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Abstract. A stream interaction region (SIR) forms when a fast solar stream overtakes a slow stream,

leading to structure that evolves as an SIR moves away from the Sun. Based on Wind (1995 – 2004)

and ACE (1998 – 2004) in situ observations, we have conducted a comprehensive survey of SIRs at

one AU, including a separate assessment of the longer-lasting corotating interaction regions (CIRs)

that recur on more than one solar rotation. In all there are 196 CIRs, accounting for about 54% of the

365 SIRs. The largest proportion of CIRs to SIRs (64%) appears in 1999, and the smallest proportion

(49%) is in 2002. Over the ten years, the annual number of SIR events varies little, from 32 up to

45. On average, the occurrence rate of shocks at SIRs at one AU is about 24%. Seventy percent of

the SIRs with shocks have only forward shocks, more than twice the percentage of SIRs with only

reverse shocks. This preponderance of forward shocks is consistent with the deflections of forward

and reverse shocks relative to the ecliptic plane. In order to help address the effect of SIRs and CIRs

on geomagnetic activity, we determine the solar-cycle variation of the event duration, scale size, the

change in velocity from slow stream to fast stream, and the solar-cycle variation of the maximum

magnetic field, peak total perpendicular pressure, and other properties. These statistics also provide

a baseline for future studies at other heliocentric distances and for validating heliospheric models.

1. Introduction

The coronal magnetic structure modulates the solar wind structure (e.g., Pneuman
and Kopp, 1971). For much of the solar cycle, the magnetic field in the corona,
well above the photosphere, is roughly that of a dipole, tilted with respect to the
rotation axis of the Sun (e.g., Gosling and Pizzo, 1999). As the solar magnetic
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field evolves in the course of the Sun’s 11-year solar activity cycle, this tilt varies,
producing a change in the configuration of the heliospheric current sheet. The
dipole tends to be nearly aligned with the rotation axis near solar-activity minimum
(e.g., Hundhausen, 1977), whereas it tends to be inclined substantially relative to
the solar-rotation axis in the declining phase of the solar cycle. Near the activity
maximum, the solar magnetic field is complex, but recent Ulysses work concluded
that the dipole approximation is reasonable throughout the solar cycle (e.g., Jones,
Balogh, and Smith, 2003).

Fast and tenuous streams originate in coronal holes (Krieger, Timothy, and
Roelof, 1973), while the relatively slow and dense streams arise in the streamer
belt (Feldman et al., 1981; Gosling et al., 1981). They are quite distinct in their
kinetic properties. Because the slow stream and fast stream are radially aligned
and originate from different positions on the Sun at different times, their frozen-
in magnetic fields are different, preventing the two streams from interpenetrating
(Gosling and Pizzo, 1999). Therefore, when they move away from the Sun, the fast
stream collides with the slow stream ahead, while simultaneously outrunning the
slow trailing stream. This forms a compression on the rising-speed portion of the
slow stream and a rarefaction on the trailing edge of the fast stream, as indicated in
Figure 1 (e.g., Parker, 1963; Sarabhai, 1963; Carovillano and Siscoe, 1969; Gosling
et al., 1972; Hundhausen, 1972; Siscoe, 1972), denoted as the acceleration phase
and deceleration phase respectively in Section 5.

If the flow pattern emanating from the Sun is roughly time-stationary, then the
stream interaction regions form spirals in the solar equatorial plane that corotate with
the Sun and are commonly called corotating interaction regions (CIRs) (Smith and
Wolfe, 1976; Gosling and Pizzo, 1999). Because of the temporal variability in the
solar-wind structures, a fast stream coming from a given point may vanish before the
Sun rotates completely and not produce a periodic stream interaction. Even stream
interactions with poor recurrence, though, may still be strong while they exist and af-
fect geomagnetic activity (e.g., Bobrov, 1983). Following the suggestion of Gosling
et al. (2001), in this study we use the term “stream interaction regions” (SIRs), to
include such transient and possibly localized stream interactions. In the following
sections, we provide a comprehensive examination of the statistics of the SIRs
properties (with CIRs specified separately) at one AU over the period 1995 –2004.

