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[11 We have surveyed the properties of 153 co-rotating interaction regions (CIRs)
observed at 1 AU from January, 1995 through December, 2008. We identified that 74 of
the 153 CIRs contain planar magnetic structures (PMSs). For planar and non-planar
CIRs, we compared distributions of the bulk plasma and magnetic field parameters. Our
identification of CIRs and their features yields the following results: (1) The different
pressures within CIRs are strongly correlated. (2) There is no statistical difference between
planar and non-planar CIRs in the distributions and correlations between bulk plasma
and magnetic field parameters. (3) The mean observed CIR azimuthal tilt is within 1 o of
the predicted Parker spiral at 1 AU, while the mean meridional tilt is about 20°. (4) The
meridional tilt of CIRs changes from one solar rotation to the next, with no relationship
between successive reoccurrences. (5) The meridional tilt of CIRs in the ecliptic is not
ordered by the magnetic field polarity of the parent coronal hole. (6) Although solar wind
deflection is a function of CIR shape and speed, the relationship is not in agreement
with that predicted by Lee (2000). We conclude the following: (1) PMSs in CIRs are not
caused by a unique characteristic in the local plasma or magnetic field. (2) The lack of
relationship between CIR tilt and its parent coronal hole suggests that coronal hole
boundaries may be more complex than currently observed. (3) In general, further
theoretical work is necessary to explain the observations of CIR tilt.

Citation: Broiles, T. W., M. L. Desai, and D. J. McComas (2012), Formation, shape, and evolution of magnetic structures in CIRs
at 1 AU, J. Geophys. Res., 117, A03102, doi:10.1029/2011JA017288.

1. Introduction

[2] Co-rotating Interaction Regions (CIRs) were first
observed by Neugebauer and Snyder [1966, 1967] as times
of increasing solar wind speed and temperature, accompa-
nied by enhancements in the plasma density and magnetic
field strength that recurred with the solar rotation period.
CIRs form when fast solar wind (~700 km s~ ') emanating
from coronal holes at low heliographic latitudes pushes up
against the slow solar wind (~350 km s~ ') ahead of it
creating a compression region in the heliosphere that
co-rotates with the Sun [Gosling and Pizzo, 1999]. The
CIR’s compression region is three dimensional, often being
approximated as locally planar with both azimuthal and
meridional tilts [Lee, 2000]. Previous observational studies
[Clack et al., 2000; Gosling et al., 1978, 1993; Riley et al.,
1996] of CIRs’ three dimensional structure used data from
Ulysses. This paper for the first time studies the local three
dimensional tilt of CIRs at 1 AU over an entire solar cycle
and compares observations to the predictions of Lee [2000]
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and Pizzo [1991] regarding CIR formation, shape, and
evolution.

[3] In order to study the three dimensional structure of
CIRs, we must also be able to relate the structure back to the
observed bulk plasma and magnetic field properties within
the CIR. Jian et al. [2006] performed a statistical survey of
observed CIR properties from Jan. 1995 to Dec. 2004 using
data from the Wind and ACE spacecraft. They identified a
subset of 196 CIRs within a list of 365 stream interaction
regions (SIRs), defined as interaction regions formed
between fast and slow plasma streams that are not seen over
multiple Carrington rotations. They identified CIRs by
enhancements in total pressure, proton density and increas-
ing solar wind speed across the event. Jian et al. examined
the averages and standard deviations of the following CIR
properties: (1) the peak total perpendicular pressure,
(2) change in solar wind speed, (3) peak proton density,
(4) peak magnetic field strength, and (5) the radial thickness.
They also studied variations in these properties over the
solar cycle, finding that compressions (magnetic field
strength and total pressure) associated with CIRs were
stronger during solar maximum.

[4] Figure 1 shows a sketch of the three dimensional sur-
face between the fast and slow solar wind. This surface
should depend upon the boundary between the coronal hole
and the streamer belt in the solar corona [Lee, 2000]. The
interplanetary magnetic field (IMF) aligns with the stream
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Figure 1. A sketch of a planar CIR, illustrating the rela-
tionship between CIR tilt and its coronal hole of origin.
The angle, «, represents the meridional tilt out of the ecliptic
and the angle ¢, represents the azimuthal tilt in the ecliptic.
Modified from Pizzo [1991].
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interface of the CIR because it is a tangential discontinuity
and by definition is impermeable by the magnetic field
[Belcher and Davis, 1971]. The solar wind alters the mag-
netic field topology surrounding the stream interface in two
ways; (1) deflected solar wind stretches the magnetic field
components along the stream interface, and (2) the solar
wind velocity component normal to the stream interface
compresses the magnetic field in the same direction
[Intriligator et al., 2001].

[5] Realignment of the magnetic field along the stream
interface can result in a planar magnetic structure (PMS).
PMSs were first discovered in the solar wind by Nakagawa
et al. [1989]. PMSs have been related to a number of dif-
ferent phenomena in the heliosphere such as the sheath
ahead of fast interplanetary coronal mass ejections (ICMEs),
magnetic sector boundaries, and CIRs [Neugebauer et al.,
1993]. Clack et al. [2000] studied the occurrence of PMSs
within two CIRs at Ulysses, both of which were observed
beyond 4 AU and at least 10° latitude above the ecliptic
plane. They found qualitative agreement with Gosling et al.
[1993] in that solar wind is deflected eastward and equa-
torward ahead of the CIR and westward and poleward
behind the CIR. Clack et al. [2000] also observed that a CIR
from the Northern coronal hole had a Southern tilt out of the
ecliptic, while a CIR from the Southern coronal hole had a
Northern tilt out of the ecliptic, as predicted for a simple
dipole model of coronal hole structure [Lee, 2000; Pizzo,
1991].

[6] Jones and Balogh [2000] identified PMSs using the
Ulysses data set between October 1990 and the December
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1998, and found that the interplanetary magnetic field (IMF)
is planar 9% of the time: either from heliospheric current
sheet (HCS) crossings, ICMEs or interplanetary shocks.
They found 58 planar CIRs, and concluded that CIRs
between 1.5-5 AU commonly contained planar magnetic
structures. They also found the average radial width of pla-
nar magnetic structures to be 0.13 AU.

[7] In this paper we examine CIR properties at 1 AU from
the start of 1995 to the end of 2008. We identify 153 CIRs
using a combination of an algorithm (see Appendix A) and
rigorous visual inspection. Note that in the timeframe when
our list overlapped with Jian et al. [2006] (1995-2004), all
but one of our CIRs were also on their list. We find that
almost half of the CIRs at 1 AU are sufficiently planar,
enabling us to perform an analysis on their local planar
structure. We also study the relationships between the bulk
plasma and magnetic field properties within the identified
CIRs. For CIRs with an identifiable planar magnetic struc-
ture, we study their tilt, scale size, and evolution over the
solar cycle and the relationship to solar wind deflection.
Finally, we examine how the observed local tilt compares
with the theoretical predictions of Lee [2000] and Pizzo
[1991], as well as with observational results from previous
studies [Clack et al., 2000; Gosling and Pizzo, 1999; Jones
and Balogh, 2000].

2. Instrumentation, Event Selection, and Data
Analysis

2.1. Instrumentation and Data Sets

[8] We use data from the Solar Wind Electron Proton and
Alpha Monitor (SWEPAM) [McComas et al., 1998] on the
Advanced Composition Explorer (ACE) [Stone et al., 1998],
which provides ion distribution functions at a cadence of
64 s, and the Solar Wind Experiment (SWE) [Ogilvie et al.,
1995] on Wind [Acuria et al., 1995] which provides the ion
distribution function every 92 s. Ion distribution functions
are used to calculate solar wind properties such as speed, vy,
density, n,,, and temperature, T,,. We also use data from the
magnetometer (MAG) [Smith et al., 1998] on board ACE,
and the Magnetic Field Investigation (MFI) [Lepping et al.,
1995] on Wind. Both instruments provide the magnetic
field vector, B every second. We use SWEPAM and MAG
data when available, and use SWE and MFI data to study
CIRs before the launch of ACE (Jan. 1, 1995-Jan. 23, 1998)
and to fill gaps in the ACE data. We fill ACE data gaps
using time-shifted SWE data from Wind. We used the X-
only method defined by Ridley [2000], where the amount of
time shift applied to data is estimated by the difference in
radial distance from the Sun of the two spacecraft divided by
the solar wind speed.

2.2. Event Selection

[9] In this study we compare observations of CIR three-
dimensional structure with theoretical predictions using
CIRs selected by an automated algorithm that also identifies
the stream interface, and forward and reverse boundaries
from Jan. 1995 through Dec. 2008, as described in Appendix
A. We then visually inspect each event to ensure that the
boundaries are appropriately selected and to identify the end
of the high speed stream. Models of CIR formation [Gosling
and Pizzo, 1999; Lee, 2000; Pizzo, 1991] do not account for

2 of 21



A03102

BROILES ET AL.: MAGNETIC STRUCTURES IN CIRS AT 1 AU

Table 1. A Description of Different Signatures Used to Identify CIRs Contrasted Against Those of ICMEs

Measurement

CIRs

ICMEs

Proton speed; v,

Proton density; n,

Proton temperature; T,

He/p ratio

Magnetic field magnitude; IBI

Magnetic field angles; 6, ¢
Total pressure; P;
Plasma (3

Suprathermal electrons

Increasing across the interaction region
[Neugebauer and Snyder, 1966].

Elevated across interaction region, peak at or
ahead of SI. Rarefaction occurring afterwards
[Neugebauer and Snyder, 1966].

Tp increasing across the interaction region and
remains high in fast solar wind [Neugebauer
and Snyder, 1966].

An increase from 4% to 5% at the SI. Decrease
in variance after SI [Borrini et al., 1981,
Wimmer-Schweingruber et al., 1997].

Compression inside interaction region with
peak at the SI [Neugebauer and Snyder, 1967].

A 180° change of azimuthal field often seen
in or near a CIR [Borrini et al., 1981].
Increased pressure across the event with the
peak possibly at the SI [Jian et al., 2005].
Little change, magnetic pressure and plasma
pressure affected similarly.
Narrow (<20°) anti-Sunward streaming in high
speed stream. Counter streaming in some CIRs,
beam widths typically differ by more than 40°

Highly variable, steady decrease common from
expansion [Klein and Burlaga, 1982].
<I proton cm—3 in the ejecta. Shock and

compression region in sheath surrounding fast ejecta.

