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Abstract. In a Corotating Interaction Region (CIR) the stream interface is identified as a relatively
sharp density drop, temperature rise, and flow shear in the solar wind, and is now generally believed to
mark the boundary between solar wind which was originally slow when it left the Sun and solar wind
which was originally fast. This paper summarises some important facts and open questions about the
origin and nature of the boundary between fast and slow solar wind near the Sun, the evolution of
stream interfaces with heliocentric distance in the inner heliosphere, and their relationship.

1. Introduction

This paper is intended to serve as a short tutorial describing our current knowledge
of the large scale structure of the solar magnetic field and corona, the origins of the
fast and slow solar wind, and, in particular, the boundaries and stream interfaces
between them in the corona and inner heliosphere. Early spacecraft observations
of the solar wind near the Earth (e.g., Neugebauer and Snyder, 1966) provided
evidence that the solar wind was divided between streams of slow (�300 km/s)
and fast (�700 km/s) wind, and that the streams of fast wind often recurred with
a period of�27 days, the solar rotation period as seen from Earth. Correlation
between interplanetary observations of the solar wind and X-ray observations of
the corona (e.g., Krieger et al., 1973) established that the fast wind originated
from coronal holes at the Sun, sources which can remain stable for many months,
leading to a pattern of corotating fast and slow solar wind flows in the heliosphere.
It is the increasing interaction between these fast and slow flows with distance
from the Sun that leads to the establishment ofCorotating Interaction Regions
or CIRs as described in the accompanying paper by Gosling and Pizzo (1999).
In in-situ observations of CIRs, the term stream interface is used to identify a
relatively sharp density drop, temperature rise and flow shear in the solar wind.
As will become apparent, the stream interface is now generally believed to mark
the boundary within a CIR separating solar wind plasma which was originally slow
and dense when it left the Sun from plasma which was originally faster and more
tenuous.

It is difficult to come up with specific and conclusive observational material on
the possible solar origin of CIRs other than on the structure of the corona itself
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and on the boundaries between polar holes and equatorial streamers. Since CIRs
develop dynamically with increasing distance from the Sun through compressive
effects induced by stream collisions, it is hard to find and trace their solar origins.
In Sect. 2 we discuss what observations of the Sun, especially the most recent
observations from SOHO, and model results (global MHD and empirical, seee.g.
Bagenal and Gibson, 1991) of the coronal magnetic field, can tell us about the
origin in the corona of the velocity differences that lead to the formation of CIRs.
Then in Sect. 3 we examine the in-situ observations of stream interfaces in the solar
wind and what they can tell us about the nature of the boundary back in the corona,
and about the evolution of the boundary with distance from the Sun.

2. Solar Origin of Stream Interfaces

2.1. LARGE-SCALE MORPHOLOGY OF THESOLAR CORONA AND WIND

From the Helios, Ulysses, Yohkoh and SOHO missions it has become abundantly
clear that two characteristic types of solar corona and wind exist, prevailing at dif-
ferent heliographic latitudes and longitudes and phases of the solar cycle. This field
and flow pattern is most simple and conspicuous near solar minimum, when the
steady fast wind emanates from the magnetically open polar coronal holes, whereas
the unsteady slow wind originates from the equatorial streamer belt. The structure
of the solar corona and its magnetic field (derived for illustrational purposes from
the model of Banaszkiewiczet al., 1998) are illustrated in Fig. 1. The direction of
the solar wind flow in the outer corona can be inferred from the direction of the
magnetic field lines. This figure can be compared with the polar diagram published
by McComaset al. (1998a), which shows the solar wind speed and magnetic field
polarity in the heliosphere as obtained from Ulysses.

