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ABSTRACT

The sources of interplanetary shocks are reviewed from the standpoint of today’s knowledge. Recent
progress from both new and accumulated observations and models indicates that contributions from the
two major sources of the shocks: CMEs and stream interactions, have distinctive radial, latitudinal and
temporal dependencies. The need for global statistical surveys over several solar cycles, and models that
take into account the complexity of the solar wind, is apparent from this current perspective.

INTRODUCTION

Interplanetary shocks are of interest because of their role in both particle acceleration and geomagnetic
activity, as well as for the basic plasma physical insights that they provide. The two primary sources of
interplanetary shocks, coronal transients known as coronal mass ejections (CMEs) and fast/slow solar
wind stream interactions, have been recognized since the early years of in-situ interplanetary medium
measurements /1, 2/. Recently, longer term, broader ranging observations and new modeling efforts have
revealed details of the spatial and temporal attributes of both the sources and the shocks that they
produce. In particular, Ulysses observations at high heliolatitudes, Voyager and Pioneer observations
at large heliocentric distances and over several solar cycles, and 3-D numerical solar wind stream
interaction models of Pizzo have provided new insights. This review describes some of these new results
in the context of some earlier observational and theoretical work. As a result of these progressing efforts,
we now better appreciate how the contributions of the two sources should vary as a function of radial
distance from the Sun, latitude from the heliographic equator, and phase of the solar cycle. However,
observational analyses of interplanetary shocks over the full range of heliospheric locations and solar
activity conditions have yet to be pieced together to test our expectations.

SOURCE CONTRIBUTIONS AS A FUNCTION OF SOLAR CYCLE PHASE

The coronal transient sources of interplanetary shocks can be accounted for almost wholly by CMEs.
CMEs are defined as transient changes in the corona that are often observed in coronagraphs as expanding
ejected loops of material of enhanced density [e.g., /3/]. As illustrated by Figure 1 from Gosling /4/,
the CMEs drive interplanetary shocks if they move or expand at super-magnetosonic velocities with
respect to the ambient solar wind. Several studies have now been carried out [e.g., /5, 6/] that
demonstrate the close correlation between the rate at which fast coronal mass ejections are emitted from
the lower corona and the rate of occurrence of interplanetary shocks observed within 1 AU of the Sun.
Some of these data are reproduced in Figure 2, which also shows the strong association between the
interplanetary shock occurrence near 1 AU and sunspot number, the traditional solar activity indicator
17, 8/.

The relationship between CMEs and solar flares has been clarified [e.g., /9/], but the physics that
determines the CME velocity at its origin remains unknown. Mach numbers of CME-driven shocks are
typically low, with values ~2 /10/. The shocks are generally followed by counterparts of planetary
magnetosheaths in which the interplanetary magnetic field (IMF) is compressed and reoriented, and the
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solar wind density enhanced, by virtue of the obstacle relative motion /11/. In about 30% of the cases
observed, the "body" of the detected CME in interplanetary space has the magnetic field signature of
a flux rope [e.g., /12, 13/] (also see Figure 1). However, CMEs are more generally identifiable as
enhanced, smoothly varying magnetic field structures wherein the electron heat flux exhibits
bidirectionality suggesting connection to the Sun /14/. Occasionally transient interplanetary shocks
without a following CME body are detected /5, 12/, but these cases are a minority and can be attributed
to glancing encounters with the CME "sheath" since CMEs typically have a finite heliolongitude extent
< 100° /15/. It is expected from intuitive arguments and simple models that the momentum (or energy)
of the ejected mass determines the radial range over which the CME remains fast enough to produce a
preceding shock [e.g., /16/]. Since both momentum exchange with the ambient solar wind and shock
dissipation processes occur as they travel outward, only the largest and fastest CMEs are expected to
reach the outer solar system. Hundhausen et al. /17/ have recently shown that the speed distributions
of CMEs observed with coronagraphs do not show a marked solar cycle dependence. One would thus
expect roughly the same solar cycle signature in the frequency of CME-driven interplanetary shocks in
both the inner and outer heliosphere.
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Fig. 7. Solar cycle dependence of CME, stream
interaction and shock occurrence over the previous
cycle as determined from 0.7 AU data by Lindsay et
al. /5/.

