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ABSTRACT
White-light observations of interplanetary disturbances have been dominated by interplanetary coronal mass
ejections (ICMEs). This is because the other type of disturbance, the corotating interaction region (CIR), has
proved difficult to detect using white-light imagers. Recently, a number of papers have appeared presenting
CIR observations using the Solar Terrestrial Relations Observatory (STEREO) Heliospheric Imagers (HIs), but
have mostly only focused on a single spacecraft and imager. In this paper, we present observations of a single
CIR that was observed by all three current white-light heliospheric imagers (SMEI and both STEREO HIs),
as well as the in situ instruments on both STEREO satellites and ACE. We begin with a discussion of the
geometry of the CIR structure, and show how the apparent leading edge structure is expected to change as
it corotates relative to the observer. We use these calculations to predict elongation–time profiles for CIRs of
different speeds for each of the imagers, and also to predict the arrival times at the in situ instruments. We show
that although all three measured different parts, they combine to produce a self-consistent picture of the CIR.
Finally, we offer some thoughts on why CIRs have proved so difficult to detect in white-light heliospheric images.
Key words: solar wind – Sun: corona
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Relations Observatory (STEREO; Eyles et al. 2009) have provided regular images of interplanetary transients, allowing
their study in unprecedented detail. SMEI has detected and
tracked more than 300 transients (the full list is linked from
http://smei.nso.edu/smeilinks.html) and the number of “events”
detected by the HIs exceeds 500 to date (the list is maintained
at http://www.sstd.rl.ac.uk/stereo/HIEventList.html). Several of
these have been confirmed as CMEs from SMEI (e.g.,
Tappin et al. 2004; Tappin 2006; Howard et al. 2006; Webb et al.
2009) and the HIs (e.g., Harrison et al. 2008; Webb et al. 2009;
Howard & Tappin 2009b). Only a small number of events, however, have been identified in the HIs as the signatures of CIRs
(Sheeley et al. 2008a, 2008b; Rouillard et al. 2008, 2009) and
until now none have been identified in SMEI.
Here we present the results from the first confirmed CIR
detected by SMEI. This event occurred in 2008 late November
and was immediately flagged as an unusual event in SMEI due
to its appearance at very large elongation angles. We begin with
a discussion of the geometry of CIRs and predict how they
would appear to SMEI, the HIs, and in situ data at the time of
the event. A description of the event follows, beginning with
its appearance in SMEI followed by in situ and EUV coronal
observations confirming the existence of a CIR. The appearance
of the event in the HIs follow, and we conclude with a discussion
of the physical implications of the results. We find that the
measurements from the data agree extremely well with those
predicted from the geometry, and our results support the HI-B
results of Sheeley et al. (2008b) and the HI-A results of Rouillard
et al. (2008).

1. INTRODUCTION
Large-scale disturbances in the interplanetary medium may be
divided into two categories: coronal mass ejections (CMEs) and
corotating interaction regions (CIRs). Both are known to span
several tens of degrees of heliospheric latitude and/or longitude
and many are responsible for geomagnetic disturbances. CMEs
are ejections of plasma and magnetic field from the Sun that
expand through the heliosphere. Faster CMEs are supersonic,
so will form a shock which gains in strength as the transient
evolves through the heliosphere. CIRs, on the other hand, are
the consequence of interaction of solar wind streams of different
speeds. Here a fast solar wind stream, typically from a coronal
hole, interacts with slow solar wind due to the rotation of the
Sun. They are regions of high pressure, so are bound by forward
and reverse waves which can form shocks at large distances
from the Sun, provided that the fast wind is fast enough. Further
details on CMEs may be found in, e.g., St. Cyr et al. (2000)
and Yashiro et al. (2004), while Smith & Wolfe (1976), Pizzo
(1982), Tappin et al. (1984), and Pizzo & Gosling (1994) may
be sought for further information on CIRs.
Until recently, regular study of CMEs and CIRs was limited
to in situ data, such as from the ACE (Stone et al. 1998) and
WIND (Ogilvie & Parks 1996) spacecraft, and by interplanetary
scintillation observations (e.g., Gapper et al. 1982; Tappin
et al. 1984; Jackson et al. 1998). Such spacecraft detect the
interplanetary shock and magnetic field and particle signatures
of the transient as the spacecraft passes through the transient.
With the instruments on in situ spacecraft, the distinction
between a CME and a CIR may be made using known properties
of each, shown in Table 1.
More recently, heliospheric image data from the Solar
Mass Ejection Imager (SMEI) on Coriolis (Eyles et al. 2003)
and the Heliospheric Imagers (HIs) on the Solar Terrestrial

