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What is a cir?
A Schematic View

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?
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?
What is an sir?

Is an SIR a rapidly evolving CIR?
Or is a CIR a steady-state SIR?
Does it matter?
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What is a cir?
An “Artist’s” View

[16] In this example, the CIR terminates abruptly at
!1930 UT on 25 January (denoted by a vertical dashed
line). This has been identified as a fast reverse shock.
Reverse shocks are present !20% of the time at the trailing
edges of CIRs at 1 AU, so this event is somewhat unusual.
The decrease in the magnetic field magnitude across the
shock, and thus decrease in the IMF Bz amplitudes, causes a
decrease in the sporadic magnetic field reconnection rates.
This decrease in reconnection rates led to the onset of the
storm recovery phase.
[17] The CIR-generated magnetic storm recovery phases

are likewise considerably different from those of ICME-
induced magnetic storm recovery phases. For the latter, the
loss of ring current particles through physical processes
such as wave-particle interactions, Coulomb collisions,
charge exchange, and convection, takes place in !7–
10 hours [Kozyra et al., 1997] (however, see comments in
section 3 of this paper). On the other hand, for CIR storm
recovery phases (Figure 2), it can be noted that the DST

index ranges from "20 to "40 nT for all 24 hours of
26 January (and beyond, not shown). The CIR-generated
magnetic storms appear to have very long ‘‘recovery’’
phases.

2.3. High-Intensity Long-Duration Continuous
AE Activity

[18] An example of a long storm ‘‘recovery’’ phase
following a CIR-induced magnetic storm main phase is
shown in Figure 6. A 4-day interval is shown in the figure.
The Dst value (bottom panel) varies from !"10 nT to
!"50 nT throughout this interval. The top four panels are
the solar wind velocity, proton density, magnetic field

magnitude, and IMF Bz component (in GSM coordinates).
One of the most striking features in the figure is the
correlation between the negative components of the inter-
planetary magnetic field BZ (shaded) and the deceases in
DST. There is a one-to-one relationship.
[19] The AE index is shown as the fifth panel. For every

major IMF negative Bz interval, there is a corresponding AE
increase.
[20] The AE value is high over the entire 4 days shown.

To distinguish these events from other possible geomagnetic
activity, they have been called High-Intensity Long-
Duration Continuous AE Activity (HILDCAA) events
[Tsurutani and Gonzalez, 1987]. The strict definition is that
the peak AE intensity is >1000 nT, that the event lasts for
longer than 2 days, and that the AE indices do not decrease
below 200 nT for over 2 hours. This is one such event.
[21] Figure 7 shows an interval of geomagnetic activity

outside of a magnetic storm main phase, which is similar to
a HILDCAA event but does not meet the strict criteria
stated previously. The AE index is continuously high from
!1600 to 2000 UT. The peak AE value reaches !500 nT.
The large (negative) AL values and "AL/AU ratios indicate
that these perturbations are not simply due to DP2 currents
[Nishida, 1968a, 1968b] and also not convection bays [Pytte
et al., 1978; Sergeev et al., 1996].
[22] Figure 8 shows POLAR UVI images of the northern

polar regions of the Earth at the same time as the high AE
interval of Figure 7. These images were taken in the Lyman-
Birge-Hopfield (long) wavelength band at a cadence of
!3 min. Auroral substorms can be easily identified in the
imaging data. Using the original Akasofu [1964] criteria of
an auroral substorm, we have identified six substorm

Figure 4. A schematic of a ‘‘corotating’’ high-speed solar wind stream emanating from a coronal hole.
The interaction between the high-speed stream and the upstream slow speed stream forms a Corotating
Interaction Region, or CIR. CIRs are characterized by enhanced magnetic field magnitudes and plasma
temperatures.
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What is a cir?
An Analytical View

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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What is a cir?
The In-Situ View

peak value exactly at the interface, and then decreases to
normal values about a day after the interface.

The behavior of these five solar wind plasma parameters
during the current solar cycle is shown in the panels on the
right side of Figure 4. Qualitatively the behavior is the same
as in 1995, but quantitatively the streams appear to be
weaker. Difference in peak values range from 25% to 50%
lower. This difference could be a result of the streams not
being fully developed. However, it is also possible that the
current solar cycle is producing weaker streams, and as we
will show below, weaker magnetospheric activity.

