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[1] We investigate the characteristics and solar origins of a subpopulation of the solar wind
that possesses extreme values of proton flux. Ulysses observations including solar wind
magnetic flux, proton flux, number density and velocity, and ionic composition are
examined in this study. We find that the departures of solar wind proton flux from its
constancy occur for time intervals leading up to and encompassing the past two solar
minima, and the extreme-proton-flux wind possesses the following characteristics: (1) it
generally originates from sources middle-distant from the Heliospheric Current Sheet
(HCS); (2) it is associated with a broad range of velocities and electron temperatures but
excludes very fast/cold wind; (3) it exhibits anticorrelation between electron temperature
and proton velocity, as does the rest of the solar wind; (4) it has extreme proton density
values relative to the rest of the solar wind; and (5) the extreme-high-proton-flux wind has
radial component of open magnetic flux (Br) greater than the rest of the solar wind, and both
extreme-high and extreme-low wind do not possess the lowest values of Br flux. Comparing
with SOHO EIT 195 Å coronal images, we find the observed extreme-proton-flux wind has
temporal and spatial coincidence with the appearance of low-latitude coronal holes present
in the recent two solar minima; the magnetic field lines extrapolated by the Potential Field
Source Surface model confirm there are coronal pseudostreamer structures involved. So we
propose that these extreme-proton-flux winds can be associated with mid- to low-latitude
coronal holes and “pseudostreamer” structures.

Citation: Zhao, L., S. E. Gibson, and L. A. Fisk (2013), Association of solar wind proton flux extremes with
pseudostreamers, J. Geophys. Res. Space Physics, 118, 2834–2841, doi:10.1002/jgra.50335.

1. Introduction

[2] The “traditional” picture of solar minimum is that of a
dipole magnetic configuration, with closed magnetic loops
at the solar equator and open magnetic field at the poles.
Figure 1 is a cartoon in which the simplicity of the magnetic
dipole minimum is illustrated (Figure 1a). This picture
seemed to hold true during the solar cycle 22–23 minimum,
and the solar wind also appeared, at least to the first order,
to have a bimodal structure. Figure 2 shows Ulysses’ polar
plots in its first and third orbits covering the recent two solar
minima (Figures 2a and 2c cover the cycle 22–23 minimum,
and Figures 2b and 2d cover the cycle 23–24 minimum).
Solar wind proton speed is polar plotted along the Ulysses’
heliographic latitude and color coded by the solar wind ionic
oxygen charge-state ratio, O7+/O6+, in Figures 2a and 2b.
Because the solar wind ionic charge composition is frozen-
in at several solar radii, it can reflect the electron temperature

in the coronal base of the solar wind origin [Hundhausen,
1972; Landi et al., 2012]. (Note that this freeze-in tempera-
ture is not to be confused with the solar wind electron kinetic
temperature which we do not discuss in this paper.)
Therefore, the O7+/O6+ has been long used as an indicator
of the electron temperature at the coronal source of the solar
wind [Burgi and Geiss, 1986; Zurbuchen et al., 2000] and
has been used to differentiate the solar wind types by their
different origins [von Steiger et al., 2001; Zurbuchen et al.,
2002; Zhao et al., 2009]. Figures 2c and 2d show polar plot
of solar wind proton flux, also color coded by O7+/O6+ ratio.
In Figure 2a, we can see fast and cold (in electron tempera-
ture, as indicated by O7+/O6+) solar wind was observed to
emanate from open magnetic flux at the polar coronal holes
[Smith and Balogh, 1995; Dwivedi et al., 2000; Smith and
Balogh, 2008]. At the heliospheric current sheet (HCS)
above the closed magnetic loops in low-latitude regions, the
solar wind had slow speed and hot electronic temperature
(higher value of O7+/O6+) compared to the polar-coronal-
hole-associated wind [McComas et al., 2000; von Steiger
et al., 2000; Zhao et al., 2009]. The transition between the
fast polar-hole-associated wind to the rest of the wind was
very sharp and occurred at approximately 30� heliographic
latitude [Gosling, 1997].
[3] However, in the recent solar cycle 23–24 minimum,