2. CIR GEOMETRY
Unlike a CME, a CIR is approximated by a time-stationary
structure corotating with the Sun. Since the solar wind speed
is approximately constant with distance, the leading edge of
the CIR will form an Archimedean spiral with a characteristic
speed somewhere between the speeds of the slow wind ahead
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Table 1
Known Properties of CMEs and CIRs Using Solar Images and in situ Data
Instrument

Coronal Mass Ejections

Corotating Interaction Regions

Coronagraph
X-ray and EUV
In situ
Magnetic field
Low-energy particles
Geomagnetic

Associated CME
Solar eruptive phenomena (sometimes)
Forward shock typically stronger than reverse
Magnetic cloud (sometimes)
Anti-sunward before forward shock, sunward after reverse shock
Can cause major magnetic storms if magnetic field is southward

Distinct absence of CMEs
Low-latitude coronal hole
Reverse shock typically stronger than forward
Field enhanced, but no systematic rotation
Sunward before forward and after reverse shock
Generally only cause minor magnetic activity

of it and the fast wind behind (Figure 1(a)). As we can see from
Figure 1(b), the leading edge of the CIR as seen on the sky
occurs where the line of sight forms a tangent with the leading
edge of the CIR structure. This will initially be seen only in the
east, where the structure will move slowly across the sky taking
∼10 days to travel from 30◦ to 90◦ elongation (Figure 3(a); a
CME would take only 1–3 days to make the same crossing).
In the east, the leading edge of the observed CIR will go well
past 90◦ before it hits the observer. Between the times when the
coronal hole crosses the line to the observer and when the CIR
hits the observer (as in location (3) in Figure 1(b)), the inner part
of the CIR will be visible to the west at small elongations. Just
before the CIR hits, the elongations to both sides of the Sun will
lie on the Parker spiral. It is also evident from Figure 1(b) that
the tangential line of sight always touches the CIR far from the
Thomson surface. This implies that the intensity of the scattered
light will be somewhat reduced compared with that from a CME
of the same density near the Thomson surface (e.g., Vourlidas
& Howard 2006; Howard & Tappin 2009a).
To make this discussion more quantitative, let us consider
the geometry shown in Figure 2. At any point T on the CIR,
the heliocentric distance r and the winding angle θ (the angle
between the footpoint of the CIR and T) will be related by
θv
,
(1)
Ω
where v is the solar wind speed and Ω is the solar synodic
rotation rate (here taken to be 13.◦ 31 day−1 , or a 27 day (Bartels)
rotation period). It can be shown that the angle between the
tangent and the radius (often called the Parker angle) is given
by
tan η = θ.
(2)
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To compute predicted elongations, it is more convenient to start
at the tangent point and determine where the tangent intersects
the observer’s radius, rather than starting from the observer and
trying to calculate the tangential contact.
We first consider observing the CIR on the east side of the
Sun (Figure 2(a)). By applying the sine rule to the triangle OTS,
we see that the elongation ε can be related to the Parker angle
by
sin ε
sin η
=
.
(3)
r
l
When r is greater than l (the case illustrated in Figure 2(a)),
Equation (3) has two solutions (the points O and O in the
figure), otherwise there is only one.
To determine the time to the impact of the CIR on the observer,
we must compute the angle Δ. This can easily be determined
since φ + η + ε = 180◦ , and the winding angle to the observer’s
radius (i.e., to the point C) is θ1 = lΩ/v. From the figure, we
see Δ = θ1 − (θ − φ). The time delay is then δt = Δ/Ω. These
relations may most easily be computed as a function of r. It is