Tp < 0.5*Texp in the ejecta. [Gosling et al.,
1973; Richardson and Cane, 1995].

An increase in the ratio above 8% in the ejecta
[Hirshberg et al., 1972].

>10 nT in the ejecta. A compression may
occur in fast ICME sheath
[Klein and Burlaga, 1982].
Smooth rotation of magnetic field often present
in magnetic clouds [Klein and Burlaga, 1982].
Increased pressure may be present in ejecta and
in the sheath [Russell et al., 2005].

< 0.1 in magnetic clouds [Klein and Burlaga, 1982].

Narrow (<20°) beams of bi-directional streaming
along field lines [Gosling et al., 1987].

A03102

[Skoug et al., 2010].

CIRs with properties and structure that may have been
influenced by nearby ICMEs [Rouillard et al., 2009].
Although the exclusion of such events (~41) may introduce
a bias in our results, we believe that including CIRs with
local plasma and magnetic field parameters that could have
been distorted by such nearby ICMEs, would not constitute a
true comparison with theoretical predictions. Therefore, we
only use isolated CIRs that do not have ICMEs within at
least 12 hours of their boundaries. We identify ICMEs using
well known in-situ signatures [Zurbuchen and Richardson,
2006], the updated list of Cane and Richardson [2003] and
the ACE and Wind shock lists (http://www.ssg.sr.unh.edu/
mag/ace/ACElists/obs_list.html and http://www-istp.gsfc.
nasa.gov/wind/current_listIPS.htm).

[10] Table 1 contrasts the in-situ properties of CIRs and
ICMEs at 1 AU. These are: solar wind speed, proton density,
proton temperature, the He/p ratio, magnetic field strength,
magnetic field direction, total pressure and the ratio of
thermal to magnetic pressure (i.e., the plasma ). The main
differences between CIRs and ICMEs are: (1) the proton
temperature is anomalously low in ICMEs, (2) the He/p ratio
increases above 8% in ICMEs, (3) the plasma 3 decreases
below 0.1 in magnetic clouds, a type of ICME [Klein and
Burlaga, 1982], and (4) the suprathermal electrons stream
bi-directionally along field lines in narrow (<20°) beams
[Gosling et al., 1987].

[11] Figure 2 shows a CIR that we identified using an
algorithm that utilizes the signatures described in Table 1.
From top to bottom, Figure 2 shows: solar wind speed (km
s~') (Figure 2a), proton density (cm ) (Figure 2b), proton
temperature (K), with expected temperature (K) in red
[Neugebauer et al., 2003] (Figure 2c), total pressure (pPa)
[Gosling et al., 1987, Jian et al., 2006] (Figure 2d), mag-
netic field strength (nT) (Figure 2¢), and solar wind deflec-
tion angles (°) (Figure 2g). In this example, the forward
boundary is a shock, as indicated in Figure 2 by the vertical
black line labeled FB, while the reverse boundary has not

steepened into a shock (vertical blue line: RB). The stream
interface and the end of the high speed stream are shown by
vertical red lines labeled ST and HSS respectively. The four,
distinct regions of the CIR are labeled: (1) uncompressed
slow wind, (2) compressed slow wind, (3) compressed fast
wind, and (4) uncompressed fast wind.

[12] We remark that the selection of CIR boundaries is
somewhat subjective at 1 AU. Other studies have identified
the stream interface as the location of a jump in entropy
[Borovsky and Denton, 2010], a drop in O7"/0°" charge
state ratio [Wimmer-Schweingruber et al., 1997], or as the
peak in total perpendicular pressure [Jian et al., 2006],
however these signatures frequently occur at different times
within the CIR. For the example shown in Figure 2, multiple
discontinuities might be considered as the location of the
stream interface. For instance, the larger discontinuous drop
in density at 1100 UT 07/05/07 is also a reasonable candi-
date for the stream interface. However, in our criteria we
require that the stream interface be close to the shear in the
azimuthal flow angle. This is because our study is focused
on establishing the relationship between the PMS and the
solar wind deflection and comparing with theoretical pre-
dictions. We remark that using a different time for the
location of the SI would only affect the results shown in
Figures 11 and 12 of this paper. Several studies [e.g.,
Gosling et al., 1978; Gosling and Pizzo, 1999; Lee, 2000,
and references therein] show that the stream interface is a
tangential discontinuity in momentum balance, and can be
identified by a shear in the solar wind flow angles. In other
words, the stream interface deflects the fast solar wind in the
opposite direction than it deflects the slow solar wind. We
account for such deflections in our selection criteria by
requiring that the azimuthal flow angle changes from posi-
tive to negative around the location of the stream interface.
Note that at the time of the larger drop in density, the azi-
muthal flow angle is near maximum (~5°) and was therefore
not identified as a possible SI for this CIR.
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Figure 2. An example of a CIR from May 7, 2007 (CIR # 121 in Table 2). (a) Solar wind speed (km s ),
(b) density (cm ™), (¢) temperature (black) and expected temperature (red) (K), (d) total pressure (pPa),
(e) magnetic field strength (nT), (f) magnetic longitude (black) and latitude (red) (°), and (g) azimuthal
(black) and meridional (red) solar wind deflection angles (°). The numbers 1-4 in Figure 2a identify the
four regions of the CIR: (1) slow uncompressed, (2) slow compressed, (3) fast compressed, and (4) fast
uncompressed. Vertical black line: forward boundary (FB), vertical red line: stream interface (SI), vertical
blue line: reverse boundary (RB), and second vertical red line: the end of the rarefaction region (HSS).
Solar wind speed data are colored red or blue to represent outward or inward IMF polarity respectively.
Time shifted Wind data (blue) is shown for proton density, temperature, and total pressure. Thick blue
ticks at the bottom of each panel represent times when Alfvénic fluctuations are present (see text for more

details).

[13] The thick blue bar at the bottom of each panel of
Figure 2 indicates times of observed Alfvénic fluctuations,
which is a known property of the fast solar wind [Belcher
and Davis, 1971]. We identify Alfvén waves by searching
for intervals with strong correlation between the magnetic
field and solar wind velocity fluctuations [Belcher and
Davis, 1971]. We use intervals of 60 data points and
require the absolute value in the average correlation coeffi-
cient between all three components to be greater than 0.7.
The probability that a sample of 60 uncorrelated data points
has a correlation coefficient greater than 0.7 or less than
—0.7 is less than 0.01 and therefore statistically significant,
indicating the presence of Alfvénic fluctuations.

[14] Table 2 lists the 153 CIRs observed from the start of
1995 to the end of 2008. The columns from left to right are:
event number and time intervals; for the forward boundary,
stream interface, reverse boundary, and end of the high
speed stream. Also provided are proton density peak, change
in solar wind speed across the event, peak in magnetic field

strength, peak in total pressure, radial thickness, minimum
possible thickness (discussed in section 3.2), meridional, and
azimuthal tilts of the CIRs. For non-planar events, the latter
three parameters cannot be calculated and are noted with

[15] Out of 153 CIRs, 32 events (20.9%) had shocks
identified. Within this group 19 CIRs (12.4%) had forward
shocks only, while 13 (8.5%) had reverse shocks only. Com-
paring planar and non-planar CIRs, we found 12 (16.2%)
and 6 (8.1%) planar CIRs with forward and reverse shocks
respectively, while there were 7 (8.9%) and 7 (8.9%) non-
planar CIRs with forward and reverse shocks respectively.
We found no CIRs with both forward and reverse shock
pairs.