The boundary separating the originally fast, tenuous, and hot wind of the fast
stream from the slow, dense, and cold stream, was first studied by Belcher and
Davis (1971). In 1974, Burlaga named this boundary the “stream interface” (SI),
and subsequently it was examined in detail by Gosling et al. (1978). They found
that the SI is distinguished as an abrupt drop in particle density accompanied by a si-
multaneous rise in proton temperature. Intriligator and Siscoe (1994) noted that this
signature was that of a relatively abrupt increase in specific entropy. More recently,
Wimmer-Schweingruber, von Steiger, and Paerli (1997, 1999) used the data from
the solar-wind ion-composition spectrometer (SWICS)/Ulysses instrument, to show
additional evidence that the stream interface separates plasmas originating in
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Figure 1. Schematic illustrating 2-D corotating stream structure in the solar equatorial plane in the

inner heliosphere (after Pizzo, 1978).

different coronal and chromospheric regions. Later, Gosling and Pizzo (1999)
pointed out that the plasma pressure within a CIR peaks in the vicinity of the
stream interface, where there is a large shear in the flow.

The interaction between fast and slow streams starts in the inner heliosphere (e.g.,
Richter and Luttrell, 1986), and the interaction region broadens with increasing
heliocentric distance. Far out in the heliosphere, the SIRs eventually coalesce.

2. Total Perpendicular Pressure

Magnetic field and plasma both contribute to the pressure, but the magnetic field
cannot exert a gradient pressure force parallel to the field. The total perpendicular
pressure (Pt) is the sum of the magnetic pressure and plasma thermal pressure
perpendicular to the magnetic field [B2/(2μ0) + ∑

j n j kTperp, j , where j represents
proton, electron, and α particle] (estimated as total pressure in Gosling et al., 1987,
1994; Gosling, 1990). Since it is the gradient of the combined pressure that drives
the evolution of solar-wind structures, much simpler signatures arise in Pt than in
the signatures of the constituent components.
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This simple pressure pattern that we exploit herein has been demonstrated in
earlier work, e.g., Gosling (1990), Gosling and Pizzo (1999). The pressure reaches a
maximum at the stream interface. The peak pressure is equal to the dynamic pressure
of the flow on either side of the SI resolved along the normal to the boundary and
in the boundary reference frame. Since the variations of the individual plasma
properties may not occur simultaneously, the maximum pressure point provides a
robust and quick means to identify the SI passage time (Jian et al., 2005a).

Generally, irregularities in Pt are smoothed by compressional waves that radiate
away pressure inhomogeneities. However, when the velocity change across the
plasma interface exceeds the compressional wave speed, shocks arise and produce
discontinuities in pressure (converted from the dynamic pressure of the flow in the
discontinuity frame) because they are supersonic, and cannot mitigate the steep
gradient with small amplitude waves.

3. Criteria of Stream Interaction Regions

A stream interaction region can occur only if a fast stream overtakes a slower
stream, ensuring that the solar-wind velocity increases across the stream interface.
A Pt gradient arises to deflect the plasma flow that, in the SI frame, flows toward the
interface from both sides. In other words, the dynamic pressure of the flow on both
sides of the interface expressed in the interface frame is balanced by Pt centered
on the interface.

So, our criteria for SI identification are first that the solar-wind speed must be
increasing and second that Pt reaches a maximum. Other characteristics such as
the compression of proton number density and magnetic field at the interface are
also required, and the flow deflection and temperature increase at the interface give
additional assurance of a correct identification.

In order to distinguish SIRs from interplanetary coronal mass ejections (ICMEs),
we describe some features of ICMEs briefly. For more details, please refer to our
parallel study of ICME properties at one AU during 1995 – 2004 (Jian et al., 2006).
First, ICMEs are characterized by a high-density sheath of compressed solar wind,
followed by a normal to low-density and low-β region, with low variance, and often
a large magnitude and rotating magnetic field that lasts one day or two. Second, in
contrast to the SIR’s peak with a slow increase and decrease of pressure on its two
sides, ICMEs usually can be characterized as having three types of Pt behavior (Jian
et al., 2005b, 2006; Russell, Shinde, and Jian, 2005): a broad pressure maximum
near the event center, a sharp rise followed by a steady plateau and then a return to
pre-event pressures, and a rise followed by a gradual, possibly exponential, decay,
respectively. We think they may represent the impact parameter of the spacecraft
relative to the central flux rope.

A minority of ICMEs and SIRs have irregular Pt profiles, usually caused by
interactions of more than one event. Nevertheless, since our identification is done
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by eye, rather than by a numerical algorithm, the specific and thorough examination
of the velocity, proton temperature, magnetic field and other features as well as the
background solar wind content, makes us confident in our identification.

In addition, the variations of SIRs appearance may be partially caused by tran-
sient components of the slow solar wind associated with either slow coronal-mass
ejections (CMEs) at the Sun, plasmoids formed at the edges of the coronal streamer
belt, or by transients associated with the temporally evolving boundaries of the open-
field source regions of the solar wind. All of these transient structures presumably
become part of the slow-wind belt, and can affect it differently at different times and
locations. In this study, we do not attempt to determine whether an SIR is affected by
one or more of these structures because there is no straightforward way to unambigu-
ously identify their contributions. However, it is important to appreciate that such
differences exist in some SIRs, and may affect their Pt behavior and other features.

