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What is a cir?
A Schematic View

in the solar wind plasma, (1) the CIR will be assumed to be a
static pattern corotating with the Sun [Pizzo, 1978; Gosling
and Pizzo, 1999] and (2) the flow measurements from
spacecraft will be rotated into a “local‐Parker‐spiral” coor-
dinate system. The directions “parallel” and “perpendicular”
are denoted as in the direction of the Parker spiral and
transverse to the direction of the Parker spiral in the ecliptic
plane, respectively. In rotating from RTN to Parker‐spiral
coordinates, the rotation angle is given by the Parker‐spiral
winding angle from radial ! = arctan(405/vsw), where vsw is
the solar wind speed in km/s.
[17] The superposed‐epoch average of the direction of the

measured magnetic field direction relative to the predicted
Parker‐spiral direction is plotted in Figure 6. The thin curve
has a resolution of 1 h and the thick curve is a running
13 h average of the black curve. Although it is well known
that the instantaneous field has a large spread in values about
the Parker‐spiral direction [Ness and Wilcox, 1966; Burlaga
and Ness, 1997; Borovsky, 2010], Figure 6 demonstrates that
on average the magnetic field in the CIR systematically fol-
lows the local‐Parker‐spiral direction. Note that Figure 6
shows no clear evidence at 1 AU for underwinding (posi-
tive values) in the rarefaction region in the days prior to the
CIR [cf. Jones et al., 1998; Murphy et al., 2002; Riley and
Gosling, 2007].
[18] For two CIR events (events 10 and 27 in Table 1), the

transformation from RTN to local‐Parker‐spiral coordinates

is shown in Figure 7. In Figures 7a and 7b, the RTN radial
and transverse velocities of the solar wind at 1 AU are
plotted in black, and the parallel and perpendicular (to the
Parker spiral) velocities of the solar wind are plotted in red.
The vorticity ∂vk/∂x? in the local‐Parker‐spiral coordinate
system is plotted in Figures 7e and 7f, where ∂vk/∂x? =
(vsw sin!)−1 ∂vk/∂t?with the time derivative ∂vk/∂t? obtained
from the time series of solar wind measurements from a sat-
ellite. For these two CIRs, values of w of ∼5 × 10−5 s−1 are
obtained, similar to the values previously obtained for plasma
slip zones in CIRs [Borovsky, 2006]. As can be seen in
Figures 7a, 7b, 7e, and 7f, the shear in the CIR is abrupt rather
than distributed [see also Borovsky, 2006]. In Figures 7b,
7d, and 7f the width of the shear zone (as determined by
the vorticity) at the 2 November stream interface is much
narrower than the width of the CIR (as determined by the
width of the magnetic field compression region or the width
of the region over which the solar wind speed changes). In
Figures 7c and 7d the perpendicular (to the CIR) flow is
plotted. Away from the stream interface itself the convergent
flow toward the stream interface is clearly seen: positive
flow before the CIR and negative flow afterward [see also
Hundhausen, 1973; Borovsky, 2006].
[19] In Figure 8 the CIR morphology is sketched in the

reference frame moving with the stream interface (which
moves radially outward with the plasma at about 400 km/s).
Also shown in Figure 8 is the Parker‐spiral coordinate
system. In the reference frame of the stream interface there
is a convergent flow toward the stream interface from both
the slow wind and the fast wind (in the perpendicular
direction). Within the CIR there is a sheared flow with the
compressed slow wind moving along the Parker spiral in the
direction toward the Sun and the compressed fast wind
moving along the Parker spiral in the direction away from
the Sun. At the stream interface there is a large localized
vorticity (an abrupt shear). The compressed slow and fast
winds within the CIR also have compressional flows toward
the stream interface perpendicular to the Parker spiral. In
Figure 8 some of the important properties of the slow and
fast wind are noted.
[20] Note in the right column of Figure 7 that there is a

reversal in the v? flow around the stream interface itself:
negative flow to the left and positive flow to the right. This
represents divergent flow away from the stream interface.
This is evidence for a rebound to the flow compression of
the CIR. This rebound (diverging flow) around the stream
interface, which is clear in the local‐Parker‐spiral coordinate
system (red curves), is difficult to see in RTN coordinates
(black curves). Of the 27 CIR events selected (see Table 1),
14 show evidence for such rebound in the vicinity of the
steam interface. The rebound in the CIRs is explored further
in Figure 9 where a superposed‐epoch analysis is shown for
the 14 CIRs that show evidence of rebound. For each of the
CIR events a radial velocity equal to the radial velocity of
the plasma at the time of passage of the stream interface is
subtracted and then the velocity vector is rotated into the
local‐Parker‐spiral coordinate system. In the first panel of
Figure 9 the superposed average of the RTN transverse flow
velocity vt is plotted and the region of east‐west flow
deflection (the boundaries of the CIR) are indicated by
vertical dashed lines. Note in the second panel of Figure 9