2.3. Identification of Planar CIRs

[16] We use minimum variance analysis (MVA) to deter-
mine the presence of a large scale planar structure from an
array of magnetic field vectors [Sonnerup and Cahill, 1967].
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Table 2. Our List of CIRs"
Forward Stream Reverse HSS
Boundary Interface Boundary Boundary
CIR n, Av, IBI P, AR AW « £
Number Year Date Time Date Time Date Time Date Time (cm °) (kms ') (T) (pPa) (AU) (AU) (deg) (deg)
1° 1995 1/1 1920 2/t 7:53 3/1 1835 7/1 7:02 403 4285 16.8 1594 055 032 4l16+1.1 39.6+08
2 1995 28/1 17:55 29/1 7:16 30/1 9:57 42 548 436 4759 228 2851 048 032 244+09 419+08
3¢ 1995 6/4 12:16 7/4 12:15 7/4 20:21 13/4 1:40 67.8 463.8 299 519.8 0.30
4 1995 26/4 12:55 26/4 1839 27/4 728 1/5 401 321 378.7 184 2379 025 ..
5 1995 1/5 20:51 2/5 15:02 2/5 23:53 9/5 934 620 446.4 17.1 2418 035 025 260+1.7 364+038
6 1995 23/5 14:27 23/5 17:08 24/5 446 29/5 2:29 239 3783 174 2120 0.18 ...
7¢ 1995 30/5 1:15 30/5 6:13 31/5 444 5/6 3:13 263 451.5 195 2165 040 026 270+14 424+09
8 1995 18/6 21:23 19/6 8:54 19/6 17:56 24/6 16:04 89.5 4488 254 3326 023 0.19 43+13 364+ 0.5
9 1995 16/7 9:05 16/7 15:58 17/7 2:30 20/7 19:38 543 3755 21.6 2477 022 0.15 209+13 41.7+08
10 1995 7/8 9:11 7/8 20:42 9/8 3:50 12/8 0:52 353 3062 124 1283 0.51 ...
11 1995 30/10 9:24 30/10 15:46 1/11 827 3/11 17:49 325 360.6 13.1 104.6 048 027 —525+13 182+0.6
12°¢ 1995 4/11 11:28 5/11 12:43 6/11 0:49 8§/11 21:33  26.7 2482 153 168.1 041 ...
13° 1995 24/12 5:50 24/12 8:57 25/12 22:54 27/12 021 773 398.1 27.7 4992 0.57 044 -348+12 213+1.1
14¢ 1996 14/1 14:57 14/1 17:20 15/1 3:32 18/1 20:44 387 3156 19.0 2444 0.17 012 378+23 23.0+19
15° 1996 18/6 22:34 19/6 1:59 19/6 7:35 22/6 443 702 1750 19.8 2703 0.10 0.10 09+24 6.6+ 1.4
16 1996 28/8 16:01 29/8 2:05 29/8 17:50 1/9 3:32 215 287.0 13.5 1622 0.32
17 1996 17/10 5:16 17/10 21:43 18/10 4:15 21/10 17:56 17.2 286.7 134 1035 024 ..
18 1996 27/10 7:30 28/10 0:23 28/10 20:53 31/10 19:10 30.0 3053 148 131.1 043 036 175+15 275+13
19 1996 9/12 18:36 9/12 23:38 11/12 6:41 12/12 19:26 47.0 3513 164 1587 046 027 —348+12 439+0.7
20 1997 25/1 17:46 26/1 9:17 28/1 847 29/1 508 27.6 422.6 184 2121 0.73 057 37.1+12 95+09
21° 1997 16/4 12:17 16/4 23:45 17/4 8:.08 20/4 7:45 46.0 209.6 167 1749 021 020 —-96+16 179+1.1
22°¢ 1997 1/5 11:57 15 1817 1/5 2349 7/5 1551 323 3434 16.0 162.7 0.14 009 528+1.6 7.6+0.7
23¢ 1997 27/6 6:39 27/6 11:55 27/6 15:13 1/7 401 36.1 267.2 122 1089 0.09 0.08 47+19 21.7+£1.0
24° 1998 15/7 16:223 16/7 2:15 16/7 23:30 20/7 11:48 41.8 3572 244 3348 036 ...
25 1998 22/7 1:17 23/7 0:28 23/7 12:34 26/7 1:49 23.0 390.0 16.6 183.0 0.39 ...
26 1998 6/10 15:24 7/10 9:48 7/10 19:20 14/10 0:21 414 331.7 15.0 1553 027 023 -25+1.1 33.1+06
27 1999 5/1 21:39 6/1 13:49 6/1 22:53 12/1 14:06 51.6 2333 19.8 1821 023 0.18 379+£15 9.6 £0.7
28 1999 14/3 10:03 14/3 13:55 14/3 19:28 19/3 11:25 229 261.4 129 1203 0.11 ...
29 1999 28/3 17:17 29/3 9:25 30/3 19:43 1/4 12:39 589 263.1 155 1556 0.55 038 89+09 458+07
30 1999 10/4 3:33 10/4 8:28 10/4 1929 16/4 13:14 323 2523 132 1305 0.18 ...
31¢ 1999 24/5 427 24/5 20:02 25/5 9:49 29/5 1:31 316 221.7 147 1623 032 024 -32+£09 43.1+£0.6
32 1999 86 558 8/6 1922 9/6 3:50 14/6 7:39 475 355.6  12.8 136.8 0.23 0.15 148+05 48.6+0.3
33 1999 21/7 13:56 22/7 859 22/7 20:09 27/7 18:14 41.1 2835 19.7 212.1 0.28
34° 1999 26/9 14:22 26/9 19:52 27/9 16:04 2/10 22:59 56.6 296.8 19.1 2442 034 ..
35 1999 3/12  2:10 4/12 2:39 4/12 9:44 11/12 1525 475 4183 213 2360 036 022 -323+1.1 437+04
36° 2000 10/1 4:48 10/1 20:47 11/1 23:04 17/1 20:31 29.8 3614 225 317.8 042 ..
370 2000 27/1 13:54 27/1 1857 28/1 852 52 13336 1328 5014 329 6774 027 023 182412 257+1.0
3g° 2000 52 14:49 572 21116 6/2 23:24 112 930 447 336.7 19.7 281.8 043 038 102+1.0 247+09
39°¢ 2000 22/3 10:55 22/3 13:56 22/3 18:06 27/3 23:22 1054 4425 237 3365 0.08 ...
40°¢ 2000 29/5 14:46 29/5 18:07 30/5 1:24 1/6 11:01 329 3403 20.0 236.7 0.12 0.11 197+11 124+09
41 2000 27/8 13:11 288 6:53 29/8 3:15 2/9 14:39 233 3272 129 1238 044 ..
42 2000 22/10 5:51 22/10 845 23/10 5:47 26/10 20:10 325 286.7 142 1214 029 020 19.7+16 420+£13
43 2000 6/12 20:07 8/12 0:47 812 12:20 14/12 2:19 28.6 3763 152 1599 045 032 6.1+£12 442107
44%€ 2001 1/6 7:55 1/6 21:228 2/6 11:51 5/6 14159 747 310.8 222 261.6 026 023 134+1.1 237405
45%F 2001 18/6 148 18/6 23:36 20/6 2:57 26/6 12:08 67.0 559.1 20.3 208.1 0.53
46" 2001 14/12 15:39 15/12 20:09 16/12 9:29 23/12 7:28  59.6 337.8  25.6 3722 040 ..
47° 2001 23/12 22:01 24/12 4:19 24/12 10:49 28/12 8:06 54.1 321.1 234 2729 0.14 012 115+£13 235+1.1
48 2002 19/1 5:06 20/1 2:07 21/1 5:56 24/1 22:50 489 258.0 22.0 2567 0.51 036 -31.7+£07 350+£05
49 2002 4/2 20:19 522 11:29 6/2  2:13 12/2 6:47 446 4102 20.5 272.0 0.31
50 2002 3/3 13:38 4/3 15:32 5/3 454 11/3 23:48 484 4322 21.5 286.6 0.43
515 2002 29/3 21:39 30/3 6:30 31/3 15:12 4/4 17:47 61.8 516.8 234 297.7 0.57
52f 2002 18/6 21:10 19/6 4:26 19/6 13:55 25/6 23:49 41.6 221.7  16.6 179.0 0.18 ...
53 2002 4/7 14:226 5/7 12:07 6/7 11:46 10/7 7:03 452 292.0 15.6 2058 043 028 162+10 469+07
54 2002 23/10 13:20 24/10 9:59 24/10 20:57 29/10 10:26 37.7 409.6 16.7 180.5 040 023 —-147+13 528+13
558 2002 20/11 10:16 21/11 5:11 21/11 12:20 26/11 2:52  77.8 4453 373 7844 031 029 205+10 9.7+08
56" 2002 6/12 8:08 7/12  7:42 7/12 17:00 13/12 5:59 423 3625  19.1 246.0 0.36
57¢ 2002 14/12 2:29 14/12 14:04 15/12 0:36 17/12 17:32 243 265.6 154 1582 0.23
58 2002 26/12 8:15 27/12 0:08 27/12 12:13 31/12 12:09 20.9 4452 182 2112 036 ...
59 2003 2/1 19:25 3/1 10:02 4/1 2:02 7/1 10:30 55.8 298.0 158 1985 036 024 -356+09 356+05
60%° 2003 26/2 19:224 2772 041 272 13:29 2/3 15:03 413 239.6 184 2023 023 022 61+£16 —-109+1.0
61 2003 3/3 144 3/3 22:42 4/3  9:54 113 17:20 20.7 3063 164 1554 0.34
62° 2003 26/7 12:04 26/7 19221 27/7 439 3/8 20:10 684 567.5 36.6 606.1 0.20
63% 2003 20/8 6:24 21/8 0:22 21/8 22:06 29/8 4:58 242 464.5 16.6 189.2 0.51
64 2003 16/9 9:05 17/9 0:44 17/9 15:59 23/9 12:35 348 488.2 24.1 2812 042
65 2003 13/10 6:33 14/10 18:28 15/10 2:23 22/10 3:04 133.0 4759 225 681.5 0.50
66° 2003 7/12 13:46 8/12 11:35 10/12 11:44 18/12 7:11 173 496.0 17.3 1544 1.00
67 2003 19/12 23:35 20/12 10:45 21/12 20:24 30/12 23:53 37.2 363.5 226 2745 050 ...
68" 2004 1172 9:19 1272 1:42 12/2 10:33 20/2 17:58 44.8 467.8 219 2502 029 0.19 207+0.7 451+05
69 2004 83 10:50 9/3 14:53 10/3 7:23 16/3 17:51 243 481.4 183 1825 0.50 034 —-109+1.0 460+04
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A03102 BROILES ET AL.: MAGNETIC STRUCTURES IN CIRS AT 1 AU A03102
Table 2. (continued)
Forward Stream Reverse HSS
Boundary Interface Boundary Boundary
CIR n, Av, IBI P, AR AW « £
Number Year Date Time Date Time Date Time Date Time (cm °) (kms ') (T) (pPa) (AU) (AU) (deg) (deg)
70 2004 28/6 4:19 28/6 18:43 29/6 830 3/7 6:11  33.0 279.4 17.8 1932 029 023 264+10 273+09
71 2004 19/11 13:21 20/11 16:39 21/11 0:57 22/11 11:14  60.0 303.8  17.7 203.1 0.39 025 242+08 457+0.6
72¢ 2004 28/11 18:07 29/11 6:54 30/11 12:15 2/12 18:29 259 3304 18.1 1682 0.54
73 2004 15/12 21:18 16/12 18:57 17/12 16:06 20/12 20:40 25.4 3399 14.8 1575 0.53
