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Abstract The properties of the heliospheric magnetic field and the solar wind were substan-
tially different in the unusual solar minimum between Cycles 23 and 24: the magnetic-field
strength was substantially reduced, as were the flow properties of the solar wind, such as
the mass flux. Explanations for these changes are offered that do not require any substantial
reconsideration of the general understandings of the behavior of the heliospheric magnetic
field and the solar wind that were developed in the minimum of Cycle 22 – 23. Solar-wind
composition data are used to demonstrate that there are two distinct regions of solar wind:
solar wind likely to originate from the stalk of the streamer belt (the highly elongated loops
that underlie the heliospheric current sheet), and solar wind from outside this region. The re-
gion outside the streamer-stalk region is noticeably larger in the minimum of Cycle 23 – 24;
however, the increased area can account for the reduction in the heliospheric magnetic-field
strength in this minimum. Thus, the total magnetic flux contained in this region is the same
in the two minima. Various correlations among the solar-wind mass flux and coronal electron
temperature inferred from solar-wind charge states were developed for the Cycle 22 – 23 so-
lar minimum. The data for the minimum of Cycle 23 – 24 suggest that the correlations still
hold, and thus the basic acceleration mechanism is unchanged in this minimum.

Keywords Corona, structures · Coronal mass ejections, low coronal signatures · Solar
cycle, observations · Solar wind, theory
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1. Introduction

One of the principal discoveries of the Ulysses mission was the simplicity of the helio-
spheric magnetic field. A single current sheet, separating two regions of opposite polarity, is
observed throughout the solar cycle (Smith et al., 1995; Balogh and Smith, 2001; Jones and
Balogh, 2003). At solar minimum, the current sheet resides at low heliographic latitudes.
As solar maximum approaches, the current sheet tilts to high latitudes, and eventually ro-
tates over the poles, effectively accomplishing the reversal in the polarity of the heliospheric
magnetic field.

The simplicity of the heliospheric magnetic field has had a number of important con-
sequences for our understanding of the behavior of the open magnetic flux of the Sun, the
component of the solar magnetic field that is carried outward with the solar wind and forms
the heliospheric magnetic field. With a single current sheet, open magnetic flux can discon-
nect from the Sun only at the current sheet, and then only within the Alfvén point of the
solar wind (Fisk and Schwadron, 2001). Only here can a single inverted “U”-shaped loop
form that is not attached on either end to the Sun and be carried outward with the solar wind.
Such an inverted loop should be devoid of electron heat flux, a so-called heat-flux dropout.
However, heat-flux dropouts were reported to be rare (Lin and Kahler, 1992; Pagel, Crooker,
and Larson, 2005) and so it was concluded that there would be little disconnection of open
magnetic flux, and thus there must be some constant background level of open magnetic flux
present in the heliosphere at all times.

There is about a factor of two increase in the open magnetic flux during the solar cycle,
peaking at roughly solar maximum. This increase is attributed to the large loops that are
dragged outward with coronal mass ejections (CMEs), which are more frequent during high
solar activity (Gosling and Skoug, 2002). These large loops would cause the heliospheric
magnetic field to increase indefinitely, and so it was concluded that a process known as in-
terchange reconnection would occur: One leg of the large loop would reconnect with true
open magnetic flux, again within the Alfvén point, thereby turning the loop into a large “S”
shaped structure of open magnetic flux, which is carried outward with the solar wind, return-
ing the heliospheric magnetic field to its background level (Gosling, Birn, and Hesse, 1995;
Fisk and Schwadron, 2001; Crooker, Gosling, and Kahler, 2002). Interchange reconnection
takes time and so when CMEs are frequent, the heliospheric magnetic-field strength in-
creases. At solar minimum, when CMEs are relatively rare, the heliospheric magnetic field
was expected to return to the background level. Indeed, Svalgaard and Cliver (2007) report
that there was a relatively constant heliospheric magnetic field during each solar minimum
prior to the minimum of Cycle 23 – 24.

The interchange reconnection process appears to be a fundamental means by which to
transport open magnetic flux on the Sun (Fisk and Schwadron, 2001; Fisk, 2005). An open
field line that reconnects with the leg of a loop of opposite magnetic polarity, near the loop
base, will be displaced to lie over the other leg of the loop. This process occurs with the large
loops of CMEs, and it is reasonable to expect that it will occur with smaller coronal loops,
many of which are randomly oriented. By this process, then, open magnetic flux, executing
these random jumps along the solar surface, can diffuse (Fisk and Schwadron, 2001; Fisk,
2005). Since the size of the loops with which the open field lines are reconnecting can be
larger than supergranules, diffusion by reconnecting with loops can be a more important
transport process than diffusion by random convective motions in the photosphere.

An efficient diffusive transport mechanism of open magnetic flux on the Sun is essential
and has important consequences. Differential rotation across the rigidly rotating polar coro-
nal holes will tend to drive open flux into the surrounding closed-field regions (Fisk, 1996;
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Fisk, Zurbuchen, and Schwadron, 1999b). Yet, as argued above, the open flux does not ap-
pear to disconnect at the current sheet. The result is that open flux needs to be transported
efficiently through the surrounding closed-field region, by random reconnections with the
loops (Fisk and Zurbuchen, 2006). A continuous flow pattern of open flux will occur, driven
by the differential rotation across the polar coronal holes at solar minimum, and continued
through closed-field regions by reconnection with coronal loops. At solar maximum, when
the polar coronal holes are not well-established, it is still necessary to transport open flux
by diffusion due to reconnection with loops, to accomplish the rotation of the current sheet
(Fisk and Schwadron, 2001).

