
The trailing edges of high-speed streams at 1AU
Joseph E. Borovsky1,2 and Michael H. Denton1,3

1Space Science Institute, Boulder, Colorado, USA, 2Climate and Space Science and Engineering, University of Michigan, Ann
Arbor, Michigan, USA, 3New Mexico Consortium, Los Alamos, New Mexico, USA

Abstract The trailing-edge rarefactions of 54 high-speed streams at 1AU are analyzed. The temporal
durations of the trailing-edge rarefactions agree with ballistic calculations based on the observed speeds of
the fast and slow wind bounding the rarefactions. A methodology is developed to measure solar-wind
compression and rarefaction using the orientations of solar-wind current sheets. One focus is to determine the
signature that best describes the location of the trailing-edge stream interface between coronal-hole-origin
plasma and streamer-belt-origin plasma; based on the current-sheet orientations, on the magnetic-field
strength, on the intensity of the electron strahl, and on the intensity of the negative vorticity, an inflection point
in the temporal profile of the solar-wind velocity is taken as the best indicator of the trailing-edge stream
interface. Computer simulations support this choice. Using superposed-epoch analysis, the plasma properties
and turbulence properties of trailing-edge rarefactions are surveyed. Whereas the signatures of the coronal-
hole/streamer-belt (slow-wind/fast-wind) boundary in the leading edge (corotating interaction region) stream
interface are simultaneous, they are not simultaneous in the trailing edge, with ion-charge-state signatures
occurring on average 13.7h prior to the proton entropy signature. It is suggested that differences in the leading
and trailing edges of coronal holes on the Sunmight account for the differences in the leading and trailing edges
of high-speed streams at 1AU: the formation timescales, heating timescales, and charge-state-equilibration
timescales of closed flux loops in the corona might be involved.

1. Introduction

Because the rotating Sun has regions on its surface that produce wind of different speeds, along a radial line
outward from the Sun will be regions of radially outflowing slow wind and regions of radially outflowing fast
wind. On the leading (outward) edge of a region of high-speed wind (a high-speed stream) the faster solar
wind rams into slower solar wind and forms a region of plasma compression (a corotating interaction region,
CIR); on the trailing (inward) edge of a high-speed stream the fast wind outruns the slow wind and forms a
region of plasma rarefraction. The fast solar wind has its origin from coronal holes on the Sun; the slow solar
wind has its origin from streamer belts and streamer stalks on the Sun. In the CIRs on the leading edges of the
high-speed streams there is a well-known sharp boundary making the transition from streamer-belt-origin
plasma into coronal-hole-origin plasma known as the “CIR stream interface.” By symmetry, in the trailing-
edge rarefaction there should be another stream interface making the transition from coronal-hole-origin
plasma into streamer-belt-origin plasma: the “trailing-edge stream interface”.

Corotating interaction regions have been well studied [Hundhausen, 1973; Richter and Luttrell, 1986; Pizzo,
1989, 1991; Crooker and Gosling, 1999; Jian et al., 2006; Tessein et al., 2011], in part because CIRs drive geomag-
netic storms [Denton et al., 2006; Tsurutani et al., 2006; Borovsky and Denton, 2006, 2013; Richardson et al.,
2006; Lavraud et al., 2006; Solomon et al., 2012]. The trailing edges of high-speed streams are less studied
[Carovillano and Siscoe, 1969; Tu and Marsch, 1995; Gosling and Pizzo, 1999; Pagel et al., 2004; Ko et al.,
2006]: the trailing edges of high-speed streams drive the latter portions of high-speed-stream-driven geo-
magnetic storms wherein geomagnetic activity is subsiding, but the Earth’s electron radiation belt is still
being energized [Tsurutani et al., 1995; McPherron et al., 2009; Borovsky and Denton, 2010a, 2010b]. The CIR
stream interface on the leading edges of high-speed streams has been well characterized [e.g., Burlaga,
1974; Gosling et al., 1978; Crooker and Gosling, 1999; Forsyth and Marsch, 1999; Intriligator et al., 2001;
Simunac et al., 2009; Crooker et al., 2010; Borovsky and Denton, 2010c; Crooker and McPherron, 2012]. To iden-
tify the stream interface in leading-edge CIRs, various signatures have been utilized: the reversal of the east-
west flow deflection of the solar wind [Gosling et al., 1978; McPherron and Weygand, 2006], the peak of the
total (magnetic field plus thermal) pressure [Jian et al., 2006], a sudden increase in the proton specific entropy
[Siscoe and Intriligator, 1993; Lazarus et al., 2003], a sudden change in the heavy-ion composition and in the
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FIP (first ionization potential) elemental abundance [Wimmer-Schweingruber et al., 1997; Crooker and
McPherron, 2012], or the peak in the plasma vorticity [Borovsky and Denton, 2010c]. Discussion of the stream
interface in the trailing-edge rarefaction is quite limited [Burlaga et al., 1990; Geiss et al., 1995; Burton et al.,
1999; Zurbuchen et al., 1999; Kahler, 2010; Simunac et al., 2010]. The most extensive study of the trailing-edge
stream interface is that of Burton et al. [1999], who examined 18 recurrences of a single persistent high-speed
stream at 13–36° of latitude and 4.5–5AU in distance from the Sun in the years 1992–1993. They recommend
identifying the trailing-edge stream interfaces with a sharp drop in the proton specific entropy Sp. They also
found that drops in the proton specific entropy, jump increases in the Mg/O elemental density ratio, jump
increases in the oxygen charge-state ratio, and drops in the alpha-to-proton density ratio were all temporally
coincident. Geiss et al. [1995] also found abrupt signatures in the trailing edge that were simultaneous.
Contrary to this, Zurbuchen et al. [1999] found the oxygen charge-state ratios to have gradual transitions
across the trailing edges rather than jump increases; Simunac et al. [2010] also reported less distinct changes
in the trailing-edge rarefaction than in the leading-edge CIR, as did Pagel et al. [2004]. The present study at
1 AU will find that the various candidate signatures for identifying the stream interface are typically not simul-
taneous and the present study will recommend a different signature to identify the location of the trailing-
edge stream interface.

Note that the “trailing edge of a high-speed stream” should not be confused with the “CIR trailing edge” or
“compression-region trailing edge” [cf. Richardson, 1985; Lucek and Balogh, 1998; Ebert et al., 2012].

In the present study 54 high-speed-stream trailing edges are examined at 1 AU in the years 1998–2008. The
focus will be to (1) locate the stream interface in the trailing-edge rarefaction, (2) to find a signature that can
identify the stream interface, and (3) to survey the properties of trailing-edge rarefactions in general and in
comparison with the properties of leading-edge CIRs. This study will use data from OMNI2, ACE, Wind, and
Stereo A+B and the data interpretation will be aided by 3-D global-MHD simulations and by 1-D
fluid simulations.

Data sets utilized in this study are OMNI2 [King and Papitashvili, 2005], ACE SWEPAM [McComas et al., 1998],
ACE MAG [Smith et al., 1998], Wind SWE [Ogilvie et al., 1995; Kasper et al., 2006], Wind 3DP [Lin et al., 1995],
Wind Mag [Lepping et al., 1995], Stereo PLASTIC [Galvin et al., 2008], and ACE SWICS [Gloeckler et al., 1998].

This paper is organized as follows. In section 2 expectations for the properties of trailing edges of high-speed
streams as compared to the properties of corotating interaction regions on the leading edges are explored. In
section 3 the event selection criteria and the collection of 54 high-speed-stream trailing edges are discussed.
In section 4 superposed-epoch analysis (with the help of computer simulations) is used to determine the best
signature that identifies the stream interface in the trailing-edge rarefaction. In section 5 superposed-epoch
analysis is used to explore the properties of high-speed-stream trailing edges in comparison with high-speed-
stream leading edges. Section 6.1 discusses whether the initial velocity drop at the end of the high-speed
stream is the beginning of the trailing-edge rarefaction or whether the trailing-edge rarefaction commences
earlier in time. Section 6.2 discusses the possibility that the differences between the leading-edge and
trailing-edge stream interfaces at 1 AU have their origins in differences between the leading and trailing
edges of coronal holes on the Sun. The findings of this study are summarized in section 7, and a summary
sketch of the chronology of signatures in the leading and trailing edges is presented. In Appendix A the
methodology of measuring the amount of plasma compression or rarefaction in the solar wind with the
orientations of current sheets in the plasma is discussed.

2. The Trailing Edges of High-Speed Streams

Figure 1 sketches the leading edge (left) and trailing edge (right) of a high-speed stream in the ecliptic plane
as viewed from above the plane. The RTN coordinate system is noted in the bottom right of each sketch. In
both cases the structures sketched move upward with time radially outward from the Sun. In both sketches a
green dashed line indicates the path of the Earth through the structure as the structure moves radially
outward from the Sun past the Earth, with the Earth moving in the figure temporally from top to bottom
along the line. In Figure 1 (left) a blue dashed line indicates the location of the CIR stream interface, which
is a Parker-spiral-oriented interface between streamer-belt plasma (slow wind) and coronal-hole-origin
plasma (fast wind). Shaded in orange is the corotating interaction region (CIR), a region of compressed
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plasma caused by the fast wind overtaking the slow wind. The corotating interaction region outward from
the stream interface is compressed slow-wind plasma and the corotating interaction region inward of the
stream interface is compressed coronal-hole-origin plasma (fast wind). The width of the CIR is related to
the magnetosonic speeds in the fast and slow wind and the age of the CIR. Nominally in the unperturbed
slow and fast wind, the velocity vectors (drawn in red) are radially outward from the Sun. Within the CIR there
is a pressure-driven velocity perturbation perpendicular to the Parker spiral: this perturbation is indicated
in the sketch by the green arrows pointing outward from the stream interface. Within the CIR this velocity
perturbation deflects the radially flowing fast wind into the �T direction and the radially flowing slow
wind into the +T direction. This is the well-known westward-then-eastward temporal flow deflection of

Figure 2. Two sketches of the streamer-belt/coronal-hole boundaries at the Sun. (left) The boundary at the westward lead-
ing edge of a coronal hole and (right) the boundary at the eastward trailing edge of a coronal hole. The RTN coordinate
system is indicated in the sketches.

Figure 1. (left) A sketch of the compression (CIR) on the leading edge of a high-speed stream and (right) a sketch of the
rarefaction on the trailing edge of a high-speed stream. Both sketches are drawn in the ecliptic plane with the RTN coor-
dinate system indicated in the lower right.
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a CIR passing over the Earth [e.g., Siscoe
et al., 1969; Belcher and Davis, 1971]. The
CIR is a large-scale pressure perturbation,
not a large-scale shear zone [Borovsky
and Denton, 2010c]. There is a narrow,
intense velocity shear (vorticity layer) at
the stream interface, which is a relic from
the Sun. In Figure 2 (left) the creation of this
vorticity layer at the fast-wind slow-wind
boundary at the Sun is sketched. The
stream interface is depicted as the vertical
dashed black line, with slow wind (strea-
mer-belt plasma and the sector-reversal-
region plasma) to its left and fast wind
(coronal-hole-origin plasma) to its right.
The solar rotation is toward the left.
Because of the change in the velocity
across the stream interface, there is a vorti-
cityω=∇× v across the stream interface. In
the RTN coordinate system (noted on the
sketch), the vorticity vectorω is in the posi-
tive N direction.