Figure 5. A sketch of a CIR in the vicinity of 1 AU.
Standard view in the reference frame of the Sun in RTN
coordinates. The reference frame emphasizes the westward‐
eastward flow deflection (arrows) in the CIR (brown
shading).
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What is a cir?
Global Structure

has the reflection of outward traveling Alfven waves off
structures in the plasma [Bavassano and Bruno, 1992; Klein
et al., 1993]. Through solar wind data analysis at 1 AU, this
manuscript will investigate the relationships between turbu-
lence and shear in the solar wind.
[4] This data‐analysis study will focus on corotating

interaction regions (CIRs) and the plasmas adjacent to them.
Corotating interaction regions are grand, coherent, sheared
flow structures [Belcher and Davis, 1971; Gosling and
Pizzo, 1999; Crooker and Gosling, 1999; Richardson,
2006] that can be traced from near the Sun [Richter and
Luttrell, 1986; Tu et al., 1990] out to the orbit of Jupiter
and beyond [Gazis, 1984; González‐Esparza and Smith,
1997; Siscoe and Intriligator, 1993; Lucek and Balogh,
1998; Intriligator et al., 2001]. Different regions of the
solar surface produce wind with different speeds. CIRs are
produced when the 27 day rotation of the Sun brings regions
of the solar surface that produce fast solar wind into regions
that were emitting slow wind (see Figure 1). As the radially
outward flowing fast wind overtakes the radially outward
flowing slow wind, an oblique region of compression and
velocity shear results (gray shading in Figure 1). Beyond the
CIR is slow solar wind: a plasma that is characterized by
low specific entropy of ions. Along the center of the CIR is
the stream interface, a boundary between slow and fast solar
wind [Gosling et al., 1978; Forsyth and Marsch, 1999].
Inside the CIR on the outward (from the Sun) side of the
stream interface is compressed slow wind and inside the CIR
on the inward (toward the Sun) side of the stream interface
is compressed fast wind. On the near‐Sun side of the CIR is
fast solar wind: a plasma that is characterized by high
specific entropy of ions. In the slow wind it has been argued
that the turbulence is well developed, with fluctuations that
propagate both inward and outward [Tu et al., 1990; Klein
et al., 1993; Bruno, 1997; Horbury and Schmidt, 1999] [see
also Matthaeus et al., 1998]. In the fast wind it has been
argued that the turbulence is young, with the fluctuations

dominated by outward traveling Alfven waves [Tu et al.,
1990; Horbury and Schmidt, 1999].
[5] To complicate the picture of turbulence and shear in the

solar wind, the solar wind plasma may not be homogeneous
[cf. Burlaga, 1969; Borovsky, 2006]; rather it may be filled
with fossil structure from the solar surface. At mesoscales
(fractions of an AU) it contains “microstreams,” which are
regions wherein the flow velocity differs by ∼50 km/s from its
neighbors [Neugebauer et al., 1995]. Microstreams have time
scales (of convection past a satellite) of ∼16 h [Neugebauer
et al., 1997]. It is argued that microstreams are unaltered
from their creation at the solar surface [Neugebauer et al.,
1997]. At smaller scales (∼1 h) the solar wind plasma may
be parceled into flux tubes or flow tubes [Parker, 1963, 1964;
Ness et al., 1966;McCracken and Ness, 1966; Bartley et al.,
1966; Mariani et al., 1973; Thieme et al., 1988, 1989, 1990;
Tu and Marsch, 1990, 1993; Marsch, 1991; Bruno et al.,
2001; Borovsky, 2008]. These tubes are characterized by
large changes in the direction of the magnetic field, the
plasma entropy and ionic composition, and the flow velocity.
The walls of the tubes are characterized by tangential dis-
continuities [Burlaga, 1969; Li, 2007]. It is argued that the
flux tubes form a braid about the Parker‐spiral direction
[Bruno et al., 2001; Borovsky, 2008].
[6] This paper will present a thorough examination of the

properties of solar wind turbulence relative to the strong
shear zones of CIRs at 1 AU. Evidence for the driving of
turbulence at the shear zones will be sought. Because of
the repeatable features of CIRs in spacecraft data sets,
superposed‐epoch analysis will be performed. Earlier
superposed‐epoch studies of CIRs can be found in the
work of Gosling et al. [1978], Richter and Luttrell [1986],
and McPherron and Weygand [2006] [see also Denton and
Borovsky, 2008, 2009; Borovsky and Denton, 2009].
[7] This manuscript is organized as follows. In section 2

the selection of the CIR events is explained, the data sets
and data‐analysis techniques are discussed, and a warning

Figure 1. An idealized sketch of a corotating interaction region (CIR) in the equatorial plane. The CIR is
shaded in gray with the stream interface denoted as the black curve.
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What is a cir?
Local Structure

10,494 LEE: ANALYTICAL THEORY OF COROTATING INTERACTION REGIONS 

(• vln AV [e r- (eron) n] AVe r 

(•) v2n • AV [e r- (eron) n] 
B1 

B2 

(• I V3II-- V2II 

(•) U4 = 0 

B3 

Figure 2. The planar geometry of the CIR viewed in the 
frame of the slow solar wind stream. The fast wind stream (1) 
with velocity AVer impinges on the slow wind (4), creating a 
compressed region of shocked fast wind (2) and shocked slow 
wind (3) separated by a reverse shock (R), a stream interface 
(I), and a forward shock (F). Flow velocities, shock speeds, 
shock normal n, and magnetic fields are indicated. 

nent is conserved at a perpendicular shock, the tangential 
velocity component in region 2 is zXV[er - (er' n)n]. In 
regions 3 and 4 the tangential components vanish. The normal 
components of the fluid velocity in the four regions are v• [= 
A V(er ß n)], v 2, v3, and v4 (= 0), respectively. The last value 
follows from the choice of reference frame in Figure 2 to be 
that of the slow wind. The forward and reverse shock speeds 
are v F and v R. Since fluid does not cross the interface, v 2 = v3, 
which is also the speed of the interface in direction n. The 
interface moves in response to the impinging fast solar wind. 
All velocities are shown in Figure 2. The magnetic fields are 
also shown schematically; they are taken to be in the plane of 
the figure for convenience. Incidentally, a sequence of observ- 
ers in the radial direction would measure an interface speed 
equal to V + v2(e r ß n) -1. 