4. List of Stream Interaction Regions

From the Ulysses observations at southern latitudes during its first orbit (1992),
the onset of the recurrent high-speed stream occurred at a solar latitude of −13◦

and marked the exit from the streamer-belt-dominated region at around five AU
(Bame et al., 1993). Nevertheless, the solar wind is often more complex than was
observed during the first Ulysses orbit (e.g., McComas et al., 2006). In this study, we
use Wind (1995 – 2004) and Advanced Composition Explorer (ACE) (1998 – 2004),
which are both close to the equatorial plane at about one AU.

Proton data are nearly always available. However, the electron temperature (Te),
α temperature, the ratio of α number density to proton density, and the anisotropy
of these particles’ temperature, are less often available. Consistent with the high
thermal conductivity of electrons and the low correlation of Te with other solar-
wind parameters (e.g., Newbury et al., 1998, and references therein), we assume a
constant and isotropic Te. Because the average value of electron core temperature
varies from ∼123 000 K in 1996 around up to ∼144 000 K in 2001 near solar max-
imum (Issautier et al., 2005), herein we set the electron perpendicular temperature
as 130 000 K for all ten years. This value is close to the median electron temperature
in Newbury et al. (1998) from 18 months’ continuous observation of the Interna-
tional Sun-Earth Explorer (ISEE)-3. Considering the relatively minor effects of α

particles and the ion-temperature anisotropy on the Pt, we also assume a constant
4% composition (by number) of α particles with a temperature four times that of
the protons, and the isotropy of ion temperature. The discrepancy between these
assumptions and the real values will slightly affect the Pt profiles; nevertheless it
should make little change in our statistics.

Under these assumptions, we have calculated Pt for the entire Wind [SWE
(Ogilvie et al., 1995) and MFI (Lepping et al., 1995), both in 93-second time res-
olution] solar-wind data set and ACE [validated Level 2 of SWEPAM (McComas
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et al., 1998) and MAG (Smith et al., 1998), both in 64-second time resolution]
solar-wind data set. Because Wind has been gathering data longer, we started our
list of events by examining the Wind data. When Wind is in the magnetospherically
susceptible region, or has data gaps or noisy data, we use ACE data to provide a
more complete survey of SIR events. Using a time window of one solar-rotation
cycle, i.e. 25 – 29 days, we determine the recurrence of stream interactions. If an
SIR recurs on two or more solar rotations, it is also a CIR in this study. All SIR
events are listed in the Appendix∗, with those SIRs that are also CIRs indicated in
the CIR column.

Since the Wind trajectory changes from an L1 orbit into a series of Earth orbits,
while ACE stays near the L1 point, the combination of the two spacecraft introduces
a difference in the timing of the signature of the order of one hour. Because the
SIRs are large in spatial scale (also demonstrated by the mean size of SIRs from our
survey in Section 7), the observations of the two spacecraft are otherwise similar, as
long as Wind is not too close to the Earth where its measurement can be affected by
the Earth’s magnetosphere. In addition, we do not consider evolution over the rather
short separation between the two spacecraft, nor would we expect any significant
evolution. Thus, we do not make the lists from Wind or ACE separately, but rather
identify the data source as “ACE” in comments if it is from ACE data.

During 1995 – 1997, only Wind observations are available. There are gaps in the
solar-wind data for periods of only about 3.8%, 7.6%, and 3.7% in each of these
years, respectively. Since these outages are smaller than the expected statistical
variability, we feel we do not need to make significant corrections to our following
statistics.

Through the study, we define the boundary from a consensus of the available
signatures described in Section 3, with an emphasis on the central maximum above
the ambient solar wind in the composed Pt profile, i.e. the interval covers where
the pressure structure emerges from and decays back to the background. Often,
the rapid jump in Pt and other parameters is a good separator of the SIR from the
background.