In Figure 3 superposed-epoch averages of
various quantities are plotted versus time
for 27 leading-edge CIRs, with the zero
epoch for the averaging being the time at
which the stream-interface vorticity layer
in each CIR reaches the ACE spacecraft.
The 27 CIRs are from the collection utilized
in Borovsky and Denton [2010c], where the
event-selection criteria are discussed in
detail. In Figure 3 (first panel) the solar-wind
speed vr as measured by ACE SWEPAM is
plotted; the slow wind prior to the stream
interface followed by fast wind afterward
is seen. In Figure 3 (second panel) the trans-
verse flow velocity vt is plotted: the positive

Figure 3. Superposed averages of measure-
ments for the 27 CIR events are plotted. The
zero epoch (vertical dashed line) is the passage
of the CIR stream interface as identifiedwith the
vorticity peak. From top to bottom, (first panel)
the solar-wind speed (OMNI), (secondpanel) the
transverse velocity of the solar wind (OMNI),
(thirdpanel) theplasmavorticity (ACESWEPAM),
(fourth panel) the plasma number density
(OMNI), proton temperature (OMNI), magnetic-
field strength (OMNI), and electron temperature
(Wind 3DP), (fifth panel) the out-of-ecliptic
angles of the current-sheet normal vectors (ACE
Mag), (sixth panel) intensity of the 272-eV elec-
tron strahl (ACE SWEPAM), and (seventh panel)
the proton specific entropy (OMNI), the carbon
charge-state-density ratio (ACE SWICS), and the
oxygen charge-state ratio (ACE SWICS).
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vt then negative vt perturbation across
the CIR is seen. In Figure 3 (third panel)
the N component of the plasma vorticity
ω=∇× v is plotted: note the sharp loca-
lized peak at the stream interface. In
Figure 3 (fourth panel) the proton num-
ber density np, the proton temperature
Tp, and the magnetic-field strength Bmag

are plotted. Since Bmag has about
the same average value in coronal-hole-
origin plasma (4.7nT for the collection
of flattop high-speed streams at 1AU
[cf. Borovsky, 2016, Table 4]) and in strea-
mer-belt plasma (6.2nT for the collection
of pseudostreamer slow wind in Xu and
Borovsky [2015]), the quantity Bmag is a
good indicator of the amount of com-
pression or rarefaction that the solar-
wind plasma has undergone. Note the
increase (compression) of Bmag within
the CIR in Figure 3 (fourth panel), peaking
at the stream interface. In Figure 3 (fourth
panel) the proton number density is also
compressed within the CIR, but its value
is not reliable as a measure of the
amount of compression because of the
presence of “noncompressive density
structures” [Gosling et al., 1981; Borrini
et al., 1981] inside the CIR. These density
structures are owed to the presence of
sector-reversal-region plasma in the CIR
[Xu and Borovsky, 2015], which occurs in
helmet-streamer CIRs but not in pseudo-
streamer CIRs. Another measure of com-
pression is to look at the anisotropy of
the current-sheet orientations in the
plasma, with the microscale magnetic
structure of the solar-windplasmaflatten-
ing under compression and stretching
under rarefaction. As developed in
Appendix A, compression or rarefaction
can be discerned by looking at the statis-
tics of the directions of the current-sheet
normal vectors in the plasma as the
current sheets are advected past a
measuring spacecraft. The normal direc-

tion n of each current sheet is determined using the cross-productmethod [Burlaga and Ness, 1969; Knetter et al.,
2004] on the magnetic-field vector change across the current sheet via n= B1 × B2/|B1 × B2| where B1 and B2 are
themagnetic-field vectors on the two sides of the current sheet. For Figure 3 only strong current sheets that had
magnetic-field direction changes ΔθB> 40o across themwere used to calculate the normal directions. If, in RTN
coordinates, the normal has components (nr,nt,nn), then the out-of-ecliptic angle of the normal can be defined
as θout-of-ecliptic = arctan(|nn|/(nr

2 +nt
2)1/2). As discussed in Appendix A, there is a reduction in the mean out-

of-ecliptic angle θout-of-ecliptic of the normals when the solar-wind plasma is compressed in the radial and/or

Figure 4. (top) The estimated temporal widths at 1 AU (from expression
(1)) of the ballistic gap between the back of a high-speed stream and the
front of an interval of slow solar wind. (middle) The estimated temporal
widths at 1 AU (from expressions (2)) of a pressure-driven rarefaction into
either the back of a high-speed stream or the front of an interval of slow
wind. (bottom) The total temporal width of a rarefaction perturbation at 1
AU as given by expression (3).
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tangential direction: such a decrease is
seen around time t=0 in the superposed
average of the current-sheet normal
angle in Figure 3 (fifth panel). In
Figure 3 (sixth panel) the superposed
average of the intensity of the 272-eV
electron strahl as measured by ACE
SWEPAM is plotted. In this panel the
strahl intensity peaks just after
the stream interface, as was reported
by Crooker et al. [2010]. One possible
explanation for this peak near the stream
interface given by Crooker et al. [2010] is
that the strahl is propagating from
the Sun through a region of maximum
compression where the solar-wind
magnetic-field lines are closest together
and this closeness of the field lines
preserves the intensity of the electron
strahl. (If that is the case, as a corollary
we should expect the strength of
the electron strahl to be a minimum at
the trailing-edge stream interface
where the rarefaction is the greatest,
the field lines are farthest apart, and the
strahl intensity is diluted the most.) In
Figure 3 (seventh panel) the changes in
the proton specific entropy Sp= Tp/np

2/3

and the heavy-ion charge-state-density
ratios C6+/C4+ and O7+/O6+ are plotted:
the transition in Sp is an increase from
streamer belt (and sector reversal region)
plasma into coronal-hole-origin plasma
and the charge-state ratios decrease
from streamer-belt (and sector-reversal-
region) plasmas into coronal-hole-
origin plasma.

In Figure 1 (right) the expectations for
the trailing edge of a high-speed stream are sketched. Here fast wind leads slow wind and a Parker-spiral-
oriented rarefaction occurs as the fast wind advects away from the slow wind: the rarefaction is shaded in
pink. Somewhere within the rarefaction is a Parker-spiral-oriented stream interface separating the coronal-
hole-origin plasma from the streamer-belt-origin plasma: this stream interface is sketched as the red dashed
line. As will be found in section 4, identifying the stream interface in the trailing-edge rarefaction is not
straightforward. In the rarefaction there is a pressure-driven velocity perturbation perpendicular to and
toward the Parker-spiral-oriented stream interface. This velocity perturbation is sketched as the green arrows
in Figure 1 (right). Ahead (outward) of the stream interface, the velocity perturbation turns the radial flow of
the fast coronal-hole-origin plasma into the �T direction, and behind (inward) the stream interface it turns
the radial flow of the slow streamer belt plasma into the +T direction. For Earth moving down the green
dotted line through this pattern there will be an eastward-then-westward flow perturbation, opposite to
the transverse flow temporal pattern in a CIR.

The difference in the radial velocities of the fast wind and the slow wind will ballistically leave a Parker-spiral-
aligned gap between the fast plasma and the slow plasma. This gap will partially fill from pressure-driven
expansion of plasma and field from both the fast and slow plasmas into the gap. The expansion flows will

Figure 5. Over a time period of 10.5 days several relevant solar-wind
parameters are plotted for Trailing Edge # 45 of Table 1 and for the
high-speed stream that precedes the trailing edge. From top to bottom,
(first and second panels) measurements from Wind SWE and (third and
fourth panels) measurements from Ace SWICS.
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Table 1. The Collection of 54 High-Speed-Stream Trailing Edgesa

Event # Year Initial Velocity Drop (day of year) Velocity-Bend (day of year) Termination (day of year) vfast (km/s) vslow (km/s) Type Δttotal (h)

1 1998 303.29 303.70 305.80 578 367 HS 60.1
2 1999 298.88 299.76 ? 557 ? HS ?
3 2000 30.33 33.12 36.55 ? 371 HS 149.3
4 2000 345.41 348.79 351.13 643 312 HS 137.3
5 2001 201.00 201.75 203.41 577 361 HS 57.9
6 2002 66.21 67.58 70.46 615 358 PS 102.1
7 2002 92.59 95.00 96.62 667 328 PS 96.7
8 2003 135.38 137.87 138.62 697 404 HS 77.8
9 2003 162.63 163.42 164.50 670 394 HS 44.9
10 2003 250.04 250.41 251.50 560 376 PS 35.0
11 2003 255.96 256.75 258.50 601 351 HS 61.0
12 2003 268.79 270.46 273.04 691 293 HS 102.0
13 2003 349.50 350.87 353.96 750 304 HS 107.2
14 2004 64.50 64.79 67.92 579 318 HS 82.0
15 2004 336.46 337.75 340.17 655 295 HS 89.0
16 2004 353.84 354.84 356.09 585 348 HS 54.0
17 2005 24.00 25.25 27.38 667 323 HS 81.2
18 2005 41.63 ? 44.96 717 361 HS 79.9
19 2005 62.17 62.96 64.08 622 377 HS 46.0
20 2005 69.58 71.46 72.79 665 323 HS 77.1
21 2005 96.29 97.38 99.37 593 318 DBL 73.8
22 2005 177.25 178.20 179.00 592 374 HS 42.0
23 2005 ? 230.63 233.46 669 371 HS ?
24 2005 284.25 285.00 288.42 619 298 HS 100.1
25 2005 311.58 312.46 315.00 626 348 HS 82.1
26 2005 338.08 339.95 343.67 675 263 HS 133.9
27 2006 81.33 82.75 85.46 613 338 HS 99.2
28 2006 100.58 102.21 102.71 670 382 HS 51.0
29 2006 113.62 114.50 118.00 547 323 ? 105.1
30 2006 134.04 135.25 137.29 585 319 HS 78.1
31 2006 154.54 155.00 157.08 570 323 HS 61.0
32 2006 187.95 ? 190.79 567 330 HS 68.2
33 2006 215.75 216.67 218.96 527 331 HS 77.0
34 2006 303.63 304.41 307.38 559 333 HS 90.0
35 2006 316.38 317.62 319.63 590 347 HS 77.9
36 2006 ? 361.04 362.50 ? 328 HS ?
37 2007 46.79 49.87 55.26 684 268 HS 203.4
38 2007 60.96 61.96 62.71 600 340 HS 42.0
39 2007 66.75 68.25 70.25 625 298 HS 84.0
40 2007 93.87 95.46 98.84 583 295 HS 119.2
41 2007 102.55 103.83 106.87 524 310 HS 103.8
42 2007 120.50 122.71 126.88 646 266 HS 153.0
43 2007 129.67 130.08 133.87 587 299 HS 100.9
44 2007 140.29 ? 142.71 620 420 HS 58.0
45 2007 148.17 148.75 151.54 629 305 HS 81.0
46 2007 293.92 294.67 298.25 664 340 PS 104.0
47 2007 330.33 331.71 334.67 631 329 HS 104.2
48 2007 347.83 ? 350.80 557 350 HS 71.2
49 2007 357.16 358.25 360.29 601 333 HS 75.2
50 2008 35.25 36.08 38.54 617 336 HS 79.1
51 2008 62.04 64.17 67.88 754 316 HS 140.2
52 2008 127.32 ? 133.79 644 304 PS 155.3
53 2008 197.62 200.82 202.46 647 288 HS 116.2
54 2008 206.34 206.71 209.17 646 341 PS 68.0

aThe first column is the event number, second column the year, third column the time of the initial velocity drop, fourth column the time of the velocity-bend,
fifth column the time of the velocity-decline termination, sixth column the speed of the fast wind in the high-speed stream, seventh column the speed of the solar
wind at the time of termination, eighth column the type of streamer belt [HS = helmet streamer (one sector reversal), PS = pseudostreamer (no sector reversal),
DSR = double sector reversal (two sector reversals)], and the ninth column is the total time duration of the rarefaction (termination time minus time of initial
velocity drop).
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be normal to the Parker-spiral direction and are seen as the transverse flow deflections vt of the trailing edge.
Simple time-of-flight arguments along a radial line can be used to estimate the temporal width of the gap as
seen by a spacecraft at 1 AU. If the stream interface on the rotating Sun crosses the radial line connecting a
spacecraft to the Sun at time t= 0, then the back edge of the fast wind will arrive ballistically at the satellite at
time tfast = ro/vfast and the front edge of the slow wind will ballistically arrive at the spacecraft at time
tslow = ro/vslow, where ro = 1 AU and where the vfast and the vslow are the speeds of the fast and slow wind,
respectively. The difference tslow � tfast in these two arrival times is the temporal width Δtgap of the gap
between the slow wind and the fast wind:

Δtgap ¼ ro vslow
-1 - vfast

-1� �
: (1)

In Figure 4 (top) Δtgap is plotted as a function of vslow for five different values of vfast (colors). The trailing-edge
rarefaction between the fast and slow wind will be larger than this gap owing to the rarefaction waves that
propagate into the fast and slow plasmas as those plasmas expand into the gap. Not accounting for the var-
iation in the Parker-spiral orientation with distance from the Sun, and not accounting for the variation in the
magnetosonic speed with distance from the Sun, the spatial widths of the rarefaction waves into the fast and
slow plasmas at 1 AU are estimated as Lfast = Cms-fasttfast = Cms-fastro/vfast and Lslow =Cms-slowtslow =Cms-slowro/
vslow, where Cms-fast and Cms-slow are the magnetosonic speeds in the fast and slow plasmas. These spatial
widths Lfast and Lslow at 1 AU pass the spacecraft in the times

Δtfast ¼ Lfast=vfast ¼ Cms-fastro=vfast
2 (2a)

Δtslow ¼ Lslow=vslow ¼ Cms-slowro=vslow
2: (2b)

For both the fast and the slow plasma at 1 AU, Cms-fast ~Cms-slow ~ 60 km/s. For 60 km/s, Δtfast and Δtfast are
plotted in Figure 4 (middle) as a function of vfast or vslow. The total temporal width of a trailing edge Δttrail
is the sum of the three widths:

Δttrail ¼ Δtgap þ Δtfast þ Δtslow: (3)

In Figure 4 (bottom) Δttrail is plotted as a function of vslow for five values of vfast (colors).