74 2005 1/1 10:12 2/1  2:49 2/1 940 71 13:18 39.6 4383 182 1877 032 ...
75 2005 11/1 19:52 12/1  3:03 12/1 15:46 16/1 12:20 40.8 3819 215 3023 026 022 —-12+1.7 30.7x1.1
76 2005 6/2  3:10 72 13:32 82 18:06 112 19:40 345 4737 182 178.0 0.80
77 2005 5/3  3:02 6/3 755 7/3 18:13 11/3 12:53 47.6 4408 179 1764 0.79
78° 2005 24/3 6:55 24/3 13:00 25/3 16:58 29/3 3:23 374 431.0 182 1875 035 ...
79° 2005 3/4 1543 4/4 526 54 3:.00 6/4 13:52 347 3773 16.6 210.0 0.39 029 -303+09 31.5+0.6
80" 2005 19/4 20:10 20/4 2:26 20/4 12:57 26/4 15:59 533 2764 17.6 2349 0.19 0.16 141+13 314+07
81 2005 29/4 15:02 30/4 4:10 1/5 7:34 3/5 1822 622 406.8 16.5 189.6 0.51 ...
82 2005 4/6  10:07 4/6 16:11 5/6 12:08 10/6 15:08 43.5 3589 165 1779 033 026 —123+14 342+1.1
83 2005 23/6 1:57 23/6 9:17 25/6 8:19 27/6 15:08 1042 3704 23.6 3624 061 056 19.6+0.6 143 £0.5
84 2005 /7 118 17 1731 2/7  7:10 77 1:227  46.6 2963 17.6 2119 0.33
85% 2005 19/7 19:28 20/7 11:50 21/7 7:01 23/7 10:56 22.3 2946 140 1288 042 ...
86° 2005 27/7 18:47 28/7 7:49 29/7 13:50 1/8 16:40 42.0 3121 16.6 1743 0.54 038 339+ 1.1 325407
87 2005 15/8 6:22  15/8 18:05 17/8 0:03 19/8 18:16 25.0 3812 139 117.8 0.54
88° 2005 7/10 3:28 8/10 1:38 8/10 6:43 11/10 23:26 65.7 4528 279 399.8 0.27
89 2005 24/10 17:33 25/10 2:40 26/10 14:13 28/10 14:04 50.2 2683 129 171.6 045
90 2005 2/11 14:57 2/11 19:41 4/11 10:12 8/11 16:53 41.6 371.5  18.1 1912 0.63
91 2005 29/11 16:38 29/11 22:35 2/12 2:26 4/12 23:38 28.0 3948 16.6 159.5 0.89 ...
92! 2005 18/12 20:20 19/12 15:58 20/12 10:03 22/12 21:10 52.7 387.0 15.6 1440 036 026 —-70+13 43.6+0.5
93 2005 27/12 7:14 27/12 14:20 28/12 0:52 30/12 23:21 537 4247 217 3275 021
94 2006 18/2 17:53 20/2 9:41 21/2 13:18 26/2 14:05 37.8 385.6 119 108.7 0.74
954 2006 9/3 10:24 10/3  3:52 11/3 1:19 12/3 8:16 33.8 2463  13.7 1323 0.39
96 2006 18/3 5:23 183 21:12 20/3 5:32 22/3 11:29 339 3727 142 1392 0.68
97 2006 84 10:22 9/4 9:48 9/4 22:30 13/4 2:04 25.1 4143 19.5 2285 0.39
98 2006 21/4 8:08 21/4 15:14 22/4 15:45 25/4 22:28 44.0 284.7 137 1295 034 ...
99 2006 6/5 10:59 6/5 16:09 7/5 7:01 95 923 652 3314 187 2535 024 021 —-178+17 209=+1.0
100 2006 17/5 10:51 18/5 10:222 18/5 15:14 24/5 8:06 36.8 3268 16.6 1813 0.25 ..
101 2006 6/6 3:56  6/6 11:11 7/6 9:35 12/6 1629 56.9 366.4 158 1834 035 023 173+1.1 478+0.6
102 2006 27/6 0:50 28/6 6:56 29/6 5:34 3/7 748 348 358.0 145 1268 0.52 029 -23.0+0.7 529+0.7
103 2006 3/7 22:17 4/7 13:00 5/7 805 87 17:42 82.7 3775 19.8 2362 036 023 —1254+09 494104
104 2006 27/7 12:51 27/7 20:55 28/7 10:58 29/7 19:02 31.6 3712 155 210.1 027 ..
105 2006 30/7 22:30 31/7 9:02 1/8 11:09 4/8 3:39 299 2869 158 168.0 0.44 034 —-247+12 318107
106 2006 6/8 23:13 7/8 418 7/8 19:32 12/8 16:21 59.8 3351 209 310.0 024 ..
107 2006 26/8 23:59 27/8 11:47 28/8 2:45 30/8 22:36 569 403.5 214 3050 028 024 —-594+0.8 31.7+07
108 2006 3/9 23:34 4/9 3:57 4/9 20:11 89 1:38 253 2495 153 1629 0.26
109° 2006 23/9 11:39 24/9 2:42 24/9 6:10 28/9 20:01 833 373.5 20.8 4509 0.18 ...
110 2006 7/10 10:34 7/10 15:02 7/10 19:56 11/10 0:12  45.1 2356 15.1 149.0 0.09 0.08 11.8+1.1 237+07
111 2006 19/10 23:18 20/10 18:36 21/10 0:18 24/10 19:56 56.3 3762 194 2102 025 0.18 322+1.1 309408
112 2006 27/10 18:03 28/10 19:32 29/10 3:27 31/10 11:14 42.6 3183 13.8 112.1 032 ..
113 2006 9/11 11:50 10/11 0:41 10/11 10:26 13/11 0:50 57.1 370.0 19.6 245.1 024 0.19 -31.54+0.6 21.1+0.6
114 2006 22/11 7:54 23/11 827 24/11 7:19 28/11 11:49 32.1 349.1  17.7 1658 0.49
1158 2006 18/12 9:19 18/12 18:06 21/12 3:43 26/12 11:18 32.0 3793 123 103.7 093 ..
116 2007 28/1 13:31 29/1 823 29/1 20:23 4/2 1817 66.0 4228 209 2555 032 024 —-28+0.7 412+05
1179 2007 122 858 122 22:33 142 1028 2172 10:07 614 4623 163 198.6 0.63
118 2007 27/2  0:57 27/2 15229 282 11:00 2/3 13:07 26.6 3392 17.3 146.0 0.42
119 2007 11/3  6:56  11/3 23:02 14/3 3:59 17/3 20:06 49.3 4284 124 1265 0.89 ...
120 2007 31/3 20:33 1/4 11:34 2/4 10:58 5/4 18:01 44.6 331.1 144 1363 048 044 —-15+09 246407
121° 2007 7/5 723 75 13:06 85 2:38 11/5 10:33 735 391.6  21.7 2206 0.22 0.18 11.7+1.0 29.0+0.8
122 2007 17/5 20:26 18/5 10:41 19/5 6:12 21/5 17:00 60.7 3759 204 260.1 039 029 —42+09 403+05
123° 2007 13/6 3:40 13/6 19:48 14/6 22:02 20/6 16:48 259 351.7  11.7 97.0 041
124" 2007 21/6 7:12 21/6 9:13 23/6 2:08 23/6 17:26 35.6 2264 11.8 103.0 0.52 ...
125 2007 29/6 13:07 29/6 17:23 30/6 3:38 3/7 9:07 56.9 2350 15.6 1477 0.16 0.06 525+1.1 472+09
126 2007 3/7 859 3/7 22:07 47 530 87 10:15 229 3157 16.0 1553 021 0.17 93+17 373+£1.1
127 2007 10/7 16:38 11/7 1:17 11/7 11:03 13/7 437 812 3023 199 2495 0.19 016 —40+0.7 36.6+0.5
128 2007 20/7 3:37 20/7 11:31 21/7 3:20 23/7 21:28 66.2 2554 133 1757 023 0.17 314 +12 31.7+£09
129 2007 28/7 19:31 29/7 2:37 1/8 14:15 4/8 0:38 46.6 3238 173 1643 1.16
130 2007 6/8 5:23  6/8 16:05 7/8 7:36 88 11142 282 4303 183 1999 0.29
131 2007 10/8 6:57 10/8 14:16 11/8 2:48 13/8 3:41 278 233.1 152 143.1 023 ...
132 2007 26/8 831 26/8 16:56 27/8 047 29/8 023 69.5 3450 214 2305 0.16 0.12 334+08 244+0.6
133° 2007 27/9 10:55 27/9 1842 29/9 3:40 5/10 23:47 36.3 343.1 143 1395 053 ...
134% 2007 17/10 21:45 18/10 18:52 19/10 13:45 22/10 1425 208 3926 147 1254 047 036 324+09 256+0.7
135 2007 25/10 10:41 25/10 14:11 25/10 19:15 30/10 7:07 36.6 374.1  20.8 222.1 0.11
136 2007 10/12 5:22 11/12 0:56 12/12 0:47 15/12 2:49  28.7 3544 17.3 201.5 0.53
137° 2007 17/12 1:59 17/12 7:221 20/12 21:48 24/12 407 657 412.7 194 2536 1.33
138 2008 9/2 17:36 102 6:32 11/2 839 182 6:21 295 3763  17.2 1827 0.52
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A03102 BROILES ET AL.: MAGNETIC STRUCTURES IN CIRS AT 1 AU A03102
Table 2. (continued)
Forward Stream Reverse HSS
Boundary Interface Boundary Boundary
CIR n, Av, IBI P, AR AW « £
Number Year Date Time Date Time Date Time Date Time (cm °) (kms ') (T) (pPa) (AU) (AU) (deg) (deg)
139 2008 27/2 13:44 28/2 1943 13 850 3/3 19149 36.2 488.5 11.6 1054 093
140 2008 83  4:57 83 1726 9/3 12:16 16/3 13:21 49.7 408.6 179 201.8 0.34
141 2008 26/3  2:16 26/3 12:16 28/3 6:07 31/3 9:41 33.7 3322 11.5 1009 0.71
142 2008 3/4 20:03 4/4 19140 6/4 3:53 13/4 8:08 20.6 4422 145 1331 0.70 ...
143 2008 15/4 16:32 16/4 10:42 16/4 19:46 21/4 16220 264 269.6 134 1367 028 0.18 509 =+0.8 8.8 +£0.8
144 2008 22/4 17:22 23/4 5:13 24/4 10:44 30/4 1:.06 228 3489 153 1351 052 ...
145 2008 14/6 11:16 14/6 16:42 15/6 20:48 18/6 20:50 452 484.6 184 2053 043 029 —-23+1.1 474+08
146> 2008 24/6 19:08 25/6 17:01 26/6 17:30 30/6 6:50 252 3659 15.1 1139 0.53 038 319+1.1 313408
147 2008 11/7  1:06 11/7 22:33 12/7 10:35 17/7 19:43 202 3940 153 1229 035 028 —-83+08 350405
148 2008 88 19:48 9/8 6:08 10/8 3:52 13/8 856 419 3309 20.1 238.6 040 034 —287+10 89=£0.6
149 2008 2/9 22:41 3/9 7:34 4/9 11:36 10/9 5:51 328 3482 155 1374 039 039 84+08 3.8 +£0.7
1507 2008 14/9 4:42 15/9 451 15/9 11:47 20/9 2:10  63.6 3392 159 1953 027 023 219+1.0 253408
1519 2008 28/10 3:08 28/10 20:45 29/10 1329 4/11 2:47 216 440.7 140 113.6 040 ...
1524 2008 6/11 13:40 7/11 17:30 8/11 531 12/11 14:10 36.1 3150 139 1382 0.37 027 204+1.1 378+0.6
153 2008 24/11 22:33 25/11 3:59 25/11 10:30 30/11 6:03  95.8 403.4 243 3341 0.12 0.11 113+£1.0 186+0.7