We record �P as the instantaneous change of Pt across a discontinuity, Pmax and
Bmax as the peaks of Pt and |B|, RV as the ratio of Vmax to Vmin, �V as the change in
the solar-wind speed magnitude, which is important to the evolution of the stream
interaction, Dbefore as the duration between the start time and the stream interface
(SI), Dafter as the duration between the SI and the end time, Rd as the ratio of Dbefore

to Dafter to imply the temporal asymmetry relative to SI for each event. Lastly, we
estimate the SIR scale size based on the measured duration and the average velocity,
the latter being the mean of Vmax and Vmin. Because the Pt in the background solar
wind is typically only 20 – 30 pPa, and the relative interaction strength between
events is of primary interest, we can just consider the Pmax magnitude rather than
the difference between it and the background Pt.
∗Electronic Supplementary Material Supplementary material is available for this article at

http://dx.doi.org/10.1007/s11207-006-0132-3
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In addition, we note some SIRs have an irregular Pt profile, with several small
spikes, or are relatively flat, like a plateau. For these events, we determine the SI
crossing from the consensus of Pt peak and also the characteristic variations in other
parameters, such as NP, TP, and so on. As commented in the Appendix, some SIRs
do not have sharp interfaces between slow and fast streams, but gradual transitions,
where NP, TP, and other parameters change gradually.

For a discontinuity simply indicated by Pt, we examine VP, NP, TP, and B one
by one, and when necessary, also use the high-time-resolution Wind 3DP (Lin
et al., 1995) and MFI, ACE SWEPAM, and magnetometer data from CDAWeb, to
determine whether it is a forward or reverse shock. As is well known, at forward
shocks, the solar-wind speed increases, while simultaneously NP and TP both are
enhanced; at reverse shocks, solar-wind speed again increases, while NP and TP

both decline. We have double-checked our shock identification with the shock lists
from Kasper (http://space.mit.edu/home/jck/shockdb/shockdb.html), the ACE team
(http://www-sg.sr.unh.edu/mag/ace/ACElists/obs list.html), etc.

5. Examples of SIR Events

Figures 2 and 3 display two interesting SIR examples. They are in the same for-
mat. The first three panels (Bx/B, By/B, Bz/B), are the direction cosines of the
interplanetary magnetic field (IMF) in geocentric solar magnetospheric (GSM) co-
ordinates. In the following panels: |B| is the magnetic-field strength; VP is the
solar-wind speed magnitude; NP is the proton number density; TP is the proton
temperature; β is the ratio of plasma thermal pressure to the magnetic pressure, and
Pt is the total perpendicular pressure, in the unit of pico-Pascal (pPa).

We do not use cone angle, arccos(Bx/B), and clock angle, arctan(By/Bz) of
IMF, because the use of these angles assumes a particular symmetry around the
direction to the Sun which is not present in SIRs. We conduct the statistical study
using scalar parameters, independent of coordinates (e.g., GSE vs. GSM). However,
any future geoeffectiveness study requires GSM coordinates. Thus, we use GSM
coordinates.

Figure 2 illustrates an SIR without shocks, indicated by the dashed lines a and c.
The Pt profile is simple: an increase and then a decrease of Pt both occurring during
an increasing speed profile, individually corresponding to an acceleration phase of
slow stream, and a deceleration phase of fast stream. The components vary in a
complex way. Within about half a day before the stream interface, Bx/B, By/B,
Bz/B shift their polarities distinctly, possibly due to a nearby sector boundary.
There is a varying magnetic field strength, a constant temperature, and a density
rise in the acceleration phase; and a sharp density drop around the SI, marked by
the dashed line b; then the density and temperature both gradually decline in the
deceleration phase. The SI separating the fast and slow streams, is relatively thin
and not resolved by these data.
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Figure 2. SIR event without shocks, from Wind data. From top to bottom: direction cosines of IMF

in GSM coordinates, magnetic-field strength, solar-wind speed, proton density, proton temperature,

β, and total perpendicular pressure. Dashed lines a and c indicate the boundaries of the SIR; dashed

line b marks the stream interface (SI).
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Figure 3. SIR event with a pair of forward – reverse shocks, following the same format as described

for Figure 2. Dashed lines a and c mark the pair of forward and reverse shocks bounding the SIR;

dashed line b indicates the stream interface (SI).
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On the low-speed (left-hand) side of the interface, there is no correlation of
the magnetic-field strength, density, and temperature as one might expect in the
compression region, so clearly marked by the pressure rise, had it been formed
in uniform plasma. Clearly on the slow-stream side, a structured source region
dominates compression in creating the observed structure at the interface. On the
high-speed side, there is a better, but not complete, correlation between the field
strength, the density, and the temperature, suggesting greater uniformity in the
source region of this flow.