As was the case for the CIR stream interface, there is a vorticity at the trailing-edge stream interface. In
Figure 2 (right) the origin of this vorticity at the Sun is depicted. With the fast wind to the left of the stream
interface (dashed black line) and the slow wind to the right, the vorticity vector ω=∇× v in the RTN coordi-
nates system (noted on the sketch) is in the �N direction. At 1 AU, negative vorticity at the trailing-edge
stream interface is anticipated.

In Figure 5 a high-speed stream and its leading and trailing edges are plotted. In Figure 5 (first panel) the solar-
wind flow vr is plotted as a function of time as measured by Wind SWE: The high-speed stream is indicated in
red, as is the CIR (slow-wind to fast-wind transition) and the trailing edge (fast-wind to slow-wind transition). In
Figure 5 (first panel) two important features of the trailing edge are denoted. The first is the initial drop of the
velocity: this is probably the leading edge of the rarefaction propagating into the coronal-hole-origin plasma at
the local magnetosonic speed. The second feature is the distinct bend of the velocity profile to a decreasing
temporal slope. The “v-bend” will be a candidate indicator of the location of the stream interface in the trailing
edge. In Figure 5 (second panel) the proton specific entropy Sp= Tp/np

2/3 of the solar-wind plasma is plotted
logarithmically. A sharp drop of Sp is seen within the trailing edge near the location of the velocity-bend. In
Figure 5 (third panel) the heavy-ion charge-state-density ratios C6+/C4+, C6+/C5+, and O7+/O6+ are plotted as
measuredbyACESWICS: clear simultaneousupward jumpsofC6+/C4+, C6+/C5+, atO7+/O6+are seen. These jumps
in C6+/C4+, C6+/C5+, at O7+/O6+ occur prior to the drop in Sp, while Sp remains at the value in the high-speed
stream. In general, the downward drops of Sp are more sudden than the upward jumps of C6+/C4+, C6+/C5+,
andO7+/O6+. In Figure 5 (fourthpanel) the elemental density ratios C/O,Mg/O, and Fe/O are plotted asmeasured
by ACE SWICS. An Mg/O increase and a Fe/O increase can be seen in Figure 5 (fourth panel).

3. Event Selection

A collection of 54 high-speed-stream trailing-edge rarefactions of high-speed streams is gathered by exam-
ining the solar wind in 1998–2008 using the OMNI2, ACE SWEPAM, and ACE SWICS data sets.
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Four selection criteria are used to accept a
trailing edge into the collection. The first
criterion is that the trailing edge must be
preceded by a robust high-speed stream
with a duration of a day or more. Flattop
high-speed streams [Borovsky, 2016] are
preferred. Second, a trailing edge is
rejected if its temporal velocity profile is
irregular. Profiles that are quasi-monotonic
without discontinuities or multiple bend
points are chosen. Third, a trailing edge is
rejected if it contains clear signatures of
ejecta. These signatures include depressed
proton temperatures [Gosling et al., 1973;
Elliott et al., 2005], long-duration out-of-
ecliptic magnetic-field vectors [Lepping
et al., 2005; Borovsky, 2010], or bidirectional
strahl [Gosling et al., 1987; Richardson and
Cane, 2010]. The fourth criterion is that
the velocity within the trailing edge should
eventually reach low speeds (~400 km/s or
less). That is, the high-speed stream follow-
ing the trailing edge cannot be too close in
time to the high-speed stream preceding
the trailing edge.

The collection of 54 high-speed-stream trailing edges appears in Table 1. For each trailing edge, the start time
(determined from the initial velocity drop at the end of the high-speed stream), the termination time
(determined as the point where the solar-wind velocity ceases to decline or starts to increase), the time of
the velocity inflection or “velocity-bend,” and the total time duration of the trailing edge (from the initial velo-
city drop to the termination). Also noted in Table 1 is the helmet-streamer versus pseudostreamer nature of
the streamer-belt plasma in the trailing edge.

The total time durations of the trailing edges are listed in the final column of Table 1: the mean value and
standard deviation of the durations are 89 ± 34 h. The velocity temporal decline in the trailing edge is sepa-
rated into two parts by the velocity-bend: the first part, which is a steep temporal decline in the solar-wind
velocity prior to the velocity-bend, has a duration of 31 ± 18 h and the second part, which is a shallow velocity
temporal decline after the velocity-bend, has a duration of 57 ± 25 h. Typically, the second part of the velocity
decline (velocity-bend to velocity termination) is about twice as long as the first part (initial velocity drop to
velocity-bend), but there is a wide range of variation. In Figure 6 the observed total time duration of each trail-
ing edge in Table 1 is plotted as a function of the predicted width from expression (3) (using expressions (1),
(2a), and (2b)). As noted in the figure, the Pearson linear correlation coefficient between the observed width
and the predicted width is Rcorr = +0.79. The blue dashed line in Figure 6 denotes the locations of the
observed width when they exactly match the predicted width.

The resulting collection of 54 high-speed-stream trailing edges contains 47 helmet-streamer trailing edges
(being transitions from coronal-hole-origin plasma to helmet-streamer-origin plasma, having a single sector
reversal in the slow wind) and contains six pseudostreamer trailing edges (being transitions from coronal-
hole-origin plasma to pseudostreamer-origin plasma, without a sector reversal between the two high-speed
streams); there is one trailing edge associated with a double sector reversal.

For each of the 54 high-speed-stream trailing edges the occurrence times of several characteristic features are
recorded: the initial velocity drop, the velocity-bend, the midpoint of the drop in Sp, the midpoint of the strong
rise in C6+/C4+, themidpoint of the strong rise in C6+/C5+, themidpoint of the strong rise in O7+/O6+, and the ter-
mination time of the declining velocity profile. These characteristic features were located from visual inspection
of temporal plots, often with the aid of lines drawn upon the data plots. Some of these characteristic points will

Figure 6. For the trailing edges listed in Table 1, the observed tem-
poral width at 1 AU of each trailing edge is plotted vertically versus
the predicted trailing-edge width from expression (3) using the mea-
sured velocities of the slow and fast wind bounding each trailing
edge. The dashed blue curve (not a fit) indicates where observation
would match prediction.
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be used to trigger superposed epoch
averages of solar-wind measurements
in the collection of high-speed-stream
trailing edges. A goal is to discern
which signature, if any, best describes
the location of the trailing-edge stream
interface.

With less stringent selection criteria, the
authors also have a collection of 118
high-speed-stream trailing edges in the
years 1998–2008. All of the findings that
will be reported here for the 54 high-
speed-stream trailing edges also hold
for the larger collection of 118 trailing
edges. Most of the 118 trailing edges
that were rejected to make the list of
54 higher-quality trailing edges were
rejected because the pressure and velo-
city perturbation of the CIR following
the trailing edge is encroaching into
the trailing-edge rarefaction; hence, the
velocity of the trailing edge did not drop
to low values and there was no reservoir
of unperturbed slow wind at the end of
the trailing-edge rarefaction.

4. Superposed Epoch Analysis:
Identifying the Trailing-Edge
Stream Interface

The stream interface is the boundary
between coronal-hole-origin plasma
and streamer-belt-origin plasma.
Several methods have been used to
identify the stream interface in CIRs (cf.
section 1), including the reversal of the
east-west flow deflection of the solar
wind, the peak of the total pressure, a
sudden increase in the proton specific
entropy, the sudden change in the
heavy-ion composition and in the FIP
elemental abundance, or the peak in
the plasma vorticity. Using the zero
crossing of the east-west flow reversal
is problematic since there are east-west
offsets to the solar-wind flow that make
it uncertain where to chose the single
critical point in the broad reversal; this
idea is much improved by the vorticity
method [Borovsky and Denton, 2010c]
which analyzes the solar-wind flows in
a rotated local-Parker-spiral-oriented
reference frame.

Figure 7. Superposed averages of candidate signatures for trailing-edge
stream-interface identifiers are plotted vertically as functions of time with
time organized according to various triggers. From top to bottom, (first
panel) vsw (OMNI), (second panel) the proton specific entropy (OMNI),
(third panel) a carbon charge-state-density ratio ACE SWICS), and (fourth
panel) themagnesium-to-oxygenelemental abundance ratio (ACESWICS).
The four colored curves are superposed averages triggered on the initial
velocity drop (purple), the rise in C6+/C4+ (green), thedrop in Sp (blue), and
the velocity-bend (red). In Figure 7 (first panel) an extra curve (brown) is
triggered on the velocity terminations of the trailing-edge refractions.
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Three signatures will be explored to identify
the stream interface in the high-speed-
stream trailing edges: the sudden drop in
the proton specific entropy Sp, the upward
jump in the heavy-ion charge-state-density
ratios (with C6+/C4+ being the most robust
signature), and the velocity-bend in the
temporal velocity profile. (Algebraic
schemes to categorize the solar wind into
its constituent plasma types have been
developed based on both O7+/O6+ [Zhao
et al., 2009] and on Sp [Xu and Borovsky,
2015].) The preferred signature to locate
the stream interface would be a peak in
the vorticity, but in the individual high-
speed-stream trailing edges isolated peaks
in the vorticity are difficult to identify in
the noise. Note that Burton et al. [1999]
described factor-of-two changes in the FIP
effect density ratio Mg/O as one of the sig-
natures of the trailing-edge stream interface
(a weak Mg/O signature can be seen in
Figure 5). Examining high-speed-stream
trailing edges at 1 AU, the authors found

that it is, in general, not possible to select an unambiguous signature in the Mg/O 2-h resolution SWICS mea-
surements owing to large oscillations in the Mg/O values. Other FIP-effect ratios such as Si/O and Fe/O were
found to have similar behavior.