the coronal magnetic configuration was clearly more com-
plex than the traditional dipole (Figure 1b). The size of the
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polar coronal holes had shrunk [Zhao and Fisk, 2011; Kirk
et al., 2009], and in addition to polar open field regions, mid-
dle- to low-latitude coronal holes were prevalent between
2007 and 2009 [Abramenko et al., 2010; de Toma, 2011].
As a result, unipolar streamer structures were also common
during these years [Riley and Luhmann, 2012; Crooker
et al., 2012; Wang et al., 2012]. A unipolar, or so-called
“pseudo” streamer consists of two sets of closed magnetic
loops that separate open flux with the same polarity
[Hundhausen, 1972; Wang et al., 2007; Zhao and Webb,
2003], as opposed to the HCS-associated helmet streamer
that separates the oppositely directed open magnetic flux
regions (see Figure 1b).
[4] This more complex magnetic morphology resulted in a

more complex solar wind structure (Figure 2b). The fastest
and coldest wind was still associated with the polar coronal
holes far from the HCS (more than 50� heliographic latitude),
and slow and hot wind still was associated with the HCS.
However, solar wind with intermediate velocity was ob-
served at low to middle latitudes, and the transition between
these two populations was gradual and less bimodal [Gibson
and Zhao, 2012, and references therein; Zhao et al., 2012].
[5] It is the purpose of this paper to examine the implica-

tions of different magnetic configurations in the corona for
the solar wind properties in the recent two minima. In
section 2, we use Ulysses observations to investigate solar
wind dynamic properties including the proton flux, velocity
and density, electron temperature (as indicated by O7+/O6+

ratio), and angular normal distance (Ds) from the solar wind
source to the HCS at the coronal source surface, and we find
that there is an interesting subset of the solar wind that pos-
sesses extreme-high/low-proton-flux values. In section 3,
we examine two Carrington rotations (CRs) to illustrate the
possible association between the extreme-proton-flux wind
and the pseudostreamers in the solar corona. One CR is
chosen from each solar minimum, when there are extreme-
proton-flux winds observed by Ulysses while it passes
between low-latitude coronal hole and polar coronal holes
as shown by SOHO EIT 195 Å coronal images. Potential
field source surface (PFSS) extrapolations indicate the pres-
ence of pseudostreamer structures that are associated with
the Ulysses observations in these two Carrington rotations.
Conclusions and discussion are presented in section 4.

2. Extreme Solar Wind Proton Flux Observed in
Two Solar Minima

2.1. Observations

[6] The Ulysses mission observed the solar wind for more
than 18 years, covering the two most recent solar minima.
Figure 3 represents Ulysses’ heliocentric distance and helio-
graphic latitude (top panel) compared with sunspot number
(bottom panel) in its life span. In order to have comparable
periods of study for the two minima, we choose intervals that
meet three criteria: (1) they have the same duration in time (as
highlighted by yellow rectangles in Figure 3); (2) they cover
the same latitudes in Ulysses’ orbit (blue lines in the top
panel of Figure 3); (3) they extend from the declining phases
of the cycle to minima (see bottom panel of Figure 3).

  Dipole 
minimum

More complex 
    minimum

Figure 1. (a) Magnetic topologies characteristic of dipole solar minimum versus (b) more complex (and
more realistic) configuration. Red (blue) lines indicate open magnetic field going outward from (toward)
the Sun, and green lines represent closed magnetic loops.
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Figure 2. (a and b) Polar plots of solar wind proton speed
and (c and d) proton flux color coded by O7+/O6+ ratio from
Ulysses’ first (in Figures 2a and 2c) and third (in Figures 2b
and 2d) orbits. Time goes in clockwise direction, starting
from the bottom-right quadrant. Black arrows point at the
intermediate speed wind at the cycle 23–34 minimum.

ZHAO ET AL.: SOLAR WIND PROTON-FLUX EXTREMES

2835



[7] In this study, we analyze the solar wind proton speed
and density measured by the SWOOPS (Solar Wind
Observations over the Poles of the Sun) instrument onboard
Ulysses [Bame et al., 1992]. In addition, we use the solar
wind charge-state ratio, O7+/O6+, measured by the Solar
Wind Ion Composition Spectrometer (SWICS) onboard
Ulysses [Gloeckler et al., 1992] to indicate the electron tem-
perature of the coronal source of the solar wind. Solar wind
samples with different ionic charge-state composition are
presumed to have different coronal origins. We derive the
electron temperature based on the local thermal equilibrium
model [Arnaud and Rothenflug, 1985; Mazzotta et al.,
1998] and found the charge-state ratio monotonically
increases with the electron temperature of the solar wind’s
coronal source. Also, note that we only concentrate on
nontransient solar wind in this study; the interplanetary
coronal mass ejections (ICMEs) are excluded by their ionic
compositional signature introduced by Zhao et al. [2009].