Figure 3 shows an SIR with a Pt enhancement bounded by a pair of forward-
reverse shocks (dashed lines a and c). Here the component variations are more
complex. The acceleration phase of the slow stream has a temperature decrease
while Pt increases. The deceleration phase of the fast stream has a declining NP

and TP, and |B| mimics Pt. β fluctuates greatly in the interaction region.
Over about four hours before the SI, Bx/B, By/B, and Bz/B are relatively

quiet, respectively staying negative, positive, and positive, for hours. But within the
following four hours, Bx/B changes from negative to positive, and then fluctuates
back and forth frequently; By/B changes from positive to negative; and Bz/B varies
from positive to negative, and back to positive quickly. At about 4:30 UT, quite close
to the SI, By/B and Bz/B change polarities again, sharply and simultaneously.

We believe the above behavior of the magnetic field is associated with a nearby
sector boundary and is also affected by an ICME-like structure ahead. The variation
of the magnetic field direction between dashed lines a and b is much less sinusoidal
than what we would expect for a typical magnetic cloud. Moreover, the very noisy
fluctuations of the magnetic field closely after the interface and an increasing speed
profile mark this as an SIR. Our identification is confirmed by the absence of a halo
CME within nine days before the occurrence of this event from the Large Angle
and Spectrometric Coronagraph (LASCO) (Brueckner et al., 1995) CME catalogue
(http://cdaw.gsfc.nasa.gov/CME list/).

For this event, assuming that the wave propagates perpendicularly to the mag-
netic field, we find the fast magnetoacoustic wave speed to be 63 km s−1 at 00:33
UT on May 18, and 82 km s−1 at 19:48 UT on the same day. Using the shock-
coplanarity assumption and tangential-discontinuity normal, respectively, we can
get the normal direction to the interface, and then calculate the normal solar-wind
velocity jump of 116 km s−1 at 00:33 UT and of 100 km s−1 at 19:48 UT. So the
fast Mach numbers are respectively 1.84 and 1.23, at the two discontinuities. These
pressure jumps are indeed consistent with being a forward – reverse shock pair.

Again, the low-speed side of the interface is poorly correlated between magnetic
field, density, and temperature, even ignoring the obvious shock-heating spike. The
high-speed side shows at least qualitative correlation. Once again it appears that
the structure in the slow stream is imposed at the source while the structure in the
fast stream is more consistent with the compression of an originally more uniform
region.
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The plasma heating at the two shocks is quite evident here and can be used to
estimate how long before the shocks formed. The leading (forward) shock has been
acting on the plasma for some time although it was weaker earlier, judging from
the temperature profile that decreases smoothly as the interface is reached. The
trailing (reverse) shock is weaker than the leading shock, and makes a thin region
of enhanced temperature, suggesting that the shock only recently formed.

6. Shock-Association Rate of SIRs during the Period 1995 – 2004

Solar cycle 23 started in May 1996 when the monthly sunspot number (SSN)
reached a low of 8.0 and reached a maximum in April 2000 of 120.8. Rather than
confining our study to only solar cycle 23, we use all the data available from Wind
that includes one and a half years of data in 1995 and 1996 from solar cycle 22.
With the Wind and ACE data, we have identified 365 SIRs in all, 196 of them being
CIRs. Excluding data gaps and noisy data, the average annual SIR event number is
about 37.

From the observations by Ulysses, Pioneer, and Voyager, we know that shocks
typically form beyond ∼ three AU due to the steepening of quasi-stationary, fast
solar-wind streams (e.g., Gosling, Hundhausen, and Bame, 1976; Hundhausen and
Gosling, 1976; Smith and Wolfe, 1976; Gosling et al., 1993). Few CIRs are revealed
bounded by shocks at one AU (e.g., Gosling et al., 1972; Ogilvie, 1972). Reverse
shocks have been observed at one AU associated with fast streams in the absence
of associated forward shocks (Formisano and Chao, 1972; Burlaga, 1974; Gosling
et al., 1978). However, the above claim is mostly based on observations around
the early 1970s. It is possible that the relatively low quality of the early data set
has allowed some shocks to be missed, although some prominent fast shocks with
ICMEs and reverse shocks associated with SIRs were reported. In addition, the
earlier literature was based on studies covering a part of solar cycle 20, and some
discrepancy may arise between our study and the earlier work, because the solar-
activity strength may differ from solar cycle to solar cycle.

In this analysis, where we quantify these statistics, we find that 88 SIRs are
associated with shock(s) among the 365 SIRs observed over the ten years, i.e. that
the SIR shock-association rate is 24% at one AU. Excluding the 41 hybrid events,
among the remaining 324 “pure” SIRs, 68 events have shocks, for a 21% occurrence.
There are 60 CIRs with shocks, or in other words, 31% of all CIRs. Though it is well
known that shocks can form with SIRs within one AU (e.g., Gosling et al., 1978),
this is still an unexpectedly large number. The shock-association rate is higher for
CIRs than SIRs, partially due to the stronger stream interaction in CIRs, which is,
in turn, caused by the usually faster and larger streams in CIRs, as documented in
our survey.