While the properties of the fast and slow streams in interplanetary space are
established well (seee.g. the reviews of Schwenn, 1990, and Marsch, 1991) the
nature of their source regions and the coronal boundaries between them and of the
acceleration mechanisms are still not understood well. Obviously, the high-speed
flow is the basic equilibrium state (e.g., Bameet al., 1977; Axford and McKenzie,
1997; Tu and Marsch, 1997) of the solar wind and remarkably stable, lasting for
months or even years. In contrast, the low-speed flow is much more variable. It may
be purely transient and associated with intermittent reconfigurations of the low-
latitude coronal magnetic field (Wanget al., 1998), a boundary layer phenomenon,
in which case the flux tube expansion of fields extending from high solar to low
heliospheric latitudes (Wang and Sheeley, 1990) would play a decisive role, or the
variability may be due to a mixture of temporal structure and filamentary spatial
structure within the streamer belt region (Gosling, 1997).
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Figure 1. The solar corona as seen by the LASCO coronagraph on SOHO (after Schwennet al.,
1997) and magnetic field lines of a model (after Banaszkiewiczet al., 1998) with a dipolar, quadrupo-
lar and current sheet contribution. Note the overall good agreement between the observed electron
density distribution made visible by Thomson-scattered white light and the related morphology of the
plasma-confining magnetic field, which reveals the simplest structure near solar activity minimum.

2.2. STREAM INTERFACES IN THELOWER CORONA AND INNER

HELIOSPHERE

The solar magnetic field reveals a rich morphology and many fine-scale structures,
such as the plumes and polar rays (see Fig. 2). Possible remnants of these features
are found in the mesoscale (about 2–3� in angular extent) stream variations of the
solar wind, as observed in situ by Helios and Ulysses and through interplanetary
scintillations. The variation in time of the open versus closed corona is illustrated
in Fig. 3 taken from Bravoet al. (1998). The corresponding transition from fast to
slow wind is very likely determined by the field at low altitudes and may be as sharp
as the scale sizes of the components of the chromospheric network,i.e. the cells and
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Figure 2.The Sun as seen by the SUMER instrument (Wilhelmet al., 1997; Lemaireet al., 1997)
on SOHO in the light of five different EUV emission lines covering a wide temperature range. From
the bottom to the top panel the emissions in the continuum at 1240 Å corresponding to 10000 K
(chromospheric network) and in the lines of NV 1238.8 Å (180000 K), OV 629.7 Å (230000 K),
Mg X 624.9 Å (1100000 K), and FeXII 1242.0 Å (1400000 K) are shown, which relate to heights
ranging from the transition region to the lower corona. Note the gradual fading away with increasing
temperature of the network pattern, being fairly homogeneous all over the Sun, and the appearance
of the polar coronal hole, being clearly visible in the Mg line as a dark polar cap, with sharp (2–3�)
boundaries and bright isolated plumes embedded.
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Figure 3. The variation of the solar magnetic field over the solar cycle. The four panels refer to
characteristic structures of the global field near minimum (a), during the ascending phase (b), near
maximum (c), and during the descending phase of the activity cycle (d). These figures illustrate
the morphology of the field, as calculated from the measured photospheric field with potential field
theory (after Bravoet al., 1998), and clearly indicate where the corona is closed or open to the he-
liosphere. The fast solar wind emanates along open field lines and originates mainly at high-latitude
regions around the poles during activity minimum.

strong field lanes with magnetic flux concentrations at the lane junctions (Dowdyet
al., 1986). These structures form the basic building blocks of the coronal field and
could perhaps survive as wind modulations. Typical diameters of a supergranule
are a few 10000 km, or about 2–3� in angular extent. Schwenn (1990) has found
the velocity gradients from Helios to be strong and set by this scale. The typical
gradients in longitude as well as latitude were 50–100 km/s per degree, which im-
plies a transition from slow to fast wind within the size of a supergranule. Although
being separated by only a few degrees, the two Helios plasma instruments still often
measured entirely different wind streams. The changes observed in the microscopic
(composition, particles and waves) plasma properties across interplanetary stream
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interfaces were recently found to be on a similar scale (Wimmer-Schweingruberet
al., 1997; Horbury and Schmidt, 1999), although the possible effects of compres-
sion in interplanetary space must be borne in mind when making the comparison.
If the magnetic field defines the transition between fast and slow flow, it is unclear
why these composition differences arise. These velocity shears do not, however,
lead to compressive dynamics and interaction regions locally in the corona, since
the plasma is strongly guided by the coronal field within the Alfvén radius (lo-
cated at 10 solar radii or beyond, Marsch, 1991), but they eventually lead to the
development of CIRs far from the Sun.