In order to illustrate the geometry as simply as possible, 
Figure 3 shows schematically a stream interface at the solar 
wind source surface (thick solid/dashed line). The interface 
separates fast wind above and slow wind below the line and 
includes a localized variation with latitude (corresponding to 
d > 0 in case 2, equation (3)). Shown by thin solid lines is the 
stream interface surface in the heliosphere. Along the step in 
latitude, high-speed wind impinges on slow speed wind to cre- 
ate the forward and reverse shocks and shift the location of the 

interface. The shocks created at the rectangular highlighted 
section of the interface with normal n are shown as approxi- 
mately parallel planes. 

4. East-West and North-South Flows in CIRs 

In the inertial frame the fluid flows in the four regions are 
Region 1 

(V + Al/')er, (14) 

Region 2 

Vet + v2n + Al/[er- (er' n)n], (15) 

%,, 

(V+Z!V)er 

-I1 

Figure 3. A schematic diagram showing the geometry of the 
stream interface on the solar wind source surface and in the 
heliosphere, and the forward and reverse shocks. In the simple 
case shown the variation of the interface with latitude creates 
a surface with normal n where the fast solar wind impinges on 
the slow wind ahead of it to produce forward and reverse 
shocks as shown. 

Region 3 

Region 4 

[/er + v3n, (16) 

Vet. (17) 

The flows in the fast and slow wind (regions 1 and 4) are radial. 
In regions 2 and 3 there exist flows transverse to the radial 
direction: 

¾r2 : --(UI- v:)[(eo' n)e, + (eo' n)e0], (18) 

Vr3 = v:[(eo-n)e, + (eo' n)eo]. (19) 
The azimuthal or east-west (E-W) flows in the two regions are 
obtained by contracting (18) and (19) with e o (a positive value 
implies a flow from east to west): 

vE,•2: -(v• - v:)(e,. n), (20) 

UEw3 = v2(e•' n). (21) 
The meridional or north-south (N-S) flows in the two regions 
are obtained by contracting (18) and (19) with -% (a positive 
value implies a flow from south to north): 

UNS2-- (U1- v2)(eo' n), (22) 

vNS• = --v2(eo' n). (23) 
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stereo/hi cir Science

We saw them!
Vourlidas and Howard [2006] showed that electrons on a
sphere (the so-called ‘Thomson sphere’) of diameter the
Sun-STEREO segment contribute most effectively to the
recorded coronal brightness. The intersection of that sphere
with the solar ecliptic is shown in Figure 1a.

3. Tracking Radially Out Flowing Plasma From
a Fixed Radial Distance

[5] A series of plasma elements emitted by a single solar
source region at 12-hour intervals, and propagating with a
radial speed of Vr = 330 km s!1 (slow wind), are shown as
black dots in Figure 1a. At any instant in time the locus of
these plasma elements traces out a spiral with its footpoint
at the source region. Each of these plasma elements (such as
that labelled P) will have its own fixed longitude of
propagation relative to STEREO-A (b) and a varying
elongation (a) as it propagates radially outward. An ob-
server located at a constant radial distance from the Sun and
measuring the apparent angular distance of a plasma parcel
moving at constant radial speed anti-sunward (such as point
P) will observe an apparent acceleration/deceleration of that
parcel [Sheeley et al., 1999]. The elongation variation [a (t)]
of a density front moving radially out with a constant speed
(Vr) in the equatorial plane along an observer-Sun-target
longitude difference (b) is given by:

a tð Þ ¼ a tan
Vrt sinb

rA tð Þ ! Vrt cos b

! "

ð1Þ

where rA is the heliocentric radial distance of the observer,
in this case STEREO-A.

[6] The predicted elongation variation of plasma parcels
(with Vr = 330 km s!1) emitted every 12 hours from a source
region rotating at the equatorial solar rotation rate of 2.66 %
10!6 rad s!1, as seen from STEREO-A, is shown in
Figure 1b. The limits in elongation of the HI-1A and
HI-2A fields of view in the equatorial plane are shown by
horizontal dotted lines. As the source region rotates, the value
of b (marked on three of these lines) decreases and the curve
of elongation variation changes shape. A plasma parcel
propagating in the plane of the sky (here off the eastern limb
of the Sun: b = 90!) will appear to decelerate continuously. A
parcel propagating along a longitude b = 10!will have a slow
apparent speed (small gradient) near the Sun but appear to
have much higher speed higher up in the corona (large
gradient). Therefore, a series of plasma elements emitted by
the same (rotating) source regionwill leave converging tracks
in a(t) plots constructed from STEREO-A HI images.