The mechanism of open magnetic flux reconnecting with coronal loops will inherently
release material from the loop, and may supply the mass to the solar wind. We thus have a
straightforward explanation for the compositional differences between fast and slow solar
wind. The elemental composition of the slower solar wind, as compared with the fast wind
from coronal holes, exhibits enhancements in elements with low first ionization potential
(FIP), and relatively high coronal electron temperatures as inferred from solar-wind charge
states (Zurbuchen et al., 2000). The composition of the slower solar wind closely resembles
that of the large coronal loops on the quiet Sun, outside of coronal holes (Feldman, Landi,
and Schwadron, 2005). All this is understandable by noting that differential rotation across
the polar coronal holes will drive open flux into closed-field regions, where its continuous
transport requires reconnection with the large coronal loops on the quiet Sun outside of
coronal holes. The reconnection releases the loop material, resulting in the slower solar
wind (Fisk, Zurbuchen, and Schwadron, 1999b).

The reconnection of open magnetic flux with coronal loops should be an important pro-
cess in the acceleration of the solar wind. In addition to the mass provided to the solar wind
by the release of material from the loop by reconnection, the reconnection process will sub-
stantially displace the open field line, and disturb and provide energy into the overlying
corona, which when dissipated can provide the energy that will accelerate the solar wind.
Fisk, Schwadron, and Zurbuchen (1999a) and Fisk (2003) introduced a new class of solar-
wind theories in which the mass flux of the solar wind is determined by the release of ma-
terial from loops by reconnection and the deposition of energy to accelerate the solar wind
is determined by the displacement and subsequent relaxation to equilibrium of open mag-
netic flux in the overlying corona (see also Schwadron and McComas, 2003; Schwadron,
McComas, and DeForest, 2006). This class of theory provides a natural explanation for the
observed anti-correlation between solar-wind speed and the coronal electron temperature
inferred from solar-wind charge states (Gloeckler, Zurbuchen, and Geiss, 2003).

Thus, as we entered the Cycle 23 – 24 solar minimum, we had certain expectations as to
what would occur. We expected that the heliospheric current sheet would return to lie near
the equatorial plane and that the strength of the heliospheric magnetic field would return
to the constant background level of previous solar minima. It became obvious, however,
in 2006 that this was not to be the case. The strength of the heliospheric magnetic field
fell precipitously to a level never before observed when there have been adequate space
observations, reaching a level 30% below the level of previous minima (Smith and Balogh,
2008). Also, the current sheet has remained relatively tilted, and some large coronal holes
extend down to low heliographic latitudes (i.e., in Carrington Rotation (CR) 2032), with
more isolated equatorial coronal holes showing up later on (Abramenko et al., 2010).

These changes in the heliospheric magnetic field were accompanied by unprecedented
changes in the basic solar-wind flow parameters. The proton mass flux and the ram pressure
of the solar wind were decreased by 20% and 22%, respectively (McComas et al., 2008),
and the solar-wind charge states, and thus the coronal electron temperature decreased. All
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Figure 1 Monthly sunspot number (black), Ulysses heliographic latitudes (blue), normalized radial compo-
nent of the heliospheric magnetic field [Brr

2], solar-wind mass flux [ρur2], solar-wind ram pressure [ρu2r2],
and charge-state ratio of O7+/O6+, as observed by Ulysses from 1991 to 2009. The Cycle 22 – 23 solar min-
imum and the minimum of Cycle 23 – 24 are highlighted by yellow and blue background colors, respectively.
The vertical dotted lines mark the beginnings of every year. Every data point shown in the plots is the aver-
age value for each Carrington rotation. The horizontal red (blue) lines mark the average values in the Cycle
22 – 23 (Cycle 23 – 24) solar minimum, their decreasing percentiles are indicated with downward arrows.

of these parameters (as observed by Ulysses) – the heliospheric magnetic-field strength, the
mass flux and ram pressure of the solar wind, and the solar-wind charge states – are shown
in Figure 1.

The purpose of this article is to examine what alterations are required to our under-
standing of the behavior of the heliospheric magnetic field and the solar wind, which were
developed in the previous cycle, to account for the observed unusual behavior in the Cycle
23 – 24 solar minimum. The reduction in the heliospheric magnetic-field strength could be
due simply to an inaccurate estimate of the number of CMEs present in the heliosphere in
previous solar minima (Owens et al., 2008). We had assumed that in previous minima there
would be little magnetic flux in the heliosphere due to CMEs, and the observed heliospheric
magnetic field would be at the constant background level. If this were not correct, and there
was still magnetic flux associated with CMEs present, then the actual background level of
open magnetic flux is lower. Then, in the Cycle 23 – 24 solar minimum, with its lower level
of activity, there may be fewer CMEs, and we are now approaching the background level.
This explanation does not require any alterations in the basic concepts for the behavior of
the heliospheric magnetic field that have been developed, only a lower actual background
level of open magnetic flux.