(3)
Observer
(4)
Figure 1. Schematics showing the structure and observation of a CIR. (a) The
structure of a typical CIR. (b) How the leading edge of the CIR will be seen as
it approaches an observer, the leading edge is shown in four locations: (1) 90◦ ,
(2) 60◦ , (3) 30◦ , and (4) 0◦ before the CIR strikes the observer. The lines of
sight tangential to the CIR are also shown for each location.

found that the largest value of r for which the tangent intersects
an observer occurs when the tangent to the CIR is also a tangent
to the observer’s orbit. By putting ε = 90◦ and l = 1 AU into
Equations (1)–(3), we find that
4
2
rmax
− rmax
−

v2
= 0,
Ω2

with the required solution being
√
4v 2 + Ω2 + Ω
2
.
=
rmax
2Ω

(4)

(5)

When these relations are evaluated for different solar wind
speeds, the elongation–time plots shown in the upper group of
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Figure 2. Geometrical constructions used to determine the elongation of a CIR leading edge (a) to the east of the Sun and (b) to the west of the Sun.
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Figure 3. (a) Computed elongation time curves for various speeds of CIR. The
long curves in the middle of the plot are for an observer looking to the east of
the Sun, while the short ones in the lower right are for an observer looking to
the west. The time axis is the time in days before the CIR will hit the observer.
(b) The height of the tangent point above the Sun, also plotted against the time
before impact.

traces in Figure 3(a) are obtained. We also show the heliocentric
distance of the point being observed in Figure 3(b). The east
side values are the upper branch, which starts near the Sun half
a solar rotation before the CIR reaches the observer and rises to
a maximum of rmax at an elongation of 90◦ , then drops back to
1 AU at the point when the CIR hits the observer.

In the case of observations to the west of the Sun (Figure 2(b)),
the only mathematical changes are that η is now an exterior
angle of the triangle OTS, but this does not affect the sine
rule relationship. Also the angle from impact now becomes
Δ = θ1 − (θ + φ). These relationships can again be computed
to give the lower group of traces in Figure 3(a), and the lower
branch in Figure 3(b).
The slow movement across the sky and the distance of the
tangent point from the Thomson surface make it difficult to
detect CIRs with the current generation of heliospheric imagers
(HIs) as the image-to-image differences are very small. So in the
running differences currently in use for SMEI and HI data, the
CIR will almost cancel itself out for much of its rotation around
the Sun. The best chance of spotting a CIR is therefore in the
east between 90◦ and about 135◦ elongation where it appears to
move more quickly across the sky. This is also a region where
we do not expect to see clear edges on CMEs since to have an
edge in this region of the sky, the CME must pass very close
to the Earth without hitting it, and even if the geometry were
suitable, the line of sight would pass through the periphery of
the CME through the thickness of the structure. To the west, the
CIR also moves relatively quickly in elongation, but since there
is no initial mass in a CIR, it will have a small density contrast
in this region. It also only reaches about 45◦ elongation before
it hits the observer.
Using the computed elongation–time curves for the leading
edges, we can estimate the likely appearance and timing of the
CIR at each spacecraft. We base these estimates on the observations by SMEI, which are discussed in detail in Section 4.1.
Briefly, SMEI observed the disturbance from 10:00 to 23:00 UT
on November 24, during which time it moved from an elongation of 100◦ to 130◦ . Given the rotation rate of the Sun of 13.◦ 31
per day and the geometry of the Parker spiral, we may predict
the appearance of the same CIR in HI-A and HI-B, and also the
likely arrival times of the structure in the in situ data.
As well as predicting the movement of the CIR across the
sky, it is useful to estimate the time of impact of the CIR
with each observer. This can be predicted using the time of
arrival at one spacecraft and applying the Parker spiral geometry
and solar rotation. The arrival of this CIR near the Earth was
recorded by the in situ instruments on the ACE spacecraft at
about 23:30 UT on November 24. There was also a detectable
increase in geomagnetic activity at the Earth, which began at
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about 00:00 UT on November 25. Using this as a basis, we may
expect the CIR to arrive at STEREO-A (42◦ ahead of Earth)
about 3.16 days later at around 04:00 UT on November 28,
and STEREO-B (42.◦ 8 behind Earth) about 3.22 days earlier at
around 19:00 UT on November 21.

