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Abstract A four-plasma classification scheme is used to categorize the ACE solar wind data set into four
types of plasma: (1) coronal-hole-origin plasma, (2) streamer-belt-origin plasma, (3) sector-reversal-region
plasma, and (4) ejecta. The statistical properties of the solar wind fluctuations at 1 AU are analyzed for each
of the four types of plasma in the years 1998-2008 using ACE magnetic field and plasma measurements.
Between the four types of solar wind plasma there are subtle statistical differences in the spectral indices of
(a) trace-B, (b) trace-v, (c) total energy, (d) magnetic intensity, and (e) plasma number density. Between the
four types of plasma there are significant statistical differences (a) in the Elsisser inward and outward
spectral indices, (b) in the outward imbalance, (c) in the Alfvénicity, (d) in the normalized vector-B, vector-v,
magnetic intensity, and number density fluctuation amplitudes, (e) in the population of strong current
sheets, (f) in the population of sudden velocity shears, (g) in the anisotropies of magnetic field and velocity
fluctuations, and (h) in the parallel-to-B magnetic field fluctuation spectral index. It is argued that the four-
plasma categorization scheme is superior to a slow-versus-fast categorization for the study of turbulence and
fluctuations in the solar wind.

1. Introduction

There are distinctly different types of solar wind plasma that emanate from different types of features on
the solar surface (e.g., Cranmer et al., 2017; Crooker et al., 2014; Luhmann et al., 2013). Xu and Borovsky
(2015) recently developed an algebraic four-plasma categorization scheme for the solar wind at 1 AU
based on the measured properties of the plasma and magnetic field strength. The four types of plasma
are (i) coronal-hole-origin plasma, (ii) streamer-belt-origin plasma, (iii) sector-reversal-region plasma,
and (iv) ejecta. Note that “ejecta” here includes magnetic clouds, plus other (e.g., Cane & Richardson,
2003; Richardson & Cane, 2010) noncloud plasma. Note also that this algebraic scheme includes the
separate categorization of plasma associated with streamer stalks (sector-reversal-region plasma; e.g.,
Foullon et al., 2011; Gosling et al., 1981; Ko et al., 2018; Suess et al., 2009; Susino et al., 2008). It is impor-
tant to note that sector-reversal-region plasma is not synonymous with the “heliospheric plasma sheet”;
the heliospheric plasma sheet is identified by high plasma density and high plasma beta (cf. Bavassano
et al., 1997; Crooker et al., 2004; Winterhalter et al., 1994) whereas the sector-reversal-region plasma
was originally identified via the electron strahl (cf. Xu & Borovsky, 2015). The sector-reversal-region
plasma includes the heliospheric plasma sheet, but it is considerably broader. The Xu and Borovsky alge-
braic selection is based on the values of the proton number density np, the wind speed vg,, the proton
temperature T}, and the magnetic field strength By, in the solar wind, organized into three solar wind
parameters: the proton specific entropy S, = Tp/np2/ 3 the temperature-to-speed ratio Tp/Vsw, and the
Alfvén speed vy = Bmag/(47rmpnp)1/ 2 based upon the proton number density. (Note that S, and v, are
the dominant deciders in this categorization (cf. Figure 3 of Xu & Borovsky, 2015), with the T,/vs, value
being less influential. The Xu and Borovsky categorization scheme is known as 3D4CAT, for the three-
dimensional (S, v, and Tp/v,) algebraic scheme to divide the solar wind into four plasma categories.
Camporeale et al. (2017) used a machine-learning technique called Gaussian Process to build a second
four-plasma categorization scheme based on seven measured parameters: Vgy, Sp, Va, Tp, the standard
deviation of proton temperature values oT,, the 10.7-cm radio flux from the sun F10.7, and the sunspot
number R. The Camporeale categorization scheme also rates the confidence level of the categorization.
The Camporeale high-confidence categorization scheme provides a more accurately categorized
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the analysis of the present study is compared with the earlier analysis of

Figure 1. Autocorrelation functions for the occurrence of the four different  Borovsky (2012a) using the Zhao et al. (2009) categorization scheme.

types of solar wind plasma at 1 AU in the years 1995-2007 using the 1-hr-
resolution OMNI2 data set. (a) From 0 to 90 hr and (b) from 0 to 35 days. As
in all figures, red pertains to coronal-hole-origin plasma, green pertains to

Throughout this report the plotting color scheme will be (i) red for
coronal-hole-origin plasma, (ii) green for streamer-belt-origin plasma,

streamer-belt-origin plasma, purple pertains to sector-reversal-region (iii) purple for sector-reversal-region plasma, and (iv) blue for ejecta.
plasma, and blue pertains to ejecta.

Autocorrelation functions for the identification of the four types of plasma

in the OMNI2 data set are plotted in Figure 1. The autocorrelation func-
tion A(7) of a function f{t) is constructed by first subtracting the average value of the function f, = (f(t)) to
produce a new function F(f) = f(t) — fo; the autocorrelation function A(7) of f(¢) is then A(7) = F(t)F(t — 1)
dt/ F(t)F(t)dt. OMNI2 data from 1995-2017 are used because solar wind measurements became approxi-
mately continuous beginning in 1995. The autocorrelation times (1/e method in Figure 1a) for plasma type
are on the order of 11 hr for ejecta, 30 hr for coronal-hole-origin plasma, 15 hr for streamer-belt-origin
plasma, and 22 hr for sector-reversal-region plasma. These autocorrelation times are the typical durations
of intervals of the various types of plasma as seen at 1 AU. Hence, the plasma type at 1 AU tends to change
in a fraction of a day. Note in Figure 1b the recurrence probability of each type of plasma after the 27-day
rotation period of the Sun as seen by the Earth, with ejecta (being impulsively emitted from the Sun) having
only a very weak enhancement of its autocorrelation function at 27 days.

The plasma, heavy ion, magnetic field, and electron strahl properties of the solar wind are statistically differ-
ent in the four types of solar wind plasma (Borovsky, 2018; Xu & Borovsky, 2015). Because of these statistical
differences, temporal changes from one type of plasma to another as the structured solar wind advects past a
measuring spacecraft produce many of the well-known temporal intercorrelations between solar wind vari-
ables at 1 AU (Borovsky, 2018). Systematic differences in the properties of the solar wind with phase of the
solar cycle are also produced by changes in the occurrence rates of the four plasma types during the different
phases of the solar cycle. The purpose of this study is to demonstrate that there are also systematic differ-
ences in the properties of the solar wind fluctuations in the four types of solar wind plasma.
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This manuscript is organized as follows. In section 2 the data sets utilized for the study are discussed and the
locations of the data are pointed out for the reader. In section 3 some plasma properties of relevance for tur-
bulence studies are statistically examined for the four types of solar wind plasma. In section 4 the spectral
indices of the vector velocity and vector magnetic field fluctuations of the solar wind are investigated. In
section 5 the amplitudes of the vector velocity and vector magnetic field fluctuations are examined. In
section 6 the statistical properties of current sheets and velocity shear layers in the solar wind are examined
for the four types of plasma. In section 7 the Alfvénicity of the solar wind velocity and magnetic-field fluctua-
tions is examined. In section 8 the component magnetic and component velocity spectral indices are exam-
ined in the Belcher and Davis (1971) magnetic coordinate system for the four types of plasma. In section 9
the anisotropies of the magnetic and velocity fluctuations are examined. In section 10 the magnetic field
strength and proton number-density fluctuations of the solar wind are statistically examined for the four
types of solar wind plasma. Section 11 contains a summary of the findings of this study. Section 12 contains
a discussion about the merits of using the four-plasma categorization scheme instead of separating the solar
wind into “slow” versus “fast”.