4. First Observations of a Forming CIRs

[7] Images taken by HI-1/2A on the 9/10 September
2007 showed a region of K-coronal intensity enhancement
propagating through both the HI-1A and HI-2A fields of
view. Such regions correspond directly to electron density
enhancements. A sequence of differenced images from
HI-1A (Figures 2a, 2b, and 2c) and HI-2A (Figure 2d) shows
the propagation and evolution of this feature. Image

Figure 1. (a) A view of the solar ecliptic plane from the
north. (b) a(t) for the equatorial trajectories of a series of
structures moving radially outward at the same speed Vr but
different b angles as viewed from STEREO-A.

Figure 2. (a, b, c) A sequence of differenced images from
HI-1A and (d) HI-2A. The Sun (a = 0!) is to the right hand
side of each panel. The extent in elongation (a) and
elevation angle (!: out of the plane of Figure 1a) shown for
HI-2A is twice that shown for HI-1A. The feature at a = 16!
in HI-1A is Mercury. Note that the elongation angles shown
are for the central row of each image.
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Vourlidas and Howard [2006] showed that electrons on a
sphere (the so-called ‘Thomson sphere’) of diameter the
Sun-STEREO segment contribute most effectively to the
recorded coronal brightness. The intersection of that sphere
with the solar ecliptic is shown in Figure 1a.

3. Tracking Radially Out Flowing Plasma From
a Fixed Radial Distance

[5] A series of plasma elements emitted by a single solar
source region at 12-hour intervals, and propagating with a
radial speed of Vr = 330 km s!1 (slow wind), are shown as
black dots in Figure 1a. At any instant in time the locus of
these plasma elements traces out a spiral with its footpoint
at the source region. Each of these plasma elements (such as
that labelled P) will have its own fixed longitude of
propagation relative to STEREO-A (b) and a varying
elongation (a) as it propagates radially outward. An ob-
server located at a constant radial distance from the Sun and
measuring the apparent angular distance of a plasma parcel
moving at constant radial speed anti-sunward (such as point
P) will observe an apparent acceleration/deceleration of that
parcel [Sheeley et al., 1999]. The elongation variation [a (t)]
of a density front moving radially out with a constant speed
(Vr) in the equatorial plane along an observer-Sun-target
longitude difference (b) is given by:

a tð Þ ¼ a tan
Vrt sinb

rA tð Þ ! Vrt cos b

! "

ð1Þ

where rA is the heliocentric radial distance of the observer,
in this case STEREO-A.

[6] The predicted elongation variation of plasma parcels
(with Vr = 330 km s!1) emitted every 12 hours from a source
region rotating at the equatorial solar rotation rate of 2.66 %
10!6 rad s!1, as seen from STEREO-A, is shown in
Figure 1b. The limits in elongation of the HI-1A and
HI-2A fields of view in the equatorial plane are shown by
horizontal dotted lines. As the source region rotates, the value
of b (marked on three of these lines) decreases and the curve
of elongation variation changes shape. A plasma parcel
propagating in the plane of the sky (here off the eastern limb
of the Sun: b = 90!) will appear to decelerate continuously. A
parcel propagating along a longitude b = 10!will have a slow
apparent speed (small gradient) near the Sun but appear to
have much higher speed higher up in the corona (large
gradient). Therefore, a series of plasma elements emitted by
the same (rotating) source regionwill leave converging tracks
in a(t) plots constructed from STEREO-A HI images.

4. First Observations of a Forming CIRs

[7] Images taken by HI-1/2A on the 9/10 September
2007 showed a region of K-coronal intensity enhancement
propagating through both the HI-1A and HI-2A fields of
view. Such regions correspond directly to electron density
enhancements. A sequence of differenced images from
HI-1A (Figures 2a, 2b, and 2c) and HI-2A (Figure 2d) shows
the propagation and evolution of this feature. Image

Figure 1. (a) A view of the solar ecliptic plane from the
north. (b) a(t) for the equatorial trajectories of a series of
structures moving radially outward at the same speed Vr but
different b angles as viewed from STEREO-A.

Figure 2. (a, b, c) A sequence of differenced images from
HI-1A and (d) HI-2A. The Sun (a = 0!) is to the right hand
side of each panel. The extent in elongation (a) and
elevation angle (!: out of the plane of Figure 1a) shown for
HI-2A is twice that shown for HI-1A. The feature at a = 16!
in HI-1A is Mercury. Note that the elongation angles shown
are for the central row of each image.

L10110 ROUILLARD ET AL.: STEREO OBSERVATIONS OF CIRS L10110

2 of 4

From:
Rouillard et al.,
2008.



gCurt A

d
e
K
on

in
gg

stereo/hi cir Science

We reconstructed one
L92 WOOD ET AL. Vol. 708

Figure 3. Same as Figure 2, but for UT 00:09 on 2008 January 30.

the CIR appearance in synthetic images, so no density outside
the CIR is assumed.

We assume a Gaussian density profile across the CIR, so that
if δ(r, θ, z) is the minimum distance to the 2D CIR surface from
a point (r,θ ,z), then the density distribution is

ne(r, θ, z) = nmax exp

[

−1
2

(
δ(r, θ, z)

σn

)2
]

. (2)

For our purposes we simply set nmax = 1. The σn parameter
defines the width of the CIR. This parameter affects the
appearance of the CIR in the HI2 images somewhat, so this
is another free parameter of the model.