Fig. 6. Longitudinal cuts through the 3-D
MHD stream interaction simulation of Pizzo
/19/, showing velocity and magnetic field
magnitude contours for a dipolar (planar)
neutral line tilted 30° from the solar rotation
axis. The white line shows the neutral sheet
location.

SOURCE CONTRIBUTIONS AS A FUNCTION OF RADIAL DISTANCE

Earlier studies of Helios data obtained between 0.3 and 1.0 AU (in particular, those of Volkmer and
Neubauer /24/ and Sheeley et al. /25/), coupled with Pioneer and Voyager spacecraft studies (by Mihalov
/26/, and Gazis and Lazarus /27/ for example) out to ~ 20 AU, provided the first indications of the
radial evolution in interplanetary shock numbers and strength. From these results it is apparent that
within ~2 AU almost all interplanetary shocks originate from CMEs, while corotating shocks from
stream interactions contribute heavily to what is observed between ~3 and 10 AU. The few shocks
observed at still larger distances appear to be complex in that they appear to have formed from merged
stream interaction regions or merged transient and corotating structures [e.g., /28/].

Most statistical studies have either focused on shocks with a clear connection to CMEs or solar activity
[e.g., /25, 26/], or presented results without attempting to distinguish between coronal transient and
stream sources [e.g., /27/). Figure 8, which is drawn from a variety of published results, shows how
both the numbers of shocks and their strengths depended on heliocentric distance in a number of different
studies. When considering these displays, one must remember that the different data sets were analyzed
using different criteria for both shock identification and averaging. Some of the data are averages while
others are for single shock observations. Any dependence on heliolatitude, which must occur given the
nature of the sources, is neglected.

Figure 8a shows rates of occurrence versus radial distance. Because the occurrence rates are a function
of both phase of the solar cycle and details such as the configuration and inclination of the heliospheric
neutral sheet, no radial distribution should be used as a model except in the broadest terms. For this set
of results a practically constant rate of ~0.05 transient shocks per day is indicated out to at least ~ 1
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AU. The rate of more distant shocks, which includes corotating types, grows with radial distance as
might be expected, peaking at ~0.10 per day at ~5 AU. In a period of generally weak solar activity
the transient rates would be much lower (as discussed in the previous section). Likewise, for a period
associated with a flat equatorial neutral sheet, the rate of stream-related shocks at > 2 AU distances
would be less, or higher inclination neutral sheets during this period would produce larger corotating
shock rates and/or higher shock strengths that peak at larger distances than 5 AU. The radial profile of
interplanetary shock occurrence may be expected to be different for each solar cycle, and the two parts
of the profile, from CMEs and stream interactions, will vary independently as do their sources. The only
"predictables”, as far as source rate variations are concerned, are the positive correlation of CME
occurrence and solar activity, and the potential prevalence of stream-related shocks during periods of
moderate to low activity. As a consequence, interplanetary shocks from all sources should show a clear
solar activity cycle at radial distances < 2 AU but a different cycle at larger distances depending on the
evolution of the stream structure. The distinction between the two sources at these larger distances is
expected to be difficult considering that the CMEs propagate into and through the stream interaction
regions with their own shocks.

In Figures 8b and 8c two indicators of shock strength, density and velocity jumps, are shown as a
function of distance. The density jumps in Figure 8a for the "transient” cases of Mihalov /26/ appear
to show a weakening trend with increasing distance. Moreover, for the same period fewer transient
events are observed beyond 10 AU than are observed at and inside 1 AU, as if attrition due to
deceleration and dissipation has taken its toll. However, the averages of Gazis and Lazarus /27/, which
may be primarily from stream-interaction shocks, peak at about 5 AU as if the shocks strengthened with
distance up to that radius. The velocity jumps in Figure 8c indicate a deceleration in the Helios medians,
but a diversity of trends otherwise. For example, the possible corotating shocks from Voyager seem to
accelerate and then decelerate, while the transient shocks of Mihalov show only a hint of a deceleration
trend. In general Figure 8(a-c) suffers from the lack of a standard of treatment in the study of