2.2. Proton Flux

[8] Proton flux, as defined by the product of proton number
density and proton speed, is expected to be constant along a
flow tube and so can be determined for example at the coro-
nal base [Fisk, 2003] or at the critical point [Parker, 1960]. In
situ observation of Ulysses shows a global behavior of proton
flux in its first (Figure 2c) and third (Figure 2d) orbits, includ-
ing the periods when the Sun was in its cycle 22–23 and
23–24 activity minimum phases, respectively. In Figures 2c
and 2d, the proton flux (normalized by Ulysses’ heliocentric
distance, r2) of the solar wind in the two minima is polar plot-
ted versus Ulysses’ heliographic latitude and color coded by
the O7+/O6+ ratio. The proton flux is essentially constant
with heliographic latitude, especially for the cold (bluish)
wind associated with open flux at higher latitudes. In middle-
to low-latitude regions, the variation of the solar wind proton
flux is stronger. The dashed circles in Figures 2c and 2d mark
where the proton flux is 1012cm� 2s� 1Rs

� 2. We find the
extreme-proton-flux wind by defining its upper and lower
limits. These limits represent three standard deviations from
the peak expectation value of the proton flux distribution,
where the standard deviations to the right and left of the peak
are calculated independently to take into account the skew of
the distributions (Figure 4). The values of these cutoffs
are shown in Table 1. All the values having proton flux
above (below) the upper (lower) limit can be considered as
“extreme-high (low)” proton-flux wind. From Ulysses’ point
of view, most of these extreme-proton-flux winds are distrib-
uted around heliographic middle latitudes.
[9] The Ulysses proton flux polar plotted in Figures 2c and

2d shows a distribution versus heliographic latitude. A more
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Figure 3. (top) Ulysses’ heliocentric distance and heliographic latitude compared to (bottom) sunspot
number. Intervals used in study are shown in yellow boxes: 1993.46–1997.03 (18 June 1993–10 January
1997) including cycle 22–23 minimum and 2005.83–2009.49 (30 October 2005–30 June 2009) including
cycle 23–24 minimum.
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Figure 4. Distributions of proton flux in cycle (top) 22–23
minimum and (bottom) 23–24 minimum. Red dotted lines
are the expectations of the distributions, and green dash-
dotted lines are the cutoffs that are three standard deviations
away from the expectation.

Table 1. Cutoffs for Extreme Proton Flux in Two Solar Minima,
Derived From Figure 4

22–23 Minimum 23–24 Minimum

Proton flux (cm�2s�1R�2
s ) 9.89� 5.47� 1012 8.11� 6.43� 1012

Low cutoff 3.3� 1012 2.6� 1012

High cutoff 2.6� 1013 2.9� 1013
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specific quantity in understanding how the solar wind relates
to the coronal and heliospheric magnetic field structure is the
normal distance (Ds) from the solar wind source to the HCS.
As described in Zhao et al. [2009], we utilize PFSS model to
establish the location of the HCS and then map the in situ
Ulysses observation to 2.5 solar radii (Rs), the traditional
“source surface” upper boundary condition where coronal
fields become radial. On the source surface, we calculate
the normal distance along the great arc that connects the solar
wind source position to the local HCS. This so-called “ballis-
tic” map-back technique implicitly assumes that the solar
wind plasma travels radially from the source surface to the
spacecraft with a constant speed that is defined as the mea-
sured proton speed at Ulysses [Neugebauer et al., 2002;
Zhao et al., 2009; Zhao and Fisk, 2011]. It has known short-
comings, especially near interfaces of fast and slow solar
wind streams [Riley et al., 1999]. As discussed in
Neugebauer et al. [2002], expected errors in source position
are approximately 10� longitude for Ulysses data, and since
Ds is a normal distance, this represents an upper bound on
error. Figure 5 shows the distribution of Ds calculated from
the extreme-proton-flux solar wind source locations; HCS
is located at Ds = 0. The majority of the extreme-proton-flux
wind sources come from middle to high latitudinal distances
to HCS, with peaks at ~20� for 22–23 minimum and ~30� in
23–24 minimum and with additional higher distance sources
for the more recent minimum. These distributions indicate
that the extreme-proton-flux wind originates in the intermedi-
ate zone lying between the classic bimodal HCS and polar-
coronal-hole-associated wind. To examine this more closely,
we now turn to the in situ observed properties of this subpop-
ulation of the wind.