In this article, we offer an alternative explanation for the reduction in the strength of the
open magnetic flux in the Cycle 23 – 24 solar minimum. We introduce a somewhat more
complex structure for the heliospheric magnetic field. We argue that there is a separate
component of the heliospheric magnetic field that immediately surrounds the heliospheric
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current sheet, and which we suggest traces its origin to the extended coronal loops that un-
derlie the current sheet, which we refer to as the streamer-stalk region. The solar wind in
this region surrounding the current sheet is clearly different in composition; it has distinctly
higher charge states, indicating a source in hotter loops, and is quite slow. We demonstrate
that the width of the streamer-stalk solar wind, relative to the current sheet, is demonstrably
narrower in the Cycle 23 – 24 solar minimum compared to the previous minimum. Conse-
quently, the region outside the streamer-stalk region is demonstrably larger. We then show
that the total magnetic flux in the region outside the streamer-stalk region – the product of
the increased solid angle and the observed reduced magnetic field strength – is the same in
the Cycle 23 – 24 and Cycle 22 – 23 solar minima. In other words, the total magnetic flux in
the background level of open flux, in the region outside the stream-stalk region, is constant
from cycle to cycle. As we will demonstrate, this modified understanding of the behavior of
the heliospheric magnetic field requires only minor alterations to the basic concepts for the
behavior of the heliospheric magnetic field that have been developed.

We have a more unqualified success with regard to the solar-wind models that were
developed in the previous cycle. We find that the formulae that were developed to account for
the mass flux of the solar wind and to explain the anti-correlation between solar-wind flow
speed and coronal electron temperature all hold in the minimum of Cycle 23 – 24, without
alteration.

We begin with our explanation for the behavior of the heliospheric magnetic field during
the Cycle 23 – 24 unusual solar minimum, and its consequences. We then show that our basic
solar-wind formulae appear to remain valid, and in Concluding Remarks we summarize
these results and consider additional research that still needs to be pursued.

2. The Behavior of the Heliospheric Magnetic Field

2.1. Two Types of Solar Wind

The streamer region is the large, extended loops under the heliospheric current sheet. It
can extend to a few solar radii. Since the streamer-belt loops are hotter, the solar wind
coming from the stalks of the streamer belt should exhibit substantially hotter temperatures.
Particularly their ion compositions (such as the O7+/O6+ and C6+/C5+ ratios) that freeze-in
very quickly and remain the same during propagation through the heliosphere should exhibit
relatively high values (Geiss, Gloeckler, and von Steiger, 1995; von Steiger et al., 2000).
Therefore, we assume that streamer wind can be determined by their relatively high charge-
state ratio, like O7+/O6+. We use the in-situ observations to show that the band of the highest
O7+/O6+ ratio wind, larger than 0.145 (Zhao, Zurbuchen, and Fisk, 2009; Zurbuchen et al.,
2002), comes from the stalks of the streamer belt, the largest extended loops that underlie the
heliospheric current sheet. Thus, we have three types of solar wind based on their different
origins: streamer-stalk wind, non-streamer-stalk wind (some of which comes from coronal
holes and some of which is still low-speed wind from loops at higher latitudes), and transient
interplanetary coronal mass ejections (ICMEs).

We repeat the analysis of Zhao, Zurbuchen, and Fisk (2009) to determine the three types
of solar wind, using the criteria as shown in Table 1. In Figure 2, we show the fractions of
these three types of wind in the Ulysess 18-year observations along with the monthly sunspot
number. The average streamer-stalk wind (orange) contributes 27% to the heliosphere and is
a very variable portion; the non-streamer-stalk wind (green) covers 63% of the time and can
be considered as the majority of the heliosphere; and ICMEs (yellow) participate about 10%
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Figure 2 Monthly sunspot
number (top) and three
solar-wind components (bottom)
during 1991 – 2009: ICMEs
(yellow), non-streamer wind
(green) and streamer wind
(orange).

Table 1 In-situ signatures of three types of solar wind.

Signature Vsw Relationship Criterion For

1 O7+/O6+ O7+/O6+ ≥ 6.008 exp(−0.00578Vsw) ICMEs

2 O7+/O6+ 0.145<O7+/O6+ < 6.008 exp(−0.00578Vsw) Streamer-stalk wind

3 O7+/O6+ O7+/O6+ ≤ 0.145 Non-streamer-stalk wind

of the time, and their occurrence rate is approximately proportional to the sunspot number
and can also indicate the level of solar activity.

The wind from outside of the streamer-stalk region consists of two main groups. The
first group is the wind that originates exclusively from low-temperature coronal holes;
those winds have high proton speed (V > 600 km s−1), are relatively stable and normally
are distributed at high latitudes in solar minimum; the other group is the low-speed wind
(V < 600 km s−1) from other lower-temperature regions outside of coronal holes; those
winds are distributed in broader regions from low to mid latitudes (Tokumaru et al., 2009).

In previous solar minima, low-latitude coronal holes were uncommon (Phillips et al.,
1995). However, this is not the case during the Cycle 23 – 24 solar minimum. With the aid
of the 195 Å images from the Extreme ultraviolet Imaging Telescope (EIT) on SOHO, we
can construct a general view of the coronal holes during the two solar minima. Figure 3, CR
2033 (8 August 2005 – 4 September 2005) is an example; the coronal-hole regions are shown
by black pixels. By marking each of the black-coronal-hole pixels by white and calculating
the area covered by those pixels, we find that compared with the previous solar minimum
(CR 1911 – 1941, 28 June 1996 – 22 October 1998), the area of the coronal holes at low
latitude (< 45◦) increases dramatically in the minimum of Cycle 23 – 24 (CR 2025 – 2055,
2 January 2005 – 27 April 2007), by almost 380% (Figure 4).

Because the EUV emission is very sensitive to temperature and density, the size of the
dark regions in the images is very wavelength dependent. The method we use to estimate the
coronal holes here is thus only approximate. Based on the single-wavelength measurement,
our results may not provide an accurate evaluation of the exact area and position of the
coronal holes, but are sufficiently reliable to compare the relative difference between the
two solar minima.
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Figure 3 SOHO Extreme ultraviolet Imaging Telescope (EIT) 195 Å images at CR 2033.