In Figures 7 (first panel) to 7 (third panel) superposed-epoch averages of the solar-wind velocity vr (Figure 7,
first panel), the proton specific entropy Sp (Figure 7, second panel), and the carbon charge-state-density ratio
C6+/C4+ (Figure 7, third panel) are plotted: in each panel the four colors are superposed averages triggered on
the initial v-drop (purple), the upward jump in C6+/C4+ (green), the drop in Sp (blue), and the velocity-bend
(red). Figure 7 (fourth panel) plots the superposed average of the elemental density ratio Mg/O with the same
color scheme. In Figure 7 (first panel) distinct features of the velocity profile are seen when the averaging is
triggered on the initial v-drop (purple curve) and on the velocity-bend (red). Plotted in brown in Figure 7
(first panel) is the superposed average of the solar-wind velocity with the averaging triggered on the velocity
termination times that mark the end of the trailing edges. Again, a sharp velocity feature is seen at t= 0 in
this curve. In Figure 7 (second panel) the plot of Sp with the zero epoch being the Sp drop (blue curve) shows
a sharp drop signature at t= 0 since all of the individual Sp drops are lined up in the averaging. Likewise in
Figure 7 (third panel) the plot of C6+/C4+ for the C6+/C4+-rise triggers (green curve) shows a somewhat shar-
per feature at t=0: note that the superposed average of the C6+/C4+ rise (green curve, Figure 7, third panel)
is never as sharp as the superposed average of the Sp drop (blue curve, Figure 7, second panel) because, in
general, the individual Sp drops are more sudden than the individual C6+/C4+ rises. In all panels of Figure 7
the curves for the velocity-bend triggering and Sp-drop triggering are very similar: this is because the Sp-drop
triggers and the velocity-bend triggers are close in time. Examining the time shifts of the four curves in the
first panel, the statistical time separation of the four trigger types are seen, with the initial v-drop coming
first, the C6+/C4+ jump coming next, and the velocity-bend and Sp drop coming last. This trend is also seen
in Figure 8 where the time intervals between the trigger times in the individual trailing edges are binned for
the 54 trailing edges: the C6+/C4+ trigger comes 15.5 h after the initial v-drop on average (green curve), the
Sp-drop trigger time comes 30.5 h after the initial v-drop on average (purple curve), and the bend-v trigger
comes 29.9 h after the initial v-drop on average (light blue curve). The C6+/C4+ trigger is 14.0 h ahead of the
bend-v trigger on average (red curve) and the Sp-drop is 0.5 h ahead of the velocity-bend on average (dark
blue curve). (C6+/C5+ and O7+/O6+ triggers are at essentially the same times as the C6+/C4+ triggers). The
two signatures that are most likely to be used to determine the coronal-hole-plasma versus

Figure 8. For the 54 trailing edges listed in Table 1, times are recorded
for the initial velocity drop, the velocity-bend, the rise in C6+/C4+, and
the drop in Sp. In the figure the time differences between these
various time signatures are binned for the 54 trailing edges.
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streamer-belt-plasma boundary are the
SpdropandtheC

6+/C4+ jump(dashedblack
curve in Figure 8): on average the C6+/C4+

jump occurs 13.7 h prior to the Sp drop.
Zurbuchen et al. [1999] also reported
differences in the transition times in trailing
edges, in particular, between the transitions
of charge states (coronal) and of elemental
abundances (photospheric). In Figure 7
(fourth panel) the superposed average of
Mg/O is plotted for the four trigger
signatures; here the superposed average
of Mg/O behaves somewhat like the
superposed average of C6+/C4+ in Figure 7
(third panel), but noisier.

In Figure 9 superposed-epoch averages of
four critical diagnostics of the trailing-edge
rarefaction are plotted as functions of time
triggered on the three stream-interface
candidate signatures: those candidate sig-
natures are the upward jump in C6+/C4+,
the drop in Sp, and the velocity-bend. In
Figure 9 (first panel) the superposed aver-
age of the magnetic-field strength Bmag in
the 54 trailing edges is plotted. The
decreased field strength within the trailing
edge is caused by the rarefaction of the
plasma. In Figure 9 (first panel) the Sp-drop
triggering (blue curve) and the velocity-
bend triggering (red curve) yield lower
values of Bmag at the trigger point, implying
that those signatures are locating the cen-
ter of the rarefaction better than the C6+/
C4+ drop signature (green curve). For
plasma that is neither compressed or rare-
facted, two prior studies have found that
themean field strength in unperturbed cor-
onal-hole plasma is 4.7 nT for a collection of
flattop high-speed streams at 1AU [cf.
Borovsky, 2016, Table 4] and 6.2nT for a col-
lection of pseudostreamer streamer-belt
plasma in Xu and Borovsky [2015]. Taking
the mean of those two values, 5.5 nT is an
estimate of what the field strength would
be when not rarefacted. In Figure 9 (first
panel) the field strength in the center of
the rarefaction is 3.1 nT, so the estimated
rarefaction factor is 5.5/3.1 =1.8. In
Figure 9 (second panel) the superposed
average of the out-of-ecliptic angle
θout-of-ecliptic = invtan(|nn|/(nr

2 +nt
2)1/2) of

current-sheet normals (see Appendix A)
in the solar-wind plasma is plotted for

Figure 9. Superposed averages of four diagnostic parameters for the
trailing-edge refractions are plotted as functions of time. From top to
bottom, (first panel) the magnetic-field strength (OMNI), (second panel)
the out-of-ecliptic angle of the current sheets (ACE Mag), (third panel)
the intensity of the 272-eV electron strahl (ACE SWEPAM), and (fourth
panel) the plasma vorticity (ACE SWEPAM). In each panel the green
curve is a superposed-epoch average triggered on the C6+/C4+ rise, the
blue curve an average triggered on the Sp drop, and the red curve an
average triggered on the velocity–bend.
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the collection of 54 trailing edges. The elevated value of θout-of-ecliptic inside the trailing edges is an indicator of
solar-wind magnetic-structure stretching in the plasma owed to the rarefaction of the plasma. For a rarefaction
by a factor of 1.8 (according to Bmag), the analysis of Appendix A predicts that the mean value of θout-of-ecliptic
should increase from 32.7o to 44.3o: this is approximately the effect seen in Figure 9 (second panel). In Figure 9
(second panel) all three signatures (the upward jump in C6+/C4+, the drop in Sp, and the velocity-bend) do
equally well (or equally poorly) at locating the maximum in the rarefaction as measured by the current-
sheet anisotropy. In Figure 9 (third panel) the superposed-epoch average of the intensity of the 272-eV
electron strahl is plotted for the three triggers. Crooker et al. [2010] suggested that the strahl intensity has a
local maximum near the leading-edge stream interface because the strahl propagates away from the Sun there
though a region that is maximally compressed and would have the solar-wind magnetic-field lines closest
together to maintain the intensity of the strahl. If that is the case, we expect the strahl intensity to be a local
minimum near the trailing-edge stream interface where the strahl propagates away from the Sun through
a region that is maximally rarefacted. In Figure 9 (third panel) the strahl intensity is locally minimum near
the zero epoch for the Sp-drop signature (blue curve) and for the velocity-bend signature (red curve), more
so than for the C6+/C4+-rise signature (green curve). In Figure 9 (fourth panel) the superposed average of
the N-component vorticity ω of the plasma flow is plotted for the 54 trailing edges. The velocity-bend sig-
nature seems to be best at locating the maximum of the negative vorticity, which is expected to occur at
the stream interface.

In using Figure 9 to judge which of the three candidate signatures (the upward jump in C6+/C4+, the drop in
Sp, or the velocity-bend) best denotes the location of the trailing-edge stream interface, there is no clear
choice. Further, there are high-speed-stream trailing edges that have non-monotonic velocity profiles with
multiple bends, multiple Sp drops, and/or multiple C6+/C4+ jumps. (This is contrary to the impression of
Burton et al. [1999], which was based on the examination of 18 recurrences of a single high-speed stream
observed farther out (4.5–5AU) and at higher latitudes (13–36°) where trailing-edge rarefactions might
behave differently.) Weighing the evidence in Figure 9, the velocity-bend signature does as well or better
than the other two signatures at locating the stream interface as diagnosed with Bmag as a measure of
rarefaction, θout-of-ecliptic as a measure of rarefaction, the electron-strahl intensity as a measure of rarefaction,
and ω as a measure of shear along the Parker spiral. The velocity-bend signature also has the advantage that
it is robust and easily identified using plasma measurements. Often the velocity-bend can be located with a
time accuracy of a minute or so.

Henceforth, the velocity-bend in the temporal velocity profile will be taken as the location of the stream
interface in the trailing edge. This choice is validated by computer simulations.

ENLIL 3-D MHD simulations [Odstrcil, 2003] of the solar wind in the heliosphere produced by solar-wind emis-
sion from a rotating Sun display velocity breakpoints in the trailing edges of high-speed streams. In Figure 10

Figure 10. For an ENLIL 3-D MHD computer simulation of Carrington Rotation 2057 cataloged at the CCMC (run
Lan_Jian_121311_SH_3), the solar–wind radial velocity at Earth is plotted in black. Also plotted in blue is the solar–wind
speed measured by Wind SWE. The velocity–bends seen on the trailing edges in the ENLIL simulation are marked in red.
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the solar-wind speed at Earth as pre-
dicted by ENLIL modeling is plotted in
black as a function of time for
Carrington rotation 2057 in the year
2007. The first high-speed-stream
trailing edge in this plot is the example
trailing edge of Figure 5. Noted in red in
Figure 10 are distinct inflection points in
the velocity profiles of three trailing
edges. For reference, measurements of
the solar-wind speed from Wind SWE
are plotted in blue for the same
time period.

To explore the origin of the velocity-
bend in the trailing edges, one-
dimensional fluid simulations in spheri-
cal geometry of the solar-wind advection
and expansion out from the Sun are run.
The fluid simulation code solves the
equation of motion

∂vr=∂t þ vr ∂vr=∂rð Þ ¼ � 1=mpn
� �

∂P=∂r
(4)

on a one-dimensional grid in the radial
direction to get updated values of vr(r)
on the grid, then advects the plasma
number density n, specific entropy Sp,
and adiabatic index γ outward with the
local velocity vr(r) onto a new spatial
grid. The advection scheme distributes
the content of each old grid point for-
ward in time onto the new grid with a
conservative interpolation scheme. The
simulation then uses an adiabatic law
T= Sp nγ-1 to compute the temperature
T(r) on the grid from the values of Sp(r),
γ(r), and n(r) on the grid, then calculates
the pressure P(r) = nkBT on the grid.
With the updated values of the pres-
sure on the grid, a new time step
begins with the solution of expression

(4) for an updated vr(r) on the grid. To simulate the observed nonadiabatic addition of heat to the solar
wind as it cools expansively out from the Sun [cf. Borovsky and Gary, 2014], the effective adiabatic indices
in Table 1 of Freeman and Lopez [1985] are used: in the simulations γ= 1.2 is taken for slow solar wind and
γ= 0.8 is taken for fast solar wind. In Figure 11 a radial snapshot of a trailing edge evolving as it advects
outward from the Sun is plotted as the black curves. In Figure 11 (top) the solar-wind velocity vr is plotted
in black as a function of distance from the Sun, in Figure 11 (middle) the normalized solar-wind number
density nr2 is plotted in black, and in Figure 11 (bottom) the plasma thermal pressure P= nkBT is plotted
in black. The input parameters at the Sun in this simulation are chosen such that for steady outflow from
the Sun nslow = 10 cm�3 at 1 AU, Tslow = 5 eV at 1 AU, nfast = 3 cm�3 at 1 AU, and Tfast = 30 eV at 1 AU.
Earlier in the simulation the solar-wind speed at the inner boundary (5 Rs) rapidly changed from
vfast = 700 km/s to vslow = 350 km/s. In the black curve in Figure 11 (top) note the inflection in the spatial
profile of the flow velocity. To determine the origin of this velocity inflection, two other simulations are

Figure 11. Using a one-dimensional (radial) fluid-simulation code in
spherical geometry, three simulations are run and various quantities are
plotted as a function of radius at the same time in each of the three
simulations. The black curves are from a simulation with nfast = 3 cm�3

and nslow = 10 cm�3 (at 1 AU); the red curves are from a simulation with
nfast = 3 cm�3 and nslow = 0.001 cm�3; the blue curves are from a simu-
lation with nfast = 0.0003 cm�3 and nslow = 10 cm�3.
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run. In one simulation (blue curves in
Figure 11), the number density of the
fast wind is reduced by a factor of 104

to simulate the pressure expansion into
“vacuum” of the slow wind outward off
the front of the outward-advecting slow
wind. In the other simulation (red
curves in Figure 11), the number den-
sity of the slow wind is reduced by a
factor of 104 to simulate the thermal
expansion into “vacuum” of the fast
wind sunward off the back of the out-
ward advecting fast wind. In Figure 11
(top) one can see that the blue and
red curves each follow the black curve
until the vicinity of the black-curve
inflection point is reached. This agree-

ment indicates that those portions of the black curve represent unimpeded pressure expansion of the slow
wind and the fast wind into the trailing-edge rarefaction. In Figure 11 (bottom) a green arrow denotes the
point at which the thermal pressures of the blue slow-wind expansion into vacuum and the red fast-wind
expansion into vacuum are close to equal. Here the slow-wind and fast-wind expansions will impede each
other, forming an interface between slow-wind plasma and fast-wind plasma. In the black curve of
Figure 11 (top) the expansions impeding each other produces a velocity that locally has a reduced slope.
The green-arrow pressure-balance point where the pressure expansions of the fast-wind plasma and the
slow-wind plasma collide is a good point to choose for the stream interface. The green arrow from
Figure 11 (bottom) is reproduced in Figure 11 (top), showing the stream interface being very close to
the location of the inflection point of the velocity spatial profile.