3.2. Variations of the Interplanetary Magnetic Field

The behavior of the IMF near a stream interface is sum-
marized in Figure 5. The top panel is a repeat of the
azimuthal flow angle used to define the time of a stream

interface. Panel 2 presents the total magnetic field. The
behavior of the total magnetic field is nearly identical to that
of the total pressure shown in the previous figure. It begins to
increase 12 hours before the interface; reaches a maximum of
15 nT at the interface; and returns to normal about a day after
the interface.

The third panel shows IMF Bz in GSE coordinates. Bz is
highly variable on the time scale of these plots and the quar-
tiles reflect the magnitude of fluctuations. These are con-
trolled by the behavior of the total field relative to the stream
interface. Thus Bz begins to increase 12 hours before the
interface; it peaks at the interface with values near 5 nT; and
it decays back to near normal values within a day. There is
some indication that the level of fluctuations is marginally
higher than normal for at least two days after the interface. A
careful examination of the median trace reflects the unusual
behavior that occurred in the 22nd solar cycle. At stream

130 CIR-RELATED SOLAR WIND AND GEOMAGNETIC ACTIVITY

Figure 4. Quartiles of the cumulative distribution of various solar wind variables measured by Wind are plotted versus time relative
to stream interfaces. Left panels show data from near solar minimum in 1995 and right panels show a similar period approaching mini-
mum in 2004. From the top down the panels include: azimuthal flow angle, velocity, density, temperature, and total pressure. The 2004
interval is clearly less disturbed.

GM01013_CH12.qxd  26/9/06  2:22 PM  Page 130

From:
McPherson &
Weygand, 2006.
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What is a cir?
White-Light View

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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What is a cir?
Reconstruction from
White Light

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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What is a cir?
Reconstruction from
IPS

23 Jut 27 31 

Tracking a corotating stream 1277 

in the enhanced density zone. In the reduced density 
zone N/NO was assumed to be constant and 
independent of R. 

Another factor to be included was the inclination of 
the Sun’s rotation axis which lay at a position angle 

about 6” W of the ecliptic pole. This caused the 
approaching stream to appear initially above the 
ecliptic, followed by a steady descent as it passed the 
Earth. Finally, it was necessary to make the leading 
surface ofthe enhanced density zone slope forwards (see 
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From:
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The Observational
‘How’

Much more can be said about cirs
• deflections in solar wind flow direction at the stream inter-

face
• formation and orientation of shock fronts
Most of what we know has been learned from in-situ mea-
surements
A recent, thorough review can be found in Richardson [LRSP,
2018]
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The Observational
‘How’

punch will use remote sensing
punch will measure scattered brightness from line-of-sight
integrated mass
punch observations will be used to reconstruct the 3D struc-
ture of cirs



gCurt A

d
e
K
on

in
gg

Simple, Ideal
Coronal Holes

738 PIzzo: THREE-DIMENSIONAL COROTATING STREAM MODEL, 2 

I R=O. 16AU, I I 

_- O ø • Xc Xc +45øN Xc +90 øN 
RADIAL VELOCITY (km/s) 

I -•o A: 30 km/s PRESSURE (xlO dyne) I 

A = I. 0 x I0 -Iø dyne 
cm2 

:'--'-'-:•'/,-:L',;?:•','," ",',,'.:,G-': :•". 

A:O.O2xlO dyne 
I cm2 

Fig. 8. The dependence of stream evolution upon source latitude. The top row shows the radial velocity contours for 
otherwise identical streams centered at the equator, at +45 øN, and at the north pole. The bottom two rows show the result- 
ant contours at 1.0 AU for radial velocity and pressure. Note the change of scales for the pressure plot of the polar stream. 
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Simple, Ideal
Coronal Holes