Figure 4 Variation of the
coronal-hole area at low latitude
(< 45◦). Highlighted time
periods are close to the minimum
of Cycle 22 – 23 and the Cycle
23 – 24 solar minimum: CR
1911 – 1941 (yellow) and CR
2025 – 2055 (blue).

The low-latitude coronal holes still occured until the end of 2008 when they started to
close down and finally disappeared in 2009 (de Toma, 2010). Besides the fact that the low-
latitude coronal holes extend to the ecliptic plane, the polar coronal holes shrink as shown
by the SOHO/EIT 171 Å, 195 Å, and 304 Å full-disk images: the sizes of the polar coronal
holes at both poles are smaller in the minimum of Cycle 23 – 24 than the minimum of Cycle
22 – 23 (Kirk et al., 2009).

2.2. The Width of the Streamer-Stalk Region

To have an insightful view of where the three types of wind originate from the solar corona,
we map all of the in-situ Ulysses measurements back to the source surface used for the
PFSS (Potential Field Source Surface) model, at 2.5 solar radii, following the same mapping
technique introduced by Zhao, Zurbuchen, and Fisk (2009). Figure 5 is an example from CR
2060 (14 August 2007 – 10 September 2007, corresponding to Ulysses’ fast latitude scan).
In this figure, the background contours show the magnetic polarities from the PFSS model:
the dashed (solid) lines represent the inward (outward) magnetic field and the purple line is
the current sheet. The black line in the middle of the color band is the trajectory of Ulysses,
the color bars above the black line indicate the two solar-wind types (non-streamer wind
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Figure 5 Origin of three types of solar wind in CR 2060. Background contours show the magnetic polarities
from the PFSS model: the dashed (solid) lines represent the inward (outward) magnetic field and the purple
line is the current sheet. The black line in the middle of the color band is the trajectory of Ulysses, the color
bars above the black line indicate the two solar-wind types (non-streamer wind in green and streamer wind
in orange) and the color bars under the black line show observed magnetic polarities (inward in blue and
outward in red).

in green and streamer wind in orange), and the color bars under the black line show the
observed magnetic polarities (inward in blue and outward in red). As expected, Ulysses
observes some streamer-stalk wind when it crosses the current sheet. Also, the polarities of
the observed magnetic field match the PFSS model result very well. Based on these maps,
we can calculate the normal distance from each of the “foot points” of the solar wind to
the local current sheet. These normal distances are portions of great-circle arcs and can be
expressed as an angle relative to the current sheet.

From these mapped results for all of the Carrington rotations (such as CR 2060 shown
in Figure 5), we can compare the polarities of the observed magnetic field with the PFSS
results. We have used observations from both ACE at 1 AU, and from Ulysses for this pur-
pose. The comparison between the background PFSS contours and our observed polarities
of the field shows that in many of the Carrington rotations, the observed polarities from ACE
and the current-sheet positions found by our technique are consistent with the PFSS results.
This consistency indicates that the PFSS results around the equatorial plane are reliable and
that our data-analysis technique works very well. However, for the Ulysses observations, the
consistency between the observed magnetic polarity and the PFSS results are not always ac-
ceptable. This deviation between observations and the PFSS is likely due to the limitation of
the PFSS model at the high heliographic latitudes, where the observations of the solar mag-
netic field are very limited. However, since our analysis focuses on the solar minima, when
the heliospheric current sheet is less tilted and remains at low latitudes, these deviations
between the observations and the PFSS model are not important.

The statistic results of all of the normal distances from the solar-wind foot points to the
local current sheet in the two successive solar minima as observed by Ulysses are shown
in Figure 6. During the Cycle 22 – 23 solar minimum (25 January 1995 – 14 March 1998,
CR 1892 – 1933), most (> 95%) of the streamer-stalk wind distributes around the current
sheet and within 25◦ on each side. Note that focusing only on the period when the sunspot
number is at the lowest value, we find the Cycle 22 – 23 solar minimum is even shorter, about
2.5 years, from 1 January 1995 – 11 July 1997 (Figure 1). In such a short time interval, the
available streamer-stalk solar-wind data are limited because Ulysses is not always at low
latitude. To use all of the possible streamer-stalk solar-wind data observed by Ulysses, we
do not exclude the period when Ulysses is at high latitude, but carefully examine the Ulysses
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Figure 6 Ulysses observation:
probability densities of the
normal distances from the source
of streamer-stalk wind to the
local heliospheric current sheet
on the 2.5 solar radii surface
during the Cycle 22 – 23 solar
minimum (25 January 1995 – 14
March 1998, CR 1892 – 1933)
(solid line) and during the Cycle
23 – 24 solar minimum (29
October 2005 – 16 December
2008, CR 2036 – 2077) (dotted
line).

observation in several time intervals within this solar minimum. We examine the streamer-
stalk width in three individual periods: 1995, 1996 and 1995 – 1996. We find that if we set
80% as the criterion, there will be more than 80% of the streamer-stalk wind distributed
within 24° (1995), 22° (1996), and 22° (1995 – 1996) around the current sheet in the three
time intervals, respectively. If we apply 90% as the criterion, the estimated half width will
be even larger. Therefore, we conclude that the half width of the streamer-stalk region in
22/23 minimum is ≈ 25°, which is consistent with the previous publications (Richardson
and Paularena, 1997; Phillips et al., 1995).