Once we have a density cube containing the CIR model, we
use it to generate synthetic images for comparison with the real
data. This is done for all relevant images taken during the CIR’s
passage through the HI2-A and HI2-B fields of view. Since we
create our model in Carrington coordinates, we implicitly as-
sume that it rotates uniformly at the sidereal Carrington rotation
period of TC = 25.38 days. The synthetic images are computed
using a white-light rendering routine that properly performs
the necessary Thomson scattering calculations (Billings 1966;
Thernisien et al. 2006; Wood et al. 2009). The five parame-
ters of the CIR model (α, φC , β, γ , and σn) are adjusted until
the synthetic images reproduce the actual images as well as
possible.

Our best-fit model CIR is displayed in Figure 4, and Figures 2
and 3 show the synthetic images derived from this model, which
we believe reproduce the general appearance of the observed
CIR front reasonably well. In HI2-A, it is the aforementioned
“envelope of disturbance” that is reproduced and not the
individual waves that collectively define its shape. The model

Figure 4. Three-dimensional model of the density distribution of the 2008
January 31 CIR, truncated within a box 3 AU on each side, centered on the Sun.
The XY-plane is the ecliptic plane.

reproduces the northward shift of the CIR observed in both
HI2-A and HI2-B images, which is simply due to the tilt of the
Sun’s equatorial plane relative to the ecliptic. All the images in
Figures 2 and 3, both real and synthetic, are running-difference
images, where the previous image is subtracted from each

From:
Wood et al., 2010.
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stereo/hi cir Science

We reconstructed one

L92 WOOD ET AL. Vol. 708

Figure 3. Same as Figure 2, but for UT 00:09 on 2008 January 30.

the CIR appearance in synthetic images, so no density outside
the CIR is assumed.

We assume a Gaussian density profile across the CIR, so that
if δ(r, θ, z) is the minimum distance to the 2D CIR surface from
a point (r,θ ,z), then the density distribution is

ne(r, θ, z) = nmax exp

[

−1
2

(
δ(r, θ, z)

σn

)2
]

. (2)

For our purposes we simply set nmax = 1. The σn parameter
defines the width of the CIR. This parameter affects the
appearance of the CIR in the HI2 images somewhat, so this
is another free parameter of the model.

Once we have a density cube containing the CIR model, we
use it to generate synthetic images for comparison with the real
data. This is done for all relevant images taken during the CIR’s
passage through the HI2-A and HI2-B fields of view. Since we
create our model in Carrington coordinates, we implicitly as-
sume that it rotates uniformly at the sidereal Carrington rotation
period of TC = 25.38 days. The synthetic images are computed
using a white-light rendering routine that properly performs
the necessary Thomson scattering calculations (Billings 1966;
Thernisien et al. 2006; Wood et al. 2009). The five parame-
ters of the CIR model (α, φC , β, γ , and σn) are adjusted until
the synthetic images reproduce the actual images as well as
possible.

Our best-fit model CIR is displayed in Figure 4, and Figures 2
and 3 show the synthetic images derived from this model, which
we believe reproduce the general appearance of the observed
CIR front reasonably well. In HI2-A, it is the aforementioned
“envelope of disturbance” that is reproduced and not the
individual waves that collectively define its shape. The model

Figure 4. Three-dimensional model of the density distribution of the 2008
January 31 CIR, truncated within a box 3 AU on each side, centered on the Sun.
The XY-plane is the ecliptic plane.

reproduces the northward shift of the CIR observed in both
HI2-A and HI2-B images, which is simply due to the tilt of the
Sun’s equatorial plane relative to the ecliptic. All the images in
Figures 2 and 3, both real and synthetic, are running-difference
images, where the previous image is subtracted from each

From:
Wood et al., 2010.
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stereo/hi cir Science

They’re blobby!

L110 SHEELEY ET AL. Vol. 674

Fig. 1.—Sketch illustrating the eastward and westward fields of view of the
HI2A and HI2B telescopes, respectively, and their approximate relation to
Earth during September 2007. Here, S refers to the Sun, A and B refer to the
A and B spacecraft, and E refers to Earth. The angles UAV and PBQ indicate
the HI2A and HI2B fields of view, respectively. Note that Earth lies in B’s
field of view but slightly outside A’s field of view.

Fig. 2.—HI2A (left) and HI2B (right) images, showing material moving
outward from the Sun. Time-lapse movies of such images show that the leading
members of the eastern group are overrun by trailing members that are probably
closer to the A spacecraft. Conversely, the leading members of the western
group appear to run away from the trailing members that are probably farther
from the B spacecraft. In the HI2B image, the leader is faintly visible as a
large wave between Venus and the Earth. Its HI2A counterpart (not shown
here) rapidly moved from the rear of the eastern group and swept across the
field on September 20. In the HI2B image, the dark area to the right of Venus
is an artifact of the image processing.

Fig. 3.—Elongation/time maps looking east from A (top) and west from B
(middle) when two corotating interaction regions (bottom) were moving
through their respective fields. The converging tracks (top panel) indicate solar
rotation toward the observer, and the diverging tracks (middle panel) indicate
rotation away from the observer. In the middle panel, the first waves in each
series curve steeply upward, reaching Earth on September 20 and 27 when
the density enhancements were recorded (bottom panel).

came from the rear of the group and swept across the field on
September 20. It was probably the same wave seen in the HI2B
field on that day.