2.3. In Situ Observed Properties of
Extreme-Proton-Flux Solar Wind

[10] The strong anticorrelation between electron tempera-
ture and proton speed [Gloeckler et al., 2003] has been
argued to be evidence for interchange reconnection as an

acceleration mechanism applicable to all nontransient solar
wind [Fisk, 2003]. To check if the extreme-proton-flux
wind shows this anticorrelation, we compare electron tem-
perature derived from Ulysses O7+/O6+ and proton speed
for the two solar minima (Figure 6). We color code the
extreme data by proton flux and plot the rest of the wind in
gray. It is clear that the extreme-proton-flux wind follows
the same anticorrelation trend as the rest of the solar wind
in the two solar minima, which indicates those extreme winds
have the same acceleration mechanism as the bulk of the
solar wind.
[11] Figure 6 also shows that the extreme-proton-flux wind

possesses a broad range of velocities and temperatures but
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Br flux distribution of solar wind with extreme-high (red),
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the cycle 22–23 minimum (in Figures 7a and 7b) and cycle
23–24 minimum (in Figures 7c and 7d).
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is shifted to the left and for the most recent minimum down-
wards, indicating relatively slower proton speed and higher
temperature than the rest of the solar wind. Extreme-high
velocity and cold temperature (wind in the right-top corner)
is not represented in this population.
[12] Besides the similarity of the extreme-proton-flux wind

and the rest of the wind shown above, there are also distinc-
tions between them, which are found in their measured pro-
ton density and radial open magnetic flux (Br) properties.
Figure 7 shows the distribution of extreme-low (high) data
in blue (red) and the rest of the wind in green. Proton density
(normalized by Ulysses’ heliocentric distance) is shown in
Figures 7a and 7c, and their average properties are presented
in Tables 2 and 3 for the 22–23 minimum and 23–24 mini-
mum, respectively, which shows that the extreme-high-pro-
ton-flux wind possesses very high density and extreme-low-
proton-flux wind has low density relative to the rest of the
wind. This indicates that the extremes in proton flux originate
in the extremes in proton density.
[13] Figures 7b and 7d show the distribution of Br flux, and

their average values are summarized in Tables 2 and 3 for the
two minima. The extreme-high-proton-flux data (red) peak at
a Br flux value greater than the rest of the solar wind (green).
This is consistent with the theoretical argument that the
amount of the open magnetic flux in a solar wind flux tube
should be proportional to the solar wind mass flux along it
[Fisk and Zhao, 2009; Zhao and Fisk, 2011]. Also, this is
probably the consequence of the pile-up effect in the inter-
face between fast and slow wind, i.e., corotating interaction
regions, where fast wind pushes the slow wind in front of
it, making both the plasma flux and B-field compressed.
However, the extreme-low-proton-flux data (blue) peak at a
Br flux value greater than or comparable to the peak in the
rest of the wind, which does not seem to follow that trend;
instead, the Br flux of this wind has a similar distribution with
the entire population of Br at the two minima.
[14] Further, we compare the extreme-proton-flux wind

with the nontransient and non-extreme slow wind and fast
wind. In this study, we define slow wind as wind observed
within heliographic latitude 10� (Figure 2). In the two chosen
intervals, Ulysses only observed slow wind in its fast latitudi-
nal scans (left side of the polar plots in Figure 2). And we

define fast wind as wind observed above a latitude of 60�.
A statistical result of this comparison is summarized in
Tables 2 and 3 for the two minima.
[15] We summarize the characteristics of the extreme-

proton-flux solar wind below:
[16] 1. It generally originates from sources middle-distant

from the HCS (trending to higher distances for the most
recent minimum).
[17] 2. It is associated with a broad range of velocities and

electron temperatures but excludes very fast/cold wind.
[18] 3. It exhibits anticorrelation between electron temper-

ature and proton velocity, as does the rest of the solar wind.
[19] 4. It has extreme proton density values relative to the

rest of the solar wind.
[20] 5. The extreme-high-proton-flux wind has Br flux

value greater than the rest of the solar wind; Br flux distribu-
tion of the extreme-low-proton-flux wind is very similar with
the entire population of Br. Both extreme-high and extreme-
low winds do not possess the lowest values of Br flux.