From the sameblack-curve simulationof Figure 11, the temporal profile of the solar-wind speed at 1 AU (215Rs)
is plotted in Figure 12 as the high-speed-stream trailing edge advects past the Earth. The initial drop and the
velocity-bend in the temporal profile of the solar-wind velocity are noted with green labels.

The fluid simulations indicate that the inflection in the velocity profile is the point where the pressure expan-
sions into the gap of the slow and fast plasmasmeet: the slow plasma expanding forward (away from the Sun)
and the fast plasma expanding backward (toward the Sun).

In Figure 13 the fraction of time that the Xu and Borovsky [2015] algebraic categorization scheme (which is
based on the proton specific entropy Sp, the proton Alfven speed vAp, the proton temperature Tp, and the
solar-wind speed vsw) for the solar-wind plasma yields coronal-hole-origin plasma (red curves), streamer-
belt-origin plasma (blue curves), sector-reversal-region plasma (green curves), and ejecta (purple curves)
is plotted for the collection of 54 high-speed-stream trailing edges of Table 1. In Figure 13 (top) the time
is organized about the initial velocity drops of the 54 trailing edges. Here it is seen that the initial velocity
drop (vertical dashed line) corresponds to a time when the probability of coronal-hole-origin plasma is
changing from 100% and the probability of streamer-belt-origin plasma is changing from 0%. In
Figure 13 (middle) the data is organized according to the time of the velocity-bend in each trailing edge.
In the categorization scheme the velocity-bend signature is occurring about where the occurrence prob-
ability of coronal-hole-origin plasma approaches 0% and where the combined probability of streamer-
belt-origin and sector-reversal-region plasma approaches 100%. In Figure 13 (bottom) time is organized
according to the velocity terminations of the 54 trailing edges. The velocity-termination signature (vertical
dashed line) is occurring at a location where the categorization scheme says the probability of coronal-hole-
origin plasma approaches 0% and the probability of seeing streamer-belt plasma is becoming a local mini-
mum, and the probability of seeing sector-reversal-region plasma is becoming maximum. Unfortunately,
there are not enough pseudostreamer trailing edges in the Table 1 collection to separately perform
superposed epoch analysis for helmet-streamer versus pseudostreamers; pseudostreamers have no
sector-reversal-region plasma in them.

Figure 12. From the black-curve simulation of Figure 11, the solar-wind
speed at 1 AU is plotted as a function of time. Time t = 0 is arbitrarily
taken as the time when the initial velocity drop occurs at 1 AU.
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5. The Properties of the
Trailing Edges of High-Speed
Streams

In this section the properties of the trail-
ing edges will be studied using super-
posed-epoch analysis triggered on the
velocity-bend signatures (taken as the
trailing-edge stream interface) and on
the termination times of the trailing
edges. In section 6.1 the analysis will
continue to be triggered on the initial
velocity drop (taken as the onset of the
trailing edge). This superposed-average
study could have been performed by
temporally stretching each time series
for the individual trailing-edge rarefac-
tions to line up simultaneously all of
the velocity-bend signatures, all of the
termination times, and all of the initial
velocity drops. In some sense this would
simplify the display of data, needing
only one figure instead of three figures.
But the choice was made to look at the
superposed-epoch averaging individu-
ally for each type of trailing-edge
critical signature.

Figure 14 examines the basic properties
of high-speed-stream trailing edges in
contrast to the examination of CIRs in
Figure 3. Figure 14 (first panel) plots
the superposed average of the solar-
wind speed as a function of time, with
the zero epoch of the 54 trailing edges
being the velocity-bend in the temporal
velocity profile of each trailing edge: the
fast wind before and the slower wind
after is seen, with the bend in the velo-
city profile readily apparent. In
Figure 14 (second panel) the transverse
velocity vt has the pattern �vt first then
+vt, opposite to the temporal pattern
of vt in the CIR (see Figures 1 and 3, sec-
ond panel). In Figure 14 (third panel) the
plasma vorticity is negative in the trail-
ing edge (cf. Figure 2), with a negative
peak just prior to the velocity-bend. In

Figure 14 (fourth panel), no sharp boundary in the plasma parameters of the solar wind are seen; however,
there is an upward inflection of the superposed average of the proton number density at the time of the velo-
city-bend: this may be an indication of a transition from coronal-hole plasma to streamer-belt plasma with
streamer-belt plasma having on average higher densities than coronal-hole plasma. In Figure 14 (fifth panel)
the superposed average of the out-of-ecliptic angle of the current-sheet normals in the solar-wind plasma
indicates a stretching (rarefaction) of the mesoscale magnetic-field structure of the solar-wind plasma in
the trailing edge, with a peak just prior to the velocity-bend at t= 0. The superposed average of the intensity

Figure 13. Using the Xu and Borovsky [2015] algebraic scheme to cate-
gorize the type of solar-wind plasma at 1 AU for the 54 trailing edges in
Table 1, the percentage of time that each of the four types of plasmas
appears is plotted as a function of time in four colors. (top) Time is orga-
nized about the initial velocity drop (t = 0) of the 54 trailing edges;
(middle) time is organized about the velocity-bend (t = 0) of the 54 trail-
ing edges; and (bottom) time is organized about the velocity termination
(t = 0) of the 54 trailing edges.
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of the 272-eV electron strahl is plotted in
Figure 14 (sixth panel). In this panel the
strahl intensity is a minimum at the trail-
ing-edge stream interface; this is expected
in analogy to the Crooker et al. [2010] sug-
gestion that the strahl is maximum where
the compression is maximum; here the
strahl is minimum where the rarefaction
is maximum. In Figure 14 (seventh panel)
the downward transition of the proton
specific entropy Sp and the upward transi-
tions of the heavy-ion charge-state density
ratios are seen, with the Sp transition
occurring after the heavy-ion transition in
the superposed averages.

In Figure 15 some of the Alfvenic proper-
ties of the solar-wind plasma are explored
via superposed-epoch averaging triggered
on the velocity-bend of each trailing edge
in the collection of 54. In the Figure 15
(first panel) the superposed average of
the signed Alfvenicity [cf. Borovsky and
Denton, 2010c]

A ¼ s δv •δB= δvj j δBj j (5)

is plotted, where the sign s(t) = +1 if the
interplanetary magnetic field (IMF) is away
from the Sun and s(t) =�1 if the IMF is
toward the Sun. Positive A represents
outward-sense Alfvenicity of the solar-
wind v and B fluctuations and negative A
represents inward-sense Alfvenicity. In
Figure 15 (first panel) A is calculated on a
128-s timescale with ACE SWEPAM and
ACE MAG. The superposed average of A is
positive throughout the plot, with a decay

Figure 14. Superposed averages of measure-
ments for the 54 trailing edges of Table 1 are
plotted. The zero epoch (vertical dashed line) is
the passage of the velocity-bend in each trailing
edge. From top to bottom, (first panel) the solar-
wind speed (OMNI), (second panel) the trans-
verse velocity of the solar wind (OMNI), (third
panel) the plasma vorticity (ACE SWEPAM),
(fourth panel) the plasma number density
(OMNI), proton temperature (OMNI), magnetic-
field strength (OMNI), and electron temperature
(Wind 3DP), (fifth panel) the out-of-ecliptic
angles of the current-sheet normal vectors (ACE
Mag), (sixth panel) intensity of the 272-eV elec-
tron strahl (ACE SWEPAM), and (seventh panel)
the proton specific entropy (OMNI), the carbon
charge-state-density ratio (ACE SWICS), and the
oxygen charge-state ratio (ACE SWICS).

Journal of Geophysical Research: Space Physics 10.1002/2016JA022863

BOROVSKY AND DENTON THE TRAILING EDGES OF HIGH-SPEED STREAMS 6123



in the Alfvenicity across the trailing
edge. At the velocity-bend (t=0) there
is a non-monotonic inflection in the
superposed average of A: the statistical
significance of this inflection is difficult
to gauge, as is the possible physical ori-
gin of the inflection. In Figure 15 (sec-
ond panel) the superposed average of
the amplitudes of the outward (red)
and inward (blue) Elsasser fluctuations
are plotted. The Elsasser amplitudes δv
± δB/(4πnmi)

1/2 [e.g., Tu and Marsch,
1995; Bruno and Bavassano, 1991] are
calculated using ACE velocity, mag-
netic-field, and density measurements
with 64-s time resolution and the ampli-
tudes are plotted for the frequency
range f ≥ 1× 10�3 Hz. The amplitude of
outward Alfvenic fluctuations decays
strongly prior to the v-drop (stream
interface) at t= 0 and ceases to decay
thereafter. The amplitude of the inward
Elassser fluctuations decays slightly in
the trailing edge prior to the v-drop
point at t=0 and then does not decay
thereafter. In Figure 15 (third panel) the
superposed average of the outward to
inward Elsasser-variable amplitudes is
plotted: the strong outward imbalance
decays in the trailing edge prior to the
v-drop point (stream interface) and does
not decay appreciably afterward. Note
the non-monotonic inflection in the
superposed average of the ratio of
Elsasser amplitudes in Figure 15 (third
panel) looking very much like the inflec-
tion in the signed Alfvenicity in
Figure 15 (first panel). In Figure 15
(fourth panel) the superposed average
of the normalized alpha-particle beam
speed in the solar wind (measured with

Wind 3DP) |valpha � vproton|/vAp (normalized to the proton Alfven speed vAp = B/(4πmpnp)
1/2) is plotted. It is

well known that the normalized beam speed is larger in the outward Alfvenic regions of the fast solar wind
[e.g., Marsch et al., 1982] and smaller in the less-Alfvenic slower wind [Hirshberg et al., 1974; Asbridge et al.,
1976; Marsch et al., 1982]. In Figure 15 (fourth panel) the decay of the normalized beam speed is seen in
the trailing edge before the stream interface at t= 0 and the decay is significantly less thereafter.

In the five panels of Figure 16 the plasma properties of the latter portions of trailing-edge rarefactions are
investigated using superposed-epoch analysis triggered on the velocity terminations of the trailing edges in
Table 1. In Figure 16 (first panel) the superposed average of the solar-wind speed is plotted: the long tem-
poral decline of the velocity is clearly seen, with the velocity termination at t= 0, which is the chosen trigger
time. In the superposed average an increase in the solar-wind speed commencing at t= 0 appears: not all of
the individual events have such increases, but none have decreases so the superposed average shows a net
increase. The Figure 16 (second panel) plots the superposed average of the transverse velocity vt of the solar

Figure 15. Triggered on the velocity-bend of the 54 trailing edges in
Table 1, from top to bottom, (first panel) the superposed average of the
signed Alfvenicity (expression (5)) (ACE SWEPAM and MAG), (second
panel) the superposed averages of the amplitudes of the outward-sense
(red) and inward-sense (blue) Elsasser fluctuations (ACE SWEPAM and
MAG), (third panel) the superposed average of the outward-to-inward
Elsasser amplitude, and (fourth panel) the superposed average of the
velocity of the alpha beam relative to the proton velocity (normalized to
the proton Alfven speed) (WIND SWE and Mag).