interplanetary shock statistics, but it is thereby a true representation of our state of observational
knowledge.
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One additional factor that should be mentioned in connection with shock strength evolution is the effect
of increasing solar wind magnetosonic Mach number with radial distance /29/. As a disturbance moves
outward, the relative obstacle speed required to produce a leading shock diminishes (from ~400 km s’
at 0.1 AU to ~40 km s at 30 AU). Those shocks that reach the outer heliosphere will therefore have
a prolonged lifetime as the strengthening effect of decreasing Mach number competes against their
dissipation and deceleration. In actuality, few interplanetary shocks are observed beyond ~ 20 AU /28/.
Many do not seem to persist to even 10 AU /26/ as momentum transfer to the ambient medium,
dissipation processes, and intermixing of the plasmas erase the signatures of the different solar sources.
Interplanetary shocks are thus primarily a phenomenon of the inner and middle heliosphere.

SOURCE CONTRIBUTIONS AS A FUNCTION OF HELIOLATITUDE

The Ulysses mission provided the first opportunity to study in some detail the evolution of the stream-
interaction structures as a function of heliolatitude. This mission started its out-of-ecliptic phase in early
1992, when the heliospheric current sheet was warped and well-developed coronal holes were present.
Gosling et al. /30/ found that as the spacecraft moved poleward, reverse interplanetary shocks associated
with the stream interaction regions persisted to higher heliolatitudes than the forward shocks. These
observations can be understood in terms of the models of Pizzo /19/ which show how flow deflections
from the tilted stream fronts can drive the associated reverse shocks away from the ecliptic while the
forward shocks travel in the opposite direction. This behavior is a consequence of the solar wind speed
heliolatitude gradient. It should be appreciated that although the neutral sheet in the heliosphere is
generally not coincident with the stream interfaces [e.g., /31/], its inclination near the Sun determines
the pattern of velocity shear to large distances.

The Ulysses mission results have also shown that CMEs are present at moderate to high heliolatitudes
and that they can cause shocks there in spite of the high ambient speed (~ 800 km s™') of the polar solar
wind if their speed of expansion is supermagnetosonic. In this case both forward and reverse shocks are
seen in conjunction with the CME /32/. These observations raise some remaining issues. In particular,
we do not fully appreciate the importance of expansion versus mass motion of a CME in producing
shocks. Moreover, as mentioned earlier, CMEs move through the background of the sometimes very
complex stream structure depicted by Pizzo /19/ rather than through a uniform ambient solar wind. They
should undergo complicated distortions as a result, and their associated shocks will mirror these
distortions. It may also happen that a CME is moving supermagnetosonically with respect to the ambient
medium over only part of its interaction front (e.g., its low latitude portion). CMEs launched into
realistic models of stream structure such as Pizzo’s /19/ can in principle shed light on the consequences
of a nonuniform solar wind for the resulting interplanetary shocks.



Interplanetary Shocks (8/9)361

Stream interaction-related shocks occur when the longitudinal velocity shear between two adjacent solar
wind streams is sufficiently large [e.g., /18, 19/]. They are caused by the compression region that forms
between the streams as illustrated in Figure 3 (from /20/). The compression region appears as an obstacle
to the slower upstream flow and a barrier to the faster downstream flow, thereby producing a forward
upstream and reverse downstream shock pair. The spatial extents and lifetimes of stream interaction
shocks depend on the configuration and solar cycle evolution of the magnetic neutral line at the source
surface of the solar wind. The solar wind velocity at the source is organized with respect to the neutral
line such that it is at a minimum of ~ 300 km s at the neutral line and increases to ~800 km s at
angular distances from the neutral line of ~ 15° /21/. As illustrated by Figure 4 (from /22/), the neutral
line configuration determines where the high speed polar coronal hole flows protrude into the solar
equatorial region where solar rotation wraps them into the characteristic Archimedean spiral stream
structure. Its rate of evolution determines the persistence or perceived recurrence of the stream
interaction-related shocks as they corotate with the Sun together with the stream structure.