(a)

865

Image start: 2008-Nov-24 12:11
Image end: 2008-Nov-24 13:52

3. INSTRUMENTS

4. OBSERVATIONS
4.1. SMEI
The CIR was first identified as a transient in SMEI and was
immediately flagged as a noteworthy event. This is because
it was not detected until it was beyond 90◦ elongation and it
continued to show a clear leading edge observed until around
130◦ . This is unusual as a transient which hit the Earth would
not show a leading edge after it had done so, which will
occur at an elongation close to 90◦ . In addition, this interaction
will generally cause aurora and enhanced particle fluxes which
obscure SMEI’s view of the sky. A transient passing close to
Earth but not impacting can be seen beyond 90◦ , but generally
the geometry of the scattering means that these fade rapidly
and the leading edge is unlikely to be measurable much beyond

130

(b)

120
Elongation

The primary data set for this study is from the Solar Mass
Ejection Imager (SMEI; Eyles et al. 2003). SMEI is in an
840 km polar orbit about the Earth and has been operational
since 2003 January. SMEI consists of three cameras that build
up an all-sky white light image beyond ∼20◦ elongation once
every 102 minute orbit. Solar coronal information (not shown)
was provided by the Large Angle Spectroscopic Coronagraph
(LASCO; Brueckner et al. 1995), and also by coronagraphs on
STEREO (Howard et al. 2008). STEREO (Kaiser et al. 2008)
consists of two spacecraft, each almost sharing an orbit about
the Sun as the Earth. They are situated so as to gradually increase
their angular distances from the Earth, by around 22◦ every year.
STEREO-A is located somewhat closer to the Sun (at around
0.95 AU) so it leads the Earth, and STEREO-B is further from the
Sun (around 1.05 AU) and so lags behind. The ACE spacecraft
is at the Lagrange L1 point, at around 0.99 AU. STEREO has
two in situ instrument suites, PLASTIC (Galvin et al. 2008) and
IMPACT (Acuña et al. 2008) and an imaging suite (SECCHI;
Howard et al. 2008) each containing several instruments. In
situ STEREO data were provided by the magnetometer (MAG;
Acuña et al. 2008) and solar wind (PLASTIC; Galvin et al.
2008) instruments, while for near-Earth in situ observations
we have used the ACE spacecraft magnetometer (MAG; Smith
et al. 1998) and solar wind (SWEPAM; McComas et al. 1998)
instruments. STEREO images were provided by the HIs (Eyles
et al. 2009), each of which consists of two cameras. HI-1 is
centered at an elongation of 14.◦ 0, with a field of view of 20◦ ,
while the HI-2 field is centered at 53.◦ 7 and has a diameter
of 70◦ . The cadence of HI-1 and HI-2 are 40 minutes and
120 minutes, respectively. Combined with the coronagraphs
and the EUV cameras, SECCHI is designed to provide an
uninterrupted view from the Sun to the Earth, but it is limited
to near the ecliptic plane, and each spacecraft observes only on
one side of the Sun. Finally, EUV images were provided by the
Extreme-ultraviolet Imaging Telescope (EIT; Delaboudinière
et al. 1995). EIT observes the full-disk Sun with a number
of EUV wavelengths, but the most commonly observed is the
195 Å wavelength which shows plasma at about 1.5 × 106 K.
EIT typically has a cadence of 12 minutes.
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Figure 4. (a) SMEI image in a Hammer–Aitoff projection of the CIR with
the Sun at the center, at about 1300 UT on November 24. The image has a
scale of ±1 ADU and the grid is marked at intervals of 30◦ in elongation and
position angle. The leading edge of the CIR is marked by the white curve in the
southeastern (lower left) quadrant. (b) The measured elongations of the CIR in
SMEI.