736 Pizzo: THREE-DIMENSIONAL COROTATING STREAM MODEL, 2 

the interaction region is increased. On the other hand, the 
radial momentum flux density balance depends on the den- 
sity-temperature-velocity correlations. For X < 2, higher am- 
plitude means enhanced radial momentum flux density •in 
the stream. (Again, we are speaking strictly of the input corre- 
lations at the source surface.) However, for X > 2, high ampli- 
tude actually implies lower • in the stream, and the inter- 
action is ever more dominated by dynamic, as opposed to ki- 
nematic, processes. The very rapid radial expansion associ- 
ated with such a stream near the sun would be substantially 
degraded through momentum transfer with the slow flow 
within a short radial span, and an observer near the earth 
would likely see only a very eroded, feeble remnant. Regard- 
less of whether the actual correlations in the upper corona are 
so simple or consistent as our hypothetical relations (8), the 
essential point to be drawn is that amplitude dependence of 
stream evolutionary behavior is a much more complicated 
proposition than simple kinematic considerations might lead 
one to believe. Large velocity amplitudes do not necessarily 
imply large density and temperature perturbations at I AU, 
nor do they necessarily imply a greater tendency toward shock 
formation for the intrinsic density-temperature-velocity corre- 
lations affect the dynamic balance in the compression region 
to a significant degree. 

Finally, Table 3 shows that the meridional flow effects are 
surprisingly insensitive to changes in amplitude. The re- 
sponses of both uo and the latitudinal transport parameters are 
nearly linear with A and remain small in each case. Hence 
even for large-amplitude streams, the 2-D flow approximation 
retains considerable validity. 

Stream Interaction as a Function of Longitudinal Scale 
Under our nomenclature the longitudinal scale of a stream, 

4,, is defined as the total breadth of the structure in the azimu- 
thal direction from where it first departs from slow conditions 
to where it returns to them. In assessing how the input breadth 
regulates the evolution we must take into account three sepa- 
rate factors. First, the azimuthal gradients dictate the rate at 
which the interaction proceeds. All other factors being held 
constant, these gradients are inversely proportional to the lon- 
gitudinal scale. Second, the total amount of stream material 
(or momentum) available to participate in the interaction is 
directly proportional to the longitudinal scale. Third, because 
the interaction takes place in a supersonic medium, finite 
propagation effects must be considered. That is, only the lead- 
ing edge of a stream is directly involved in the exchange of 
momentum between fast and slow flows, and it takes time for 
news of the interaction to propagate back into the main body 
of the stream. Taken together, these three factors assure that a 
longitudinally narrow (small •) stream not only evolves more 
rapidly, but also the entire structure is quickly consumed in 
the interaction. Conversely, a longitudinally wide (large •) 
stream evolves more slowly and carries more momentum with 
which to maintain that evolution over large radial distances. 

In Table 4 we compare parameter variations at I AU for 
streams having a range of input longitudinal scales ß equal to 
30 ø, 60 ø, and 90 ø. The radial velocity structure at ro -- 35 Rs 
for the three examples of Table 4 is schematically indicated in 
Figure 6, which shows the rather discordant geometries in- 
volved: the • = 120 ø case represents an oblate distribution, 
while the ß = 30 ø case possesses a prolate symmetry. 

Table 4 supports the introductory statements made above. 
The • = 30 ø stream is highly evolved at I AU with much of 

TABLE 4. Stream Parameters at 1 AU as a Function of Input 
Longitudinal Scale ß 

Extrema Anywhere Within Stream 
(Maximum/M'mimum) 

• = 30 ø • = 60 ø •-- 120 ø 

u,, km/s 657 689 701 
u0, km/s 10.4/-18.4 7.2/-16.0 4.7/-10.3 
u,, km/s 41.0/-73.0 27.4/-36.1 11.2/-8.8 
n, cm -3 16.9/2.4 15.2/2.7 10.7/3.1 
T, )<10 3 øK 271/59 255/64 198/72 
P, x10 -!ø dyn/cm 2 8.4/0.46 8.2/0.59 4.8/0.81 
M, % 1.57/-2.26 1.38/-2.26 1.21/-2.07 
D, % 1.71/-2.30 1.54/-2.67 1.37/-2.68 
E, % 1.63/-2.13 1.56/-2.73 1.48/-2.90 
L0, x 10 3 g/s 2 +0.71 +0.61 +0.47 
L•, )<10 3 g/S 2 0.20/-0.39 0.06/-0.12 0.01/-0.02 

the radial kinetic momentum having been dissipated in a large 
compression (peak Ur down to 657 km/s) and strong azimu- 
thal shear flow at the leading edge. At I AU the ß = 60 ø pro- 
totype stream is also driving a vigorous compression, but be- 
cause the steepening is occurring farther from the sun, the 
lower sound speed and more nearly radial orientation of the 
stream front gradients are inhibiting the buildup of the azimu- 
thal flows. The evolution of the ß = 120 ø stream has barely 
commenced at I AU, where kinematic effects are still domi- 
nant. 