In contrast, in the minimum of Cycle 23 – 24 (29 October 2005 – 16 December 2008,
CR 2036 – 2077), the majority of the streamer-stalk wind comes from a band around the
current sheet within about 10° on each side, or in total the streamer-stalk is 15° – 20° wide
(Figure 6). The significantly different distribution of the streamer-stalk wind relative to the
current sheet suggests that besides all of the parameters shown in Figure 1 that are different
between the two minima, the solar-wind structure in the heliosphere is also different, and all
of these changes can be related to each other. Note that we still have some high O7+/O6+
ratio (high electron temperature) wind that originates somewhat farther away from the cur-
rent sheet during the minimum of Cycle 23 – 24. There are three possible explanations for
the distribution of these high electron-temperature winds: First, the high-temperature wind
can be produced by the reconnection between hotter, large coronal loops and the open field
lying outside of the streamer-stalk region. Second, some of the high O7+/O6+ ratio wind far
from the heliospheric current sheet may be due to the uncertainty of the simulated current
sheet determined by the PFSS model. Third, Ulysses’ large heliocentric distance may also
cause some errors in the trajectory-mapping process.

Unlike Ulysses, ACE provides us with in-situ observation near 1 AU. The current-sheet
crossings observed by ACE have been proven to be more accurate and more consistent with
the PFSS model than Ulysses (Zhao, Zurbuchen, and Fisk, 2009). Therefore, we also used
ACE observation to examine the width of the streamer-stalk region. We found during the
Cycle 23 – 24 solar minimum, about 90% of the streamer-stalk wind as observed by ACE is
from a region of 10◦ around the current sheet (Zhao and Fisk, 2010) (Figure 7). In combining
both Ulysses and ACE observations, we find the majority (80%) of the streamer-stalk wind
originates from a band about 10° around the current sheet (Figure 8). Note that ACE data
are not available for the minimum of Cycle 22 – 23, so only Ulysses data can be used for a
similar analysis in that minimum, and hence are used in this article.

We need to emphasize that the signature that we use to identify our streamer-stalk
wind is the O7+/O6+ ratio, or the electron temperature inferred from the ratio, and not
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Figure 7 (a) Probability density of the normal distances of the streamer-stalk wind to the current sheet in the
minimum of Cycle 23 – 24 from ACE observations. (b) Integration of the probability density performed from
where the normal distance is 0◦ to 60◦ (along the x-axis from left to the right). The horizontal dotted line
marks where the integrated probability density is 90% and the vertical dotted line marks where the normal
distance is ≈ 10°.

Figure 8 (a) Probability density of the normal distances of the streamer-stalk wind to the current sheet in
the minimum of Cycle 23 – 24 from the combination of ACE and Ulysses observation. (b) Integration of the
probability density performed from where the normal distance is 0◦ to 60◦ (along the x-axis from left to
the right). The horizontal dotted line marks where the integrated probability density is 80% and the vertical
dotted line marks where the normal distance is ≈ 10°.

the solar-wind speed, which distinguishes this effort from other studies (Miyake et al.,
1989; Kojima and Kakinuma, 1987). It is also important to note that the streamer-stalk
wind discussed here is not the entire low-speed solar wind. Rather, it is the slowest
wind from the streamer-stalk region around the current sheet. Using a similar proce-
dure and based on Ulysses observation, we can also examine the distribution of the
low-speed wind relative to the heliospheric current sheet. We find the low-speed wind
(V < 600 km s−1) is distributed in a similar region around the heliospheric current sheet
as the streamer-stalk wind in the Cycle 22 – 23 minimum, but in a wider region in this
solar minimum (Figure 9). Interestingly, the latitudinal distribution of low-speed wind in
the Cycle 22 – 23 solar minima has also been reported wider (Neugebauer et al., 1998;
Crooker et al., 1996) than the width of the streamer-stalk wind as we calculated in the
minimum of Cycle 23 – 24; while in the Cycle 21 – 22 minimum, the slow solar-wind band
is much narrower than the value in the minimum of Cycle 22 – 23 (Miyake et al., 1989;
Kojima and Kakinuma, 1987).

The broader, slow solar-wind region has also been reported by Tokumaru et al. (2009).
In the wider, slow solar-wind source region, the mechanism for generating the slow wind
is the same as in the streamer-stalk and in coronal-hole regions for the fast wind (Fisk,
Schwadron, and Zurbuchen, 1998; Fisk, Zurbuchen, and Schwadron, 1999b; Fisk, 2003):
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Figure 9 Ulysses observation:
probability densities of the
normal distances from the source
of slow wind (V < 600 km s−1)
to the local heliospheric current
sheet on a 2.5 solar radii surface
in the Cycle 22 – 23 solar
minimum (25 January 1995 – 14
March 1998, CR 1892 – 1933)
(solid line) and the minimum of
Cycle 23 – 24 (29 October
2005 – 16 December 2008, CR
2036 – 2077) (dotted line).

Figure 10 Histograms of the
non-streamer wind data in the
Cycle 22 – 23 solar minimum (25
January 1995 – 14 March 1998,
CR 1892 – 1933, in solid line)
and in the Cycle 23 – 24 solar
minimum (29 October 2005 – 16
December 2008, CR 2036 – 2077,
in dashed line) from Ulysses.

The open magnetic flux is transported by reconnection with loops. This process inherently
releases material into the corona, and energy, which can be used to accelerate the solar wind.

2.3. The Total Magnetic Flux

We conclude in the previous section that in the minimum of Cycle 23 – 24 the streamer-
stalk region is narrower, and, as a consequence, the area outside the streamer stalk must
be larger than in the Cycle 22 – 23 minimum. Consider, then, how the total open magnetic
flux contained in the region outside the streamer-stalk region varies between the two solar
minima.