2. The Data Sets

For the analysis of turbulence in the solar wind at 1 AU, data from two instruments onboard the ACE space-
craft upstream of the Earth are used: magnetic field measurements time averaged to 64-s time resolution
from the Magnetic Field Instrument (Smith et al., 1998) and plasma and flow measurements with 64-s time
resolution from the Solar Wind Electron Proton Alpha Monitor (McComas et al., 1998). All measurements
used are from the “Merged IMF and Solar Wind 64-second Averages” ACE data set (available from the
ACE Science Center at http://www.srl.caltech.edu/ACE/ASC/level2/index.html).

For higher-frequency analysis (1.4 X 107 to 1.6 X 10~2 Hz, which corresponds to periods of 64 s to 12 min)
the Level 3 “ACE Hourly Data Parameters for Magnetospheric Driving” data set available at http://www.ssg.
sr.unh.edu/mag/ace/HourlyParms/HourlyParms.html in the ACE Science Data Center will be used. This
data set contains a fluctuation analysis of 1-hr intervals of the ACE data set for the years 1998-2008 in the
downloadable data file THA.out. This analysis obtains fitted spectral slopes from second-order structure
functions. Fluctuation amplitudes corresponding to the 1.4 x 107> to 1.6 x 10~2 Hz frequency range are
root-mean-square (rms) values of a 1-hr-long time series.

For lower-frequency analysis (4.3 x 10~ to 1.9 x 10~ Hz, which corresponds to periods of 8.8-38.8 min) the
analysis methodology of Borovsky (2012a) is used. This methodology uses 4.5-hr-long intervals (256 data
points at 64-s resolution) of the “Merged IMF and Solar Wind 64-second Averages” ACE data. In categoriz-
ing each 4.5-hr interval according to the four types of plasma, unless all hours of a 4.5-hr interval obtain the
same plasma categorization, that interval is deemed “not uniquely categorized” and is not used in the pre-
sent study. This analysis obtains fitted spectral slopes from fast Fourier transform periodograms. The
least-squares linear fits in log (power)-log (frequency) space utilize all of the periodogram data in the fre-
quency interval 4.3 X 10~ to 1.9 x 107> Hz; this differs from the least-squares fit method suggested by
Podesta (2016) wherein the available periodogram data are interpolated onto a uniformly spaced grid in
log (frequency) and the grid points are then used for the least-squares fit. Fluctuation amplitudes corre-
sponding to the 4.3 x 10~ to 1.9 x 10> Hz frequency range are rms values of a Fourier-filtered 4.5-hr-long
time series.

In section 3 where some plasma properties of interest to turbulence analysis are explored, the 1-hr-resolution
multispacecraft OMNI2 solar wind data set (King & Papitashvili, 2005) for the years 1963-2013 is used. The
OMNI2 data set is available at https://omniweb.gsfc.nasa.gov.

3. Plasma Properties Relevant for Turbulence Studies

Using the 1-hr-resolution OMNI2 data set, six plasma properties are binned and the occurrence distributions
of those properties for the four types of solar wind plasma are plotted in Figure 2. Figure 2a displays the solar
wind speed vy, at 1 AU. What is taken as “fast solar wind” is usually coronal-hole-origin plasma (red); how-
ever, ejecta can also be fast, as can be streamer belt-origin plasma, particularly if that plasma is pushed
radially outward by coronal-hole-origin plasma. “Slow solar wind” is often taken to be plasma with

BOROVSKY ET AL.

2408



Journal of Geophysical Research: Space Physics 10.1029/2019JA026580

12
(a)] =(d) age of plasma
<o Sector-Reversal- ) ‘Coronal-Hole- OMNI2
E- Reglon Plasma ‘é' Origin PlasmaStreamer Belt: 19602018
§ . VSW §15 Origin Plasma Sectorh I
ector-Reversal-
qC, Streamer-Belt- OMNI2 GC.) Region Plasma
= Origin Plasma 19632013 | &
3 6 3
3 S10
o o )
5 4 S Ejecta
— Coronal-Hole- —
8 Ejecta \Origin Plasma 8 5
g2 £
=1 >
=2 b4
o 300 400 500 600 700 800 0 60 80 100 120 140 160
v, [km/s] age [hr]
15 c
oronal-Hole-
SF?ect?ghRg?gzﬂ- (b) (e) Origin Plasma
<6 ¢ T
A N Streamer-Belt-
» Streamer-Belt- V » Iog ([3 ) Origin Plasma
igil Q
§12 Origin Plasma A g10 10 p Sector-Reversal-
OMNI2 Region Plasma
[ OMNI2
2 Coronal-Hole- 1963-2013 4 = 1963-2013
8 Origin Plasma 8
S 8 S
o 9 Ejecta
kS S
- o
() [
0 4 Qo
[S [S
S =]
zZ P
o0 250 %.5 2 15 | 1 (—0.5) 0.5 1
O
9,6,
. Sector-Reversal-
16 Ejecta (C) (f) Ejecta Region Plasma
§ M § 8 Coronal-Hole-
— A — Origin Plasma
» 7]
3 OMNI2 1o}
12 Streamer-Belt- 1963-2013 Q | Streamer-Belt-
S Origin Plasma $ | Origin Plasma
= =
8 Coronal-Hole- 8
8 8 Origin Plasma 8 4
— —
o (o)
5 o e
o4 Sector-Reversal- Re Bn
g Region Plasma g OMNI2
1963-2013
2 b4
00 0

30 0 20 80

40 60
6, ldeg]

Figure 2. Using the 1963-2017 OMNI2 data set, the occurrence distributions of six plasma properties are binned for the
four different types of solar wind plasma: (a) the speed of the solar wind, (b) the Alfvén speed in the solar wind plasma, (c)
the Alfvén Mach number of the solar wind, (d) the age of the plasma at 1 AU, (e) the logarithm of the proton beta of the
plasma, and (f) the angle between the 1-hr-average magnetic field vector and the radial direction.

Vsw < 450 km/s (e.g., Bruno et al., 2003; Carbone et al., 2004; Hadid et al., 2017; Roberts et al., 2017;
Teodorescu et al., 2015): Figure 2a shows that this vy, < 450 km/s plasma can be streamer-belt-origin
plasma, ejecta, and sector-reversal-region plasma. Sector-reversal-region plasma can also be called “the
very slow solar wind”, although above 300 km/s the wind can also be ejecta or streamer-belt-origin plasma.

