
Solar Phys (2016) 291:2441–2456
DOI 10.1007/s11207-016-0979-x

Sources of the Slow Solar Wind During the Solar
Cycle 23/24 Minimum

E.K.J. Kilpua1 · M.S. Madjarska2 · N. Karna3,4 ·
T. Wiegelmann5 · C. Farrugia6 · W. Yu6 · K. Andreeova7

Received: 1 April 2016 / Accepted: 17 August 2016 / Published online: 22 September 2016
© Springer Science+Business Media Dordrecht 2016

Abstract We investigate the characteristics and the sources of the slow (<450 km s−1)
solar wind during the four years (2006 – 2009) of low solar activity between Solar Cycles 23
and 24. We used a comprehensive set of in-situ observations in the near-Earth solar wind
(Wind and ACE) and removed the periods when large-scale interplanetary coronal mass
ejections were present. The investigated period features significant variations in the global
coronal structure, including the frequent presence of low-latitude active regions in 2006 –
2007, long-lived low- and mid-latitude coronal holes in 2006 – mid-2008 and mostly the
quiet Sun in 2009. We examined Carrington rotation averages of selected solar plasma,
charge state, and compositional parameters and distributions of these parameters related to
the quiet Sun, active region Sun, and the coronal hole Sun. While some of the investigated
parameters (e.g. speed, the C+6/C+4 and He/H ratios) show clear variations over our study
period and with solar wind source type, some (Fe/O) exhibit very little changes. Our results
highlight the difficulty of distinguishing between the slow solar wind sources based on the
inspection of solar wind conditions.
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1. Introduction

The heliosphere is permeated by a continuous stream of charged particles emanating from
the Sun’s hot outer corona. This so-called solar wind carries the magnetic field of the Sun
throughout the solar system and is the medium where coronal mass ejections (CMEs) propa-
gate, the key drivers of space weather storms in the near-Earth space environment. Moreover,
the boundary conditions for space-weather modelling and forecasting are entirely dependent
upon solar observations and, especially, on the knowledge of the origin of the solar wind.
Whereas the regions of open magnetic field lines on the Sun, coronal holes, have been firmly
established as the main source of the fast solar wind (≈700 km s−1; Krieger, Timothy, and
Roelof, 1973), the origin of the highly structured slow (�450 km s−1) solar wind is still
highly debated.

The suggested sources for the slow solar wind are numerous, including i) fast-converging
open magnetic field lines near the boundaries of coronal holes, e.g. Wang and Sheeley
(1990); ii) transient plasma blobs that are released from the helmet streamers or pseudo-
streamers, e.g. Wang et al. (1998, 2000), Sheeley et al. (2009), Riley and Luhmann (2012);
iii) plasma released by reconnection between open and closed field lines at the coronal hole
boundaries (e.g. Madjarska, Doyle, and van Driel-Gesztelyi, 2004; Fisk, Schwadron, and
Zurbuchen, 1998; Lionello et al., 2005; Madjarska and Wiegelmann, 2009; Edmondson,
2012); iv) hot outflows with speeds of up to ≈100 km s−1 from the edges of active regions,
first reported by Kojima et al. (1999) and most recently by Vanninathan et al. (2015, and
references therein); and v) jets originating from coronal bright points (BPs, small loop-like
structures that are omnipresent, including coronal holes and the quiet Sun) (e.g. Subrama-
nian, Madjarska, and Doyle, 2010; Madjarska et al., 2012; Yu et al., 2014b; Paraschiv et al.,
2010). There is still no general consensus on whether all of these processes can contribute
significantly to the slow solar wind and on their relative importance in different phases of
the solar activity cycle. However, considering the wide range of suggested sources, it is not
surprising that the slow solar wind exhibits such variability of its properties (e.g. Schwenn,
2006).