Table 2. Statistical Summary of the Comparison Between the Extreme-Proton-Flux Wind and Non-extreme Fast and Slow Wind in
the 22–23 Minimum Observed by Ulysses

Mean�Standard Deviation Extreme Low Fast Wind Slow Wind Extreme High

Proton speed (km/s) 588� 107 774� 25.6 432� 66.8 582� 117
Proton density(cm� 3 r2) 0.713� 0.319 2.49� 0.49 6.15� 2.7 14.4� 8.19

0.086� 0.075 0.019� 0.011 0.156� 0.11 0.112� 0.144
Br flux (nT AU2) 3.14� 1.74 3.21� 1.74 3.25� 2.08 9.66� 8.97

Table 3. Statistical Summary of the Comparison Between the Extreme-Proton-Flux Wind and Non-extreme Fast and Slow Wind in the
23–24 Minimum Observed by Ulysses

Mean�Standard Deviation Extreme Low Fast Wind Slow Wind Extreme High

Proton speed (km/s) 555� 109 756� 24.2 423� 78.5 495� 124
Proton density (cm� 3 r2) 0.679� 0.306 1.93� 0.46 4.90� 3.63 21.5� 9.46

0.106� 0.098 0.011� 0.008 0.078� 0.058 0.138� 0.153
Br flux (nT AU2) 2.69� 1.75 2.45� 1.47 2.46� 1.71 10.1� 9.56
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Figure 8. The temporal distributions of the extreme-high
(low)-proton-flux wind are plotted along year (bottom x axis)
and Carrington number (top x axis) in red (blue), in the (a)
22–23 minimum and (b) 23–24 minimum. Green vertical
dotted lines mark the two interested rotations: CR 1915 and
CR 2035.
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3. Case Study

[21] The temporal distributions of the extreme-proton-flux
wind are illustrated in Figures 8a and 8b. There is a tempo-
ral-spatial similarity in the locations of the extreme-high- and
low-proton-flux points. This is consistent with the association
between low-latitude coronal holes and pseudostreamers. For
example, many of the 22–23 minimum extreme-proton-flux
points come from CR 1913–1918 (fall of 1996) (Figure 8a)
during which time low-latitude extensions of the north polar
coronal hole were prevalent [Del Zanna and Bromage, 1999;
Zhao et al., 1999; Posner et al., 1999]. Moreover, many of
the 23–24 minimum extreme-proton-flux points, both low
and high, came from Carrington rotations in 2005 and 2006
(e.g., CR 2035–2042) (Figure 8b), including time periods
when both long-lived low-latitude coronal holes and
pseudostreamers were present. We chose one Carrington rota-
tion from each solar minimum for case studies: CR 1915
(Figures 9a, 9b, and 9c) in 22–23 minimum and CR 2035
(Figures 9d, 9e, and 9f) in 23–24 minimum, when there are
extreme-proton-flux winds observed by Ulysses.
[22] The top row of Figure 9 shows the solar wind

proton flux observed by Ulysses and ballistically mapped

back on 2.5 Rs surface at CR 1915 (Figure 9a) and CR
2035 (Figure 9b). The middle row of Figure 9 represents
SOHO EIT 195 Å images for those two Carrington rota-
tions, in which we over-plot HCS and Ulysses’ orbits with
red solid lines. Comparing the in situ extreme-proton-flux
wind (Figure 9, top row) with the EIT images, we found
in both rotations the times of recurring of extreme-pro-
ton-flux wind occur when there are long-lived low-latitude
coronal holes between the HCS and polar coronal holes,
e.g., longitude 300–360� in CR1915 (Figure 9b) and lon-
gitude 20–120� in CR 2035 (Figure 9e). We marked the
regions of interest in the EIT images by white boxes,
where Ulysses was passing between low-latitude coronal
holes and polar holes. The bottom row of Figure 9 shows
PFSS extrapolation (open field lines in green and close
filed lines in white) in the two regions of interest. There
are clearly closed fields (white lines) in between the polar
hole and the low-latitude coronal hole that are not associ-
ated with the HCS, which can be pseudostreamers.
Therefore, we believe it is very plausible that Ulysses
was crossing the wind from both the long-lived low-lati-
tude coronal holes and pseudostreamers and those winds
possess extreme-proton-flux in these two rotations.

(a)

(b)

(c)

(d)

(e)

(f)

Ulysses’ orbit

Ulysses’ orbit
HCS

HCS

Figure 9. Case studies of (a, b, and c) CR 1915 and (d, e, and f) CR 2035. (top row) Solar wind
proton flux observed by Ulysses and ballistically mapped on 2.5 Rs surface at CR 1915 and CR
2035. Horizontal dashed lines mark the low and high cutoffs as shown in Table 1. Blue (yellow)
shades highlight the extreme-low (high) proton-flux wind. (middle row) SOHO EIT 195 Å
images in CR 1915 and CR2035, with Ulysses’ orbit and HCS over plotted in red solid lines;
white boxes highlighted the regions where Ulysses’ observed extreme-high- and extreme-
low-proton-flux wind, and there were low-latitude coronal holes present. (bottom row) PFSS extrap-
olated field lines (closed in white and open in green) rooted in these two interested regions in CR
1915 and CR 2035.
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4. Conclusion and Discussion