100◦ , as has been confirmed by statistical studies using SMEI
(Webb et al. 2006; Howard & Simnett 2008). Figure 4(a) shows
a SMEI image with the transient indicated. The elongation–time
plot is shown in Figure 4(b). Even a cursory inspection of the
elongation–time curve will show that its form is similar to that
of the computed CIR shortly before it hits the observer.
The second noteworthy characteristic is the associated solar
activity, or rather the lack of it. First, no CME was detected by
LASCO or the STEREO-CORs from 2008 November 18–24.
Given that a typical CME has a transit time of 1–5 days, this
indicates that the transient observed by SMEI was not associated
with a detectable CME. Also, a coronal hole is clearly visible in
the EIT images near the solar equator and crossing the central
meridian around November 22 (Figure 5). This indicates that
a corotating fast-flowing solar wind stream was present which
could intersect the Earth. The shape of this coronal hole plays
an important role in the arrival time of the CIR at each of the
spacecraft. This is discussed in more detail later.
From the movement of the leading edge of this feature across
the sky, we consider this to be a CIR which hit the Earth near
00:00 UT on November 25.
4.2. In situ
The ACE SWEPAM data for this interval show a rapid density
and speed increase shortly before 00:00 UT on November 25,
followed by a drop in density and continuing speed increase at
about 11:00 UT on November 25. This is in good agreement
with the arrival of the CIR at Earth deduced from the SMEI
observations. According to the time of transit of the region, we
calculate that the disturbance has a longitude width between
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Figure 5. EIT image of the coronal hole that we believe to be the origin of the
CIR. The slanted white line denotes the projection of the ecliptic plane onto
the solar disk. The white circles on the ecliptic line denote the locations of
the three spacecraft projected onto the Sun (SA=STEREO-A, SB=STEREO-B).
The locations of the two STEREO satellites are also shown translated to the
central meridian. The approximate outline of the coronal hole is indicated by
the dotted border.
(A color version of this figure is available in the online journal.)

6◦ and 7◦ . In addition, at this time, the geomagnetic K indices
showed a rise from 0–1 at the end of November 24 to about 3
on November 25, with many observatories reporting a sudden
commencement at 23:51 UT on November 24.
The combination of an in situ interplanetary transient and an
equatorial coronal hole, combined with the absence of a CME
detected by coronagraphs has been cited as sufficient evidence
for the existence of a CIR in prior works (e.g., Richardson et al.
2006). However, with the assistance of the STEREO in situ
data and the geometry shown in Figure 1(b), we may further
consolidate this evidence.
At the time of this event, STEREO-B was trailing Earth
by 42.◦ 8, and STEREO-A was 42.◦ 0 ahead. If we ignore the
differences in distance from the Sun, this corresponds to a
corotation delay of −3.22 days for STEREO-B and +3.16 days
for STEREO-A. This leads to the prediction that the CIR should
reach STEREO-B at about 19:00 UT on November 21 and
STEREO-A at about 04:00 UT on November 28. When the
differences in radial distance are taken into account, the delays
will depend on the effective speed of the CIR, but both will
be a few hours closer to Earth than in the simple approach.
The UCLA STEREO shock list (http://www-ssc.igpp.ucla.edu/
forms/stereo/stereo-level-3.html) lists a forward shock reaching
STEREO-A at 16:44 UT on November 28, and STEREO-B
at 21:16 UT on November 21. Compared with the corotation
calculations the arrival at STEREO-A is delayed by about half
a day, while that in STEREO-B is about a day earlier than
we predict. The differences from our calculations are in the
opposite sense to be accounted for by the radial distances of
the spacecraft. It is however necessary to recall that the CIR
corotates in the solar equatorial plane, while the spacecraft all
lie close to the ecliptic plane. In late November, at Earth the