“From left to right, the table lists the CIR number, start date and time, stream interface date and time, end date and time, end of the high speed stream date
and time, peak in proton density, change in solar wind speed, magnetic field strength peak, total pressure peak, radial width, minimum width, CIR

meridional tilt angle and CIR azimuthal tilt angle.
PForward shock present.
“Possible ICME ahead of event.
9Data gap ahead of event.
“Reverse shock present.
‘Possible ICME behind event.
€Definite ICME ahead of event.
"Definite [CME behind event.
'Data gap during event.

We calculate the covariance matrix for an array of vectors,
representing the magnetic field measurements across the
CIR. We define the covariance matrix as:

M}, = (B,By) — (B,,)(By) (1)
where p and 6 describe arbitrary components of the mag-
netic field vector. We then calculate eigenvalues and
eigenvectors for the covariance matrix. The eigenvalues, \;,
represent the physical scalar values of maximum, minimum,
and intermediate variance. The corresponding eigenvectors,
x;, represent the directions of these three variances in the
original coordinate system of the magnetic field. These unit
vectors are also orthogonal to each other. By selecting the
eigenvector corresponding to the minimum variance we
identify the normal to a plane.

[17] To verify that a CIR can be approximated by a plane,
we use the following three requirements: (1) Ay /Anin, > 2.5,
(2) (B\/IBI) < 0.2, and (3) uncertainty, o, in « and ¢ should
be less than 5° [Clack et al., 2000; Neugebauer et al., 1993;
Paschmann and Daly, 1998]. Prerequisites (1) and (2)
eliminate events that have spatially degenerate data ellip-
soids, which are not well approximated as planar. The
uncertainty in « and ¢ is determined using the technique
developed by Khrabrov and Sonnerup [1998]. We found
74 CIRs (48.4%) in Table 2 satisfied the above conditions.

[18] Table 3 estimates the validity of using the above
requirements to define planarity. The table shows the num-
ber of events that are defined as planar by the current
requirements and for values shifted by +50%. The number
of events classified as planar is most sensitive to changes
in the ratio of intermediate to minimum eigenvalues

(criterion #1), while the requirement that A« and A€ be less
than 5° (criterion #3) least affects the number of identified
planar events.

[19] After identifying the anti-Sunward normal vector of
the planar magnetic structure, we transform it into a spheri-
cal coordinate system with its magnitude equal to 1. In our
analysis, the magnetic field is defined in the RTN coordinate
system. We use the same coordinates in our definition of
the meridional tilt, o = arcsin(ny/Inl), and azimuthal tilt, £ =
arctan(ny/ng), as shown in Figure 1.

[20] Figure 3 compares two CIRs from our list: a planar
magnetic structure represented as a cylindrical projection
of magnetic latitude and longitude (Figure 3a) and on the
surface of a sphere (Figure 3b), while Figures 3d and 3e
show a CIR from our list that was considered non-planar.

Table 3. Properties Required of Each Event to Be Considered a
Good Candidate for MVA and Therefore to Be Approximated as
a PMS?*

Current Number of + 50% Variation in Number
Requirement Events Change of Events
At/ AMin, = 2.5 85 1.25 151 (+66)
3.75 34 (-51)
Bn<02 127 0.3 141 (+14)
0.1 104 (—13)
Aa, Ae<5° 148 7.5 151 (+3)
2.5 138 (—10)

“From left to right the table shows requirements used in this study, the
number of CIRs from our list that each requirement identified as planar,
the 50% increase and decrease of each of these requirements and in the
fourth column we show the number of planar events found by the high
and low values of each requirement.
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The planar event met all criteria with Aa = 1.3°, Ae=0.8°,
(BN/IBIY = 0.017 and Ay /Mviin, = 4.8. The non-planar event
was rejected because it failed to meet all three conditions
described above; it had Ao = 21.5°, Ae=2.35°, (B\/IBI) =
0.48 and Apy/Anin, = 1.06. Figures 3¢ and 3f show the time
series of the magnetic longitude (black) and latitude (red)
for the two events, with the forward boundary (FB), reverse

Magnetic Latitude

(in red)

Deg.)

B Lon. and

Lat

Magnetic Latitude

B Lon. and
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Figure 3. Magnetic field vector data from two CIRs on our list (CIRs # 122 and 124 in Table 2).
(a, d) Black data points represent the magnetic latitude and longitude in a cylindrical map. (b, ¢) The same
data as Figures 3a and 3c, but mapped onto the surface of a sphere. Each panel includes the RTN axis (red
dots), the normal vector to the plane (blue square) and the angles « and ¢ (blue curves connecting the
radial unit vector to the normal vector). The blue sinusoidal pattern in Figures 3a and 3d, and great circle
in Figures 3b and 3e, both represent the position of the plane determined through MVA. (c and f) All of the
magnetic latitude and longitude data used in time-series, with vertical lines marking the location of the
forward boundary, stream interface, and reverse boundary.

boundary (RB), and stream interface (SI) locations shown
as vertical lines.

[21] A great circle is the bisection of a sphere with a plane,
which we show in Figures 3a, 3b, 3d, and 3e as a blue curve.
In a cylindrical projection, a great circle traces a wave like
pattern along the abscissa. The same pattern can also be
derived by using the assumption B-n = 0, where n is the unit
vector normal to the plane and B is the magnetic field vector.
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Figure 4. Normalized distributions of CIR properties grouped as planar (blue), non-planar (red) and all
(black) CIRs from Table 2. Listed here are (a) change in solar wind speed, (b) peak proton density,
(c) peak magnetic field strength, (d) change in proton temperature, (e) peak in dynamic pressure, and

(f) peak in total pressure.

Resolving B and n into their components and converting to a
spherical coordinate system in which 6 and ¢ represent
magnetic latitude and longitude, yields equation (2) [Jones
et al., 1999].

fanfd = — (I’IRCOS(p + nTsingo) 2)
ny

3. Results

3.1. Bulk Plasma and Magnetic Field Properties
of CIRs

[22] Figure 4 shows the distribution of six CIR proper-
ties: the change in solar wind speed across the CIR

(Figure 4a), peak in proton density (Figure 4b), magnetic
field strength peak (Figure 4c), change in solar wind tem-
perature across the event (Figure 4d), peak in dynamic
pressure (Figure 4e), and peak in total pressure (Figure 4f).
We have divided the events into three groups: all (153 CIRs;
black curve), planar (74 CIRs; blue curve), and non-planar
(79 CIRs; red curve) CIRs. Each histogram is normalized to
its corresponding maximum value. Error bars show the nor-
malized standard deviation of each bin, assuming Poisson
statistics.

[23] For each distribution we have also performed a sta-
tistical analysis. Table 4 shows the medians, means, and
standard deviations for the properties shown in Figure 4,
and are divided into groups of planar, non-planar, and all
CIRs. After comparing the means and standard deviations
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A03102 BROILES ET AL.: MAGNETIC STRUCTURES IN CIRS AT 1 AU A03102
Table 4. The Median, Mean, and Standard Deviation of Planar, Non-planar, and All CIR Properties Shown in Figure 3
Av, (kms™") n, (em™) [B| (nT) AT, (MK) Ppyn. (nPa) P, (pPa)

Median

All 359.6 41.3 17.3 0.408 19.4 188.0

Planar 351.3 45.2 17.7 0.406 19.1 203.1

Non-planar 371.5 353 17.3 0.410 19.4 181.3
Mean

All 359.7 44.8 18.0 0.440 19.8 214.2

Planar 347.8 50.1 18.4 0.442 19.7 220.4

Non-planar 370.9 39.9 17.6 0.437 19.8 208.5
Standard deviation

All 75.6 20.7 4.4 0.138 5.6 108.8

Planar 71.2 20.7 4.3 0.153 5.7 109.4

Non-planar 78.2 19.5 4.5 0.123 5.5 108.7
of each parameter, we note that there is no statistical dif- [24] Figure 5 shows scatterplots of: peak in magnetic field

ference between the properties of planar and non-planar strength versus proton density (Figure 5a), magnetic field
CIRs, as can also be seen from the histograms shown in strength peak versus the change in solar wind speed

Figure 4. (Figure 5b), peaks in magnetic versus thermal pressure
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Figure 5. Scatterplots of (a) the peaks in magnetic field strength and proton density, (b) peak in magnetic
field strength and change in solar wind speed, (c) peaks in magnetic and thermal pressure, and (d) peaks in
magnetic and dynamic pressure. Linear fits are shown for planar (blue), non-planar (red), and all CIRs
(black). The black squares with error bars show the mean and standard deviation of the ordinate divided
into 10 bins along the abscissa. Within each panel the linear equation of fit, correlation coefficient, and
statistical significance is shown for all CIRs.
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(Figure 5c), and peaks in magnetic versus dynamic pressure
(Figure 5d). The strongest correlations occur between the
different types of pressure (Figures 5c and 5d). In contrast
Figures 5a and 5b show a weaker relationship between B
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and n,, and also between Bl and vy, Finally we note that the
linear fits for planar and non-planar CIRs are remarkably
similar.

3.2. Tilt and Thickness of CIRs

[25] Figure 6 shows the distributions of the meridional
tilt out of the ecliptic, « (Figure 6a) and the azimuthal tilt,
€ describing the three dimensional orientation of each planar
CIR (Figure 6b). Also provided are the medians (m), means
(), and standard deviations (o) for the azimuthal tilt (black)
as well as the northern (red) and southern (blue) tilt in the
meridional direction.

[26] Figure 6 shows several interesting results. (1) The
average azimuthal tilt is 30.7 + 13.5°. (2) The average
positive meridional tilt is 22.0 4+ 12.9°, and —17.2 £ 14.1°
for negative values. (3) 45 of 73 planar CIRs (61.6%)
have northern tilt. Note that o for a binomial distribution for
74 CIRs with northern and southern tilts equally likely to
occur is 4.3, which makes the occurrence of 16 more CIRs
with northern tilt statistically significant.