Figure 2b displays the occurrence distribution of Alfvén speed values v, in the four types of plasma. The
thick solid curves are for the Alfvén speed vy = Bmag/(47rmpnp)1/ 2 based on the protons, and the thin dashed
curves are for the Alfvén speed including the mass density of the alpha particles in the solar wind. The
plasma and magnetic field data in the OMNI2 data set are obtained from different spacecraft over the years
1963-2013; OMNI2 does not use the alpha measurements from ACE. For the dashed curves in Figure 2b the
Alfvén speed is not calculated when the alpha density is not available in the OMNI2 data set. Statistically in
the OMNI2 data set, correcting the Alfvén speed with the alpha number density reduces the proton Alfvén
speed by 6.6 + 3.7%. As shown in Figure 2b, ejecta (often with a strong magnetic field) tends to have the high-
est values of v5. Sector-reversal-region plasma tends to have the lowest values of v4. In Figure 2c the Alfvén
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Figure 3. For the 1963-2017 OMNI2 data set the plasma scale sizes (a) rgi and (b) ¢/wp; are binned for the four types of
plasma along with the advection timescales () rgi/Vsw and (d) (¢/wp;)/Vsw-

Mach number M4 = vg,,/v4 (based on the proton Alfvén speed) of the solar wind is binned as the thick solid
curves and the Mach number based on the alpha particle-corrected Alfvén speed (where it is available in the
OMNI2 data set) is binned as the thin dashed curves; as was the case in Figure 2b, correcting the Alfvén
speed results in a noticeable but not overwhelming difference. M, is important for considerations of the
validity of Taylor's approximation to convert time series turbulence measurements into wave number
measurements. It is well known that ejecta tends to have lower Mach numbers (e.g., Gosling et al., 1987;
Lavraud & Borovsky, 2008). Even though sector-reversal-region plasma tends to have the lowest values of
Vsw (cf. Figure 2a), it has the highest values of M.

In Figure 2d the temporal age of the solar wind plasma at 1 AU (the time since the plasma left the corona) is
binned for the four plasma types, with the age being approximated by (1 AU)/vsy, with the caveat that the
speed of a parcel of solar wind often varies between the Sun and 1 AU. Sector-reversal-region plasma tends
to be twice as old as coronal-hole-origin plasma. The logarithm of the proton beta 8, = 87'mpkBTp/Bmag2 is
binned in Figure 2e. The well-known low beta values of ejecta (e.g., Gosling et al., 1987; Lepping et al.,
2005) are clear in Figure 2e, with the other three types of plasma having typical proton beta values of 8, ~
1. Figure 2f plots the occurrence distribution of the hourly averaged values of g, = Arccos(IB;l/Bp;g). For
conversion of time series into spatial series, Oz, is approximately the angle between the solar wind flow vec-
tor and the magnetic field direction. The magnetic field in coronal-hole-origin plasma and streamer-belt-
origin plasma tends to have Parker-spiral field orientations (Xu & Borovsky, 2015) with fluctuations about
the Parker spiral direction: in Figure 2f 6, tends to be larger for streamer-belt-origin plasma (green curve)
than for coronal-hole-origin plasma (red curve), because it has lower values of v, than does coronal-hole-
origin plasma. Ejecta and sector-reversal-region plasma tend not to have Parker spiral-oriented magnetic
fields (Borovsky, 2010a; Xu & Borovsky, 2015); those plasmas tend to have magnetic-field orientations that
are perpendicular to the radial direction (cf. Figure 3 of Borovsky, 2010a, specifically for ejecta). In Figure 2f
the tendency to have 0, near 90° is seen for those two plasma types (blue and purple curves).

In Figure 3 the proton gyroradius r,; = (kBTp/mp)l/ 2/(eBmag/mpc) and ion inertial length (ion skin depth) ¢/
Wpi = c/(47mpe2/ mp)l/ 2 are explored. For the physics of turbulence and the physics of solar wind structure,
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Figure 4. The trace-B spectral index of the solar wind is binned for the four Velomty Fluctuations

types of solar wind plasma, (a) at higher frequencies and (b) at lower

frequencies.

The power spectral density is fit by a spectral index “i” in log (power)-log
(frequency) space over a limited frequency range, which is a fit to the
power spectral density of the form f assuming the Taylor frozen-in
approximation f = vgyk holds, the index i is a fit to the power spectral density of spatial fluctuations in the
plasma of the form k™.

In Figure 4 the trace-B spectral index of the solar wind is binned for the four types of plasma. The top panel
utilizes 1-hr intervals of 3-s ACE magnetic field data with the spectral index fitted from a structure function
and the bottom panels utilize 4.5-hr intervals of 64-s ACE magnetic field data (in the ACE merged plasma
and magnetic field data set) with the spectral index fitted from a periodogram. The spectral indices are fit
over the frequency range 1.4 x 10~ to 1.6 X 102 Hz (period range 64 s to 12 min) in the top panel and fit
over the frequency range 4.3 x 10™* to 1.9 x 10> Hz (period range 8.8-38.8 min) in the bottom panel.
Note that there is a significant spread in the values obtained for the spectral index from data interval to data
interval (see also Figure 3 of Tessein et al. (2009), Figure 10a of Tessein et al. (2011), or Figure 5 of Borovsky
(2012a)): because of statistics, the spread in values obtained with the 64-s data in the lower frequency range
(Figure 4b) is greater than the spread obtained with the 3-s data in the higher frequency range (Figure 4a). At
both higher frequencies (Figure 4a) and lower frequencies (Figure 4b) the trace-B spectral index has similar
statistics in the four types of plasma, with the trace-B spectral slope slightly shallower for coronal-hole-origin
plasma (red) in both frequency ranges and the trace-B spectral index slightly steeper for sector-reversal-
region plasma (purple). The trace-B spectral index being slightly shallower in coronal-hole-origin plasma
is in agreement with the analysis in Table 5 of Borovsky (2012) using the Zhao et al. (2009) categorization
scheme (see Table 5 of Borovsky, 2012). This is also seen in Figure 14 of Borovsky and Denton (2010) where
the mean value of the magnetic spectral index becomes more shallow in crossing corotating-interaction-
region stream interfaces into coronal-hole-origin plasma.
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known (Boldyrev et al., 2011; Borovsky, 2012a; Chen et al., 2013;
Podesta, 2011; Podesta et al., 2007; Salem et al., 2009; Tessein et al.,
2009), the trace-v spectral indices (Figure 5) are shallower than the
trace-B spectral indices (Figure 4). The lower-frequency analysis in
Figure 5b shows similar statistics for the trace-v spectral index in all four
types of plasma; the similarity of the trace-v spectral indices in different
types of plasma is in agreement with the analysis in Table 5 of Borovsky
(2012) using the Zhao et al. (2009) categorization scheme. The higher-
frequency analysis in Figure 5a indicates a statistically shallower trace-v
spectral index for sector-reversal-region plasma (purple). Comparing the
red curves in Figures 4 and 5, it is the case that in coronal-hole-origin
plasma the spectral indices of v and B are the closest to each other (see also
the right-hand side of Figure 14 of Borovsky and Denton (2010)).