The total amount of the open magnetic flux is the product of the area or solid angle [σ ]
occupied by non-streamer-stalk region and the magnetic strength [Brr

2] in that region. From
Table 2, the half width of the streamer belt in the Cycle 22 – 23 minimum is about 25°, and
during the minimum of Cycle 23 – 24 it is reduced to 10°. If we assume that the solid angle
covered by the non-streamer region in the minimum of Cycle 22 – 23 is one, then in the
minimum of Cycle 23 – 24 this solid angle increases to 1.43. Also, In Figure 10, we show
the histograms of the magnetic-field strength [Brr

2] in the region outside of the streamer-
stalk region during the minimum of Cycle 22 – 23 (solid line) and during the minimum of
Cycle 23 – 24 (dotted line). The average value of Brr

2 in the minimum of Cycle 22 – 23 is
4.3nT AU2, while in the later minimum of Cycle 23 – 24 this value goes down to 2.93nT·
AU2, decreasing by 31.8%. Thus, the products of σ and Brr

2 in these two solar minima
remain the same (Table 2). We therefore conclude that the total amount of open magnetic
flux in the region outside of the streamer region remains the same in the two minima.
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Table 2 Total amount of magnetic flux outside of streamer stalk.

Streamer half- Non-streamer-stalk Brr
2 Total magnetic

width (degrees) region solid angle flux

22 – 23 minimum 25 1 1 1

23 – 24 minimum 10 1.43 0.7 ≈ 1

The conservation of the open magnetic flux in the region outside of the streamer stalk is
a very robust result that is not sensitive to the time period we choose. For example, in a pair
of different time periods, 7 August 1993 – 19 October 1995 (approaching 22 – 23 minimum,
during Ulysses’ first orbit), and 1 January 2006 – 13 March 2008 (covering the latest mini-
mum during Ulysses’ third orbit), Ulysses has the exactly same latitudinal scans, which can
allow us to compare the streamer-stalk wind and magnetic flux without a latitudinal bias. We
find the magnetic strength decreases by 24% in the minimum of Cycle 23 – 24 compared to
the period close to the minimum of Cycle 22 – 23. The streamer-stalk region is about 15°
and 44° around the heliospheric current sheet in the period close to the Cycle 23 – 24 and
22 – 23 minima, respectively. These differences indicate that the total magnetic flux in the
region outside of the streamer stalk in the later period of the minimum of Cycle 23 – 24
is about 1.05 times (not significantly different than 1) compared to the period close to the
minimum of Cycle 22 – 23.

The Ulysses’ heliocentric distance varies from 1.5 AU to 5.0 AU in the Cycle 22 – 23
solar minimum and from 1.5 AU to 4.0 AU in the minimum of Cycle 23 – 24. These rela-
tively large heliocentric distances might have some influence on the accuracy of our mapping
technique, and therefore can broaden the estimated streamer-stalk width. Since Ulysses’ he-
liocentric distance is comparable in the two solar minima, we think that if such an influence
exists, it will be very similar in the two solar minima, and we can approximate its implica-
tion. For example, if both the streamer-stalk wind in the two solar minima are broadened
by 5◦ due to Ulysses’ large heliocentric distance, the areas of the non-streamer-stalk region
will decrease by 13% and 11% in the Cycle 22 – 23 and Cycle 23 – 24 minima, respectively.
In addition, we know that the open magnetic field [Brr

2] is independent on latitude, i.e., it
will remain the same regardless of how much the streamer-stalk region changes (Smith and
Balogh, 2008). Thus, the ratio of the total magnetic flux in the non-streamer-stalk region in
the two minima will remain approximately one (87%/89% = 98% ≈ 1). Therefore, Ulysses’
relatively large heliocentric distance will not cause a significant change to our conclusion.

Note that in our analysis we are only interested in the non-transient solar wind, and
we have ruled out the ICMEs; thus, the total open magnetic flux that we calculate is the
background level at solar minimum without impact from ICMEs.

2.4. Implications of the Conservation of Total Magnetic Flux

The streamer-stalk wind is a separate component of solar wind; its composition, speed,
temperature, variability, and spatial distribution are all different from the other solar-wind
components. The conservation of total magnetic flux in the region outside of the streamer-
stalk region is a natural consequence of the presence of a separate component of the solar
wind surrounding the heliospheric current sheet. Open magnetic flux can disconnect only at
the heliospheric current sheet and then only within the Alfvén point (Fisk and Schwadron,
2001). If the open magnetic flux in the region outside of the streamer stalk is unable to
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Figure 11 (a) An illustration of the motions of the magnetic field on the Sun in the frame corotating with the
equatorial rotation rate (Fisk, 1996; Fisk, Zurbuchen, and Schwadron, 1999b; Fisk and Schwadron, 2001).
The M-axis is the axis of symmetry for the expansion of the magnetic field from a polar coronal hole. The
�-axis is the solar rotation axis. P marks one of the open lines (green) that connects to the Pole. The curves
with arrows (red) are the trajectories of the open lines. (b) The open lines reconnect and diffuse outside the
streamer-stalk region, which is marked in yellow (after Zhao and Fisk, 2010).

penetrate into the heliospheric current sheet then no disconnection is possible, and the back-
ground level of open magnetic flux in this region should remain constant throughout the
solar cycle.