The location of the magnetic neutral line on the source surface has now been determined for almost two
solar cycles /23/. Some examples of its appearance at different phases are given in Figure 5. It appears
that the dipolar contribution to the Sun’s magnetic field undergoes a rotation from pole to equator as solar
activity increases from minimum to maximum levels. Superposed on the associated planar neutral line
as it changes from an equatorial to polar inclination are warps from quadrupole and octupole contributions
to the Sun’s field that grow with increasing solar activity. The number of high speed "streams" near the
ecliptic plane depends on the number of corrugations of the neutral line that pass through the equator,
while the velocities in the near-ecliptic streams depend on both the depths of the corrugations and the tilt
of the magnetic dipole axis.

The manner in which high speed streams interact with low speed streams in the solar wind has now been
simulated in three dimensions for both tilted planar and warped neutral sheets by Pizzo /19/. Figure 6
shows some cross sections of the structure that can result in the solar wind even for a simple tilted planar
dipole neutral line. These models demonstrate that the potential for corotating interplanetary shock
formation is greatest at radial distances = 2 AU for conditions when the neutral line is either highly
warped for low solar dipole inclinations, or when the solar dipole is moderately inclined. They also show
the latitudinal extent of the stream structure for a particular neutral line configuration. Because the details
of the neutral line evolution differ from solar cycle to solar cycle /23/, the conditions for high shear in
the ecliptic must generally be assessed on a case by case basis. For example, conditions during the
declining and rising phases of solar activity are often more conducive to strong stream structure than solar
minimum conditions. The polar coronal holes are well developed at these times and there are well-
separated neutral sheet crossings of the ecliptic that are accompanied by deep polar coronal hole
extensions (see Figure 5). In contrast, at solar minimum the neutral sheet can be quite flat and has low
inclination, leading to only weak stream structure near the ecliptic. At solar maximum the large
contribution of higher order moments to the solar magnetic field is such that large, well-developed
coronal holes do not generally form. Thus solar maximum conditions, which are prime for the transient
CME source of interplanetary shocks, are not prime for the stream interaction source. For example,
Figure 7 shows the number of stream interaction regions (not shocks) observed during solar cycle 21 at
0.7 AU by Lindsay et al. /5/ which suggests how the stream in.raction source varied at larger radial
distances. In this case the occurrence rate of stream interaction regions peaked just after the 1986 solar
minimum and became comparable to the rate of detected CMEs during the preceding 1979-80 solar
maximum. The stream interaction source variation should be more distinctive from cycle to cycle than
the CME source variation because of its dependence on the details of the nondipolar solar magnetic fields.
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CONCLUSIONS

Our understanding of the sources of interplanetary shocks has been significantly enhanced by the
availability of observations throughout much of the heliosphere and over long periods of time. These
observations, coupled with sophisticated new 3-D models, show us that interplanetary shocks are
generally inner-to-middle heliosphere features of the solar wind. The coronal transient or CME source
of these shocks exhibits a strong solar activity cycle, while the stream interaction source has a cycle
related to but separate from solar activity. The transient source dominates the inner heliosphere at radial
distances < 2 AU, while stream interactions probably compete with or dominate this source between
about 3 and 10 AU. Few shocks are found beyond ~ 20 AU. Both sources contribute to shock activity
at moderate to high heliolatitudes, with interesting differences from their lower latitude counterparts
related to the 3-D properties of stream structure and higher speed of the ambient solar wind. As the
Ulysses mission continues, further data from the highest heliolatitudes at both solar minimum and
maximum should become available. The WIND and ACE spacecraft will also add to the temporal
variability record. In the interim, the context of these forthcoming observations can be better clarified
by collective reassessment of the data from earlier missions. As demonstrated here, published results
from the different missions cannot readily be intercompared nor can the two sources of interplanetary
shocks be generally distinguished. With the newly accessible archives of interplanetary data, one should
be able to obtain still better insight from the currently available measurements than is evident from the
contents of this review.
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