Figure 3 helps to clarify this behavior. The bottom panel
contains in situ plasma measurements from the Charge Element
Isotope Analysis System (CELIAS) Mass Time-of-Flight
(MTOF) spectrometer on the Solar and Heliospheric Obser-
vatory (SOHO), located at the L1 point about 2 from Earth,R,

and near-Earth magnetic field measurements from the OMNI2
database during September 17–October 1. During this time,
there were two recurrent solar wind streams (V) with accom-
panying compressions of density (N) and magnetic field (B).
The first stream occurred in a negative magnetic sector (F ∼

), and the second stream occurred in a positive sector315!
( ), consistent with their origins in the observed neg-F ∼ 135!
ative-polarity and positive-polarity coronal holes that are shown
later in Figure 6. Vth refers to the thermal speed, which tends
to increase suddenly when the density drops, marking the
stream interface between the hot, low-density material from
the coronal hole and the colder, denser material in the region
ahead of the hole. In these plots, the dashed lines indicate the
times that the density reached its highest values on September
20 and 27.

The top and middle panels show elongation/time maps ob-
tained from HI2A and HI2B running difference images, re-
spectively. These maps show intensity differences along a par-
ticular direction (97! and 257! measured counterclockwise from
solar north in the top and middle panels) as a function of time
in days (horizontal axis) and elongation angle in degrees (ver-
tical axis). The HI2B map, whose time axis matches that of
the in situ measurements, shows tracks curving steeply upward
and arriving at Earth (just beyond 65!) at the times of the dashed
lines on September 20 and 27. (The arrival of the track on
September 27 is partially masked by our field-flattening pro-
cess, which produced a darkened area below 42! and a lightened
area above 42!, similar to those on September 24 when the

From:
Sheeley et al.,
2008.
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They’re blobby!

1856 I. Plotnikov et al.

Figure 1 (a) Example of a J-map extending from 25 July to 14 August 2008. (b) The same J-map but
overlaid with time–elongation profiles corresponding to a series of individual blobs that comprise a CDS.
The red curve is the actual fit to one well-observed CDS blob (emission time 2008-08-03T21:36:26 UT,
Vb = 358 ± 10 km s−1, and φ = 34◦ ± 3◦). The black curves, reconstructed using this speed, simulate the
elongation variations of a series of such blobs emitted at 8-hour intervals from the same region on the Sun.
(c) The orbital configuration at the emission date (see detailed comments in text). (d) The coronal map for
the Carrington rotation 2073 at a wavelength of 195 Å, derived from ST-A/EUVI images.

for the release/formation of these density inhomogeneities is not yet fully understood. Im-
agery shows that it is a quasi-periodic process occurring on a timescale of some 8 – 12 hours
(Rouillard et al., 2008). It has, however, been suggested that they are formed near the Sun
inside helmet streamers through magnetic reconnection (Wang et al., 2000; Lionello et al.,
2005; Rouillard et al., 2010a). A handful of these density inhomogeneities have been con-
tinuously tracked outward to spacecraft making in situ measurements near 1 AU where they
have been identified as being associated with twisted magnetic fields (perhaps magnetic flux
ropes), distinct from the ‘quiet’ interplanetary magnetic field (Rouillard et al., 2010b; Kilpua
et al., 2009). In situ measurements also show that these twisted magnetic fields become en-
trained and compressed by high-speed streams before they reach 1 AU (Rouillard et al.,
2010b). For the reasons outlined in the next paragraphs, we make no a priori assumption
about the nature of these density inhomogeneities. We focus on density structures that are
part of a pattern of converging tracks in ecliptic J-maps generated from ST-A heliospheric
imaging observations. We refer to such patterns as ‘corotating density structures’ (CDS).
We will show that, in most cases, the CDSs follow closely the evolution of the heliospheric
plasma sheet. Identification of CDSs from ST-B is more difficult due to instrumental reasons
that will be discussed later.

An example of an ecliptic J-map, showing two distinct families of converging tracks
observed during July and August 2008, is presented in panel (a) of Figure 1. The convergent
shape of each set of tracks is a characteristic of the corotating nature of the global structure
(Rouillard et al., 2008); the tracks converge along a ‘locus of enhanced visibility’, indicated
by green arrows (Sheeley and Rouillard, 2010). This locus marks the direction along the
line-of-sight that is a tangent to the spiral formed by the series of emitted blobs, i.e. the CDS

From:
Plotnikov et al.,
2016.
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They’re cataloged

OG www.stereo.rl.ac.uk/HIEventList.html
www.helcats-fp7.eu/catalogues/wp5 cat.html

OG Plotnikov et al. [2016] list properties of 190 cirs
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Can we forecast them?

Williams et al. [2011] – 24 events
“We show that the estimated arrival times from ace agree

well with the arrival times at other spacecraft, whereas
the estimates from stereo/hi tend to agree less well.”