Moreover, some events are associated with more than one shock, especially for
hybrid events consisting of complex solar-wind structure. Though in some events,
there are two or more forward shocks occurring with one SIR, we only count leading
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shocks once in this study. If the two or more forward shocks are associated with
one reverse shock, we only count it as one pair of forward – reverse shocks, and do
not count it again as one event with only a forward shock. We have not found any
events associated with two or more reverse shocks. We recall that the current solar-
activity strength may differ from that of solar cycle 20 when the early observations
are conducted.

Table I gives the yearly numbers and percentages of SIRs, CIRs, SIRs with
shocks, SIRs with only forward shock(s), or only a reverse shock, or with a forward –
reverse shock pair. In all, among the 88 SIRs with shocks, 62 SIRs, i.e. 70% are
associated with only a forward shock, while another 21 events, i.e. 24%, occur with
only a reverse shock. That is, more than twice as many SIRs are associated with
forward shocks than with reverse shocks. Among the 60 shocks associated with
CIRs, 61% have only a forward shock, while 31% have only a reverse shock.

Following Gosling and Pizzo (1999), the forward shocks propagate antisunward,
westward, and equatorward, while the reverse shocks propagate sunward, eastward,
and poleward in both hemispheres. The Wind and ACE spacecraft are both near the
ecliptic plane, so we expect to see more forward shocks than reverse ones at one AU
if both types of shocks form near one AU, and we do. This observation is therefore
consistent with the expected configuration of the stream interaction deflections. As
the observation point moves outward, if the two types of shocks bounding SIRs are
well formed, we might observe more reverse shocks than forward shocks. However,
where and when the forward and reverse shocks form is still an open issue.

Our preponderance of forward shocks is controversial because before this study
conventional wisdom, derived from SIR modeling (J.T. Gosling, private commu-
nication, 2005), had suggested that the forward and reverse shocks form at about
the same time but at different distances from the Sun. Thus, SIR-associated reverse
shocks would have to form closer to the Sun than forward shocks, leading us to
expect to see more reverse shocks than forward shocks in the shock-growth region
at one AU.

Hundhausen’s (1973) 1-D gas-dynamic simulation appears to suggest that the
forward shocks are formed farther away from the Sun than reverse shocks, albeit the
spacing between the illustrated time steps in this simulation is large. In addition,
Hu’s (1993) MHD model, as an example, has a reverse shock that emerges at
1.03 AU and becomes fully developed near 1.6 AU; while the forward shock occurs
later at a farther distance from the Sun (1.3 AU) and becomes fully developed near
1.8 AU, eventually becoming stronger than the reverse shock. Such simulations are
challenged by our observational results.

The three columns (dark gray, white, light gray) in Figure 4, respectively, show
the solar-cycle variation of occurrence rates of SIRs with only a forward shock,
with only a reverse shock, and with a pair of forward – reverse shocks, among all
SIRs over the ten years. The sum of the three is the SIR shock-association rate.
Every year, the fraction of SIRs with only forward shocks is larger than the one
with only reverse shocks. For the precise number, see Table I.
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Figure 4. Occurrence rates of SIRs with shocks.

The SIR shock-association rate roughly increases with solar activity, except for
1998 and 2000. It reaches the maximum, 39%, in 1998. And it is as low as 19% in
2000. The minimum appears in 2004: ∼5%. But the SIR association rate with only
forward shocks has no clear trend over the ten years.

In contrast, from a survey of Pioneer Venus Orbiter (PVO) solar-wind data at
0.72 AU during 1979 – 1988, Lindsay et al. (1994) found that only 10% of stream
interactions produced interplanetary shocks (without forward or reverse specified
therein) during the declining phase of the solar cycle, while no stream interactions
produced shocks near solar minimum. The small number of cases of interplan-
etary shocks (six) associated with stream interactions results in some statistical
uncertainty in their estimate. Though the studies are conducted over different solar
cycles, the comparison between our survey with their study suggests that many of
the shocks form in the region from 0.72 AU to 1.0 AU.

Another approach is to calculate the expected Mach number on either side of the
SIR. Assuming the wave propagates perpendicular to B, the fast magnetoacoustic
wave speed is (V 2

A + C2
s )1/2. The density (NP) is higher in the acceleration phase of a

slow stream (indicated by 1) than in the deceleration phase of a fast stream (indicated
by 2); while the plasma temperature (T1) is lower than T2. Thus the magnetoacoustic
wave speed (VMA1), is smaller than VMA2. Therefore, for the same change of velocity
along the SI normal, it would be easier to produce a Mach number larger than one
in the acceleration region of the slow stream than in the deceleration region of the
fast stream. Again, this line of reasoning is consistent with our observations.