The majority of the above-described sources assume that the plasma is intrinsically
trapped in closed magnetic field lines where it is released through magnetic reconnection.
Small plasma clouds and narrow jets are indeed detected on a daily basis in extreme ul-
traviolet (EUV) imaging and in spectroscopic (e.g. Dobrzycka, Raymond, and Cranmer,
2000; Subramanian, Madjarska, and Doyle, 2010; Madjarska et al., 2012) and white-light
coronagraph observations (e.g. Wang et al., 1998; Wood et al., 1999; Davies et al., 2009).
Furthermore, small-scale transients have been identified in situ (e.g. Moldwin et al., 2000;
Feng et al., 2008; Kilpua et al., 2009, 2012; Foullon et al., 2011; Yu et al., 2014a), most of
them embedded in the slow solar wind. There is increasing evidence that the transient activ-
ity seen in different wavelengths in remote-sensing observations is linked. For instance, an
extensive statistical analysis by Paraschiv et al. (2010) confirmed the X-ray jets from BPs
as the source of the narrow white-light ejections. In addition, in a few cases coronal jets and
plasma blobs have been traced to large distances from the Sun using wide-angle white-light
heliospheric imaging (e.g. Rouillard et al., 2011; Yu et al., 2014b), even up to their direct
detection near Earth (Rouillard et al., 2011). However, the rate of small transients detected
in situ is significantly lower (a few events per month) than the rate of jets and plasma blobs
seen in remote-sensing observations (several tens per day). This suggests that the majority
of small transient plasma blobs emitted from the Sun lose their identity before reaching the
orbit of Earth (see discussion, e.g., in Kilpua et al., 2012).

One way to establish the link is to compare elemental abundances and charge state
properties at the Sun and in the solar wind (e.g. Geiss et al., 1995; Feldman, Landi,



Slow Solar Wind Origin 2443

and Schwadron, 2005). The charge states of the heavy ions (e.g. C+6/C+5, C+6/C+4, and
O+7/O+6) freeze-in in the corona when the solar wind expansion timescale exceeds the ion-
ization and recombination timescales and thus provide an indicator of the coronal electron
density and temperature profile in the freeze-in region (e.g. Zurbuchen et al., 1999; Zhao,
Zurbuchen, and Fisk, 2009). Landi et al. (2012) showed that the carbon charge states are the
best indicators of the temperature of the corona, and that in particular the C+6/C+4 ratio is
sensitive to the solar wind type. However, using ion charge states to probe the solar wind
origin is not straightforward. Lepri, Landi, and Zurbuchen (2013) emphasized that charge
states evolve considerably over a solar cycle, and hence, although they might be good prox-
ies of the solar wind sources even across a given year, they cannot be used as an absolute
discriminator of the source.

In turn, the elemental ratios at the Sun depend in a complex way on the chromospheric
temperatures, the magnetic field configuration where the plasma originates, and the confine-
ment time of the plasma in closed coronal loops. The spectroscopic remote-sensing observa-
tions have shown that newly emerging active regions’ loops tend to have similar abundances
of elements with low (e.g. Fe, Ne, Si, Mg) and high (e.g. Fe, Ne, Si, Mg) first ionization
potentials (FIP), while the abundance of high-FIP elements increases with increasing con-
finement times (e.g. Feldman and Widing, 2003; Feldman, Landi, and Schwadron, 2005).

“FIP bias” refers to the enhancement of elements with low first ionization potentials (FIP)
(e.g. Fe, Ne, Si, Mg) to those with higher FIP (e.g. O or S). The FIP fractionation has recently
been suggested to be driven by the ponderomotive force of the magnetohydrodynamic waves
in the chromosphere and low corona, see, e.g., Laming (2015) and the references therein. In
the slow solar wind the abundances of elements with low FIP are typically larger by a factor
of two to four compared to those with higher FIP (e.g. Zurbuchen and von Steiger, 2006). At
the Sun, strong FIP biases have been reported in active regions (e.g. Baker et al., 2013). In
turn, for coronal streamers the results are more controversial and values vary from the core to
the edge of the streamers (e.g. Raymond et al., 1997; Parenti et al., 2000; Bemporad et al.,
2003; Uzzo, Strachan, and Vourlidas, 2007). Hence, it is not straightforward to make the
association based on elemental abundances because of the large variability in those values
even in the same coronal source. Similar to heavy charge states, the solar wind composition
exhibits a clear solar cycle trend: it is considerably higher at solar maximum than during
low solar activity periods (Lepri, Landi, and Zurbuchen, 2013).