Figure 6. Relative locations of Earth and the two STEREO spacecraft at the
time of this event. The lighter shaded arcs indicate the STEREO HI-2 fields of
view, extending from 18.◦ 7 to 88.◦ 7. The darker shading shows the HI-1 fields
of view covering elongations from 4◦ to 24◦ . The edges of the fields are also
indicated as dotted lines. The orbit of the Earth is marked by the dashed arc.
Two locations of the CIR leading edge are shown: (1) the best time to observe
the CIR in the west with HI-B shortly before the CIR impacts STEREO-B, and
(2) the best time to observe the CIR in the east with HI-A, as the leading edge
approaches 90◦ elongation.

ecliptic plane is tilted by about 7◦ relative to the equatorial plane,
thus STEREO-B lies at a heliographic latitude of about 6.◦ 1N,
Earth at about 1.◦ 5N and STEREO-A at 3.◦ 8S. These locations
are indicated in Figure 5. Since it is clear that the leading edge
of the coronal hole runs from southeast to northwest, we are
confident that this is the most plausible explanation of the time
discrepancies.
4.3. The HIs
Now we have established that the transient is indeed a CIR,
we may move on to consider what was observed by the HIs. We
can see from the geometry in Figure 6 that we have two chances
to detect a CIR in the HIs. In the HI-Bs which look to the west
of the Sun, we would expect to be able to see the inner part of
the CIR at small elongations for a day or so prior to the CIR
hitting the spacecraft. For the HI-As, we might be able to see
the CIR to the east of the Sun for many days prior to the CIR
hitting the spacecraft.
The conventional method of removing the background in the
HIs is to use a shifted running difference. This procedure is
possible as the detector resolution and cadence of the cameras
was selected such that stars move by very close to 1 pixel
between successive images (Eyles et al. 2009). So if the previous
image is shifted by 1 pixel before subtraction, then the stars
nearly cancel out. Much of the stellar residual can then be
eliminated by applying a median filter (n.b. this does not work
as well for HI-2B where the defocusing causes the point-spread
function to be much larger and the residuals are correspondingly
larger). This is similar to the procedures used by both Sheeley
et al. (2008b) and Rouillard et al. (2008) in their CIR analyses.
Clearly, if we wish to observe a slow-moving object such as
a CIR in the east then it is desirable to use more than a oneimage step, but in that case the gradient of the zodiacal light
becomes a serious problem and produces a dark patch near the
Sun in the HI-B cameras and a bright one in the HI-As. We have
resolved this by taking a time-domain median of a few days
and subtracting that from all frames prior to making the running
difference. By this method, we are able to see structures fainter
than 0.01 DN s−1 at all elongations (for comparison, typical
levels in the outer part of a raw HI-2 image are a few DN s−1 ).
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Figure 7. (a) “J-map” of the HI-A measurements over the interval when the
CIR was visible. The white “+” symbols trace out the leading edge of the CIR.
(b) An HI-1A image at 15:44 UT on November 15 showing the path of the
section (white line), and (c) the same for HI-2A at 06:58 UT on November 24. In
(b) and (c), the Sun is to the right of the image. In all cases, the range is from
−0.02 to +0.02 DN s−1 . The looplike feature on the left of the HI-1A image is
caused by internal reflections from a bright planet just outside the field of view.
(A color version of this figure is available in the online journal.)