[23] Constant solar wind proton flux with heliolatitude
implies a linear anticorrelation between proton density and
velocity. In the simple, bimodal solar minimum picture, this
is essentially what is expected: low-density, high-velocity
wind coming from polar coronal holes and high-density,
low-velocity wind associated with the HCS. Following this
trend, we would expect the highest density in the solar wind
to be associated most closely with the slowest velocity and
the HCS and the lowest density in the solar wind to be asso-
ciated with the highest velocity and the center of the polar
hole. However, what we find instead is that these extremes
in density are associated with sources that lie in between, in
terms of both coronal source position and speed, and that
they represent extremes in proton flux.
[24] The nature of the extreme-high-proton-flux wind

agrees with the pseudostreamer-associated wind reported
by Riley and Luhmann [2012] in terms of speed and density.
The combination of the extreme-high and extreme-low-proton-
flux wind is also in agreement with the pseudostreamer-
associated wind that Wang et al. [2012] reported; such wind
could be a “hybrid” type of outflow which is in the middle
between classical slow and fast solar wind, with intermediate
proton speed but relatively high electron temperature.
[25] Whether extremes in mass flux originate at the solar

source or in evolution in the solar wind remains to be seen.
If they are associated with pseudostreamers, however, the
extremes may have coronal origin. Using tomographic recon-
structions of coronal streamers versus pseudostreamers is a
promising avenue for establishing the properties at the coro-
nal source [Nuevo et al., 2012; Vasquez, private commu-
nication]. On the other hand, since pseudostreamers are
intrinsically linked to low-latitude coronal holes, we might
expect fast/slow wind stream interactions to be a significant
driver of rarefaction or compression. Indeed, the low mass
flux population may be also associated with the so-called
“solar wind disappearance” events [Janardhan et al., 2005].
[26] In conclusion, we find an interesting subset of the

solar wind, possessing extremes in proton flux. These
populations behave in some ways like the bulk of the solar
wind but in other ways differently. These similarities and
differences may help to distinguish between models of solar
wind acceleration and to deepen our understanding of
this fundamental physical process. The solar source of these
extreme-proton-flux winds can be associated with the
coronal pseudostreamer structures.

[27] Acknowledgments. This research was supported by the NASA
Living With a Star Heliophysics Postdoctoral Fellowship Program, adminis-
tered by the University Corporation for Atmospheric Research (UCAR).
The National Center for Atmospheric Research (UCAR) is supported
by the National Science Foundation. LAF was supported by NSF grant
AGS-1043012.
[28] Philippa Browning thanks Rudolf von Steiger and another reviewer

for their assistance in evaluating this paper.

References
Abramenko, V., V. Yurchyshyn, J. Linker, Z. Mikić, J. Luhmann, and
C. O. Lee (2010), Low-latitude coronal holes at the minimum of the
23rd solar cycle, Astrophys. J., 712, 813–818, doi:10.1088/0004-637X/
712/2/813.

Arnaud, M., and R. Rothenflug (1985), An updated evaluation of recombina-
tion and ionization rates, Astron. Astrophys. Suppl. Ser., 60, 425–457.

Bame, S. J., D. J. McComas, B. L. Barraclough, J. L. Phillips, K. J. Sofaly,
J. C. Chavez, B. E. Goldstein, and R. K. Sakurai (1992), The ULYSSES
solar wind plasma experiment, Astron. Astrophys. Suppl. Ser., 92, 237–265.

Burgi, A., and J. Geiss (1986), Helium and minor ions in the corona and
solar wind—Dynamics and charge states, Sol. Phys., 103, 347–383,
doi:10.1007/BF00147835.

Crooker, N. U., S. K. Antiochos, X. Zhao, and M. Neugebauer (2012),
Global network of slow solar wind, J. Geophys. Res., 117, A04104,
doi:10.1029/2011JA017236.

Del Zanna, G., and B. J. I. Bromage (1999), The Elephant’s Trunk:
Spectroscopic diagnostics applied to SOHO/CDS observations of the
August 1996 equatorial coronal hole, J. Geophys. Res., 104, 9753–9766,
doi:10.1029/1998JA900067.

Dwivedi, B. N., A. Mohan, and K. Wilhelm (2000), On the electron temper-
atures, densities and hot ions in coronal hole plasma observed by Sumer on
SOHO, Adv. Space Res., 25, 1751–1756, doi:10.1016/S0273-1177(99)
00586-4.

