a stream of
high energy particles. When these impinge on the chromosphere, they give rise to the hard
X-ray bursts. They also evaporate a large mass of gas, which then gives rise to the soft
X-ray burst. I suggest that the evaporation extends slightly ahead of the reconnection.
Then that part of the plasma becomes trapped in the closed magnetic field lines, giving
the soft X-rays, and part of the plasma is trapped in the reconnected open magnetic field
lines and is subsequently ejected from the sun. Some confirmation of this hypothesis is
provided by the fact that the mass of gas needed to explain the soft X-ray burst of a large
flare is comparable with the mass of gas needed to explain a flare-produced shock wave in
the solar wind.

Unidentified Speaker As far as accounting for the effects, I suggest that we already
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have some evidence in the comparison of magnetic fields and type Il bursts. We .do see
examples where these are channeled by the magnetic field.

T. G. Cowling Can one imagine a burst that does not proceed radially out and so that
one would expect to have a certain proportion of the bursts missing the places
immediately above the point of origin. One does know that something of that sort seems
to effect cosmic ray eruptions from flares. I was wondering if there was anything similar
in regard to ordinary flares. And whether there might be some radio observations that
might support such an effect.

J. Hirshberg One of these shocks we are talking about caused a geomagnetic storm. So
if we are getting things shooting out in one direction in any systematic way in the same
manner, for example, as cosmic rays, we should see some east-west asymmetry in the
geomagnetic storm sudden commencements, and we don’t see more than a degree or two.