From Doppler spectroscopic diagnostics it has only recently become apparent
where the coronal hole boundaries are. Hassleret al. (1999) investigated the blue
and red shifts of hot EUV emission lines and found in images similar to those
in Fig. 2, that the NeVIII 770.4 Å line reveals clear blue shifts on average of up to
10 km/s in the polar cap region of a hole, similar to that shown in the two top panels
of Fig. 2. Marsch and Tu (1997) have modelled the outflow of the nascent solar
wind in the coronal funnels rooted in the network lanes and got flow speeds of that
order and much higher. The EUV images have an intrinsic resolution of 1–2 arcsec,
yet the hole boundaries seem more diffuse and ragged, and variable on the scale
size of the magnetic network. The temperatures of electrons and protons (deduced
from spectral line widths) differ substantially between themselves (electrons are
much colder in coronal holes; seee.g.Wilhelm et al., 1998; Davidet al., 1997)
and between open (Tuet al., 1998) and closed field regions (Seelyet al., 1997;
Cranmeret al., 1997). This temperature signature remains in interplanetary space
(Schwenn, 1990) but is more diffuse than compositional and turbulence tracers and
may thus be less significant as a stream interface marker.

3. In-situ Observations of Stream Interfaces

3.1. STREAM INTERFACE SIGNATURES

Having discussed the possible solar origin of the boundary between fast and slow
solar wind flows, we now go on to examine their signatures in interplanetary space.
Sharp boundaries observed within the interaction regions between the fast and
slow solar wind, characterised by changes in temperature, density and magnetic
field variance, were first discussed by Belcher and Davis (1971). In their pro-
posed scenario for the interaction between the two flows, they assumed that the
transition from one flow to the other was originally sharp near the Sun and sug-
gested that the observed boundary in interplanetary space was the result of the
evolution with distance of this transition within the interacting flows. They pointed
out that the boundary should thus ideally be a tangential discontinuity. The use of
the term ‘stream interface’ to describe the boundaries was introduced by Burlaga
(1974), who proposed an alternative interpretation, supported by Hundhausen and
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Figure 4. The results of a superposed epoch analysis of 23 stream interfaces in the vicinity of
1 AU showing the characteristic changes in proton density, proton temperature, flow angle and flow
speed. The analysis was performed with 5 minute averaged data, centred on the stream interface and
extending 8 hours on either side (reproduced from Goslinget al., 1978).

Burlaga (1975), that the boundaries became sharp discontinuities due to the nonlin-
ear evolution in interplanetary space of what might be an initially gradual transition
between low and high temperature regions near the Sun.