4.3.1. HI-A

In HI-A, since we expect the CIR structure to move very
slowly across the field of view (see Figure 3(a)), it is desirable to
use a longer difference than the conventional running difference
of consecutive images. After some experimentation, we found
that good results were obtained in HI-2A by using a three-frame
(i.e., 6 hr) running difference, but using a shift of 4 rather than
3 pixels to cancel the stars. To produce a similar 6 hr delay
in HI-1A, we must use a nine-frame running difference, and it
is found that a 13 pixel shift is needed to optimize the stellar
cancellation.
On viewing a movie of the HI-2A images made in this way,
it is easy to see that there is a faint front of enhanced brightness
moving across the field between November 16 and 26. It is also
clear that there is much more structure propagating outward
behind the front than there is ahead of it. In HI-1A, while there
are clearly structures propagating through the field of view it is
much more difficult to distinguish which structures are which.
To facilitate tracking individual features through the field of
view, we have created a cross section at a position angle of
∼98◦ through the images (this is often referred to as a J-map;
Davies et al. 2009), this is shown along with example images
from both HI-A cameras in Figure 7. In the HI-2A field, we can
clearly distinguish a slowly rising curve, which corresponds to
the leading edge of the CIR. This takes some 10 days to move
across the field compared with an ICME which would cover the
same region in 2–4 days. It is not clear whether the structure can
be traced into the HI-1A field.

(b)

20
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22
23
November 2008

24

(c)

Figure 8. (a) “J-map” of the HI-B observations. The white symbols mark the
paths of the four identified features. (b) A sample HI-1B frame from 12:24 UT
on November 19 showing the path of the section, and (c) the same for HI-2B at
08:58 UT on November 20. In (b) and (c), the Sun is to the left of the image. As
in Figure 7, the scaling is from −0.02 to +0.02 DN s−1 .
(A color version of this figure is available in the online journal.)

Also evident are a number of more-rapidly rising features
which join up with the CIR leading edge. We think that these are
irregularities or waves on the leading edge which can be traced
until they are obscured by parts of the CIR closer to the observer.
This structure is very similar to that seen by Rouillard et al.
(2008) for the events that they studied using HI-2A (compare
Figure 7 with their Figure 3).
4.3.2. HI-B

In the HI-B cameras the CIR will move more quickly across
the field of view, but it will be relatively undeveloped. That is to
say that the density enhancement will be small. Also since the
Parker spiral is nearly radial close to the Sun, there will be a large
shear between the fast and slow solar wind, with the result that
waves will tend to form in the interface. By the use of a “full set”
median subtraction combined with a conventional one-frame
running difference, we are able to see a number of features in
both HI-1B and HI-2B. By making a “J-map” at a position angle
of 258◦ (Figure 8), we can distinguish at least three features in
the appropriate time frame. These can be tracked in both cameras
and travel out to about 40◦ elongation before fading out. There
is also a fourth feature which appears at about the end of the
last small-elongation feature. This appears as a broad structure
sweeping out to near 70◦ elongation.
When we compare these observations with the modeled
behavior in the west (Figure 3), we conclude that we probably
do not actually see the spiral leading edge, but rather that we are
seeing the knots and waves that have yet to form into a stable
leading edge. The final feature appears to be internal structure
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Figure 9. Elongation time plots for the CIR in all three instruments, superposed on the modeled elongations. (a) Assuming that the arrival time is determined by
applying the corotation delay from the SMEI and ACE timings and (b) using the estimated CIR arrival times from the in situ measurements on the STEREO spacecraft.

in the CIR seen after the leading edge had reached STEREO-B.
We believe that these are the same kind of features that were
observed by Sheeley et al. (2008b)
5. DISCUSSION
The imaging observations from all the instruments are summarized in Figure 9. The results from SMEI and from HI-A