Fisk, L. A. (2003), Acceleration of the solar wind as a result of the
reconnection of open magnetic flux with coronal loops, J. Geophys. Res.,
108(A4), 1157, doi:10.1029/2002JA009284.

Fisk, L. A., and L. Zhao (2009), The heliospheric magnetic field and
the solar wind during the solar cycle, inUniversal Heliophysical processes
IAU Symp., vol. 257, edited by N. Gopalswamy and D. F. Webb, pp.
109–120, Cambridge Univ. Press, Cambridge, U.K., doi:10.1017/
S1743921309029160.

Gibson, S. E., and L. Zhao (2012), A porcupine Sun? Implications for
the solar wind and Earth, in IAU Symposium, vol. 286, edited by
C. H. Mandrini and D. F. Webb, pp. 210–214, Cambridge Univ. Press,
Cambridge, U.K., doi:10.1017/S1743921312004851.

Gloeckler, G., J. Geiss, H. Balsiger, P. Bedini, J. C. Cain, J. Fisher, L. A. Fisk,
A. B. Galvin, F. Gliem, and D. C. Hamilton (1992), The Solar Wind Ion
Composition Spectrometer, Astron. Astrophys. Suppl. Ser., 92, 267–289.

Gloeckler, G., T. H. Zurbuchen, and J. Geiss (2003), Implications of the
observed anticorrelation between solar wind speed and coronal electron
temperature, J. Geophys. Res., 108(A4), 1158, doi:10.1029/2002JA009286.

Gosling, J. T. (1997), Physical nature of the low-speed solar wind, in Robotic
Exploration Close to the Sun: Scientific Basis, American Institute of
Physics Conference Series, vol. 385, edited by S. R. Habbal, AIP Conf.
Ser., 385. pp. 17–24, doi:10.1063/1.51743.

Hundhausen, A. J. (1972), Coronal expansion and solar wind in physics and
chemistry, in Space, vol. 5, edited by A. J. Hundhausen, Springer, Berlin,
Heidelberg.

Janardhan, P., K. Fujiki, M. Kojima, M. Tokumaru, and K. Hakamada
(2005), Resolving the enigmatic solar wind disappearance event of 11
May 1999, J. Geophys. Res., 110, A08101, doi:10.1029/2004JA010535.

Kirk, M. S., W. D. Pesnell, C. A. Young, and S. A. Hess Webber (2009),
Automated detection of EUV polar coronal holes during solar cycle 23,
Sol. Phys., 257, 99–112, doi:10.1007/s11207-009-9369-y.

Landi, E., J. R. Gruesbeck, S. T. Lepri, and T. H. Zurbuchen (2012), New
solar wind diagnostic using both in situ and spectroscopic measurements,
Astrophys. J., 750, 159, doi:10.1088/0004-637X/750/2/159.

Mazzotta, P., G. Mazzitelli, S. Colafrancesco, and N. Vittorio (1998),
Ionization balance for optically thin plasmas: Rate coefficients for all
atoms and ions of the elements H to NI, Astron. Astrophys. Suppl. Ser.,
133, 403–409, doi:10.1051/aas:1998330.

McComas, D. J., B. L. Barraclough, H. O. Funsten, J. T. Gosling,
E. Santiago-Muñoz, R. M. Skoug, B. E. Goldstein, M. Neugebauer,
P. Riley, and A. Balogh (2000), Solar wind observations over Ulysses’
first full polar orbit, J. Geophys. Res., 105, 10,419–10,434, doi:10.1029/
1999JA000383.

Neugebauer, M., P. C. Liewer, E. J. Smith, R. M. Skoug, and T. H. Zurbuchen
(2002), Sources of the solar wind at solar activity maximum, J. Geophys.
Res., 107(A12), 1488, doi:10.1029/2001JA000306.

Nuevo, F. A., Z. Huang, A. M. Vasquez, and R. A. Frazin (2012), A study of
the thermodynamical properties of streamers and pseudostreamers,
Abstract SH53A-2264 presented at 2012 Fall Meeting, AGU, San
Francisco, Calif., 3-7 Dec.

Parker, E. N. (1960), The hydrodynamic treatment of the expanding solar
corona, Astrophys. J., 132, 175, doi:10.1086/146910.