Journal of Geophysical Research: Space Physics 10.1002/2016JA022863

BOROVSKY AND DENTON THE TRAILING EDGES OF HIGH-SPEED STREAMS 6124



Figure 16. Superposed averages of measurements for the 54 trailing edges of Table 1 are plotted. The zero epoch (vertical
dashed line) is the passage of the velocity termination in each trailing edge. From top to bottom, (first panel) the solar-wind
speed (OMNI), (second panel) the transverse velocity of the solar wind (OMNI), (third panel) the plasma number density
(OMNI), proton temperature (OMNI), magnetic-field strength (OMNI), and electron temperature (Wind 3DP), (fourth panel)
the out-of-ecliptic angles of the current-sheet normal vectors (ACE MAG), (fifth panel) intensity of the 272-eV electron strahl
(ACE SWEPAM), and (sixth panel) the proton specific entropy (OMNI), the carbon charge-state-density ratio (ACE SWICS),
and the oxygen charge-state ratio (ACE SWICS).
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wind. The temporal pattern negative vt then positive vt of the trailing edge is seen in the days prior to the
termination of the trailing edge at t= 0. Figure 16 (second panel) indicates that the positive vt signature of
the trailing edge peaks near the termination of the trailing edge: such a peaking of the transverse velocity
at the end of the trailing-edge rarefaction is not seen in computer simulations [cf. Pizzo, 1991, Figure 12].
To verify the reality of this systematic positive vt flow in the very slow solar wind, superposed-epoch averages
of vt are plotted in Figure 17 using data separately from the Wind SWE Faraday cup (red curve) and the ACE
SWEPAM electrostatic analyzer (blue curve). The two instruments agree, indicating the reality of this systema-
tic signal. One contributor to this positive transverse flow velocity vt could be the onset of CIR events at the
termination of some of the trailing-edge rarefactions. CIR onsets in the statistics also explains some of the
increase in the solar-wind velocity after t=0 in Figure 16 (first panel). When events that have velocity
increases near to the velocity terminator are eliminated, the superposed average of vt still shows this positive
maximum at the time of velocity termination. The reduction of the superposed average of the out-of-ecliptic
angle θout-of-ecliptic of the current-sheet normal vectors in Figure 16 (fourth panel) also indicates the presence
of CIR compressions after time t=0, although this reductionmay be in part caused by the presence of aligned
current sheets near the heliospheric sector boundaries [e.g., Nakagawa et al., 1989; Nakagawa, 1993; Crooker
et al., 1993, 1996, 2001]. The increased (above 32o) value of <θout-of-ecliptic>before t=0 indicates the broad
rarefaction of the trailing edge. Figure 16 (third panel) plots the superposed average of some plasma proper-
ties: themagnetic-field strength (blue curve) indicates the broad rarefaction before t= 0. The reduced intensity
of the electron strahl in Figure 16 (fifth panel) also supports this broad-rarefaction picture. Note in Figure 16
(third panel) the rise in the plasma number density (red curve) prior to t=0; this rise may in part be caused
by the increased likelihood that sector-reversal-region plasma is being encountered, with its enhanceddensity
clumps. In Figure 16 (sixth panel) the superposed averages of the ion-charge-state density ratios C6+/C4+ and
O7+/O6+ are plotted logarithmically along with the proton specific entropy Sp: note that C

6+/C4+ and O7+/O6+

decline with time right up to the end of the trailing edge at t= 0 and that Sp increases with time right up to the
end of the trailing edge. This supports the earlier reports [e.g., Pagel et al., 2004; Zurbuchen et al., 1999; Simunac
et al., 2010] of gradual transitions rather than abrupt transitions of the plasma properties.

In Figure 18 the properties of the fluctuations in the latter portions of high-speed-stream trailing edges are
examined: again, superposed-epoch averaging triggered on the velocity terminations of the trailing edges
is used. Figure 18 (first panel) plots the superposed average of the signed Alfvenicity (expression (5)); the
fast-wind/slow-wind transition of the signed Alfvenicity from high values to low values across the long trailing
edge prior to t=0 is seen. In Figure 18 (second panel) the superposed averages of the outward-sense (red) and
inward-sense (blue) Alfvenic fluctuations of v and B are plotted. The decay of the amplitude of outward
fluctuations from faster solar wind to slower solar wind is seen across the trailing edge in the days prior to

Figure 17. To check the veracity of the transverse velocity being maximum at the termination of the velocity decline,
superposed averages are plotted separately for ACE electrostatic-analyzer measurements and Wind Faraday-cup mea-
surements, both triggered on the velocity terminations of the 54 trailing edges in Table 1.
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t=0. The superposed average of the
ratio of the Elsasser amplitudes in
Figure 18 (third panel) agrees with this,
with the decay of the outward
imbalance being caused by the
decreasing amplitudes of the outward-
sense Alfvenic fluctuations. Figure 18
(fourth panel) displays the decrease
in the normalized speed of the alpha-
particle beam in the solar-wind
plasma: the temporal profile of the
beam speed resembles the temporal
profile of the outward imbalance in
Elsasser amplitudes.

The early portions of the trailing edges
are examined separately in section 6.1,
where the onset of trailing edge is the
focus of the discussion.

Figure 19 examines the robustness and
reproducibility of the properties of
high-speed-stream trailing edges. In
Figure 19 (top) a high-speed-stream
trailing edge (Trailing Edge #45 of
Table 1, see also Figure 5) is viewed by
three spacecraft at 1 AU with relatively
close separations. In Figure 19 (top)
Stereo A and Stereo B are separated
by 10° of longitude (which is 0.75 days
of solar rotation), with ACE and Wind
(OMNI) in between the two. In
Figure 19 (top) the velocity profile of
the trailing is reproducible on the three
spacecraft, with small-scale variations
of vr not reproduced from spacecraft
to spacecraft. Note that the variation
in vr between the three spacecraft is
greater in the high-speed stream than
it is in the trailing-edge rarefaction
(see also Borovsky [2016] for an exami-
nation of spatial structure in coronal-
hole-origin solar-wind plasma). In

Figure 19 (middle) Trailing Edge #47 of Table 1 is examined: here Stereo A and Stereo B are separated by
40.4° of longitude and by 5.4° of latitude, with OMNI between the two. 40.4° of longitude is 3.1 days of solar
rotation. In this panel the velocity profile of the trailing-edge rarefaction is not very reproducible, and features
like the initial velocity drop, the velocity-bend, and the velocity termination have quite different appearances
in the three spacecraft cuts through the trailing edge. Note in Figure 19 (middle) that the structure of the
high-speed stream preceding the trailing edge is very irreproducible between the three spacecraft views. In
Figure 19 (bottom) Trailing Edge #53 of Table 1 is examined: here Stereo A and Stereo B are separated by
61.5° of longitude (4.6 days of solar rotation) and by 5.8° of latitude, with OMNI between the two. In this panel
the velocity profile of the trailing-edge rarefaction is not very reproducible; i.e., the initial velocity drop looks
different and the velocity-bend is sometimes difficult to identify. Again, in Figure 19 (bottom) the structure of
the high-speed stream shows great variations from cut to cut by the three spacecraft. Figure 19 indicates that
it is a matter of luck whether a particular trailing-edge rarefaction meets the criteria of section 3 to make it

Figure 18. Triggered on the velocity termination of each of the 54 trailing
edges in Table 1, from top to bottom, (first panel) the superposed average
of the signed Alfvenicity (expression (5)) (ACE SWEPAM andMAG), (second
panel) the superposed averages of the amplitudes of the outward-sense
(red) and inward-sense (blue) Elsasser fluctuations (ACE SWEPAM and
MAG), (third panel) the superposed average of the outward-to-inward
Elsasser amplitude, and (fourth panel) the superposed average of the
velocity of the alpha beam relative to the proton velocity (normalized to
the proton Alfven speed) (WIND SWE and Mag).
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into the collection or whether it is
deemed to be non-monotonic or
irregular. Additionally, measurements
of quantities like the temporal width
of the trailing edge will have
some variability.

6. Discussion

This section contains two discussions.
The first (section 6.1) is a continuation
of the examination of the properties of
high-speed-stream trailing edges from
section 5, organized under the question
of whether or not the initial velocity
drop is the initiation of the trailing-
edge rarefaction. The second discus-
sion (section 6.2) examines the leading
and trailing edges of coronal holes on
the Sun for clues about the origins of
differences that are seen between the
leading-edge stream interface and the
trailing-edge stream interface seen in
the solar wind at 1 AU.

6.1. Is the Initial Velocity Drop the
Onset of the Trailing-
Edge Rarefaction?

The initial velocity drop, assumed to be
at the termination of the high-speed
stream, has been taken to be the front
of the rarefaction wave propagating
antisunward into unperturbed coro-
nal-hole-origin plasma, but that might
be a misidentification.

Borovsky [2016] collected 66 intervals of
solar-wind data at 1 AU that provided
the best candidates for intervals of

“unperturbed coronal-hole-origin plasma”: the intervals selected were “flattop” high-speed streams, wherein
the solar-wind velocity reaches a high level and then persists at that high level (with high-frequency noise) for
a day or more. The temporal plot of vr showed “flattops” on the high-speed streams. In making that collection,
it was clear that the early portions of the flattops had to be eliminated from the data collection as being per-
turbed (compressed or rarefacted) because of elevated magnetic-field strengths indicating potential com-
pression. Regardless of the seeming evidence of compression, the velocity was often constant in these
eliminated early portions. When the solar-wind parameters were studied with superposed-epoch averaging
triggered on the onsets of the collected flattop regions, solar-wind parameters were, in general, constant in
the early portions of the flattops (after the elimination of the magnetic-field-perturbed portions). However,
when the superposed averages were triggered on the termination of the flattop regions, the latter portions
of the flattops showed systematically decreasing values of the proton number density and the magnetic-field
strength, even though the velocity stayed constant. No systematic variation of the proton specific entropy or
heavy-ion charge-state ratios was seen in the latter portions of the flattops. Except for the lack of a velocity
variation, these observed trends could be indications of either (1) a rarefaction wave moving plasma into
the trailing-edge gap or (2) super-radial expansion effects near the Sun at the edge of a coronal hole.

Figure 19. (top, middle, and bottom) For three trailing edges in the collec-
tion of Table 1, the velocity profiles of the trailing-edge rarefactions and
the high-speed streams preceding them are examined with the Stereo A
+ B spacecraft at progressively increasing distances ahead and behind
the Earth.
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Figure 20. Superposed averages of measurements for the 54 trailing edges of Table 1 are plotted. The zero epoch (vertical
dashed line) is the passage of the initial velocity drop in each trailing edge. From top to bottom, (first panel) the solar-wind
speed (OMNI); (second panel) the transverse velocity of the solar wind (OMNI); (third panel) the plasma number density
(OMNI), proton temperature (OMNI), magnetic-field strength (OMNI), and electron temperature (Wind 3DP); (fourth panel)
the out-of-ecliptic angles of the current-sheet normal vectors (ACE MAG); (fifth panel) intensity of the 272-eV electron strahl
(ACE SWEPAM); and (sixth panel) the proton specific entropy (OMNI), the carbon charge-state-density ratio (ACE SWICS),
and the oxygen charge-state ratio (ACE SWICS).
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Figure 20 contains a layout of super-
posed averages triggered on the initial
velocity drops (vertical dashed line) of
the 54 trailing edges of the current
study. Figure 20 (third panel) corrobo-
rates the temporal decline of np and
Bmag in the latter portions of the high-
speed streams reported in Borovsky
[2016]. Figure 20 (second panel) indi-
cates a strong positive transverse
velocity vt at and prior to the initial velo-
city drop, consistent with plasma
pressure expansion into the trailing-
edge rarefaction at these locations. In
Figure 20 (fourth panel) the mean value
of the current-sheet normal orientations
θout-of-ecliptic is above 32.7° in the region
before and at the initial velocity drop:
according to the analysis of Appendix
A (see figure therein) this would indicate
that the solar-wind plasma in these
regions has undergone some rarefac-
tion. Edge-of-the-coronal-hole effects
at the Sun might lead to magnetic struc-
ture that is unidirectionally stretched
(Figure 20, fourth panel), but it would
not lead to transverse flows at 1 AU
(Figure 20, second panel). The decay of
the superposed average of the elec-
tron-strahl intensity before the initial
velocity drop in Figure 20 (sixth panel)
also seems to supply evidence for a rar-
efaction prior to the initial velocity drop;
however, Borovsky [2016] found that the
intensity of the electron strahl systema-
tically decays all the way across flattop
high-speed streams (in individual cases
and in the superposed averages). This
total decay, of which the decay in
Figure 20 (sixth panel) is part of, has
not been explained.