In addition, specific entropy [lnTp/n
γ−1
p ] has been shown to differentiate between the so-

lar wind from different source regions (e.g. Pagel et al., 2004). The fast solar wind has high
temperatures, but low densities, and hence, generally high specific entropies. As mentioned
above, for the slow solar wind variations in plasma and magnetic field parameters are rel-
atively large, and consequently, also the variations in the specific entropy. The particularly
low specific entropy structure in the slow solar wind is the high-density and low-temperature
heliospheric plasma sheet (HPS).

In this article we study the properties of the slow solar wind during the extended low solar
activity period between Solar Cycles 23 and 24 (2006 – 2009). We examine a comprehen-
sive set of solar wind parameters, including FIP fractionation, heavy ion charge states, and
specific entropy. The period of low solar activity studied is excellent for investigating the
variations in the slow solar wind and its sources. The contribution from large-scale CMEs
was very small at this time, e.g. Kilpua et al. (2012), and the global structure of the coronal
magnetic field experienced drastic changes, featuring periods frequently with low-latitude
coronal holes and active regions and an extended period of a very quiet Sun. The article is
organized as follows: In Section 2 we present our data and analysis methods. Section 3 gives
the results of the statistical analysis. In Section 4 we discuss and summarize our results.



2444 E.K.J. Kilpua et al.

2. Data and Methods

Our analysis combines one-hour-averaged solar wind plasma and magnetic field observa-
tions from the Near-Earth Heliospheric data base (OMNI: King and Papitashvili, 2005)
and the charge state and elemental compositional characteristics (Fe/O and C+6/C+4) from
the Solar Wind Ion Composition Spectrometer (SWICS) instrument onboard the Advanced
Composition Explorer (ACE) spacecraft. ACE was launched in August 1997, and it op-
erates close to the Lagrangian point L1. OMNI is a combination of L1 and near-Earth
measurements (during our study period Wind and ACE data have been used), and the
data have been shifted in time to the magnetopause. We obtained the OMNI data through
the NASA Goddard Space Flight Center Coordinated Data Analysis Web (CDAWeb:
cdaweb.gsfc.nasa.gov/) and the ACE data from the ACE Science Center (www.srl.caltech.
edu/ACE/ASC/level2/). The reason behind using solar wind plasma magnetic field data from
OMNI instead from ACE are the significant and persistent data gaps in the ACE solar wind
density measurements after 2006. We selected the solar wind C+6/C+4 ratio to present the
heavy ion charge states according to the study by Landi et al. (2012) (see the Introduction)
and Fe/O to present the variations in the FIP bias. We also checked the analysis results using
other charge states (C+6/C+5 and O+7/O+6), but no significant differences were obtained
from those using the C+6/C+4 ratio.

To obtain only solar wind periods unperturbed by CMEs, we removed the interplanetary
CME intervals by combing the events from a published list by Kilpua et al. (2012) and
from the online Richardson and Cane catalog (www.srl.caltech.edu/ACE/ASC/DATA/level3/
icmetable2.htm). As discussed in Section 1, during our study period (2006 – 2009) only a
handful of interplanetary CMEs were identified near L1.