Table 4 also confirms the findings of linear theory [Siscoe 
and Finley, 1972] that the meridional effects are not particu- 
larly sensitive to the azimuthal scale. The meridional velocity 
is small in all three cases owing to the interplay of the geome- 
try with the dynamics: while the ß = 30 ø stream evolves rap- 
idly near the sun where nonradial flows are most efficiently 
driven, the input latitudinal gradients are, by construction, 
relatively small (i.e., the contours are predominantly north- 
south); on the other hand, the ß = 120 ø stream evolves so 
slowly that the higher input latitudinal gradients have little ef- 
fect inside I AU. As a result, the latitudinal transport parame- 
ters remain insignificant in all these cases. 

Stream Interaction as a Function of Latitudinal Scale 
From the standpoint of 3-D effects, a far more interesting 

situation arises when we directly manipulate the latitudinal 

:30 ø 

c•: 60* 

', 
• •2o 

Fig. 6. Schematic of contour patterns at ro for streams of total lon- 
gitudinal breadth of 30 ø, 60 ø, and 120 ø. The meridional breadth is 
constant at 60 ø . 
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gradients. In Figure 7 we schematically illustrate a sequence 
of three input stream geometries characterized by variations 
in the latitudinal scale, 19 (• = 60 ø, as usual). For the 19 = 
120 ø case the stream front runs nearly north-south, and we ex- 
pect minimal meridional flow effects; this stream closely ap- 
proximates the idealization implicit in 2-D models. The 19 = 
30 ø stream embodies the topological opposite: an elongated 
east-west ellipse, with very substantial gradients (up to 30 km/ 
s/deg) in the north-south direction. This stream provides us 
with an excellent test for meridional flow effects: not only does 
the structure have steep north-south gradients over most of its 
longitudinal width, but the full latitudinal span is com- 
paratively modest. The boundary conditions at the equator 
are identical in all three cases. Hence this triad of examples al- 
lows us to view unambiguously the influence of meridional 
gradients. 

The usual stream parameters at 1 A U are summarized in 
Table 5. We find that the peak u0 is only mildly sensitive to 
the latitudinal scale and that the effects of the meridional flow 

are confined to minor systematic adjustments in the various 
parameters. That is, as 19 decreases, the north-south flows re- 
suiting from the stream interaction become slightly more effi- 
cient in moving material away from the region of the most in- 
tense compression, and therefore the peak density at the 
equator is reduced while the peak radial velocity is increased. 
Furthermore, we declare that the stream profiles at the equa- 
tor do not otherwise differ appreciably among the three cases. 
Thus these examples explicitly document the claim that meri- 
dional flow effects in the interplanetary solar wind are apt to 
be quite small, even in the limit of fairly extreme latitudinal 

ß 

gradients. 

Stream Interaction as a Function of Source Latitude 
The final parameter affecting stream evolution is the he- 

liographic latitude of the source center X,. Because the com- 
ponent of solar rotation acting on a fluid element situated at 
some latitude X decreases as X approaches +_90 ø, the stream 
interaction is said to weaken with heliographic latitude. The 
rotational dependence goes as cos X (or sin 8), and hence the 
differential north-south evolution across most streams due to 
the geometric effect will be small, particularly in the vicinity 
of the equator. 

Fig. 7. Schematic of contour patterns at ro for streams of total 
meridional breadth of 30 ø, 60 ø, and 120 ø. The longitudinal breadth is 
constant at 60 ø . 

TABLE 5. Stream Parameters at 1 AU as a Function of Input 
Longitudinal Scale 13 

Extrema Anywhere Within Stream 
(Maximum/Minimum) 

13 -- 30 ø 13 = 60 ø 13 = 120 ø 

u, km/s 692 689 686 
u0, km/s 9.2/-20.2 7.2/-16.0 4.6/-10.4 
u,, km/s 28.0/-33.6 27.4/-36.1 30.3/-38.5 
n, cm -3 14.4./2.9 15.2/2.7 15.9/2.6 
T, x 103 øK 252/70 255/64 263/6! 
P, x 10 -tø dyn/cm 2 7.6/0.75 8.2/0.59 8.9/0.53 
M, % 1.26/-2.83 1.38/-2.26 0.80/-0.79 
D, % 1.32/-3.41 1.54/-2.67 0.91/-0.92 
E, % 1.24/-3.83 1.56/-2.73 0.91/-0.89 
La, x 103 g/s 2 +0.43 +0.61 +0.53 
L•, X 10 3 g/s 2 0.09/-0.18 0.06/-0.12 0.03/-0.05 