In Figure 6 the spectral index of the total energy fluctuations
SE = myn,8v°/2 + 8B>/87 is binned for the four plasma types in the lower
frequency range. The plot indicates that there is not much statistical dif-
ference between the spectral indices of E in the four types of plasma,
but the spectral index in coronal-hole-origin plasma (red) may be slightly
shallower than that in the other types of plasma. The total-energy spectral
index being slightly shallower in coronal-hole-origin plasma is in agree-
ment with the analysis of Borovsky (2012) using the Zhao et al. (2009)
categorization scheme.

In Figures 7a and 7b the spectral indices of the outward Z°** and inward
7™ Elsisser variables (cf. Tu et al., 1989; Vasquez et al., 2018) are binned
for the four types of plasma, following the inward-outward convention of
Tu and Marsch (1995). Note that only the proton mass density is used in
normalizing the magnetic field vector in calculating the Elsésser variables.
The analysis is for the lower-frequency 8.8- to 38.8-min range. In both
panels it is evident that the Z°* and Z™ spectral indices are both lower
in coronal-hole-origin plasma (red curves), particularly the inward zZin
spectral index. The Z°' and Z™ spectral indices being shallower in
coronal-hole-origin plasma (particularly the Z™™ index) is in agreement
with the analysis in Table 5 of Borovsky (2012) using the Zhao et al.
(2009) categorization scheme. This finding is also consistent with the
observations in Figure 16a of Borovsky and Denton (2010) where the
inward and outward spectral indices tend to weaken in crossing from slow
solar wind (mostly streamer-belt-origin plasma) to fast solar wind (coro-
nal-hole-origin plasma) across corotating-interaction-region stream inter-
faces, with the weakening of the inward indices being greatest. The
pattern of spectral indices in Figure 7 is consistent with the pattern in
lines 3 and 6 of Table 1b of Marsch and Tu (1990a) containing Helios mea-
surements at ~0.9 AU: they find the “high-frequency” Z°** (e*) spectral
index shallower for fast wind (line 3) and the “high-frequency” Zin (e7)
spectral index much shallower for fast wind. For highly Alfvénic solar
wind at 1 AU (i.e., coronal-hole-origin plasma), Wang et al. (2018) argue
that the shallow Z™™ spectrum is owed to the presence of noise in the solar
wind Z™ measurements. The results in Figure 7 also agree with the pat-
terns of Elsdsser spectral slopes recorded in Table 5 of Borovsky (2012a)
where the Zhao et al. (2009) three-plasma categorization scheme
was used.
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Figure 8. The occurrence distributions of the normalized amplitudes of the
vector fluctuations (a) I10Bl/Bmag and (b) 16vI/v in the frequency band

43 %10 % t0 1.9 x 10> Hz for the four types of solar wind plasma are cal-
culated using 64-s ACE data. The amplitudes are root-mean-square values of
the Fourier-filtered 4.5-hr-long time series.

5. Fluctuation Amplitudes for Solar Wind Velocity and
Magnetic Field

In Figures 8a and 8b the rms amplitudes I6Blof the vector magnetic field
fluctuations (normalized to the total magnetic field strength By, in the
plasma) and the rms amplitudes [8vl of the vector velocity fluctuations
(normalized to the proton Alfvén speed vy = Bmag/(47rmpnp)l/ 2 in the
plasma) in the Fourier-filtered frequency band 4.3 x 107* to
1.9 X 10~ Hz are binned for the four types of plasma. In both panels it
is seen that the normalized amplitudes of the fluctuations are highest in
coronal-hole-origin plasma (red), with the amplitudes in streamer-belt-
origin plasma (green) being second highest statistically, the amplitudes
being third highest in sector-reversal-region plasma (purple), and the nor-
malized amplitudes being lowest in ejecta (blue). Note for all four types of
plasma that the normalized velocity fluctuations I6vI/v, (Figure 8b) are of
lower amplitudes than the normalized magnetic field fluctuations I6BI/
Bnag (Figure 8a; see also Figure 11d of Borovsky and Denton (2010) and
Figure 15a of Borovsky, 2012a). Correcting v, for the alpha particle num-
ber density would lower v, and result in values of I6vl/v, that are in the
vicinity of 10% larger than those plotted: this would make the values of
I6vl/va closer to but still less than the values of 16BI/B. The fluctuation
amplitudes 16Bl/Bmag and 16vl/v, being highest in coronal-hole-origin
plasma is in agreement with the analysis in Table 5 of Borovsky (2012)
using the Zhao et al. (2009) categorization scheme; however, the present
analysis finds the amplitudes |6Bl/Bp,ae and 16vI/v, being lowest in ejecta
whereas the Borovsky (2012) analysis finds the amplitudes lowest in
“noncoronal-hole-origin” plasma, which is not ejecta.

In Figure 9 the rms amplitudes of the Elsisser outward Z°"* and inward
Z™ fluctuations in the Fourier-filtered frequency band 4.3 x 10™* to
1.9 x 10> Hz are binned for the four types of plasma. Note again that only
the proton mass density is used in normalizing the magnetic field vector in
calculating the Elsisser variables; if the alpha mass density were included
it would reduce the magnitude of the magnetic vector relative to the velo-
city vector in the Elsdsser vector. For purely outward traveling Alfvénic
fluctuations this correction would lower the outward Elsdsser amplitude
by a few percent and would reduce the inward amplitude. Note for
coronal-hole-origin plasma (red curves) that the outward fluctuation
amplitude (Figure 9a) is much larger than the inward fluctuation ampli-
tude (Figure 9b); the mean value of the amplitude is 2.1 times larger for
Z°% than it is for Z™™. For streamer-belt-origin plasma the outward
Elsdsser amplitude is also larger than the inward Elsdsser amplitude;
the mean value of the amplitude is 1.5 times larger for Z°"* than it is for
Z™. For ejecta and for sector-reversal-region plasma, the inward and out-
ward Elsdsser amplitudes are statistically similar.