Of the 365 SIRs, only five events (1%) are associated with a pair of forward –
reverse shocks. One of them is a hybrid event in 2001, and the other four are all CIRs.
It is very rare for spacecraft to observe shock pairs with SIRs at one AU. In contrast,
at distance greater than about two to three AU and at low heliographic latitudes,
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CIRs and presumably most SIRs, are commonly bounded by forward – reverse
shock pairs (e.g., Gosling and Pizzo, 1999), e.g., during Ulysses’ second polar orbit,
about half of the well-defined SIRs observed poleward of S9.8◦ were bounded by
forward – reverse shock pairs (Gosling et al., 2001).

In addition, averaged over the SIRs having reverse shocks, these shocks occur
13 hours later than the stream interface, consistent with the MHD simulation of
Pizzo (1989) and Hu (1993). They concluded that the shocks form at an angle of 7 –
10◦ in heliocentric azimuth on either side of the stream interface, which corresponds
to 12 – 17 hours in corotation time. From the survey, the average decrease of Pt is
61 pPa across the reverse shock.

7. Properties of Stream Interaction Regions

Table II lists the annual averages of seven parameters (duration, RD, size, Pmax, Bmax,
RV, and �V) as well as their probable errors of the mean, indicated in parentheses.
The last three rows in this table provide the corresponding averages as well as their
probable errors of the mean, the maximum, and the minimum, based on all the 365
SIRs. The five panels in Figure 5 respectively show the solar-cycle variations of
annual number of SIRs, size, Pmax, Bmax, and �V of SIRs from 1995 to 2004, with
the error bars presenting the corresponding probable errors of the mean in each year.
We see that Pmax and �V vary up to about 1.5 times the minima, but none of these five
parameters changes as much as those of ICMEs (Jian et al., 2006) over the ten years.

During the declining phase of solar cycle 23, there are a few more SIRs than at
other times, with a maximum occurrence of 45 events in 2003; the second highest
value (41), occurs in both 2002 and 2004. The fewest (32), occurs in 2000 and 2001,
around solar maximum. Thus the SIR occurrence rate changes with the variation in
the solar magnetic configuration during the period under study, although to a much
smaller extent than ICMEs. This change is somewhat out of phase with the ICME
occurrence-rate variation.

From Table I, we can see that the CIR occurrence rate has no simple solar-cycle
dependence, except for being roughly larger in the descending phase. In 1999, the
occurrence rate of CIRs (64%) is slightly higher; but we are aware of some uncer-
tainty caused by identification errors, data gaps, or changes in viewing location,
etc., so the high CIRs fraction in 1999 is not necessarily statistically significant.

Similarly, for the inner heliosphere, Lindsay et al. (1994) found that the stream-
interaction occurrence observed at 0.72 AU varied out of phase with the solar cycle,
with an average of about 31 prior to solar maximum (1986 – 1987), and of only about
16 around the maximum of solar cycle 21 (1979 – 1981). The SIRs occurrence rate
at 0.72 AU changes more over 1979 – 1988 than we found in solar cycle 23 possibly
because of their emphasis on CIRs.

Averaged over all 365 events, SIR events last 36.7 ± 0.9 hours, and the duration
before the peak is about 1.21 ± 0.07 times larger than that after. This observation
is consistent with similar geometries on either side of the interface considering
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Figure 5. Annual statistics of some properties of SIRs during the period 1995 – 2004. (a) Occurrence

rates of SIRs. (b) Scale size of each SIR. (c) Peak pressure. (d) Maximum magnetic field. (e) Change

in the solar-wind velocity from slow stream to fast stream. The probable error of the mean is shown.

the different velocities on the two sides. The scale size of SIRs varies from 0.06 to
1.24 AU, with a mean of 0.41±0.01 AU, the same scale of our ICME events (Jian et
al., 2006). It is largest in 2003 and 2004, during the declining phase of the solar cycle.

The average Pmax of SIRs is 176 ± 6 pPa, a smaller value than that of ICMEs,
suggesting that the average strength of stream interaction is weaker than the
interaction of ICMEs with ambient solar wind at one AU. The Pmax apparently
declines from 2002 to 2004, meaning that the interaction weakens as the solar
activity declines. Over the ten years, Bmax has a variation similar to Pmax, with an
average of 15.5 ± 0.3 nT.