[27] We determine the thickness of each planar CIR using
two different methods. First, we measure the distance from
the forward boundary to the reverse boundary along the anti-
Sunward vector, AR (equation (3)), and second, we estimate
a lower limit for the distance between the forward and
reverse boundaries, Ax (equation (4)), using the inferred
values of o and ¢.

AR = (v,) = (ty — 1,) 3)

4)

We calculate the average proton speed, (v,) as the mean
solar wind speed between the forward and reverse boundary.
The exact time of passage for the forward and reverse
boundary are defined as t; and t; respectively.

[28] Figure 7a compares the distributions of AR (red) and
Ax (black). Figure 7b shows a scatterplot of the radial (AR)
and minimum (Ax) widths, for all 73 planar events in our
survey. The red curve in Figure 7b has a slope of 1, data
points have larger radial widths than the red curve if o or €

Ax = (v,) * (fy — 1;) * cosa * cose = AR * cosa * cose
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Figure 7. (a) Distributions of radial (red) and minimum (black) widths. (b) Scatterplots of the radial and
minimum widths for each event, the red curve shows the relationship of radial to minimum widths if the

meridional, o and azimuthal, ¢ tilt is 0.
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The annual mean is shown for each year, while the error
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are non-zero. Figure 7 shows a mean minimum width of
0.25 AU with a standard deviation of 0.10 AU. We also see
that the mean radial width is 0.33 AU with a standard
deviation of 0.14 AU.
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3.3. Variation of Bulk Plasma Properties, Magnetic
Field Properties, and Tilt Over Solar Cycle

[20] We now examine CIR properties as a function of
solar cycle. Figure 8 shows the annual occurrence frequency
of CIRs (Figure 8a), change in solar wind speed (Figure 8b),
peak in proton density (Figure 8c), peak in magnetic field
strength (Figure 8d), change in solar wind temperature
(Figure 8e), peak in dynamic pressure (Figure 8f), and peak
in total pressure (Figure 8g). Data points indicate the mean
for each year and the error bars represent the uncertainty in
the mean.

[30] The annual variations of CIR properties reveal several
interesting results. (1) The decline to solar minimum 23,
from 2005 to 2008, shows a notable increase in CIR occur-
rence. (2) The strongest compression within CIRs occur
during solar maximum, from 1999 to 2002, as is evident
from the peaks in proton density, magnetic field strength,
dynamic pressure and total pressure (Figures 8c, 8d, 8f, and
8g). (3) CIRs in 1995 have notably higher proton tempera-
tures. Upon more detailed inspection, we found that CIRs 1—
9 on our list have changes in temperature greater than
0.5 MK, however these events did not have other unusual
properties with the exception of large changes in proton
temperature.

[31] Figure 9 shows the evolution of CIR meridional tilt
over the solar cycle. Plotted are: Day of Carrington rotation
that the CIR was observed versus time (error bars represent
the CIR duration) (Figure 9a), the meridional tilt, o of the
planar events on our list (Figure 9b), and the solar dipole tilt
(black), obtained from Wilcox Solar Observatory (WSO)
data, and sunspot number (red) (Figure 9c).

[32] Figure 9a shows that CIRs only begin to recur regu-
larly after 2004, during the decline to solar minimum 23.
This provides further confidence in our CIR selection criteria
since well-developed, recurring CIRs are more likely to form
when the solar magnetic dipole is stable and tilted from the
rotation axis, which is common during the decline to solar
minimum [Pizzo, 1991]. Figure 9b shows that recurring
planar CIRs show no relationship between their meridional
tilts from one rotation to the next. The series of 6 CIRs
(encircled) around September 2006 are all planar and have
widely varying meridional tilts with no clear pattern. This is
also shown for the other two sets of recurring CIRs. Another
interesting result is that there is no dependence of CIR tilt on
the phase of the solar cycle.

[33] Figure 10 shows the CIR meridional tilt versus the
magnetic field polarity in the high speed stream for all the
planar CIRs on our list that occurred after January 2004.
We used CIRs from 2004 to 2008 because the Sun’s
magnetic field was in a relatively stable configuration
during the minimum of solar cycle 23, with outward and
inward polarity largely originating from the southern and
northern hemispheres, respectively. We calculate the mag-
netic field polarity by subtracting the predicted Parker
spiral angle [Forsyth et al., 2001] from the average mag-
netic field azimuth; values near 0° indicate outward mag-
netic field polarity, while values near 180° have inward
polarity. At high heliographic latitude (>10°), Gosling
et al. [1993] have shown that CIRs are likely to be
observed in quadrants I and IV. Near the ecliptic plane,
however, Figure 10 shows that the meridional tilts of CIRs
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pressed slow, (b) compressed fast solar wind and meridional deflection within (c) the compressed slow,

and (d) compressed fast solar wind.

are not well ordered by the magnetic field polarity of the
parent coronal hole.

3.4. Solar Wind Deflection and PMS Orientation
in CIRs

[34] Figure 11 shows scatterplots of the predicted solar
wind deflection by Lee [2000] versus the observed solar wind
deflection. Figures 1la and 11b examine the azimuthal
deflection of the compressed slow and fast wind respectively,
while Figures 11c and 11d examine the meridional deflection
in the same regions. The predicted solar wind deflection in
both the azimuthal and meridional components are calculated
in both the compressed slow and fast regions of the CIR
using equations (20)—(23) in Lee’s paper. We approximate
the observed solar wind deflection by averaging the tangen-
tial and normal velocity components across the compressed
slow (e.g., see Figure 2, region 2) and compressed fast (e.g.,
see Figure 2, region 3) regions of each CIR.

[35] The red line in each panel shows the linear fit between
the predicted and the observed solar wind deflection com-
ponents. There is a statistically significant relationship
between the observed and predicted deflection out of the
ecliptic (Figures 11c and 11d), indicating that the deflection
is a function of solar wind speed and the shape of the CIR.
However, the azimuthal deflection is not well correlated, and
in the compressed fast wind there is no relationship at all
(Figure 11b).

[36] Table 5 shows the results of a linear regression
Student’s t test, which compares the linear fits in Figure 11
to the ideal function of y = x (Figure 11, blue curve). From
top to bottom, Table 5 contains azimuthal deflection in
the compressed slow solar wind, azimuthal deflection in
the compressed fast solar wind, meridional deflection in the
compressed slow solar wind and meridional deflection in the
compressed fast solar wind. Table 5 contains the results for
both a and b in the function y = a + bx. The left four columns
show results for the y-intercept, a, while the right four col-
umns show the analysis for the slope, b. Within each four
columns from left to right the table shows: the difference
between the observed and expected coefficient, the standard
error for the observed coefficient, the t-score for the
observed deviation from the expected value and the proba-
bility that the observed coefficient supports the hypothetical
value.

[37] Results shown in Table 5 indicate that it is unlikely
that observed solar wind deflections behave according to the
predictions of Lee’s model. The only coefficient that
strongly agrees with Lee’s predictions is the y-intercept in
the meridional deflection of the fast solar wind, which has a
t-test probability of 0.66. However, the slope for the
corresponding meridional deflection for the fast solar wind is
unlikely to be related to the hypothetical slope of 1. In
contrast, the observed slope of the azimuthal deflection in
the slow solar wind could be consistent with a slope of 1, as
it has a probability of 0.112, but in this case the observed
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Figure 12. Solar wind deflection angles versus CIR tilt. The solar wind deflection angles and CIR tilts

are compared in the same regions as Figure 11.

value of the y-intercept does not agree with Lee’s predic-
tions. Thus, it appears that the parameters of the four linear
fits to the data do not agree with Lee’s predictions.

[38] Figure 12 shows scatterplots of the average azimuthal
flow angle in the compressed slow solar wind versus &
(Figure 12a), the average azimuthal flow angle in the com-
pressed fast solar wind versus ¢ (Figure 12b), the average
meridional flow angle in the compressed slow solar wind
versus « (Figure 12c¢), and the average meridional flow
angle in the compressed fast solar wind versus «
(Figure 12d). Each panel also shows linear fits (red lines) to
the data. Notice that the meridional flow angles are strongly
related to o (Figures 12¢ and 12d), while the azimuthal flow
angles and tilt (Figures 12a and 12b) exhibit a much weaker
relationship. The linear relationships for the meridional
deflection versus the meridional tilt are y = 0.065x — 0.3 in
the compressed slow wind and y =—0.047x — 1.5 in the
compressed fast wind.

4. Discussion

4.1.

Wind
[39] In this study we examined the bulk plasma, magnetic

field properties, and structure of CIRs at 1 AU using ACE
and Wind high resolution plasma and magnetic field data.

CIR Formation, Evolution, and Deflection of Solar

We identified 153 CIRs using a semi-automated search
algorithm. Within our list, we identified a subset of 74
(48.4%) planar CIRs using MVA. We compared the plasma
and magnetic field properties of planar and non-planar
events to study the formation of planar magnetic structures
in CIRs. We then surveyed the three dimensional tilt, CIR
width, and evolution over the solar cycle. We compared our
results with predictions of Lee’s theory of solar wind
deflection in all 74 planar CIRs.

[40] Our analysis of 153 CIRs shows the following:
(1) The dynamic, thermal, and magnetic pressures within
CIRs are strongly correlated (Figure 5). (2) There is no
statistical difference between planar and non-planar CIRs
in the distributions and correlations between bulk plasma
and magnetic field parameters (Figures 4 and 5). (3) The
mean of observed CIR azimuthal tilt is 30.7 £ 13.5°, while
the meridional tilt is 22.0 4+ 12.9° and —17.2 & 14.1° to the
north and south respectively (Figure 6). (4) CIR widths
observed at 1 AU have a lower limit of 0.25 4+ 0.10 AU
(Figure 7). (5) CIRs around solar maximum show the stron-
gest compression (Figure 8). (6) The meridional tilt of CIRs
changes significantly from one solar rotation to the next with
no clear relationship between successive reoccurrences
(Figure 9). (7) The meridional tilt of CIRs in the ecliptic is not
ordered by the magnetic field polarity of the CIR’s parent
coronal hole (Figure 10). (8) The solar wind deflection is a
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Table 5. Results of a T-Test Comparing the Linear Fits of Predicted Versus Observed Solar Wind Deflections Shown in Figure 10 to the
Ideal Fit of y = ay + bo*x, Where a, and by Equal 0 and 1, Respectively®

b-bg SEy, b T-Score b Probability a-ag SE, a T-Score a Probability
Azimuthal deflection slow —0.46 0.28 —1.61 0.112 50.3 8.2 6.1 4.5E-8
Azimuthal deflection fast —0.92 0.11 —8.75 6.0E-13 —-17.7 4.8 -3.7 4.3E-4
Meridional deflection slow 0.68 0.29 2.36 0.021 15.7 5.0 32 2.3E-3
Meridional deflection fast —0.59 0.11 —5.59 3.8E-07 1.36 3.1 0.45 0.66

“From top to bottom, we show results for azimuthal deflection in the compressed slow solar wind, azimuthal deflection in the compressed fast solar wind,
meridional deflection in the compressed slow solar wind and meridional deflection in the compressed fast solar wind.

function of CIR shape and speed, however the observed
relationship is not in quantitative agreement with that pre-
dicted by Lee’s model (Figure 11). (9) There is a strong cor-
relation between the CIR meridional tilt and the solar wind
meridional deflection angle, but not between the azimuthal tilt
and solar wind deflection angles (Figures 11 and 12).