Figure 21 examines some of the fluctuation properties of the trailing edge with superposed-epoch averaging
triggered on the initial velocity drop. In Figure 21 (first panel) the superposed average of the signed
Alfvenicity (expression (5)) is plotted: the Alfvenicity of the velocity- and magnetic-field fluctuations steadily
declines from before the initial velocity drop until a few days afterward. In Figure 21 (second panel) the ampli-
tude of the outward Alfvenic fluctuations decreases significantly from before the initial drop until a day or so
afterward, while the superposed average of the inward amplitude declines only slightly. The outward imbal-
ance of the fluctuations (Figure 21, third panel) has a decrease that begins prior to the initial velocity drop but
the majority of the decrease is afterward. In Figure 21 (fourth panel) the superposed average of the normal-
ized alpha-beam speed in the solar-wind plasma is plotted: the majority of the decrease in the beam speed
comes after the initial velocity drop. Figure 21 finds that the changes in the properties of the fluctuations in
the solar-wind plasma begin, for themost part, prior to the initial velocity drop. This is a further indication that
the rarefaction wave front may be prior to the initial velocity drop.

Figure 21. Triggered on the velocity-bend of the 54 trailing edges in
Table 1, from top to bottom, (first panel) the superposed average of the
signed Alfvenicity (expression (5)) (ACE SWEPAM and MAG), (second
panel) the superposed averages of the amplitudes of the outward-sense
(red) and inward-sense (blue) Elsasser fluctuations (ACE SWEPAM and
MAG), (third panel) the superposed average of the outward-to-inward
Elsasser amplitude, and (fourth panel) the superposed average of the
velocity of the alpha beam relative to the proton velocity (normalized to
the proton Alfven speed) (WIND SWE and Mag).
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If the rarefaction wave has propagated
antisunward past the initial-velocity-
drop point, then (1) the beginning of
the trailing-edge rarefaction is at an as
yet unidentified point before the initial
velocity drop (by about a day) and (2)
the initial velocity drop is a different
feature in the trailing edge with an as
yet unidentified origin.

6.2. The Leading-Edge and Trailing-
Edge Stream Interfaces in the Solar
Wind and the Leading and Trailing
Edges of Coronal Holes

The leading-edge (CIR) stream interface
at 1 AU has nearly simultaneous signa-
tures (to within the 1-h time resolution
of the heavy-ion measurements): a sud-
den increase of the proton specific
entropy, a decrease of the heavy-ion
charge-state level, and localized positive
vorticity. The trailing-edge stream inter-
face has much less simultaneity of its

signatures, as summarized in Figure 8; in the trailing edge of the high-speed stream the different boundaries
are typically separated in time by about 12 h.

Owing to the compression of the solar-wind plasma in the leading edge and the rarefaction of the solar-wind
plasma in the trailing edge, one would expect that the sequence of signatures would be stretched out in time
in the trailing edge in comparison with the leading edge. However, this compression-rarefaction time stretch-
ing is not enough to explain the timing of signatures in the trailing edge. Looking at the magnetic-field
strength as a measure of compression and rarefaction (as in section 4), the superposed average of the
magnetic-field strength in the CIR at the stream interface (Figure 3, fourth panel) yields Bmag = 10.3 nT at
the compressed leading-edge stream interface and the superposed average of the magnetic-field strength
in the trailing edge (Figure 14, fourth panel) yields Bmag = 3.1 nT at the rarefacted trailing-edge stream
interface. Taking the ratio of these two field strengths gives a measure of the ratio of the compression to
the rarefaction, which is a factor of 10.3/3.1 = 3.25. Hence, time should be stretched by a factor of about
3.25 in the trailing edge relative to the leading edge. This factor of 3.25 is not sufficient to account for the
large differences in the times of the various signatures in the trailing edge (Figure 8). There is also, in general,
an absence of strong transition signatures of charge-state-density ratios and of the proton specific entropy in
the trailing edges. The transitions in C6+/C4+, O7+/O6+, and Sp from coronal-hole-origin values to streamer-
belt-origin values are dominated by long gradual transitions (cf. Zurbuchen et al. [1999], Pagel et al. [2004],
or Simunac et al. [2010]) with jumps that are not particularly large nor particularly sudden (cf. Figure 5, third
panel or Figures 7, second panel and 7, third panel).

One explanation of the differences in the timing of signatures in the leading versus trailing edges at 1 AU
could be that solar-wind production differs at the leading and the trailing edges of coronal holes. In
Figure 22 a coronal hole with its leading and trailing edges is sketched. The equatorial extensions of coronal
holes tend to exhibit rigid rotation [e.g., Timothy et al., 1975; Adams, 1976; Hiremath and Hedge, 2013] whereas
the photosphere rotates differentially: in this mismatch coronal holes can lead the rotation of the photo-
sphere. This produces a major difference between the leading and trailing edges of a coronal hole: in the
reference frame of the coronal hole, at the westward leading edge the photosphere enters the floor of the
coronal hole from the streamer belt and at the eastward trailing edge the photospheric floor of the coronal
hole exits, the coronal hole moves into the streamer belt [cf. Kahler, 2010, Figure 1]. As noted in Figure 22, the
“age” of the coronal-hole floor (with age being how long it has had open flux) increases going from the west-
ward leading edge to the eastward trailing edge [cf. Borovsky, 2016]. Interchange reconnection is observed to

Figure 22. A sketch of the open flux of a coronal hole (with low-lying
closed loops (green) on the coronal-hole floor) sandwiched between
two regions of streamer belt (with higher closed loops (red)). In the
reference frame of the coronal hole and its open flux, the photosphere
(yellow) moves from right to left so that photosphere enters the coronal
hole on the leading edge and exits the coronal hole on the trailing edge. It
is hypothesized that the transition from open flux to closed flux at the
trailing-edge boundary might have a temporal wake wherein it takes tens
of hours to form high closed loops, to heat the high loops, and to reach
charge-state equilibrium in the high loops.
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occur on the edges of coronal holes [Baker et al., 2007; Subramanian et al., 2010; Krista et al., 2011]; owing to
this inflow-outflow difference the nature of the reconnection of open flux with closed loops may differ on
these two edges [cf. Fisk et al., 1999a, 1999b;Wang and Sheeley, 2004], particularly concerning the properties
of the plasma on the closed flux loops that feed plasma into the open flux tubes [Kahler et al., 2010]. Indeed,
differences in westward-edge versus eastward-edge reconnection signatures have been reported [Yang et al.,
2011], with more reconnection jetting observed on the leading (westward) edge than on the trailing
(eastward) edge. The magnitudes of the differences between the trailing-edge and the leading-edge stream
interfaces may depend on whether the high-speed-stream source is a rigidly rotating extension of a polar cor-
onal hole versus a differentially rotating isolated coronal hole [Zirker, 1977; Nash et al., 1988; Navarro-Peralta
and Sanchez-Ibarra, 1994].

As noted in Figure 22, the streamer-belt region adjacent to the westward leading edge is old, in the sense that
its flux has been closed for a long time; high, well-developed arches should populate this region. On the con-
trary, the streamer-belt region adjacent to the eastward trailing edge is young in the sense that the photo-
sphere there recently was an open-flux region; here the arches may not be so well developed, lacking high
hot closed arches. As the open flux reconnects with the uppermost arches, high hot arches will feed plasma
into the open flux at the leading edge, whereas lower and cooler arches will feed plasma into the open flux at
the trailing edge. With loop height corresponding to the electron temperature and hence to the charge-state
ratio [Feldman et al., 1999; Gloeckler et al., 2003], a gradual variation in the loop sizes on the Sun may map into
a gradual transition of heavy-ion charge-state ratios in the solar wind.

To elaborate further, as sketched in Figure 22 there might be a wake-like diffuse boundary on the eastward
trailing edge of the coronal hole making a slow temporal transition on the Sun from open-flux coronal-hole
photosphere to closed-flux streamer-belt photosphere. As the photosphere goes into closed-flux configura-
tions on the trailing edge of a coronal hole, there will be three important timescales: (1) the timescale for the
formation of high closed flux loops, (2) the timescale for the electron heating of those high closed loops, and
(3) the timescale for ionization to bring the heavy-ion populations into charge-state equilibrium with the
electron temperature. (In this open-closed temporal wake at the trailing edge, there might also be straggling
open flux in the temporally developing young streamer-belt region, as depicted in the sketch of Figure 22.)
The time evolution of the coronal hole’s trailing edge on the moving photosphere corresponds to a spatial
evolution on the Sun, which maps to a time evolution in the solar wind for a spacecraft at 1 AU. Estimates
of the three timescales in the photospheric flow from coronal-hole morphology to streamer-belt morphology
are the following. First, the timescale for the formation of high closed loops in the newly created streamer
belt may be obtained from flux-replacement (recycling) estimates: these estimates vary from 1.4 to 3 h
[Close et al., 2004, 2005] to ~40 h [Schrijver et al., 1997; Schrijver, 2007]. Second, the timescale for heating
the high hot (1–2 MK) closed loops is in the range of 1–6 h [Sheeley, 1980; Kopp et al., 1985; Viall and
Klimchuk, 2011; Reale, 2014]. Third, the timescale for carbon and oxygen to reach charge-state equilibria by
progressive ionization in the high hot (1–2 MK) loops is in the range of 104 s (for ne = 108 cm�3) to 106 s
(for ne = 106 cm�3) (cf. Figure 1 of Smith and Hughes [2010] or Figure 3 of Landi et al. [2012]). Taking the geo-
metric means of each of those three timescales yields a total time of 7.5 h + 2.4 h + 27 h= 37 h for the creation,
heating, and equilibration of the high loops in the eastward trailing-edge wake of the coronal hole. Using the
results of mappings of the Earth’s solar-wind-origin foot point on the Sun with the Wang-Sheeley-Argemodel
[Arge et al., 2003] (data courtesy of Nick Arge, 2009) for the years 2004–2008, Borovsky [2016] observed the
speed of the Earth’s foot point across the floors of coronal holes to be 0.15 km/s to 1 km/s; the statistical value
of 0.51 km/s was taken to be a general estimate of the speed of the Earth’s solar-wind-origin foot point on the
floors of coronal holes. The solar-wind-origin foot point speed is probably slower than 0.51 km/s near the
edges of coronal holes owing to the super-radial expansion of the solar wind near the coronal-hole edges.
Taking the speed of the foot point to be half of 0.51 km/s, the 37-h high-loop development time would
correspond to a transition boundary thickness of 3.4 × 104 km on the photosphere, about one supergranule
diameter [e.g., Simon and Leighton, 1964; Hagenaar et al., 1997; Srikanth et al., 2000], which is about 1/150
times the equatorial circumference of the Sun. In the absence of solar-wind rarefaction away from the Sun,
the Earth would cross this transition in the solar wind in ~37 h, however, rarefaction in the trailing edge
stretches the crossing time. With a rarefaction by about a factor of 1.8 (estimated in section 4 from the
observed magnetic-field strength profiles for trailing edges), the 1 AU crossing time is almost doubled from
~37 h to ~66 h. This 66-h value is on the order of the thickness of the observed trailing edges at 1 AU and is on
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the order of the timescales seen at 1 AU for the transition in the heavy-ion charge state of the solar wind from
coronal-hole values to streamer-belt values (e.g., Geiss et al. [1995], Zurbuchen et al. [1999], and Figure 14).

It would be interesting to determine whether this wake-like high-loop transition can be imaged on the east-
ward trailing-edge boundaries of coronal-hole extensions relative to the sharper westward leading-edge
boundaries. The estimated width of the trailing-edge transition is about 1 supergranule diameter.

Mapping the close-together solar-wind boundaries in the leading-edge stream interface to the leading-edge
of a coronal hole and mapping the more diffuse solar-wind boundaries in the trailing-edge stream interface
to the trailing edge of a coronal hole with Solar Probe Plus could be a huge aid for understanding the recon-
nection dynamics and boundary thicknesses on the two coronal-hole edges. Solar Probe Plus will not have
ion-charge-state measurements to measure hot-loop plasma injected into open field lines, but perhaps elec-
tron-distribution-function measurements can be used in their place. Separate mappings for isolated coronal
holes versus equatorward extensions would be even more powerful.

7. Summary

The findings of this study are as follows:

1. Fifty-four high-speed-stream trailing edges at 1 AU were collected in the years 1998–2008 and analyzed.
For each trailing edge, five signatures were recorded: the initial velocity drop at the end of the high-speed
stream, the upward jump in the C6+/C4+ charge-state-density ratio, the upward jump in the O7+/O6+

charge-state ratio, the downward jump of the proton specific entropy Sp, and the bend in the declining
velocity temporal profile.