It is possible to discuss this effect in a way more closely re- 
lated to the previous exposition and, at the same time, to clear 
up a potential point of confusion. The sharp-eyed reader will 
have noticed that the rotation term -f• 0//• in the governing 
equations (1)-(3) contains no explicit reference to 0. These 
equations have been specialized to the inertial frame, and the 
true 0 dependence is masked in this form. For this reason it is 
advantageous to discuss the latitudinal effect from the stand- 
point of spatial and angular scales. If we were to move our 
prototype distribution poleward while keeping all spatial 
scales constant, then the angular scale across any azimuthal 
(longitudinal) cut through the distribution must increase. On 
the other hand, were the angular scale held constant as the 
distribution is moved poleward, then the spatial scale in the 
longitudinal direction must decrease. Applying the experience 
of the subsection on longitudinal scale, we anticipate that the 
evolution of a high-latitude stream in the former case (fixed 
spatial scale) would tend toward that of a long-period (large 
•) stream, while the evolution in the latter case (fixed angular 
scale) would approach that of a short-period (small •) stream. 
(In neither instance will the analogy be exact, however, for the 
convergence of the geometry near the poles affects not only 
the rotation term in the equations, but also the divergence 
terms. Indeed, these secondary geometric considerations give 
rise to a fundamental property of flow about a sphere, namely, 
that the presence of any east-west structure must inevitably 
lead to north-south flows. However, it is not true that north- 
south structure must lead to east-west flows, a fact exploited in 
axisymmetric models.) 

The best way to quantify these arguments is by means of a 
series of model streams at various latitudes, as illustrated in 
Figure 8. Here we view the radial velocity contours at ro -- 
0.16 AU for otherwise identical streams centered at X, = 0 ø, 
+45 ø, and +90 ø (Figure 8, top). (The leftmost example is the 
familiar prototype stream of Figures 1 and 2.) Figure 8 
(middle) shows the radial velocity contours at 1.0 AU, while 
Figure 8 (bottom) highlights the pressure contours at 1.0 AU. 
A scan of these plots quickly reveals the dominant role of ro- 
tation in the stream interaction. The polar stream, for which f• 
is effectively zero, displays none of the evolutionary artifacts 
usually associated with stream dynamics. The parameter vari- 
ations have been essentially mapped to 1.0 AU, with only mi- 
nor changes attributable to residual entropy differences within 
the stream. (Note the change of scale, A, for the pressure plot 
of the polar stream.) The equatorial stream, on the other 
hand, has been strongly affected by the dynamics, and the 
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r= 0.3AU 

(o) 

m r 

(b) A=60 km/s 

Fig. 14. Radial velocity contours at ro = 0.3 AU for two circular streams modified to include substructure along their 
fronts. The azimuthal variation at the equator remains unchanged. 

We can put all these 3-D effects into meaningful perspec- 
tive by asking how they stack up againt those attributable to 
other physical mechanisms incorporated in the model. Spe- 
cifically, it would be interesting to see if the changes wrought 
in the solutions by the inclusion of the meridional flow were 
of the same magnitude as those encountered in the magnetic 
versus thermal forces comparison of Figure 9. Weighing 
Figure 9 against Figures 13 and 15, the impression is that 
accounting for the 3-D geometry is about as important as 
including the magnetic field unless the stream front is 
relatively uniform and lies almost perpendicular to the 
equator. Thus, while it may be feasible to ignore the 3-D 
effects in special circumstances, it is certainly not reasonable 
to drop the magnetic field from the description, at least not in 
the physically interesting case of initially steep-sided 
streams. 