In a series of articles, Fisk and colleagues developed a model for the global trans-
port of open magnetic flux on the Sun, which is illustrated in Figure 11a (Fisk, 1996,
2005; Fisk and Schwadron, 2001; Fisk, Zurbuchen, and Schwadron, 1999b). Differen-
tial rotation drives the open flux across the polar coronal hole and then into closed-
field regions where open flux does not disconnect at the current sheet, but rather the
flow patterns turn as shown. The process by which the magnetic field flows through the
closed-field region is reconnection with coronal loops, with a resulting random jump in
the foot points of the open flux and the open flux diffusing through the closed-field re-
gion. This picture now needs to be revised, as shown in Figure 11b. The open mag-
netic flux in regions outside the streamer-stalk region is unable to penetrate into this
region. Thus, disconnection of this component of open flux, which must occur at the
heliospheric current sheet, is not possible. Rather, the turning of the flow patterns of
open flux, outside of coronal holes, must occur outside the streamer-stalk region, as
shown.

2.5. Conclusions About the Behavior of the Heliospheric Magnetic Field

Our basic proposition is that the width of the streamer-stalk region controls the magnetic-
field strength of the background level of the open magnetic flux in the region outside the
streamer-stalk region. No other modification to models for the behavior of the open magnetic
flux of the Sun that were developed in the previous solar minimum is required. However,
there is still work to be done on how the magnetic field behaves in the streamer-stalk region.
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It is argued that it is a separate component from the magnetic field outside of the streamer
stalk region, with different governing processes. The streamer-stalk region may contain the
legs of ICMEs. It is certainly subject to disconnection at the current sheet.

3. The Behavior of the Solar Wind

The Fisk solar-wind acceleration model (Fisk, Schwadron, and Zurbuchen, 1998, 1999a;
Fisk, 2003; Fisk and Zhao, 2009) is unlike the traditional solar-wind model (e.g., Parker
(1958), Isenberg (1991) and references therein; Marsch (1995) and references therein;
Hansteen and Leer (1995); Axford and McKenzie (1997); Cranmer, van Ballegooijen, and
Edgar (2007)), in which there is a deposition of energy and perhaps momentum into the
corona, and this deposition accelerates the solar wind and determines all other flow param-
eters, such as the solar-wind mass flux. In the Fisk solar-wind model, the mass flux is de-
termined independently of the deposition of energy, by the release of material from coronal
loops by reconnection.

In Fisk (2003), a solar-wind acceleration theory was developed in which the mass flux is
determined by the release of material from coronal loops, and independent of the solar-wind
acceleration mechanism. It is assumed that the plasma in the coronal loops is in hydrody-
namic equilibrium at constant temperature; an integration of the density then gives the mass
of the coronal loop that is contributed to the solar-wind mass flux:

ρiuiSi =
(

ρloop,i

Bloop,i

)(
Bopen,i · Si

δt

)(
2r2

0 kT

GM0mp

)[
1 − exp

(
−1.75hloopGM0mp

2r2
0 KT

)]
, (1)

where hloop is the loop height; ρloop,i is the mass density at the point of reconnection at the
base of the loop; G is the gravitational constant; M0 is the mass of the Sun; r0 is the solar
radius; mp is the mass of the proton, the dominant species; T is the electron temperature
of the coronal loop, which can be inferred from the solar-wind charge-state ratio by using
the local thermal equilibrium model (Ko et al. 1997); δt is the characteristic time for open
field lines to execute their random displacements; Si is the total solar surface; and k is
the Boltzmann constant. The factor β(hloop,iT ) = {1−exp[−1.75hloopGM0mp/(2r2

0 kT )]}−1

corrects for the case where the height of the loop is comparable to or less than the scale
height. The magnetic-field strength [Bopen] is the average open magnetic-field strength in
this region of the corona. The factor of (ρloop,i/Bloop,i ) can be considered relatively constant
(Fisk, 2003). Therefore, the mass released from a loop is roughly proportional to the electron
temperature of the loop.

The deposition of energy into the corona is proportional to the magnetic energy contained
in the flux tube along which the solar wind is being accelerated. By substituting the depo-
sition energy and the solar-wind mass flux, given in Equation (1), into the standard MHD
energy balance equation, Fisk (2003) finds that the final speed of the solar wind is given by

u2
f

2
=

(
Bloop,i

ρloop,i

)(∫
Bopen · dh
4πr0

)(
GM0mp

2r2
0 kT

)
β(hloop,T ) − GM0

r0
. (2)

The anti-correlation between the solar-wind speed square [u2
f ] and the coronal electron tem-

perature [T ] in Equation (2) has been confirmed by the Ulysses observations near the Cycle
22 – 23 solar minimum (27 August 1996 – 9 February 1997) (Gloeckler, Zurbuchen, and
Geiss, 2003). We will examine the final solar-wind mass flux Equation (1) and the final
speed Equation (2) with the in-situ observations in the Cycle 23 – 24 minimum.
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Figure 12 The mass flux of the solar wind versus the bin-averaged, normalized component of the helio-
spheric magnetic field, multiplied by the correction factor (a) and also by the electron temperature (b), for the
same time periods as shown in Figure 6, from Ulysses observations. The binning technique is described in
the text.