[41] We observed the change in solar wind speed across the
forward and reverse boundaries to be 360 + 76 km s~ !, while
Jian et al. [2006] observed a value of 230 + 93 km s~ '. In
addition to change in speed across the event, Jian et al. also
studied the peak in total pressure. They found a mean of
176 + 108 pPa, which is similar to the value that we
observed of 214 £ 109 pPa. We observed larger changes in
speed and higher levels of compression in our CIRs,
probably because we only included stronger events with a
minimum speed below 450 km s~ ' and a maximum above
550 km s~ ', a peak in proton density above 20 cm >, and a
peak in total pressure above 100 pPa.

[42] Figure 5 showed that the strongest relationship
between CIR properties existed between the different types

of pressure. This result is interesting, but not surprising
because CIRs are pressure waves [Lee, 2000; Pizzo, 1991].
Solar wind energy is predominantly in the dynamic pressure,
but compression within the CIR transfers some of that
energy into thermal and magnetic pressure. The relationships
between magnetic field strength versus solar wind speed and
magnetic field strength versus proton density probably
occurs because they are related to the dynamic, magnetic,
and thermal pressures.

[43] Table 4 shows that there is no statistical difference
between planar and non-planar CIRs. This result is surpris-
ing, because Neugebauer et al. [1993] suggested that com-
pression or draping of field lines along the leading edge of
high speed streams may be a possible cause for heliospheric
PMSs. Additionally, it has been proposed by Clack et al.
[2000] that stronger compression may enhance the planar-
ity of the IMF. Approximately 20% of our CIRs had forward
or reverse shocks (section 2.2); beyond 3 AU most CIRs
have developed shocks [Gosling and Pizzo, 1999]. There-
fore, more magnetically planar CIRs may be seen beyond
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Figure 13. A comparison of CIR orientation to the average heliospheric current sheet tilt. CIRs from
before Jan. 1, 1998 are blue, CIRs after Jan. 1, 2004 are green and those in between are black. Uncertainty
in y is shown with black error bars for each event. The solid red line represents the predicted behavior for
CIRs produced by large circular coronal holes [Lee, 2000]. The two circled events are numbers 148 and
149 on our list. We have also included a coordinate system relating w to m in the ¢-6 (T-N) plane.
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Figure 14. SOHO EIT 195 A images of the coronal holes
that produced CIRs 148 and 149 on our list. The associated
coronal hole has been outlined in yellow and white grid lines
show the latitude and longitude in 20° increments.

Earth orbit; for example at Ulysses. We suggest that a sta-
tistically significant difference in behavior might be
observed with a larger sample of CIRs.

[44] The average tilt out of the ecliptic is near 20° in both
the north and south directions, while the azimuthal tilt is
close to one standard deviation from the normal of the
average predicted Parker spiral at 1 AU [Forsyth et al.,
2001]. This qualitatively agrees with theory [Lee, 2000;
Pizzo, 1991], which states that the CIR pressure wave forms
along the stream interface between the fast and slow solar
wind streams. However, a comparison of the CIR azimuthal
tilt to the predicted Parker spiral using solar wind speed as
described by Forsyth et al. [2001] for the planar events (not
shown) showed no relationship. The asymmetric occurrence
of CIRs with northern tilt is interesting; however it is
unlikely that we have encountered more CIRs generated by
coronal holes from the southern hemisphere as might be
expected from CIRs surveyed at higher latitudes and larger
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radial distances [Gosling et al., 1993], because Figure 10
shows that CIR tilt observed near the ecliptic does not
depend on the polarity of the coronal hole.

[45] We also estimate the CIR thickness at 1 AU to be
0.25 £ 0.10 AU with a radial width of 0.33 4 0.14 AU. This
is similar to the radial width value of 0.41 AU that Jian et al.
[2006] report. The radial width is dependent upon both the
minimum width and the tilt of a CIR. Thus it appears that
radial width provides an estimate, while the minimum width
Ax provides a lower limit for the scale size of the CIR.

[46] We have also studied the annual variation of CIR
properties. Figure 8 shows that the strongest compression
within CIRs during the last solar cycle occurred during solar
maximum. This is in good agreement with results from Jian
et al. [2006]. To the best of our knowledge, we know of no
other large statistical surveys for CIRs at 1 AU that studied
solar cycle variations before 1995. Thus, due to the extended
length of solar cycle 23, it is difficult to determine if the
reduced compression during solar minimum is typical or
might be a unique feature related to the reduced open mag-
netic flux and solar wind dynamic pressure of this solar
cycle [McComas et al., 2008; Smith and Balogh, 2008].

[47] Figure 9 examined the behavior of CIR tilt over
multiple Carrington rotations as well as over the solar cycle.
Figure 9b shows that the tilt out of the ecliptic is not related
to the meridional tilt of the previous appearance of the CIR.
Pizzo et al. [1995] suggested that the local structure of the
coronal hole is important in the shape of the CIR observed in
the heliosphere. They also suggest that this local structure
might change rapidly at the ecliptic because of complex
rotational effects. More recently, the idea of a complex
coronal hole structure has been predicted [Antiochos et al.,
2010] and possibly observed [Crooker et al., 2010]. It
would be useful to compare the tilt of the same CIR at
multiple spacecraft, in particular ACE, Wind, STEREO A,
and B. As STEREO A and B become farther apart, there is
an opportunity to study the three dimensional evolution of
CIRs on timescales shorter than one Carrington rotation.
Additionally in 2007 all four of these spacecraft were rela-
tively close to one another, permitting a fully three dimen-
sional study of CIR magnetic structure [Dunlop and
Woodward, 1998]. However, such a multi-spacecraft study
of CIRs is beyond the scope of the present work and will be
the subject of a future study. We also find no clear rela-
tionship of CIR tilt to the solar cycle in Figure 9, as one
might expect if the CIRs meridional tilt only depended on
large, circular polar coronal holes tilted by some angle from
the solar rotation axis [Lee, 2000; Pizzo, 1991].

[48] Based on the 1992-1994 Ulysses observations of
CIRs at higher heliographic latitudes during the declining
phase of the previous solar cycle [Gosling et al., 1993] and
theoretical studies of Lee [2000], one might also expect the
CIR meridional tilt to be ordered according to the polarity of
the parent coronal hole. However, this is in contrast to the
results shown in Figure 10, which could be due to the fact
that our observations are at 1 AU near the ecliptic plane
where the CIRs are not fully formed and are likely to origi-
nate from equatorward extensions of polar coronal holes as
well as from smaller, irregular, equatorial coronal holes (e.g.,
see Figure 14, top).

[49] In Figure 11 we compared Lee’s prediction of solar
wind deflection to observations of solar wind deflection
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during solar cycles 22 and 23. Clack et al. [2000] qualita-
tively showed that CIRs with southern tilt deflect the solar
wind east and south ahead and west and north behind, while
producing deflections east and north ahead and west and
south behind CIRs with northern tilt [Gosling et al., 1993].
We have quantitatively compared Lee’s theory with obser-
vations for 74 events. Our results indicate Lee’s current
theory does not quantitatively describe the observed rela-
tionship at 1 AU. One possible reason might be because
Lee’s model and MVA both assume a perfectly planar
structure; whereas higher order curvature within the CIR
could cause local deviations from the predicted solar wind
deflections. Lee’s model also assumes that the boundaries of
the CIRs have steepened into shocks, however our list
contained only 19 CIRs (~12.4%) with forward shocks and
13 CIRs (~8.5%) with reverse shocks. We also note that
none of our CIRs had both forward and reverse shocks at the
same time.

[s0] Figure 12 quantitatively relates solar wind deflection
angles to CIR tilt. Azimuthal deflection is not well correlated
with the azimuthal tilt of the CIR. It is unclear why this is the
case, while the meridional deflection angles and tilts show a
strong relationship for the 74 CIRs. We suggest that com-
paring the relationships of CIRs at Ulysses to those observed
at 1 AU may yield a better understanding of how the pres-
ence of shocks affects the deflection of solar wind, because
forward and reverse shocks are much more common at those
distances.

4.2. CIRs and Coronal Hole Shape

[51] In order to relate the CIR’s shape at 1 AU back to the
solar surface, we have adapted Lee’s [2000] prediction and
compared it with our observations. Lee relates the shape of
the CIR back to the Sun for two separate scenarios; (1) a
large circular coronal hole tilted by the solar dipole tilt angle
from the solar rotation axis, and (2) an arbitrarily shaped
coronal hole that has a smooth boundary with constant slope
across its leading edge. By approximating the WSO average
HCS tilt for the solar dipole tilt, we can quantitatively
compare our observations with Lee’s first scenario for all
planar CIRs. We also perform a case study by comparing
two events to the shape of their potential parent coronal hole
to investigate whether the second scenario could account for
our observations.