4.2. Shocks and Interfaces 
The topology of the shock and interface surfaces associat- 

ed with the 3-D circular and polar extension streams offers 
an interesting study in global effects. The heavy lines in 
Figure 16 depict the intersection of the forward wave (F), the 
interface (I), and the reverse wave (R) with the r = 1.0 AU 
sphere for the 3-D circular (Figure 16a) and polar (Figure 
16b) streams, respectively. They are superimposed on the 
light contours of the radial velocity structure for reference. 
Where the F and R lines are solid, an MHD shock can be 
clearly identified in the numerical solutions; where they are 
dashed, only a large-amplitude MHD wave can be distin- 
guished. The subscript 'N' or 'S' on the F and R labels in 
Figure 16b refers to whether that particular surface is 
associated with the northerly or southerly stream, respec- 
tively. This differentiation is necessary because the compar- 
atively small azimuthal scale of the model streams allows the 
forward wave of one stream to propagate entirely through 
the slow flow region into the rear portions of the preceding 
(westward) stream. The small numbered ticks along the 
shock loci indicate the approximate radius (in AU) where the 
shock was first observed to form at that latitude. 

In both cases, the interface lies along the steepest velocity 
gradients at the stream front. Only at the equator of the 
circular stream, however, is the velocity shear precisely 
east-west. At other latitudes in the circular stream example 
and throughout the polar stream, the shear at the interface 

has a sizable north-south component. The projection of the 
stream tubes in the rotating frame onto the r - (b plane (i.e., 
the angle $) is thus no longer an adequate measure of the 
relative compression, for the stream tubes are free to point 
out of the plane and avoid one another like a highway 
overpass. Within a plane parallel to the equator, successive 
flow vectors spanning the interface lie in an inclined plane 

I ] I [ I ' I ] I [ I [ _.[ 

-- ,._ , 500 [ • •'" 
400 '"1' 300 I • I • I 

o f , ,-., ...... -El • 
3OL ' [ ?: i , ] , i , ] , . ß 
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0 -r-- -r--4----I• : -:- 

• I • I • I • I • I ' 
300 

2:00 
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I-'' ',''''''' ' -I 
... '. ,, 

o 

• i , i , i i i I I ' 
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AZIMUTH (deg) 
Fig 15. Comparison of the I AU equatorial flow for the two 

substructured streams with the standard solution of Figure 6 (solid 
curves). The dashed curves refer to the evolved stream associated 
with the input configuration of Figure 14a, the dotted to that of 
Figure 14b. 

 21562202a, 1982, A
6, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/JA
087iA

06p04374 by U
niversity O

f C
olorado Librari, W

iley O
nline Library on [10/03/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



gCurt A

d
e
K
on

in
gg

Simple, Ideal
Coronal Holes

PIZZO: THREE-DIMENSIONAL COROTATING STREAM MODEL, 2 739 

TABLE 6. Stream Parameters at I AU as a Function of Source 
Central Latitude, 3•½ 

Extrema Anywhere Within Stream 
(Maximum/M'mimum) 

+45 ø he • +90 ø 

u,km/s 689 699 707 
u0, km/s 7.2/-16.0 5.6/-11.8 +1.66 
u,, km/s 27.4/-36.1 17.2/-20.1 0.0 
n, cm -3 15.2/2.7 11.6/3.0 7.1/3.5 
T, )<103 øK 255/64 208/69 160/80 
P, )<10 -•ø dyn/cm •- 8.2/0.59 5.2/0.74 1.64/1.57 
M, % 1.38/'-2.26 1.39/-1.48 - 11.9' 
D, % 1.54/-2.67 1.51/-1.93 -12.9' 
E, % 1.56/-2.73 1.40/-2.13 -17.9' 
Lo, )< 10 3 g/s 2 +0.61 0.36/-0.31 0.0' 
L,, )<10 3 g/s 2 0.06/-0.12 0.02/-0.03 0.0' 

* Measured at pole only. 

characteristic compression-rarefaction pattern is evident. The 
stream at intermediate latitude (Xc -- 45 ø) is still primarily ro- 
tation dominated (cos hc -- 0.707). Though it is not very no- 
ticefible in the figure, there is some differential evolution be- 
tween poleward and equatorward portions of this stream. 
That is, the northerly portions suffer less stream interaction 
than the southerly portions by virtue of the sizeable differ- 
ences in h, and hence the north-south symmetry is partially 
destt • uycu. 