The currently accepted concept of a stream interface originates from the work of
Goslinget al.(1978) who used a superposed epoch analysis to describe the average
properties on either side of a set of 23 discontinuous stream interfaces near 1 AU on
the leading edges of high speed streams. As illustrated in Fig. 4, reproduced from
this study, the main defining characteristics of stream interfaces at 1 AU are a sharp
drop in proton density, a sharp rise in proton temperature, a sharp discontinuity
in the flow direction, a jump in flow speed, and a steepening of the slope of the
time profile of the flow speed. In addition, it was noted that total pressure (plasma
+ magnetic) through the interaction region has its maximum at, and is symmetric
about, the interface. Hence, the significant density decrease across the interface is
not an effect produced by the local compression in the interaction region. Gosling
et al. (1978) interpreted this as consistent with the scenario of Belcher and Davis
(1971) above and thus describe the interface as the boundary separating what was
originally dense slow gas near the Sun from what was originally rare fast gas near
the Sun, implying that a well defined boundary exists also near the Sun.
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One convincing feature of the Goslinget al. (1978) interpretation of stream
interfaces is that the alpha particle to proton ratio and the alpha particle flow speed
relative to that of the protons changed abruptly at the interface and not elsewhere
through the interaction region. There is no obvious reason for this to be the case
other than the plasmas on either side of the boundary having different origins. Fur-
ther compelling evidence of this type has come from the ion composition data of the
Ulysses mission. Figure 5, reproduced from Geisset al.(1995), shows the variation
over a solar rotation period of the oxygen freezing-in temperature calculated from
the O7+/O6+ ratio in the solar wind, representative of the coronal temperature in
the solar wind source region, and the magnesium to oxygen (Mg/O) ratio, which is
a function of chromospheric conditions through the FIP (First Ionisation Potential)
effect (see,e.g., von Steigeret al., 1997). This figure again shows the results of a
superposed epoch analysis, this time performed on the series of CIRs observed by
Ulysses in 1992 and 1993 (e.g., Goslinget al., 1993). Both the oxygen freezing-in
temperature and the Mg/O ratio are significantly reduced in the fast solar wind
when compared to the slow solar wind. Recently, Wimmer-Schweingruberet
al. (1997) have shown that the change in these parameters on the leading edge
of the fast wind stream is coincident, within the time resolution of the analysis
(�2 hours), with the stream interface as defined by the density and temperature
signatures described above. These results clearly confirm the role of the stream
interface in separating the originally slow and originally fast solar wind, and that
the two types of wind come from regions of distinctly different conditions in the
corona.

As noted by Belcher and Davis (1971) the variability of the magnetic field
direction increases at stream interfaces, consistent with the presence of Alfvén
waves in the fast wind. More recent data on this topic are discussed by Horbury
and Schmidt (1999). Recent in-situ observations of stream interfaces, in particular
from Ulysses, are covered in the report of Crooker, Goslinget al. (1999) in this
volume.

3.2. EVOLUTION OF STREAM INTERFACESWITH DISTANCE

In this section we consider how the boundary between the fast and slow solar
wind evolves with distance from the Sun and, in particular, how representative the
‘thickness’ of stream interfaces observed at in-situ spacecraft are of the ‘thickness’
of the associated boundary back in the corona. The closest in-situ observations
of stream interfaces to the Sun come from the two Helios spacecraft, with orbits
covering the distance range of 0.3–1 AU, thoroughly reviewed by Schwenn (1990).

Burlaga’s (1974) definition of a stream interface required a factor of two change
in density and temperature in less than 106 km. Goslinget al. (1978) estimated the
thickness of discontinuous interfaces as less than�4� 104 km. Due to the effects
of compression, however, the thickness of the boundary at the Sun could be greater.
Because the Sun rotates beneath the observing spacecraft, gradients of parameters
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Figure 5.A superposed epoch analysis of composition data from fast and slow solar wind streams
observed by Ulysses during 1992 and 1993. The Mg/O ratio and the temperature derived from the
O7+/O6+ ratio are plotted as well as the alpha particle velocity to provide a speed reference. The
analysis is keyed on the points where the alpha particle velocity crosses 600 km/s (reproduced from
Geisset al., 1995).

between the slow and fast wind can be quoted with respect to heliographic longi-
tude as the corotating stream is swept across the spacecraft. At 0.3 AU, Schwenn
(1990) reports average velocity gradients as high as 100 km/s per degree in a longi-
tude range of only 3�. By 0.5 AU the average reduces to about 35 km/s per degree
and then remains at that level as distance increases further. However, when the
same stream front is observed beyond 0.5 AU by two spacecraft close to radially
aligned, there is some evidence for a steepening of individual stream fronts.

In contrast to the multitude of observations of longitudinal crossings of stream
interfaces, it is harder to study latitudinal changes of plasma and field parameters
between the slow and fast wind. Either more than one spacecraft is required, or
a single spacecraft has to make a relatively fast meridional pass over the bound-
ary. Comparing Helios 1 data (with rapidly changing latitude at perihelion) with
IMP data at 1 AU, Schwennet al. (1978) deduced that the latitudinal boundary
between slow and fast streams, differing in speed by 300 km/s, was less than 10�.
Further studies involving the two Helios spacecraft (Schwenn, 1990) and multiple
spacecraft at 1 AU and beyond (Mitchellet al., 1981) reduced this limit to 5�.