show an excellent agreement with the predicted elongations,
over a range of about 12 days. We do however note that the
profile appears to be somewhat more strongly curved than predicted, i.e., when the CIR is observed near to 90◦ elongation, it
is late (or low) while at both small and large elongations it is
relatively early (or high). Since we see the CIR at its greatest
distance from the Sun near to 90◦ elongation, this would imply
that the effective speed as determined by the winding rate may
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be lower further from the Sun than it is closer in. Overall, the
observations imply an effective speed around 350–400 km s−1 ,
which is comparable with other determinations of CIR speeds
by geometrical means (e.g., Tappin et al. 1984; Sheeley et al.
2008a; Rouillard et al. 2008).
The case of the HI-B observations is less clear. In particular,
the timing is somewhat perplexing as we see the activity at
the time that would be predicted by using the corotation delay
from SMEI and ACE (Figure 9(a)) rather than when the in situ
data from PLASTIC-B and IMPACT-B suggest (Figure 9(b)).
It is possible that this may be explained by the geometry of
the coronal hole and the fact that we made our section at a
southerly position angle (a decision based on the fact that we
saw more structure to the south), thus looking into a region of
the CIR more representative of the in situ structure that reached
ACE. The features observed have linear elongation–time profiles
with similar slopes to the predictions, however even using the
corotation delays, they are still lower than the predictions. We
think that this implies that well inside 1 AU, the classical CIR
leading edge has not fully formed, but rather that there are knots
and waves on the interface between the fast and slow wind, and
that these were observed by HI-B.
It is perhaps worth considering here why it is that although
CIRs have historically been readily seen in interplanetary
scintillation (IPS) observations (Houminer & Hewish 1972;
Tappin et al. 1984), they have until recently proved elusive in
white light observations. It appears that there are three factors
that contribute to this.
1. The most obvious factor is that CIRs move more slowly
across the sky than do ICMEs. Therefore, the fact that most
white-light observations to date have used a short baseline
for background subtraction, whereas IPS observations used
a long-term baseline built from a year of data. This
means that white-light observations are relatively biased
to detecting fast-moving features.
2. As can be seen in Figure 1(b), the tangent point on a CIR is
always well away from the Thomson surface. In white-light
observations, the falloff includes two 1/r 2 terms: one for
the density, and one for the incident illumination. IPS on
the other hand has only the density falloff, thus it will be
more sensitive than white-light measurements to structures
far from the Thomson surface.
3. The final factor comes from the physics of the scattering
processes. To understand this it is necessary to recall that
white-light imagers measure integrated electron density directly, but IPS measures the integral of the fluctuations
of electron density (e.g., Readhead 1971). While Tappin
(1986) argued that the two are directly related, this was
based almost entirely on ICME measurements. Ananthakrishnan et al. (1980), on the other hand, found evidence for
enhanced turbulence in regions of high velocity gradient,
and their observations were primarily based on CIR measurements. Since there is a Kelvin–Helmholtz instability in
the shear layer of a CIR which is absent in ICMEs, this is a
plausible source of the extra turbulence and an explanation
of why it is relatively easier to observe CIRs by IPS than
by white-light imagers.
6. CONCLUSIONS
This study combines the white-light CIR observations from
three separate heliospheric observatories (SMEI, STEREO-A,
and STEREO-B) for the first time. Observations already made
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with STEREO-B by Sheeley et al. (2008b) and Rouillard et al.
(2009) and with STEREO-A by Rouillard et al. (2008) are
confirmed and enhanced with more penetrating data processing
and geometrical analysis. We have shown that different parts
of the CIR structure can be directly observed and tracked for
many days up to its arrival at each observatory. We have also
demonstrated which components of the CIR are most likely to
have been observed.
Based on the work presented here, we now believe that the
CIR is best observed from the HI-A viewpoint, where despite
the distance of the apparent leading edge from the Thomson
surface, the structure can be tracked for more than 10 days.
Beyond 90◦ elongation, the structure can be tracked by SMEI
as it approaches impact with the observer. Finally, as the inner
structure appears to the west of the Sun, effects of the CIR
may be observed by HI-B. We believe that at these distances
the accumulated density is too low for the entire structure to
be seen in HI-B, but rather that knots and waves produced by
the Kelvin–Helmholtz instability in the shear layer are observed
here. There is also a possibility that the CIR may be observed
after it has passed the observer to the west, but this remains
uncertain.
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