Table 6 presents the parameter variations at 1.0 AU for the 
three streams of Figure 8. Here the transport parameters for 
the polar stream have been measured exactly at the pole. In 
contrast to the latitudinally averaged figures quoted for the 
equatorial and mid-latitude streams, the flux loss recorded for 
the polar stream is much greater because it refers to the local 
depletion occasioned by the perfectly symmetric divergence of 
material about the stream core. Similar transport of flux oc- 
curs locally within equatorial stream fronts (indeed, local 
azimuthal transport is the prime broadening agent in streams), 
but losses and gains tend to balance out across the structure, 
making for a small net value. 

While the evolutionary behavior of streams changes dra- 
matically between pole and equator, the transition between 
the two regions is smooth and the physics of the mechanism 
relatively straightforward. The latitudinal dependence of 
stream evolution is rather weak, especially in the vicinity of 
the equator, and hence calculations executed for a stream situ- 
ated at the equator (the preferred location for numerical pur- 
poses) are really applicable over a broad band of latitudes. 

A PRACTICAL EXAMPLE: THE TRANS-EQUATORIAL 
EXTENSION 

OF A POLAR HOLE 

In the previous sections we have reviewed the action of the 
five basic factors in stream dynamics on an individual basis 
within the context of a particularly simple, symmetric geome- 
try. Unfortunately, the corona is seldom so aesthetically or- 
dered. Therefore we present one example that combines all 
these features in an asymmetric configuration of practical in- 
terest. It is intended to be suggestive of one of the more com- 
mon coronal topologies witnessed during the recent solar min- 
imum, namely, a polar hole with an extension jutting down 
across the equator [e.g., Bohlin and Rubenstein, 1975; Hund- 
hausen, 1977]. We shall use this example to demonstrate the 
generality of our previous results and to dispel any lingering 

doubts that might have emerged over our past reliance upon 
perfectly symmetric configurations. 

Figure 9 displays the radial velocity contours for the asym- 
metric stream on the source surface ro -- 0.16 AU. The corre- 
lations (8) are again . imposed (with X-- 1), so the contours of 
density and temperature have a geometry similar to that of 
Figure 9. The nonradial velocity components at ro are set to 
zero, and the pressure is constant. The distribution depicted 
represents a uniform, hot, tenuous high-speed flow about the 
north pole, having a lobelike transequatorial extension. 
Everywhere southward of the Ur -- 300 km/s contour the flow 
is that of the standard conditions of Table 1. (The entire struc- 
ture repeats every 120 ø in longitude for numerical purposes; 
however, the periodic interaction is negligible at 1 AU, except 
at high latitudes, where the stream is already broad and of low 
relative amplitude.) Both the amplitude and azimuthal span 
of the stream increase rapidly with latitude (moving north), 
and the variations at the equator are identical with those of 
the standard prototype stream. However, we have now sand- 
wiched those equatorial boundary conditions in the midst of a 
highly nonuniform geometry. 

The contours of constant radial velocity, density, temper- 
ature, and pressure at 1.0 AU are presented in Figures 10a- 
10d. The overall shape of the structure has not changed appre- 
ciably, but the stream front steepening is evidenced by the 
close spacing of velocity contours at the western (right) edge. 
A strong compression has formed diagonally across the equa- 
tor and is centered somewhat to the north because of the 
higher input amplitude of the stream at those latitudes. The 
variations in the thermodynamic parameters n, T, and P re- 
flect the influence of the interplanetary dynamical processes 
upon their initial, large-amplitude, global distribution. Thus 
n, T, and P are all out of phase and peak at slightly different 
locations. 

The pattern and magnitude of the nonradial flow at 1.0 AU 
are defined in the velocity vector diagram (Figure 11). The 
vectors are projected against the pressure contours of Figure 
10d, their length being proportional to their magnitude. Again 
we witness a general tangential divergence of material away 
from the compression and into the ensuing rarefaction. 

Despite all the asymmetry and the strong latitudinal gradi- 

Fig. 9. Radial velocity contours at ro - 35 Rs for the asymmetric 
stream. The intrinsic parameter correlations of (8) are in effect, so the 
density and temperature contours mimic those pictured for Ur. 
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Two movie files can be viewed
Solar wind from an equatorial circular coronal hole
Solar wind from a tilted streamer belt

Note: Dark is high brightness; white is low brightness
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Conclusion

punch will provide a new observational perspective on cirs
Will punch confirm our understanding of cirs, tweak our un-
derstanding, or revolutionize our understanding?