McComaset al. (1998b) were able to take advantage of the rapidly changing
latitude of Ulysses as the spacecraft travelled northward during its fast latitude
scan to study a rapid crossing of a stream interface where there was no subsequent
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Figure 6.Solar wind velocity components relative to the stream interface discussed by McComaset
al. (1998b). The frame of reference is moving with the interface as it convects with the solar wind,
and the data is plotted as a function of distance from the interface. The stream interface itself is
identified as a tangential discontinuity (TD). Note how the solar wind speed continues to increase
even outside the region affected by the stream interaction (adapted from McComaset al., 1998b).

return to low speed solar wind. The interface itself was characterised by a tangen-
tial discontinuity less than 8� 104 km thick, which the authors suggested would
map back to a sharp boundary near the Sun. However, as illustrated in Fig. 6 they
found that the solar wind speed continued to increase, albeit less steeply due to
the absence of compression, even outside the interaction region surrounding the
interface, suggesting that an extended gradient in flow speed is also present in the
solar wind source region.

Another factor of relevance is that not all fast solar wind streams between 0.3
and 1 AU contain a sharp stream interface, as defined by sharp changes in the
proton density and temperature. At 1 AU only�30% of high speed streams contain
a clearly discontinuous interface although in only 50% of cases can a clear yes or
no answer be given (Goslinget al., 1978; Schwenn, 1990). Closer in, at 0.3 AU,
only in 25% of cases can a clear answer be given (Schwenn, 1990). This statistical
evidence of a greater number of clearly discontinuous interfaces at 1 AU compared
to 0.3 AU suggests that steepening of the interface boundary takes place between
these distances due to the increasing compression of the fast wind against the
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slow. Accepting that the compositional signatures act as a marker separating the
initially slow and fast winds, could an initially broad coronal boundary between
the two states thus steepen to become a sharp boundary when observed beyond
1 AU? We may also ask why many high speed streams at 1 AU still show no clear
signature of a discontinuous interface. Could this be further evidence of a broad
boundary in the corona as in the Burlaga (1974) scenario, in these cases unaffected
by stream steepening? On the other hand, if we assume that there is a relatively
sharp boundary between the slow and fast wind in the corona, could plasma insta-
bilities be acting in the shear layer between the two flows to smooth out the sharp
boundary within 0.3 AU? For example, Neugebaueret al. (1986) have discussed
the role of the Kelvin-Helmholtz instability in reducing the number of tangential
discontinuities with increasing distance from the Sun. With ion composition data
from the WIND, SOHO and ACE spacecraft now becoming available, the situation
at 1 AU may soon be clarified. For example, will a sharp change in composition still
be present even in stream fronts without a clearly discontinuous stream interface?
Unfortunately such data are not presently available from distances much closer
to the Sun than 1 AU. Compositional and kinematic data including data on minor
solar wind ion composition from one specific stream interface of a CIR at 1 AU are
described in Sect. 3 of Balogh, Bothmeret al. (1999) in this volume.

4. Summary

We have discussed the solar origin and subsequent evolution in the heliosphere of
the boundary between fast and slow solar wind streams and its relationship with the
stream interfaces observed in-situ in interplanetary space. It is the radial alignment
of these streams of differing speed that eventually leads to the formation of corotat-
ing interaction regions. The nature of the boundary in the corona is a fundamental
issue which is not fully understood. The presence of near discontinuous stream
interface signatures in in-situ data points towards the existence of a sharp boundary
in the corona but is not totally unambiguous. All the in-situ stream interface obser-
vations discussed above have been in the leading edge of CIRs. There must also
be a boundary corresponding to the fast to slow wind transition in the rarefaction
region of CIRs but little has been published on these so far, presumably because
low plasma densities make identification difficult. The sharpness or otherwise of
the composition change at these interfaces, where the plasma is naturally being
pulled apart, would be a useful additional piece of evidence.
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