3.1. The Mass Flux

We note that, as derived in Fisk (2003), β−1, Brr
2, and T enter into the formula of mass

flux in Equation (1). Therefore, we expect that there may be a linear relationship between
ρswuswS ∼ Brr

2β−1 or ρswuswS ∼ T Brr
2β−1 in the in-situ Ulysses data. When calculat-

ing β , we use a simple assumption for the relation between the loop height and the electron
temperature. Instead of assuming a linear relation as in Gloeckler, Zurbuchen, and Geiss
(2003), we use an exponential curve to fit the temperature dependency of the loop heights
and our assumption agrees well with the existing limited observations (Feldman, Widing,
and Warren, 1999). In Figure 12, we present the relationship of ρswuswS ∼ Brr

2β−1 and
ρswuswS ∼ T Brr

2β−1, respectively. In addition, we excluded ICMEs using the criterion in
Table 1 (Zhao, Zurbuchen, and Fisk, 2009). To compare with the result of Gloeckler, Zur-
buchen, and Geiss (2003) for the minimum of Cycle 22 – 23, we adopt the time period that
they used in their article during that solar minimum, which is 27 August 1996 – 9 February
1997; and we use the same period for the Cycle 23 – 24 solar minimum as used in Figure 6.
We first average the data in every 36-hour period. Then we average these 36-hour-averaged
values in every Brr

2β−1 = 0.5 (or T Brr
2β−1 = 0.5) bins along the x-axis, and present those

bin-averaged values in solid-red circles (minimum of Cycle 22 – 23) and black diamonds
(minimum of Cycle 23 – 24) in Figure 12. This process removes the variations in the mass
flux that will be introduced by the other parameters in Equation (1) besides T , Brr

2, or β−1.
The relationships in Figures 12a and 12b are linear, as predicted in Equation (1). If we ex-
clude those binned data averaged from one single 36-hour-averaged data point, the linear
coefficient will be as high as ≈ 0.9. Note also that the intercepts in Figure 12 are close to 0;
they are just about 10% of the total average value of the mass flux as shown in the figure. The
strong linear relations in the minimum of Cycle 23 – 24 are consistent with the theoretical
prediction and suggest that the entire mass flux is due to the processes described by Equation
(1), as opposed to, e.g., a portion of the mass flux being due only to the acceleration process,
as in a standard solar-wind model.

The correlation between ρswuswS and Brr
2 has also been reported in the minimum

of Cycle 23 – 24 (27 February 2006 – 10 June 2007, and 18 October 2007 – 1 April 2008)
(Schwadron and McComas, 2008). Without including the correction factor and electron tem-
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Figure 13 The anti-correlation between the solar-wind speed squared and the coronal electron temperature
as measured by solar-wind charge states from Ulysses (a) and ACE (b) observation. Two time periods are
shown. The first is the same as in the Gloeckler, Zurbuchen, and Geiss (2003) analysis; the second is for the
minimum of Cycle 23 – 24.

perature, they obtained a strong correlation; however, the intercept of their linear fitted line
is not close to zero as predicted by Equation (1).

3.2. The Solar Wind Flow Speed

We calculate the electron temperature [T ] at the source of the solar wind using the lo-
cal thermal equilibrium model provided by Ko et al. (1997). As discussed by Gloeckler,
Zurbuchen, and Geiss (2003), by using this model, the typical measurement error of T is
≈ 4.2% for T ≈ 1 × 106 K and 3.2% for T ≈ 1.7 × 106 K. In Figure 13 we show the plots
of Y = V 2

sw/2 versus X = GMmβ/2rskT = T ′/T in the Cycle 22 – 23 solar minimum (27
August 1996 – 9 February 1997, Gloeckler, Zurbuchen, and Geiss, 2003) and the minimum
of Cycle 23 – 24 (29 October 2005 – 16 December 2008, CR 2036 – 2077), excluding the pe-
riods of CMEs identified by the criteria in Table 1 (Zhao, Zurbuchen, and Fisk, 2009). The
small data symbols shown in Figure 13 are the 36-hour-averaged values from the hourly
observations, and the larger symbols indicate the bin-averaged value in each bin (bin size
�X = 0.5). Clearly, there are strong linear relations in each of the solar minima, and in both
Ulysses and ACE, as predicted by the solar-wind Equation (2), indicating that despite the
obvious changes in the minimum of Cycle 23 – 24, the solar-wind acceleration theory de-
veloped in the previous minimum of Cycle 22 – 23 (Fisk, Schwadron, and Zurbuchen, 1998,
1999a; Fisk, 2003; Fisk and Zhao, 2009) still holds.

The latest observations from ACE and Ulysses in the current, unusual solar minimum
show that the basic formulae that were derived to explain the mass flux and anti-correlation
between solar-wind speed and coronal electron temperature still hold, without alteration.

4. Concluding Remarks

The principal conclusions of this paper are that it is necessary to make only simple adjust-
ments to previously developed models for the behavior of the open magnetic flux of the
Sun and the solar wind to account for the important characteristics of the behavior of the
heliospheric magnetic field and the solar wind in the current unusual solar minimum:
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• A streamer-stalk region that behaves separately from the region outside the streamer-stalk
region can account for the reduction in the background magnetic field strength.

• The relationships for solar-wind mass flux and the solar-wind flow speed still hold in the
minimum of Cycle 23 – 24.

The minimum of Cycle 23 – 24 is different from the minimum of Cycle 22 – 23 as re-
ported by many observations. However, the fact that the solar-wind acceleration model de-
veloped in the Cycle 22 – 23 solar minimum still holds in the minimum of Cycle 23 – 24 sug-
gests that the fundamental physical process that accelerates the solar wind has not changed,
and with small alterations the model for the behavior of the heliospheric magnetic field re-
mains valid. In that sense, as far as the heliosphere is concerned, the minimum of Cycle
23 – 24 is not particularly unusual.

It should be noted that we do not deal with the root cause of the variation in the width
of the streamer-stalk region or the change in the parameters governing mass flux and speed,
other than to note that the width and the parameters are consistent with a less-active Sun.
Moreover, we clearly need to explore in more detail the behavior of the magnetic field in the
streamer region, and its role in controlling the behavior of the magnetic open flux.
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