Davis et al. [2012] – 244 events
“this technique can provide a timely prediction of the ar-

rival of cirs at least 1 day ahead of their arrival at Earth”
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We saw one! (or two)
The Solar Mass Ejection Imager and Its Heliospheric Imaging Legacy 21

Fig. 12 SMEI and HI views of a CIR observed in November 2008 and reported by Tappin and Howard
(2009b). (a) SMEI Aitoff map from 24 November, with the CIR indicated with a white arc to the south-east
(bottom-left). The bright arc to the right of the map is due to energetic particle saturation. (b) and (c)
STEREO/HI J-maps showing the CIR as it evolves through the FOV of (b) HI-A and (c) HI-B. A J-map
is a ε–t map constructed by stacking a sequence of views and taking a slice through a particular position
angle (see Sect. 5.1.1). The different symbols in panels (b) and (c) denote leading-edge measurements of
separate structures

4.2 Additional Science Topics

A variety of additional scientific advances were made using SMEI. Many of these were
accomplished early in the SMEI mission, but studies continue to the present. In the following
sections we review the more significant advances accomplished using this unique dataset.

4.2.1 Forbush Decreases

Frequently in ground-based neutron monitors, a decrease in counting rate is observed that
can last for several days. Such decreases are known as Forbush decreases (Forbush 1954),
and they are believed to be caused by transient, enhanced local magnetic fields near the Earth
modulating incoming galactic cosmic ray scattering and convection (Wibberenz et al. 2002;
Cliver et al. 2003). Simnett and Kahler (2004) and Kahler and Simnett (2005) demonstrated
how SMEI could be used as a forecasting tool for Forbush decreases. Using a high-latitude
neutron monitor, they identified 22 Forbush decreases from March 2003 until May 2005.
All were associated with both a transient in SMEI and a CME observed by LASCO, and
most were halo CMEs (see Sect. 5.1). Using elongation-time plots and comparing these

From:
Tappin & Howard,
2009.
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The P from punch

Btot ∝
∫ ∞
obs

dζMtot(ζ,ε)ne(ζ,ε)

Bpol ∝
∫ ∞
obs

dζMpol(ζ,ε)ne(ζ,ε)

Assume ne ≡ n0δ(ζ − ζ0);
then Bpol/Btot provides scattering location.
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has the reflection of outward traveling Alfven waves off
structures in the plasma [Bavassano and Bruno, 1992; Klein
et al., 1993]. Through solar wind data analysis at 1 AU, this
manuscript will investigate the relationships between turbu-
lence and shear in the solar wind.
[4] This data‐analysis study will focus on corotating

interaction regions (CIRs) and the plasmas adjacent to them.
Corotating interaction regions are grand, coherent, sheared
flow structures [Belcher and Davis, 1971; Gosling and
Pizzo, 1999; Crooker and Gosling, 1999; Richardson,
2006] that can be traced from near the Sun [Richter and
Luttrell, 1986; Tu et al., 1990] out to the orbit of Jupiter
and beyond [Gazis, 1984; González‐Esparza and Smith,
1997; Siscoe and Intriligator, 1993; Lucek and Balogh,
1998; Intriligator et al., 2001]. Different regions of the
solar surface produce wind with different speeds. CIRs are
produced when the 27 day rotation of the Sun brings regions
of the solar surface that produce fast solar wind into regions
that were emitting slow wind (see Figure 1). As the radially
outward flowing fast wind overtakes the radially outward
flowing slow wind, an oblique region of compression and
velocity shear results (gray shading in Figure 1). Beyond the
CIR is slow solar wind: a plasma that is characterized by
low specific entropy of ions. Along the center of the CIR is
the stream interface, a boundary between slow and fast solar
wind [Gosling et al., 1978; Forsyth and Marsch, 1999].
Inside the CIR on the outward (from the Sun) side of the
stream interface is compressed slow wind and inside the CIR
on the inward (toward the Sun) side of the stream interface
is compressed fast wind. On the near‐Sun side of the CIR is
fast solar wind: a plasma that is characterized by high
specific entropy of ions. In the slow wind it has been argued
that the turbulence is well developed, with fluctuations that
propagate both inward and outward [Tu et al., 1990; Klein
et al., 1993; Bruno, 1997; Horbury and Schmidt, 1999] [see
also Matthaeus et al., 1998]. In the fast wind it has been
argued that the turbulence is young, with the fluctuations

dominated by outward traveling Alfven waves [Tu et al.,
1990; Horbury and Schmidt, 1999].
[5] To complicate the picture of turbulence and shear in the

solar wind, the solar wind plasma may not be homogeneous
[cf. Burlaga, 1969; Borovsky, 2006]; rather it may be filled
with fossil structure from the solar surface. At mesoscales
(fractions of an AU) it contains “microstreams,” which are
regions wherein the flow velocity differs by ∼50 km/s from its
neighbors [Neugebauer et al., 1995]. Microstreams have time
scales (of convection past a satellite) of ∼16 h [Neugebauer
et al., 1997]. It is argued that microstreams are unaltered
from their creation at the solar surface [Neugebauer et al.,
1997]. At smaller scales (∼1 h) the solar wind plasma may
be parceled into flux tubes or flow tubes [Parker, 1963, 1964;
Ness et al., 1966;McCracken and Ness, 1966; Bartley et al.,
1966; Mariani et al., 1973; Thieme et al., 1988, 1989, 1990;
Tu and Marsch, 1990, 1993; Marsch, 1991; Bruno et al.,
2001; Borovsky, 2008]. These tubes are characterized by
large changes in the direction of the magnetic field, the
plasma entropy and ionic composition, and the flow velocity.
The walls of the tubes are characterized by tangential dis-
continuities [Burlaga, 1969; Li, 2007]. It is argued that the
flux tubes form a braid about the Parker‐spiral direction
[Bruno et al., 2001; Borovsky, 2008].
[6] This paper will present a thorough examination of the