6. The Populations of Current Sheets and
Velocity Shears

Strong current sheets (directional discontinuities) are of interest because
they carry the majority of the inertial range Fourier power of the magnetic
power spectral density of the solar wind (Borovsky, 2010b; Siscoe et al.,
1968); it is likely that strong velocity shears (vorticity layers) similarly
dominate the Fourier power of the velocity power spectral density. To
examine the occurrence statistics of strong current sheets (i.e., strong
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Figure 9. The occurrence distributions of the normalized amplitudes of (a)
Z°" and (b) Z™ in the frequency band 4.3 x 10™*to 1.9 x 10> Hz for the
four types of solar wind plasma are calculated using 64-s ACE data. The
amplitudes are root-mean-square values of the Fourier-filtered 4.5-hr-long
time series.

sudden rotations of the magnetic field vector) and strong sudden velocity
shear layers (vorticity layers) in the different types of solar wind plasma,
the 128-s changes in the magnetic field vector (Borovsky, 2008) and in
the velocity vector (Borovsky, 2012b) are examined, respectively. Using
ACE 64-s magnetic field measurements in the years 1998-2007 the quan-
tity I6BI/B = |B(t + 64 s) — B(t — 64 5)|/By,a5(1) is binned separately for the
four types of plasma, and the occurrence distributions are plotted in
Figure 10 as the thick curves. In the same years 64-s ACE plasma mea-
surements are used to bin the quantity [I6vl/vy = |
V(t + 64 8) — v(t — 64 5)I/vA(f), and the occurrence distributions for the four
types of plasma are plotted in Figure 10 as the thin curves. The binning in
the thin curves uses the proton number density to calculate v5: correcting
this for the alpha particle number density would lower v, and result in
values of 16vl/v, that are in the vicinity of 10% larger than those plotted.
This would make the values of I6vl/vy closer to but still less than the
values of |6BI/B. Strong current sheets appear as the larger values of
|6BI/B and strong velocity shear layers appear as larger values of [5vI/va.
Figure 10 shows that for each of the four types of plasma, strong current
sheets |6BI/B are more prevalent (i.e., stronger) than strong velocity shear
layers |6vl/v. For both strong current sheets and strong velocity shear
layers, coronal-hole-origin plasma (red) has the highest prevalence, fol-
lowed by streamer-belt-origin plasma (green), then sector-reversal-region
plasma (purple), with ejecta (blue) having the weakest occurrence rate of
strong current sheets and strong velocity shear layers. The occurrence rate
of strong current sheets being highest in coronal-hole-origin plasma and
lowest in ejecta is in agreement with the analysis of Borovsky (2012) using
the Zhao et al. (2009) categorization scheme (see the Ny number in Table 5
of Borovsky, 2012).

7. The Alfvénicity of the Solar Wind Fluctuations

In Figure 11a the ratio §2°*'/6Z™ of the rms amplitudes of the Z°* to Z™ fluctuations in the frequency band
43 % 10™* to 1.9 x 107> Hz are binned for the four types of solar wind plasma. The outward-to-inward
imbalance is greatest in coronal-hole-origin plasma (red), second largest in streamer-belt-origin plasma

Thick curves: 16BI/B 128-sec
Thin curves: Ié‘)vI/vA 128-sec

Coronal-Hole-
Origin Plasma
Streamer-Belt-
Origin Plasma

Sector-Reversal-

Numberoof Occurrences [%)]

ACE 1998-2007

05 1 1.5
13BI/B , Idviiv,

Figure 10. The 128-s changes in the vector B (normalized to By,g) and the
128-s change in the vector v (normalized to v ) are binned for the four types
of solar wind plasma using 64-s ACE measurements in the years 1998-2007.
Large values of I6BI/Bpag represent crossings of strong current sheets and
large values of |6vl/v4 represent crossings of strong velocity shears.

(green), and similarly on the order of unity in ejecta (blue) and sector-
reversal-region plasma (purple), with the imbalance being lowest in
sector-reversal-region plasma. The dominance of the outward-to-inward
imbalance in coronal-hole-origin plasma is also reflected in the right-
hand side of Figure 16 of Borovsky and Denton (2010) after ACE crosses
leading-edge (corotating-interaction-region) stream interfaces into
coronal-hole-origin plasma and in the left-hand side of Figure 15 of
Borovsky and Denton (2016) before ACE crosses trailingedge stream
interfaces out of coronal-hole-origin plasma. The ratio §Z°*!/6Z™ being
highest in coronal-hole-origin plasma is in agreement with the analysis
in Table 5 of Borovsky (2012) using the Zhao et al. (2009) categorization
scheme. In the present study the ratio is found to be lowest in sector-
reversal-region plasma, a category that the Zhao et al. (2009) scheme does
not have; the Borovsky (2012) analysis found the ratio to be lowest in
ejecta with the ratio slightly higher in “noncoronal-hole-origin” plasma.

In Figure 11b the Alfvénicity |Al of the fluctuations at 128 s is binned,
where |Al = |Av - AB/IAVIIABI with Av(f) = v(t 4+ 64 5) — v(t — 64 s) and
AB(t) = B(t + 64 s) — B(t— 64 s). Events with |Al ~ 1 are highly correlated
and a distribution of uncorrelated events would appear as the black
dashed line in Figure 11b. The high degree of correlation between the
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changes Av and AB in coronal-hole-origin plasma (red curve) are seen,
with the correlations being second highest in streamer-belt-origin plasma,
and third highest in ejecta. The correlations are lowest in sector-reversal-
region plasma (purple curve), even lower than in ejecta (blue).

Note the differences in the Alfvénicity between the Alfvénic stream-belt-
origin plasma and the non-Alfvénic sector-reversal-region plasma, both
of which are “slow winds.” This Alfvénic versus non-Alfvénic slow wind
has been pointed out before (D'Amicis & Bruno, 2015; D'Amici et al.,
2016, 2019). D'Amici et al. (2019) argued that the non-Alfvénic slow wind
originates from streamers and that the Alfvénic slow wind originates from
the edges of coronal holes; the present study is in agreement with these
conclusions, with the caveat that it is controversial whether streamer-
belt-origin plasma comes from coronal-hole edges (Arge et al., 2003;
Wang & Sheeley, 1990), from canopy reconnection of streamer-belt mag-
netic loops (Fisk et al., 1999; Subramanian et al., 2010), or from S-web
lanes of open flux in the streamer belt (Antiochos et al., 2011; Crooker

et al., 2012).
Streamer-Belt-
Origin Plasma

8. Spectral Indices in Belcher and Davis

Ejecta . .
J Magnetic Coordinates

Sector-Reversal-
Region PI . .
egon Flasma In the Belcher and Davis (1971) (X,Y,Z) coordinate system the spectral

indices of By, By, B, vy, Vy, and v, are calculated in the higher-frequency

range 1.4 x 107> t0 1.6 x 10~> Hz. The X, Y, and Z directions are calculated

o

o

0.2 0.4 0.6 0.8
IAl = | Av * AB | / 1AVl |ABI

relative to the mean magnetic-field direction for 1-hr intervals of the ACE
data set. The Z direction is the direction of the mean magnetic field, X is in

Figure 11. (a) The ratio of the amplitudes of Z°"* and Z™ in the frequency  the Z X r direction (r radially outward from the Sun), and Y is in the
band 4.3 x 10 * to 1.9 x 10> Hz is binned for the four types of solar wind 7 x X direction.

plasma. The amplitudes are root-mean-square values of the Fourier-filtered ~—

4.5-hr-long time series. (b) The Alfvénicity of 128-s changes in the vectorsv ~ The occurrence distributions of the spectral indices are plotted in

and B in the 64-s ACE data set is binned for the four types of plasma.