Since annual averages of RV and �V have similar solar-cycle variations, we only
show the latter in Figure 5. They have no clear solar-cycle dependence, reaching
maxima in 2003. They both reach a minimum in 1997, just after the SSN minimum,
but can reach high values around solar maximum and in the solar-cycle declining
phase. This behavior may be attributed to the fact that over the ten years, Vmin is
almost constant, while Vmax varies greatly.
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In 2001, all five parameters in Figure 5 are relatively low. Near solar minimum,
we are presumably seeing the equatorial extent of the large polar coronal holes.
While around solar maximum, it is likely that we are observing smaller coronal
holes, which may also occur at lower latitudes. Certainly, the solar-wind speed has
been found to be a function of coronal hole size, so it makes sense that pressure
and magnetic field might be too (e.g., Nolte et al., 1976; McComas, Elliott, and
von Steiger, 2002). Our result partially represents the properties of the plasma
originating from the two kinds of coronal holes. On average, Vmax is 1.66 ± 0.02
times Vmin, and the former is 230 ± 5 km s−1 larger than the latter. The values of
RV and �V are both larger than those of ICMEs, consistent with the SIR’s role in
the interaction of fast streams with slow streams.

The two panels in Figure 6 individually show the probability distributions of
Pmax and �V, one on a quasi-logarithmic scale (the bin values are successively
raised by the power 1.06 to distribute the data well across the bins), and the other
on a linear scale. Roughly, they are all centrally distributed. The Pmax varies from
52 to 850 pPa, and is distributed mostly around 140 pPa, where about 24% of SIRs
fall. The velocity change varies from 61 to 603 km s−1, centered on 200 km s−1,
and approximately 22% of the 365 SIRs have a �V between 175 and 225 km s−1.

8. Summary

Total perpendicular pressure (Pt) can assist in the identification of different inter-
action types. A pressure peak with gradual slopes on both sides is the characteristic
feature of the stream interaction region (SIR). From 1995 to 2004, Wind and ACE
observed 365 SIRs in all, 54% of them being CIRs. The SIR occurrence rate has
little solar-cycle dependence. The CIR occurrence rate varies more with solar cycle
than the SIR rate, from 15 in 1997 up to 25 in 2003. Due to other temporal variations
in the solar wind, such as ICMEs, and partially because of data gaps, on average
we can only detect 1.7 CIRs per Carrington rotation.

On average about 24% of SIRs are associated with shocks, and around 31% of
CIRs occur with shocks. Among the SIRs with shocks, 70% have only forward
shocks, and 24% have only reverse shocks. Hence, at one AU, only about 1% of all
SIRs occur with a pair of forward-reverse shocks. The SIR shock-association rate
is much larger than the rate found by Lindsay et al. (1994) based on PVO data at
0.72 AU, suggesting that some forward or reverse waves bounding the interaction
region may have steepened into shocks from 0.72 to 1.0 AU.

Defining the stream interface where the Pt reaches the maximum, the average
duration of an SIR at one AU is 36.7 ± 0.9 hours, and the leading portion of the
interaction before the interface lasts about 1.21±0.07 times longer than the trailing
portion, indicating a temporal asymmetry. In addition, the average scale size of SIR
is 0.41 ± 0.01 AU, as large as ICMEs; peak pressure (Pmax) is 176 ± 6 pPa, and the
average �V is 230 ± 5 km s−1. In contrast, the CIRs last 36.8 ± 1.2 hours, with a
size of 0.44±0.02 AU, a Pmax of 214±9 pPa, and a �V as high as 285±6 km s−1.
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Figure 6. Probability distribution: Pmax and �V of SIRs (1995 – 2004).

The CIRs are typically larger and stronger SIRs. Our statistics should also provide
some needed guidance for simulation work on stream interactions.

The properties (size, Pmax, Bmax, RV, �V, etc.) of SIRs have no simple solar-
cycle dependence. They reach low values around solar maximum, probably because
around solar minimum, a larger fraction of fast streams emanate from the high-
heliolatitude coronal holes, and the properties of such fast streams differ from the
ones originating in the low-heliolatitude coronal holes near solar maximum. The
solar-cycle variations of the CIRs properties mimic those of SIRs, except that CIRs
often last longer, and have stronger interactions. This demonstrates that SIRs and
CIRs involve the same physical mechanisms, with the only exception being that
SIRs have low recurrence.

Since single-point observations are definitely not sufficient to study the temporal
and spatial evolution of stream interactions, the launch of the Solar-Terrestrial Rela-
tions Observatory (STEREO), will add two more observation points on either side of
the Wind/ACE pair, enabling stream interaction to be probed only a day or so apart,
and determine how steady SIRs are, especially their forward and reverse shocks.
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