[52] Figure 13 relates the arctan n,/ny (which we call y) to
the average HCS tilt, t. We note that Pizzo [1991] calls y the
inclination angle, 1, and they describe it as the orientation of
the CIR front with respect to the 6-¢ plane. The two normal
vector components, n, and ny, are equivalent to ny and -ny
respectively in the RTN coordinate system. The inserted
diagram describes the orientation of y when viewed from
the Earth towards the Sun. Uncertainty in y has been prop-
agated from the uncertainty in the normal vector compo-
nents, which we determined using a technique developed by
Kawano and Higuchi [1995]. The solid red lines are y =t
for northern coronal holes and w = 180 — t for southern
coronal holes, when observed from the heliographic equator.
The two equations for y are derived from equation (24) of
Lee [2000], which predicts the tilt of the CIR produced by a
circular polar coronal hole tilted by the solar dipole tilt from
the solar rotation axis. Lee’s model applies to any solar
dipole tilt from 0 to 180 degrees, however the average
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Wilcox Solar Observatory current sheet data only provides
absolute values of the tilt angle between 0 and 90. Therefore,
we used the second equation above to relate t to w for CIRs
from southern coronal holes. Events before Jan. 1, 1998 are
colored blue, those after Jan. 1, 2004 are colored green and
all events in between are shown as black. These colors
identify events that occurred in solar minimum 22, solar
minimum 23, and solar maximum 22, respectively.
Figure 13 shows several results: (1) the average current sheet
tilt is well ordered by the solar cycle, (2) very few CIRs
behave according to Lee’s predictions for large circular polar
coronal holes, and (3) with one exception, all of the solar
minimum CIRs fall within the boundaries of Lee’s predicted
model.

[53] The first result is easily explained by considering the
heliospheric current sheet data over the solar cycle
(Figure 9c). In particular, note that the HCS tilt during solar
minimum 23 was larger (~20°) than that during solar min-
imum 22 (~5°) and solar maximum was more tilted than
either minimum (~65°). The second result suggests that
assuming coronal holes to be circular is not a realistic
approximation, even during solar minimum conditions.
Finally, it is interesting that Lee’s prediction seems to bound
the angle w so well during solar minimum. The CIRs when
v is near 90° have the largest azimuthal component in the
normal vector relative to the meridional component. We
have used the average HCS tilt as a proxy for solar dipole
tilt, however, this value does not account for warping of the
current sheet or for small-scale structure within the coronal
holes. Deviation away from a perfectly circular shape would
result in some boundary normal vectors that are more azi-
muthal and some that are largely meridional. At the Sun, the
boundary normal between fast and slow wind must have an
azimuthal component or a CIR will not form out in the
heliosphere [Lee, 2000]. We speculate that interfaces with
particularly large meridional components to their normal
vector do not strengthen into full CIRs. During solar maxi-
mum conditions the average HCS tilt is not a realistic
approximation, which may be why so many solar maximum
CIRs fall outside the boundaries.

[54] We have identified CIRs # 148 and 149 on our list to
perform a case study because they occur about one Car-
rington rotation apart. Their y angles are remarkably dif-
ferent; however they have a similar value of n,, and nearly
opposite values of ngy. In Figure 14 we identify their parent
coronal hole: Figure 14 (top) shows the hole when it could
have produced CIR 148, while Figure 14 (bottom) shows the
same coronal hole when it may have produced CIR 149.
Latitude and longitude are shown with the equator centered
on the observation latitude of the SOHO spacecraft
[Domingo et al., 1995] and the outline of the coronal hole’s
basic shape is included in each image.

[55] At the equator, the leading edge of the coronal hole
suggests that ny should be negative (a positive meridional
tilt «), however only one of the CIRs at 1 AU actually
reflects this. It is possible that fine structure along the
boundary of the coronal hole plays a key role in defining
the three dimensional shape of the CIR that it produces, and
also that the coronal hole boundary is more complex than
has been currently observed [Antiochos et al, 2010;
Crooker et al., 2010]. This leads us to suggest that
approximating the leading edge of a coronal hole as smooth
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is also unrealistic. Thus our results indicate that to fully
characterize the three-dimensional shape of a CIR in the
heliosphere, the shape of the parent coronal hole must be
better understood. It would be interesting to compare our
observations with more complex MHD models of CIRs that
do not make assumptions on coronal hole shape [e.g., Riley,
2007], but such a study is beyond the scope of this paper.
Another possibility is that the CIR’s shape evolves in
interplanetary space. Several theory papers [Gosling and
Pizzo, 1999; Lee, 2000; Pizzo, 1991] make predictions on
how CIRs evolve in the heliosphere, however these require
multiple spacecraft that are radially aligned. So more
observational evidence is needed to investigate how CIR
tilts evolve in the heliosphere.

Appendix A: Detailed Explanation of Our CIR
Identification Algorithm

[s6] Our algorithm for identifying CIRs uses the following
steps:

1) Identification of slow-to-fast solar wind speed inter-
vals: We identify the time interval by searching for periods
when at least 10 data points simultaneously satisfy the three
criteria listed below.

a) Increasing running average of solar wind speed
(Figure 2a).

b) Increasing running average of solar wind tempera-
ture (Figure 2c).

¢) Enhanced magnetic field compared to the back-
ground, e.g., in Figure 2e the magnetic field is enhanced
(~10-20 nT) in regions 2 and 3 compared to the background
IMF (~2-5 nT) located in regions 1 and 4.

Our algorithm includes additional data points as part of
this candidate interval if they also satisfy the above three
conditions and if they occur within a two-hour window of
the last included data point. The interval is complete when
no other data points meet these conditions within the two
hour window. Using these broad selection criteria, we
identified 7309 slow-to-fast solar wind speed intervals.

2). Elimination of weak intervals: For each slow-to-fast
solar wind speed interval identified above, we compute the
average time of all the data points. We only include intervals
from the above list if they meet the conditions listed below
within a two day window and if the new interval occurs at
least 1.5 days after the previous interval. This criterion
reduced the number of intervals down to 373.

a) The solar wind speed is less than 450 km s in
the first half of the two day window and increases above
550 km s~ during the interval (Figure 2a).

b) The proton density increases above 20 cm™
(Figure 2b).

c) The total pressure increases above 100 pPa
(Figure 2d).

3) Selection of the forward boundary. We could not
identify a forward boundary for 23 intervals, which
reduced our list of intervals down to 350.

a) For the forward and reverse boundary we initially
search for forward and reverse shocks, but these only exist
in about 24% of CIRs at 1 AU [Jian et al., 2006]. Shocks
are identified by the shock lists for ACE (http://www.ssg.
sr.unh.edu/mag/ace/ACElists/obs_list.html) or Wind (http://
www-istp.gsfc.nasa.gov/wind/current _listIPS.htm).

3
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b) If a forward shock is not present, the algorithm
identifies the time when an abrupt and simultaneous
increase is observed in 1) total pressure (Figure 2d), 2)
magnetic field strength (Figure 2e), 3) proton speed
(Figure 2a), 4) proton density (Figure 2b), and 5) proton
temperature (Figure 2c). We define abrupt increases as the
top 5% of slopes for the running averages of all 5 para-
meters between 1 day before and 3 days after an interval.

c¢) If no instances of abrupt and simultaneous
increases are found, then the algorithm systematically
removes parameters in the reverse order they appear in b)
and repeats the search in the remaining parameters. This
process continues until the algorithm identifies simulta-
neous increases in the remaining parameters or only the
total pressure remains.

d) If multiple times meet the requirements in b) or c)
then the algorithm selects the time with the largest
increase in total pressure. We note that if the total pressure
is the only remaining parameter, then this step occurs
automatically because a single time cannot be identified
otherwise.

4) Selection of reverse boundary. We could not identify
a reverse boundary for 3 intervals, which reduced the total
number of intervals to 347.

a) The identification process is similar to forward
boundary selection, however we search for a simultaneous
decrease in total pressure (Figure 2d), magnetic field
strength (Figure 2e), proton density (Figure 2b), accom-
panied by an abrupt increase in solar wind speed
(Figure 2a).

5) Selection of stream interface. We could not identify
a stream interface in 3 intervals, which reduced the num-
ber of slow-to-fast solar wind speed intervals to 344.

a) The algorithm searches for a stream interface
between the times of the forward and reverse boundaries.
The stream interface is identified as an abrupt decrease in
proton density (Figure 2b) accompanied by an abrupt
increase in solar wind speed (Figure 2a) and temperature
(Figure 2c).

b) The solar wind azimuthal deflection is close to 0
at the stream interface [Gosling et al., 1978]. The algo-
rithm requires that at the stream interface, the absolute
value of azimuthal deflection, lvl, must be less than 5%
of its maximum value between the forward and reverse
boundary.

6) Removal of slow-to-fast solar wind speed intervals
that are ICMEs, possible ICMEs, and those that occur in
close proximity to a known ICME. Specifically, we
removed 84 intervals that were identified as ICMEs by
Cane and Richardson [2003] (updated list) and 13 inter-
vals that exhibited ICME-like signatures (see Table 1). We
also removed 41 intervals that occurred either in close
proximity to an ICME on the Cane and Richardson list or
in association with a transient forward shock. This reduced
our list of slow-to-fast solar wind speed transition intervals
to 206.

a) Possible ICMEs are identified using an updated
version (see at http://www.ssg.sr.unh.edu/mag/ace/ACElists/
ICMEtable.html) of the ICME list of Cane and Richardson
[2003] or if they exhibit at least two of the following three
well-known ICME signatures. We also verified the ICME-
like intervals via a visually inspection.
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1. The proton temperature is less than half of the
expected temperature [Neugebauer et al., 2003; Richardson
and Cane, 1995].

2. The He/p ratio is above 8% [Hirshberg et al.,
1972].

3. The plasma (3 is less than 0.1 [Klein and Burlaga,
1982].

b) We also visually inspected and removed all intervals
where transient forward shocks were identified in ACE
and Wind shock lists (http://www.ssg.sr.unh.edu/mag/ace/
ACElists/obs_list.html and http://www-istp.gsfc.nasa.gov/
wind/current listIPS.htm). Note that these intervals did
not exhibit in-situ signatures of ICMEs as listed in 6a;
but the presence of a transient forward shock implies
that an ICME driver gas is responsible [e.g., Gosling,
1993].

7) Removal of intervals with weak secondary compres-
sions or data gaps. Excluding these intervals reduced our list
to 153 CIRs.

a) We removed CIRs with weak, secondary compres-
sions if they occurred within two days of another CIR on our
list.

b) We removed intervals when data gaps were present
either inside of the boundaries or within 2 days surrounding
an interval.

8) We define the end of the high speed stream as the time
when Alfvén waves are no longer observed after the reverse
boundary [Tsurutani et al., 1995].
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