Figure 12 with the magnetic indices to the left and the velocity spectral
to the right. Figures 12a and 12b show that in the X and Y directions the
magnetic spectral index is statistically similar in those two directions for all four types of plasma, with the
spectral index of coronal-hole-origin plasma (red) slightly shallower and the spectral index of sector-rever-
sal-region plasma (purple) slightly steeper. In the Z direction (Figure 12c) the magnetic spectral index statis-
tically varies with the type of plasma, with the spectral index being definitely steepest in sector-reversal-
region plasma (purple) and definitely shallowest in coronal-hole-origin plasma (red). It is clearly the case
that the magnetic spectral index in coronal-hole-origin plasma is shallower in the Z direction than it is in
the X and Y directions.

The pattern of velocity spectral indices is different. In all three directions (Figures 12d-12f) the spectral index
of sector-reversal-region plasma (purple curves) is shallower than the indices for the other three plasmas.
(See also Figure 5a.) Unlike the case of the magnetic spectral indices where the pattern in the Z direction
differed from the patterns in the X and Y directions, for the velocity spectral index the patterns are similar
in all three directions.

9. Anisotropy of Magnetic and Velocity Fluctuations

In Figure 13 the anisotropy of the magnetic-field fluctuations (Figure 13a) and velocity fluctuations
(Figure 13b) measured using 1-hr intervals of ACE measurements in the years 1998-2008 are plotted. The
anisotropy is measured with respect to the direction of the 1-hr mean magnetic field vector Byean in the
solar wind.

The magnetic fluctuation anisotropy is (6B ' )%/(6B,)?, where 8B, is the rms amplitude of magnetic field fluc-
tuations in the 3-s measurements of B in the directions perpendicular to Bpean and 6B)jis the rms amplitude
of 3-s measurements of the component of B that is parallel to Byean. The magnetic fluctuation anisotropy in
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Figure 12. In the Belcher and Davis magnetic coordinate system the component magnetic spectral indices (a)-(c) and the
component velocity spectral indices (d)-(f) are binned for the four types of solar wind plasma.

Figure 13a tends to be greater than unity for all four types of plasma. The largest values of the anisotropy
(6BL)*/(6B,)* occur in ejecta (blue), and the values of (5B,)*/(6B,)* are statistically lowest in sector-
reversal-region plasma (purple). The larger values of (6B,)*/(8B;)* occurring in ejecta is consistent with
Figure 2 of Smith et al. (2006) where larger values of (6B 1 )%/(8By)* were found for magnetic clouds.
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4 6 8
Anisotropy

tropy of vector velocity fluctuations (b) are binned for the four types of

plasma. The amplitudes are root-mean-square values of the 1-hr-long time

series.

The velocity fluctuation anisotropy is (6v 1)%/(6v,)%, where v, is the rms
amplitude of vector velocity fluctuations in the 64-s measurements of v
in the directions perpendicular to Bpea, and dvis the rms amplitude of
64-s measurements of the component of v that is parallel to Byean. In all
four plasmas the values of (§v , )*/(6v;)* tend to be greater than unity, with
the values statistically largest in coronal-hole-origin plasma (red) and
smallest in sector-reversal-region plasma (purple).

Comparing Figures 13a and 13b it is seen that the magnetic fluctuation
anisotropy (8B, )*/(5B,)* is on average larger than the velocity fluctua-
tion anisotropy (6v,)*/(8v)>. (See also Figures 1 and 4 of Bruno
et al. (1999)).

Note that even if 6B is strictly perpendicular to the local direction of the
magnetic field B, the wiggle of the direction of B will project some of the
6B, fluctuations in the direction parallel to an averaged <B > = Biean-
Under these circumstances one would expect to see the ratio 6B, /8B,
increase as the normalized magnitude of the fluctuations I6BIl/Bpmag
increase, with I6B/By,g being a “wiggle angle” of the magnetic field about
its mean direction (cf. Borovsky, 2010a). In Figure 14 8B, /8B, is plotted as
a function of I6BI/Bp,g in gray for all data points in the 1998-2008 “ACE
Hourly Data Parameters for Magnetospheric Driving” data set, with every
data point representing the analysis of 1 hr of ACE magnetic field mea-
surements. (Note the related plots (6B ' )%/(6By)* versus |0Bl/Bmag in
Figure 4a of Smith et al. (2006) and in Figure 7 of Tessein et al. (2011).)
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Figure 15. The spectral index of magnetic field strength fluctuations (a) and
proton number density fluctuations (b) in the frequency range 4.3 X 10 *to
1.9 X 10~ Hz are binned for the four types of plasma using 64-s ACE
measurements.

Note in Figure 14 the positive correlation between 8B,/6B,; and |6B|/Bpag
with a Pearson linear correlation coefficient (equation (11.17) of
Bevington and Robinson, 1992) of 7., = +0.44 for the gray points, where
a random correlation with N = 26,333 data points would be |7 ol < 2/
(N + 1)1/2 = 0.012 (e.g., Bendat & Piersol, 1971; Beyer, 1966). Note in
Figure 14 that 6B, /6B, does not go to zero as I6Bl/Byag goes to zero.
This may indicate that there is a population of fluctuations 6Bp,ag, Which
gives a 0B that is not associated with the projection of dB, onto the
parallel-to-Bpcap direction. (These By, fluctuations may represent com-
pressions (e.g., Tu & Marsch, 1994), pressure balance structures (e.g.,
Riazantseva et al., 2005), slow mode waves (e.g., Verscharen et al.,
2017), mirror mode waves (e.g., Winterhalter et al., 1994), etc.) If the total
amplitude of the fluctuations |6Bl is typically represented by 6B,, then
0B,|/dB, should decrease with increasing |6Bl/Bp,ag for these Bp,q fluctua-
tions. In Figure 14 the gray points are separated into four groups accord-
ing to the four types of plasma, and a 100-point running average of 6B,/
6B, is plotted for each of the four types of plasma: the average for
coronal-hole-origin plasma is plotted in red, the average for streamer-
belt-origin plasma is plotted in green, the average for sector-reversal-
region plasma is plotted in purple, and the average for ejecta is plotted
in blue. Note that the four running averages each show a trend of 6B,/
OB, decreasing with increasing |6B|/Bpag for low values of I6BI/Bpag.
Note in these running averages that the amplitude near I6BI/Byag = 0 is
greatest for sector-reversal-region plasma, second greatest for streamer-
belt-origin plasma and coronal-hole-origin plasma, and smallest for
ejecta: this ranking will agree with examinations of |6Bl/Bp,g for the four
types of plasma in section 10.

10. Fluctuations of the Proton Number Density and
Magnetic Field Strength

In Figure 15a the spectral index of the total magnetic field strength (mag-
netic intensity) By, is binned for the four plasma types in the range
8.8-38.8 min. In all four plasmas the spectral index of Bp,g is much
shallower than is the trace-B (Figure 4) or trace-v (Figure 5) spectral
indices: for the entire data set the mean value and standard deviation
of the By, spectral index is 0.72 + 0.38. The By, spectral index tends
to be shallowest in coronal-hole-origin plasma (red), with streamer-
belt-origin plasma being less shallow; ejecta and sector-reversal-region
plasma are the steepest. Similar trends of the By, spectral index are seen
in the lower-right panel of Figure 5 of Marsch and Tu (1990b) in the per-
iod range 8.3-33.3 min where the By, spectral index becomes more shal-
low at high wind speeds.