2. The observed temporal widths of the trailing-edge rarefactions are described by simple ballistic
arguments. The mean value and standard deviation of the temporal durations of the trailing edges in
the collection is 89 ± 34 h.

3. The velocity-bend separates the trailing-edge rarefaction into two parts: the first part (prior to the velo-
city-bend) is typically about half as long in time as the second part (after the velocity-bend).

4. A measure of plasma compression and rarefaction was developed that uses the measured orientations
of current sheets in the solar-wind plasma. The current-sheet orientations change when the magnetic
structure of the solar-wind plasma is flattened in a compression or stretched in a rarefaction.

5. The leading-edge and trailing-edge stream interfaces are not symmetric; specifically, signatures of the
leading-edge (CIR) stream interface occur approximately simultaneously whereas stream interface signa-
tures in the trailing-edge rarefaction are temporally separated. Compression versus rarefaction is not
enough to account for the leading-edge versus trailing-edge timing differences.

6. The velocity-bend was taken as the best signature to locate the trailing-edge stream interface. The
velocity-bend provides the clearest signature of the maximum of the trailing-edge rarefaction as gauged
by themagnetic-field strength, the orientation of the plasma current sheets, and the intensity of the elec-
tron strahl and the velocity-bend is closest to the maximum of the negative vorticity in the trailing edge.

7. One-dimensional computer simulations indicate that the velocity-bend is the collision point of the
pressure-driven expansions of the slow streamer-belt-origin wind and the fast coronal-hole-origin wind
in the trailing-edge rarefaction.

8. The downward jump of the proton specific entropy Sp in the trailing edge usually occurs near the
velocity-bend.

9. The upward jumps in C6+/C4+ and O7+/O6+ tend to occur prior to the velocity-bend and prior to the
downward jump of Sp.

10. The outward imbalance of the Alfvenic fluctuations has a high value in the high-speed streams: the value
decays strongly from the high-speed stream to then velocity-bend and the decay rate is slow thereafter.
The variation in the outward imbalance is owed to a variation in the amplitude of outward fluctuations.

11. At what appears to be the beginning of the trailing-edge rarefaction, there is an initial velocity drop that
terminates the high-speed stream. However, although the velocity does not show a decrease, there are
other signatures before the initial velocity drop (magnetic-field strength, Alfvenicity, current-sheet
orientations) that imply that the trailing-edge rarefaction begins prior to this initial velocity drop.

12. It was speculated that the origins of the observed differences of leading-edge stream interfaces and
trailing-edge stream interfaces at 1 AU might originate from differences in the leading and trailing
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edges of coronal holes on the Sun.
These differences on the Sun
might be owed to the rigid
rotation of coronal holes versus
the differential rotation of the
photosphere and might involve
the growth time, the heating time,
and the charge-state-equilibration
time for high closed loops in the
eastern trailing-edge wake of the
coronal hole.

A sketch organizing the chronology at
1 AU of the major signatures in the
high-speed-stream trailing edge
appears in the five panels of Figure 23.
The four vertical dashed lines in the
panels are the occurrence times of (a)
the leading-edge (CIR) stream interface,
(b) the initial velocity drop, (c) the velo-
city-bend in the trailing-edge rarefac-
tion, and (d) the termination of the
trailing edge. The initial velocity drop
(b) is nominally taken as the start of
the trailing-edge rarefaction, but there
is evidence indicating that the rarefac-
tion might start sooner. The velocity-
bend (c) is taken as the location of the
trailing-edge stream interface. In
Figure 23 (first panel) the solar-wind
velocity is sketched. Regions identified
as slow wind and as fast wind are
labeled, with the fast-wind interval
being the high-speed stream. The
solar-wind velocity rises across the CIR,
taking about 1 day to go from low
speeds to high speeds. The locations of
the initial velocity drop (b) and the velo-
city-bend (c) are both obtained from an
examination of the temporal profile of
the solar-wind velocity. The termination
(d) of the trailing edge is taken to be the
point where the solar-wind velocity
becomes constant or begins to rise after
the long-duration decline in speed. In
Figure 23 (second panel) the heavy-ion
charge-state-density ratios C6+/C4+ and
O7+/O6+ are sketched along with the
proton specific entropy Sp. All three
quantities change rapidly at the CIR
stream interface (a), with C6+/C4+ and
O7+/O6+ making the downward transi-
tion from streamer-belt-origin plasma
to coronal-hole-origin plasma and Sp

Figure 23. (first to fifth panels) A working sketch to organize the timing of
the signatures in a high-speed stream, its leading-edge CIR compression,
and its trailing-edge rarefaction. The four vertical dashed lines are
a = leading-edge (CIR) stream interface, b = initial velocity drop, c = velo-
city-bend (trailing-edge stream interface), d = velocity termination of
trailing edge.
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making the upward transition from streamer-belt-origin to coronal-hole-origin plasma. C6+/C4+, O7+/O6+,
and Sp begin to make the opposite transitions at the initial velocity drop (b) and complete their transitions
at the terminator (d). The tendency in these long transitions is that C6+/C4+ and O7+/O6+ will exhibit a sud-
den jump upward in that long transition before Sp exhibits a sudden downward jump. (The upward jump
in C6+/C4+ during the long transition can be seen in the green curve in Figure 7 (third panel) at the time of
the zero epoch; note that the upward jump in C6+/C4+ is not as sudden as the drop in Sp, which is the blue
curve in Figure 7 (second panel).) The C6+/C4+ and O7+/O6+ sudden upward jumps occur between the
initial velocity drop (b) and the velocity-bend (c); the sudden downward jump of Sp occurs near the time
of the velocity-bend (c). In Figure 23 (third panel) the outward Alfvenic imbalance of the solar-wind fluctua-
tions is sketched. The transition from weakly Alfvenic slow wind to highly Alfvenic fast wind commences at
the CIR stream interface (a) and ends at the end of the CIR. The Alfvenic imbalance of the high-speed
stream begins to decline before the initial velocity drop (b), and the rate of decline becomes more rapid
after the initial velocity drop. The decline in outward imbalance is almost complete at the time of the velo-
city-bend (c) and it declines very slowly thereafter. In Figure 23 (fourth panel) the magnetic-field strength
of the solar wind is sketched. The field strength undergoes a compression in the CIR that peaks at the CIR
stream interface (a). The field strength is constant through some of the high-speed stream, but it begins to
decline prior to the time of the initial velocity drop (b). The magnetic-field strength is a minimum at the
velocity-bend (c) and increases slowly thereafter. Prior to the initial velocity drop (b), the onset of the
temporal decrease of the magnetic-field strength, the onset of the outward Alfvenic imbalance, and other
signatures (e.g., the current-sheet orientation, the transverse flow velocity, and the outward Alfvenicity)
provide indications that the trailing-edge rarefaction may begin prior to the initial velocity drop. In
Figure 23 (fifth panel) the mean value of the out-of-ecliptic angle θout-of-ecliptic of the current-sheet normal
vectors in the solar-wind plasma is sketched. The angle being reduced in the CIR indicates compression of
the solar-wind plasma, and the angle being increased in the trailing edge indicates rarefaction of the solar-
wind plasma; the compression peaks at the CIR stream interface (a) and the rarefaction peaks at the trail-
ing-edge stream interface (c).

Appendix A: Compression and Rarefaction of Magnetic Structure
The microscale magnetic structure of the solar wind can be described as magnetic flux tubes bounded by
strong current sheets [McCracken and Ness, 1966; Mariani et al., 1983; Bruno et al., 2001, 2004; Borovsky,
2008; D’Amicis et al., 2012; Bruno and Carbone, 2013]. The origin of the strong current sheets (and the flux
tubes) may be the Sun [Borovsky, 2008; Neugebauer and Giacalone, 2010; Owens et al., 2011] or the flux tubes
and current sheets may be generated locally in the solar-wind plasma [Vasquez and Hollweg, 1999; Tsurutani
and Ho, 1999; Greco et al., 2009; Zhdankin et al., 2012]. The flux tubes are aligned approximately along the
Parker spiral [Borovsky, 2010] and at 1 AU the normal vectors to the current sheets bounding the flux tubes
are approximately perpendicular to the Parker spiral [cf. Borovsky, 2008, Figure 8] and quasi-isotropic about
the Parker spiral [cf. Borovsky, 2008, Figure 7]. The quasi-isotropy of the current-sheet orientations implies that
at 1 AU the flux-tube cross sections are approximately round. (More accurately, the flux-tube cross sections
are in the form of a Voronoi pattern with an approximately equal aspect ratio in the two directions normal
to the flux-tube axes (cf. Figure 1b of Borovsky [2008] or Figure 25 of Borovsky [2016].) An example round flux
tube is depicted in Figure A1 (top). A series of spacecraft trajectories that pierce through the round (cylind-
rical) flux tube are depicted as the blue arrows; where each trajectory crosses through the front boundary
of the flux tube, the normal vector to the current sheet is denoted with a red vector. The orientation of the
current-sheet normal vectors has a range of values from vectors parallel to the ecliptic plane (for a spacecraft
piercing the center of the tube) to vectors strongly out of the ecliptic plane (for piercings far from the center
of the tube).

Unidirectional compression will squash (flatten) the magnetic structure of the solar wind in the direction of
the compression while leaving the other direction unchanged: such a CIR-like compression (by a 2-to-1
factor) is depicted in Figure A1 (middle). Again, a series of spacecraft trajectories is depicted as the blue
arrows in the sketch and the normal vectors to the current sheet at the points of piercing are again denoted
with red vectors. Note that for the compressed flux tube the normal vectors tend to be focused toward the
ecliptic plane relative to the normal vectors for the uncompressed round flux tube.
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Unidirectional expansion (rarefaction)
will stretch the magnetic structure of
the solar wind in the direction of the
expansion: such a trailing-edge-like rare-
faction (by a factor of 2 to 1) is depicted in
Figure A1 (bottom). And again, a series of
spacecraft trajectories is depicted as the
blue arrows and the normal vectors to
the current sheet at the points of pier-
cing are again denoted with red vectors.
Note that for the rarefacted flux tube the
normal vectors tend to be turned away
from the ecliptic plane relative to the
normal vectors for the uncompressed
round flux tube.

For ellipsoidal round, compressed, and
rarefacted flux tubes, the distribution
of current-sheet normal vectors that a
spacecraft would measure can be calcu-
lated numerically. For each normal vec-
tor (nr,nt,nn), the out-of-ecliptic angle
θout-of-ecliptic = invtan(|nn|/(nr

2 + nt
2)1/2)

can be calculated. The mean angle of
the normal vector out of the ecliptic
plane for such numerically calculated
distributions is plotted in Figure A2 as a
function of the degree of compression
or rarefaction: the red curve is the mean
angle for compressions and the blue
curve is the mean angle for rarefactions.
As seen in Figure A2, compression of the
flux tubes reduces the mean angle
(turns the normal vectors toward the
ecliptic plane) and rarefaction of the flux
tubes increases the mean angle (turns
the normal vectors away from the eclip-
tic plane), as depicted in Figure A1.

Notethat locally, theaxesofthefluxtubes
of the solarwindarenotperfectly aligned
with the Parker spiral, rather there is a
scatter of orientations about the Parker-
spiral direction [cf. Borovsky, 2010,
Figure18].At1 AUthespread influx-tube
orientations out of the ecliptic plane had
an average half angle of 38° for all solar
wind in the years 1998–2006. The tilting
offlux tubes out of the ecliptic plane will
reduce high values of the out-of-ecliptic
angles θout-of-ecliptic of the current-sheet
normal vectors and will not affect low
values of θout-of-ecliptic: hence, the tilting
of the flux tubes will reduce the average
value of θout-of-ecliptic.

Figure A1. For (top) a round flux tube, (middle) a compressed flux tube,
and (bottom) a rarefacted flux tube, red arrows mark the orientations of
the normal vectors to the current sheet that bounds the flux tube. The
coordinate system is indicated in green.

Figure A2. For flux tubes with elliptical cross sections, the mean value of
the out-of-ecliptic angle of the current-sheet normal vectors of the flux-
tube walls are numerically calculated and plotted as a function of the
amount of compression (red) of the flux tubes or rarefaction (blue) of the
flux tubes.
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