properties of solar wind turbulence relative to the strong
shear zones of CIRs at 1 AU. Evidence for the driving of
turbulence at the shear zones will be sought. Because of
the repeatable features of CIRs in spacecraft data sets,
superposed‐epoch analysis will be performed. Earlier
superposed‐epoch studies of CIRs can be found in the
work of Gosling et al. [1978], Richter and Luttrell [1986],
and McPherron and Weygand [2006] [see also Denton and
Borovsky, 2008, 2009; Borovsky and Denton, 2009].
[7] This manuscript is organized as follows. In section 2

the selection of the CIR events is explained, the data sets
and data‐analysis techniques are discussed, and a warning

Figure 1. An idealized sketch of a corotating interaction region (CIR) in the equatorial plane. The CIR is
shaded in gray with the stream interface denoted as the black curve.

BOROVSKY AND DENTON: SOLAR WIND TURBULENCE AND SHEAR IN CIRS A10101A10101
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No. 1, 2010 TRACKING STREAMER BLOBS INTO THE HELIOSPHERE 303

Figure 5. Comparison between the elongation/time tracks seen from STEREO-
B during 2008 May 23–29 (top panel) and the calculated tracks from Figure 4
(middle panel). As shown in the superimposed images (bottom panel), the
observed tracks correspond to sky-plane elevations, δ, in the range (75◦, 15◦).

For a nominal solar wind speed of 330 km s−1, ν ≈ 0.8, and
δc is about 73◦. Thus, in STEREO-B, blobs can pass in front of
each other only if they originate far from the sky plane where
δ ! δc. In this case, there are two positive, real roots given by

ρ = sin δ±
√

sin2 δ − 4ν cos δ

2
. (7)

We have plotted these relations in Figure 6. For STEREO-A,
the locus lies left of the Sun–spacecraft line in the region of
negative X. For STEREO-B, the two “roots” join continuously
together in the region of positive X and combine with the
STEREO-A locus to form a closed curve with a bean-like
shape. (The link between STEREO-A and STEREO-B would
not be continuous if we had used the slightly different radial
distances of these two spacecraft from the Sun. But for an
idealized observer that can look both east and west, the curve is
continuous.)

Because the Thomson-scattered intensity increases where
the blobs line up, we have called this bean-shaped curve the
“locus of enhanced visibility.” As we will see in the following
section, this locus is useful for tracking streamer blobs through
the STEREO fields of view, especially in combination with a

Figure 6. Polar coordinate view of the Sun’s equatorial plane, showing the
locus of enhanced visibility (thick solid curve) and the Thomson sphere (dashed
circle). The Sun is at the origin, surrounded by a 20 R% region of acceleration,
and the observer is at the point (0, −1). Spirals of radially moving material are
drawn at 45◦ intervals. The observer sees the leading edge of the spiral moving
along the bean-shaped locus. The dotted circle separates an inner region, where
background ejections pass foreground ejections against the sky, from an outer
region, where foreground ejections pass background ejections.

knowledge of the location of the Thomson sphere (Vourlidas &
Howard 2006).

In Figure 6, we have represented the Thomson sphere (ρ =
sin δ) by a dashed circle. Also, we have plotted Sun-centered
spirals at intervals of 45◦ as thin solid lines to simulate the
corotating spiral of compressed blobs. In the region of negative
X where STEREO-A observes, the locus of enhanced visibility
lies outside the Thomson sphere, as expected from Equation (5)
where ρ is always greater than sin δ. However, in the region
of positive X where STEREO-B observes, the locus lies inside
the Thomson sphere as expected from Equation (7) where both
roots are less than sin δ.

Equation (7) provides an even more stringent constraint on
the locus as seen from STEREO-B. One value of ρ is less than
sin δ/2 and the other value is greater than sin δ/2. This means
that these two positive roots correspond to segments of the
STEREO-B curve that respectively lie inside and outside a small
circle given by ρ = sin δ/2. This circle is dotted in Figure 6. As
shown in Appendix A.2, this circle divides the sky into an inner
region where background ejections appear to outrun foreground
ejections against the sky, and an outer region where foreground
ejections appear to outrun background ejections.

Thus, in STEREO-B, a radial ejection either does not intersect
the locus of enhanced visibility at all, or it intersects the locus
in two places. In the latter case, a blob would become aligned
with other ejections twice on its way out from the Sun—first
inside the dotted circle where ejections closer to the sky plane
would appear to pass it, and again outside the circle where the
blob would appear to overtake background ejections. However,
this idealized behavior would happen for only a small range of
sky-plane elevations, δ, greater than about 73◦; for real blobs
with finite angular extents, we can regard the locus as being
approximately radial most of the way outward from the Sun.
Even ejections that miss the locus would still be closely confined

From:
Sheeley &
Rouillard, 2010.
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