In Figure 15b the spectral index of the proton number density n, is
binned for the four plasmas in the range 8.8-38.8 min. For the entire
data set the mean value and standard deviation of the number density
spectral index is 0.58 + 0.36. Similar to the spectral indices of Bp,g,
the spectral indices of n, tends to be shallowest in coronal-hole-origin
plasma (red), with streamer-belt-origin plasma (green) being less shal-
low; ejecta (blue) and sector-reversal-region plasma (purple) are the
steepest. Similar trends of the number density spectral index are seen
in the lower-right panel of Figure 4 of Marsch and Tu (1990b) in the
period range 8.3-33.3 min where the index becomes more shallow at
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Sector-Reversal- plasma. Comparing Figure 16 to Figure 8a, it is seen that the fluctuations
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B: for the entire data set the values of 6Byag/Bmag have a mean value and
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Origin Plasma 6n /n et al., 1984 and in Figure 2 of Horbury et al., 2005.) In Figure 16a the
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AGE 1998-2008 amplitudes of 0Bp,a5/Bmag are clearly lowest in ejecta (blue; with ejecta
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Burlaga et al., 1981, 1998; Cane & Richardson, 2003)). The larger values
of the normalized magnetic field strength fluctuations 6Bpag/Bmag tend
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Region Plasma « ’ . .

lumpy” plasma structure (Foullon et al., 2011; Viall & Vourlidas, 2015;
Wang et al., 2000). These differences in the amplitudes of |6BI/Bp;,g in
the four plasma types agree with the analysis of the running averages in
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Figure 16. The normalized root-mean-square amplitudes of magnetic field
strength fluctuations (a) and proton number density fluctuations (b) in the
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0.15 0.2 Figure 14 (cf. section 9).

In Figure 16b the standard deviation én of the temporal fluctuations of the
proton number density n, in the frequency band 4.3 X 107* to
1.9 x 10~ Hz (normalized to the mean value of np) is binned for the four

frequency band 4.3 x 10~ to 1.9 x 10~ Hz are binned for the four types of  types of plasma. The amplitudes 6n,/n;, are largest in ejecta (blue), second
plasma. The amplitudes are root-mean-square values of the Fourier-filtered  largest in sector-reversal-region plasma (purple), and smallest (and about

4.5-hr-long time series.

the same) in coronal-hole-origin plasma (red) and streamer-belt-origin
plasma (green).

11. Summary

Using ACE solar wind measurements at 1 AU, the statistical properties of the fluctuations of B, v, By, and
n, were examined separately in four types of solar wind plasma (coronal-hole-origin plasma, streamer-belt-
origin plasma, sector-reversal-region plasma, and ejecta). The findings of the analysis are summarized in
Table 1. Note that the ratings (small, modest, and significant) of the sizes of the observed systematic differ-
ences are subjective.

In line 4 of Table 1 “Parker” refers to the fact that the magnetic field orientation in coronal-hole-origin
plasma and in streamer-belt-origin plasma tends to be Parker spiral oriented (with noise) and
“nonParker” refers to the fact that the magnetic field in sector-reversal-region plasma and in ejecta tend
not to be Parker spiral oriented.

The plasma properties definitely vary between the four types of solar wind, and some of the fluctuation
properties also vary between the four types. There are slight systematic variations in the trace-B, trace-v,
and total energy spectral indices and stronger variations in the proton number density and magnetic field
intensity spectral indices. The spectral indices of the Z™ and Z°* Elsisser fluctuations have strong sys-
tematic variations between the four plasma types. The normalized fluctuation amplitudes 16BI/Bp,,g and
|6vI/vs show strong systematic variations between the plasma types, as do the populations of strong current
sheets and intense velocity shears. The perpendicular-to-parallel anisotropies of the v and B fluctuations
are high in all four plasma types, with the anisotropy decreasing with increased normalized amplitudes
of the fluctuations. The Alfvénicity of the v and B fluctuations varies substantially between the four plasma
types, with the Alfvénicity of sector-reversal-region plasma being even weaker than the Alfvénicity
of ejecta.
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Table 1
Summary of Findings

Size of the systematic Coronal hole Streamer belt Sector reversal
Quantity differences origin plasma origin plasma region plasma Ejecta Source
Alfvén speed v significant lowest highest Figure 2
Proton beta 3, significant lowest Figure 2
Alfvén Mach number M significant highest lowest Figure 2
Field angle from radial g, significant Parker Parker nonParker nonParker Figure 2
Age of plasma at 1 AU significant youngest oldest Figure 2
Thermal proton gyroradius rg; significant largest smallest Figure 3
Ton-inertial length c/cwp; significant largest smallest Figure 3
Proton gyroradius timescale rgi/Vsw significant smallest Figure 3
Inertial-length timescale (¢/wp;)/Vsw small Figure 3
Trace-B spectral index small shallowest Figure 4
Trace-v spectral index small Figure 5
Total energy spectral index small shallowest Figure 6
z° U spectral index modest shallowest Figure 7
Z'™ spectral index modest shallowest steepest Figure 7
Bumag spectral index significant lowest Figure 15
n spectral index significant lowest Figure 15
Normalized amplitude I6BI/Bmag significant highest lowest Figure 8
Normalized amplitude 16vI/va significant highest lowest Figure 8
Normalized amplitude 6Bmag/Bmag significant highest lowest Figure 16
Normalized amplitude 6n,/ny, significant highest Figure 16
Amplitude 62° ut significant highest lowest Figure 9
Amplitude 6Z™ significant lowest highest Figure 9
Prevalence of strong current sheets significant highest lowest Figure 10
Prevalence of strong velocity shears significant highest lowest Figure 10
Outward imbalance §2°"*/62™ significant highest lowest Figure 11
Alfvénicity significant highest lowest Figure 11
Fluctuation anisotropy (6B J_)Z/(5B||)2 significant lowest highest Figure 13
Fluctuation anisotropy (6v J_)z/(évu)2 significant highest lowest Figure 13
Belcher+Davis By, spectral index significant shallowest steepest Figure 12
Belcher+Davis v, spectral index modest shallowest steepest Figure 12

12. Discussion

12.1. Categorization by Slow Versus Fast

As seen by a spacecraft in the solar wind, the type of solar wind plasma switches in time. This study provides
information that can assess the effects of “mixing apples and oranges” in the analysis of a solar wind time
series. Certainly, there is a strong possibility of such mixing in time series that are multiple-hours long,
and the longer the time series the higher the likelihood of mixing the properties of different plasma types
from different types of regions on the solar surface. Schwenn (1983) warned about the mixing of analysis
results from different types of solar wind and recommended separating the data analysis by solar wind speed
Vsw: the present study suggests further separation of the data analysis into the four types of plasma. Even for
the analysis of short intervals of solar wind data, it is advised to determine which type of plasma is being ana-
lyzed and to specify to which type of plasma the analysis pertains. At 1 AU this determination can be made
using the simple 3D4CAT algebraic categorization scheme (equation (10) of Xu and Borovsky, 2015) if mea-
surements of n,, Vg, Tp, and By,g are available. Other categorization schemes could also be used; other
schemes might give somewhat different results.