Posner, A., V. Bothmer, B. J. Thompson, H. Kunow, B. Heber,
R. Müller-Mellin, A. J. Lazarus, A. Szabo, Z. Mikić, and J. A. Linker
(1999), In-ecliptic CIR-associated energetic particle events and polar coronal
hole structures: SOHO/COSTEP observations for the Whole Sun Month
Campaign, J. Geophys. Res., 104, 9881–9890, doi:10.1029/98JA02654.

Riley, P., and J. G. Luhmann (2012), Interplanetary signatures of unipolar
streamers and the origin of the slow solar wind, Solar Phys., 277,
355–373, doi:10.1007/s11207-011-9909-0.

Riley, P., et al. (1999), Relationship between Ulysses plasma observations
and solar observations during the Whole Sun Month campaign, J.
Geophys. Res., 104, 9871, doi:10.1029/1998JA900078.

ZHAO ET AL.: SOLAR WIND PROTON-FLUX EXTREMES

2840



Smith, E. J., and A. Balogh (1995), Ulysses observations of the radial mag-
netic field, Geophys. Res. Lett., 22, 3317–3320, doi:10.1029/95GL02826.

Smith, E. J., and A. Balogh (2008), Decrease in heliospheric magnetic flux in
this solar minimum: Recent Ulysses magnetic field observations,Geophys.
Res. Lett., 35, L22103, doi:10.1029/2008GL035345.

von Steiger, R., N. Schwadron, L. Fisk, J. Geiss, G. Gloeckler, S. Hefti,
B. Wilken, R. Wimmer-Schweingruber, and T. Zurbuchen (2000),
Composition of quasi-stationary solar wind flows from Ulysses/solar wind
ion composition spectrometer, J. Geophys. Res., 105, 27,217–27,238.

von Steiger, R., T. H. Zurbuchen, J. Geiss, G. Gloeckler, L. A. Fisk, and
N. A. Schwadron (2001), The 3-D heliosphere from the Ulysses and
ACE Solar Wind Ion Composition Experiments, Space Sci. Rev., 97,
123–127, doi:10.1023/A:1011886414964.

de Toma, G. (2011), Evolution of coronal holes and implications for high-
speed solar wind during the minimum between cycles 23 and 24, Sol.
Phys., 274, 195–217, doi:10.1007/s11207-010-9677-2.

Wang, Y.-M., N. R. Jr.Sheeley, and N. B. Rich (2007), Coronal
pseudostreamers, Astrophys. J., 658, 1340–1348, doi:10.1086/511416.

Wang, Y.-M., R. Grappin, E. Robbrecht, and N. R. Jr.Sheeley (2012), On the
nature of the solar wind from coronal pseudostreamers, Astrophys. J., 749,
182, doi:10.1088/0004-637X/749/2/182.

Zhao, L., and L. Fisk (2011), Understanding the behavior of the heliospheric
magnetic field and the solar wind during the unusual solar minimum

between cycles 23 and 24, Sol. Phys., 274, 379–397, doi:10.1007/
s11207-011-9840-4.

Zhao, X. P., and D. F. Webb (2003), Source regions and storm effectiveness
of frontside full halo coronal mass ejections, J. Geophys. Res., 108(A6),
1234, doi:10.1029/2002JA009606.

Zhao, X. P., J. T. Hoeksema, and P. H. Scherrer (1999), Changes of the
boot-shaped coronal hole boundary during Whole Sun Month near
sunspot minimum, J. Geophys. Res., 104, 9735–9752, doi:10.1029/
1998JA900010.

Zhao, L., T. H. Zurbuchen, and L. A. Fisk (2009), Global distribution of the
solar wind during solar cycle 23: ACE observations, Geophys. Res. Lett.,
36, 14104, doi:10.1029/2009GL039181.

Zhao, L., S. E. Gibson, and L. A. Fisk (2012), Solar wind proton flux
extremes and their association with pseudostreamers, in paper presented
at Solar Wind 13: Thirteenth International Solar Wind Conference, Natl.
Sci. Found., Kona-Kailua, Hawaii.

Zurbuchen, T. H., S. Hefti, L. A. Fisk, G. Gloeckler, and N. A. Schwadron (2000),
Magnetic structure of the slow solar wind: Constraints from composition data,
J. Geophys. Res., 105, 18,327–18,336, doi:10.1029/1999JA000427.

Zurbuchen, T. H., L. A. Fisk, G. Gloeckler, and R. von Steiger (2002),
The solar wind composition throughout the solar cycle: A continuum
of dynamic states, Geophys. Res. Lett., 29(9), 1352, doi:10.1029/
2001GL013946.

ZHAO ET AL.: SOLAR WIND PROTON-FLUX EXTREMES

2841



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