In past studies the solar wind was often separately analyzed for “slow wind” versus “fast wind”. Taking slow
solar wind to be plasma with vg,, < 450 km/s, the 1963-2013 OMNI2 data set has slow wind being coronal-
hole-origin plasma 2.5% of the time, streamer-belt-origin plasma 52.4% of the time, sector-reversal-region
plasma 31.4% of the time, and ejecta 13.7% of the time; taking fast solar wind to be plasma with
Vsw > 550 km/s the OMNI2 data set has fast wind being coronal-hole-origin plasma 88.5% of the time,

streamer-belt-origin plasma 2.2% of the time, sector-reversal-region plasma 0.2% of the time, and ejecta
9.1% of the time.
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Figure 17. (a) The ratio of the Elsisser amplitudes of Z°"* and Z™ in the fre-
quency band 4.3 x 10™*t0 1.9 x 10> Hz and (b) the normalized root-mean-
square amplitudes of magnetic field strength fluctuations in the frequency
band 4.3 10™* to 1.9 x 10> Hz are binned for the four types of plasma and
for slow wind (defined as vgy, < 450 km/s) and fast wind (defined as

Vgw > 550 km/s). The amplitudes are root-mean-square values of the

Fourier-filtered 4.5-hr-long time series. The distributions in this plot are not
equal-area normalized, rather they are the number of events in the data set.

Separating into plasma types is particularly important for slow solar wind.
In Figure 17a the values of §Z°"'/6Z™ (cf. Figure 11a) for the 4.5-hr inter-
vals of the ACE 1988-2008 data set are binned according to the four types
of plasma and according to slow wind (taken here to be vgy, < 450 km/s;
light-green curve) and fast wind (taken here to be vy, > 550 km/s; orange
curve). Note that the occurrence is plotted as the number of 4.5-hr inter-
vals rather than the per cent of the values. Figure 17a demonstrates that
the “slow wind” categorization misses the systematic differences in the
outward-versus-inward imbalance between the unbalanced streamer-
belt-origin plasma and the balanced sector-reversal-region plasma and
gjecta. In Figure 17b the values of 6Bp,g/Bmag (cf. Figure 16a) for the
ACE 1998-2008 4.5-hr intervals are binned for the four types of plasma
and for slow and fast wind. Note that the distribution of 6Byag/Bmag
values is about the same in “slow” wind as it is in “fast” wind, whereas
the 3D4CAT categorization shows statistical differences in the 6Byag/
Brag values for the four different plasma types. In Figure 17b the slow
wind categorization misses the systematic differences of 6Brag/Bmag
between ejecta with very low values, streamer-belt-origin plasma with
medium values, and sector-reversal-region plasma with higher values.

One safe exception to the problems of the slow-versus-fast categorization
is when long intervals of fast Alfvénic plasma with nearly constant speed
are investigated (e.g., Borovsky, 2016; Perri et al., 2011; Yordanova et al.,
2009), particularly out of the ecliptic plane over a polar coronal hole
(e.g., Goldstein et al., 1995; Neugebauer et al., 1997; Podesta & Gary,
2011; Wawrzaszek & Macek, 2010): such intervals are almost certainly
purely coronal-hole-origin plasma.

12.2. The Origin of Differences Between the Four Types of Plasma

The four types of plasmas have different regions of origin on the Sun: this
undoubtedly accounts for some of the systematic differences in the prop-
erties of the four plasmas and the differences in the properties of the fluc-
tuations in the 4 plasmas.

One key difference in the fout types of plasma is the Parker spiral versus non-Parker spiral orientation of the
magnetic field and the related open flux versus closed or disconnected flux natures of the magnetic field. A
Parker spiral magnetic field is expected for plasma that is continuously emitted from an open-field spot on
the solar surface (Hundhausen, 1972; Parker, 1958). Coronal-hole-origin plasma and streamer-belt-origin
plasma have Parker spiral-oriented magnetic fields; they also have unidirectional electron strahls (Xu &
Borovsky, 2015), indicating that they are on open magnetic field lines connected to the Sun. Impulsive
plasma emissions, particularly from closed-field regions, are not expected to have Parker spiral-oriented
magnetic fields. Large-scale ejecta are certainly impulsive (Richardson & Cane, 1996; Webb, 1991). The
smaller-scale blobby emissions from streamer stalks are also impulsive (Foullon et al., 2011; Viall &
Vourlidas, 2015; Wang et al., 2000). Ejecta tends to have a bidirectional electron strahl (Gosling et al.,
1987; Skoug et al., 2000), indicating that the magnetic-field of the plasma has two foot points connected to
the Sun. Sector-reversal-region plasma tends to have an absence of an electron strahl or an intermittent elec-
tron strahl (Xu & Borovsky, 2015), indicating that the plasma is at times magnetically disconnected from

the Sun.

These related differences (1) open flux versus not open flux and (2) continuous versus impulsive emission
may help to explain some of the systematic differences in the plasma fluctuations found in the present
study. In Table 1 two extremes (e.g., smallest and largest, shallowest and steepest) are listed in a row
17 times. Of those 17 times, one extreme is in coronal-hole-origin plasma (open flux, continuous
emission) and the other is in either sector-reversal-region plasma or ejecta (not open flux, impulsive
emission). In the other 4 times out of 17 the two extremes are between ejecta and sector-reversal-

region plasma.
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The Parker spiral plasmas (coronal-hole-origin plasma and streamer-belt-origin plasma) tend to be more
Alfvénic, with correlations between the vector velocity fluctuations and the vector magnetic-field fluctua-
tions. Alfvénic fluctuations in the solar wind seem to be a sign of an open-flux process, perhaps reconnection
events between open field lines and low-lying closed loops (Burkholder et al., 2019; He et al., 2010; Pariat
et al., 2010; Shibata et al., 2007; Torok et al., 2009; Yang et al., 2013) or perhaps firehose instabilities driven
by plasma jetting in open flux tubes (Farahani et al., 2009; Mann et al., 1992; Zhelyazkov, 2010).

Note that Figure 10 of Xu and Borovsky (2015), which plots the carbon-charge-state number density ratio
C°*/C* versus the oxygen-charge-state number density 0”*/0°* of the solar wind at 1 AU, shows one trend
for coronal-hole-origin plasma and streamer-belt-origin plasma (the open-flux plasmas) and a different
trend for sector-reversal-region plasma and ejecta (the impulsive, nonopen-flux plasmas). See also the very
similar Figure 2 of D'Amicis et al. (2019) where solar wind plasma at 1 AU is separated according to
its Alfvénicity.
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