We used synoptic maps produced from full-disk images taken in the 195 Å channel
of the Extreme-ultraviolet Imaging Telescope (EIT: Delaboudinière et al., 1995) to calcu-
late the fractional active-region and coronal-hole areas for CR 2039 starting on 18 January
2006 to CR 2091 ending on 3 January 2010. The preparation of the synoptic maps from
CR 2039 to CR 2055 is described by Benevolenskaya, Kosovichev, and Scherrer (2001)
(made by E. Benevolenskaya, hereafter EB) and from CR 2056 to CR 2092 by Hess Webber
et al. (2014) (by N. Karna, NK). To determine the contour levels that determine the AR
and CH areas, we first calculated the background emission as the mean of each individ-
ual Carrington map for pixels with Digital Numbers (DN) below 1700 DN s−1 (the pixels
above 1700 DN s−1 are associated with saturated signal rather than real signal most probably
caused by cosmic rays that were not removed by the standard data reduction procedure). The
background emission is then obtained as the mean plus 1.1 times the standard deviation of
the data for each Carrington map. A similar approach was successfully used by Madjarska
and Wiegelmann (2009) and Subramanian, Madjarska, and Doyle (2010). For the contours
of the AR areas, we used a value of 1.3 times the background emission for the Carrington
maps produced by EB and 1.5 times the background emission for the maps of NK. The rea-
son for the different thresholds is the slightly different spatial resolution of the two datasets
of the maps. All steps of the analysis were accompanied by a careful visual inspection of the
goodness of the contour levels. The coronal-hole contour levels are 0.1 BG for the EB maps
and 0.23 BG for the NK maps. Examples of the AR and CH contours are given in Figure 1.

First, we calculated from the CR EIT synoptic maps the relative fractional areas of the
“Active Region Sun” (ARS) and the “Coronal Hole Sun” (CHS) using the definitions de-
scribed above. Since the photospheric footpoints of the field lines that map the Ecliptic
can have a wide latitudinal range, we calculated these fractions using a latitude range of
±30◦. We also checked the results using various other latitudinal ranges up to ±60◦. This

http://cdaweb.gsfc.nasa.gov/
http://www.srl.caltech.edu/ACE/ASC/level2/
http://www.srl.caltech.edu/ACE/ASC/level2/
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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Figure 1 A synoptic SOHO/EIT 195 Å map for Carrington Rotation 2052 (8 January 2007 – 4 February
2007). The dotted vertical lines bound the periods when active regions were present (“Active Region Sun”:
ARS), the dash–dotted lines select the coronal holes periods (“Coronal Hole Sun”: CHS) and the dashed lines
mark the “Quiet Sun” (QS) periods. We have required that these periods are separated by half a day (7◦).

Figure 2 The solar wind
measurements during 5 February
2007, 13 UT – 7 February 2007,
15 UT, corresponding the active
region interval in Figure 1. The
panels show from top to bottom
a) C+6/C+4 ratio, b) Fe/O ratio,
c) specific entropy, d) speed, e)
density, f) temperature (black:
measured temperature, red:
“expected” temperature for a
given solar wind speed e.g.
Richardson and Cane, 1995) and
g) helium-to-proton ratio.

resulted in essentially similar solar cycle variations in the ARs and CHS fractions. We also
investigated in more detail the properties of the slow (<450 km s−1) solar wind associated
with different sources, i.e. QS, ARS, and CHS. For this part of the study we estimated the
in-situ periods that are affected by the QS, ARS, and CHS by defining the boundaries of
these periods from the synoptic maps; see an example in Figure 1. The corresponding times
in the near-Earth solar wind were found by assuming that the solar wind propagates radi-
ally at a constant speed. We used the average slow solar wind speed for our whole dataset;
359 km s−1 (corresponding to the Sun-to-Earth transit time of 166.7 hours).

For instance, the dotted lines that bound the left most active region in Figure 1 correspond
to the period of 31 January 2007, 21 UT – 2 February 2007, 19 UT. The corresponding in-situ
interval is 5 February 2007, 13 UT – 7 February 2007, 15 UT and is bounded in Figure 2 by
red lines. We required that the ARS (bounded by the dotted lines), the CHS (bounded by the
dash–dotted lines) and the QS periods (bounded by the solid lines) are separated from each
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other by at least half a day (i.e. ≈7◦ in Carrington maps). The total hours of different sources
are distributed as follows: The QS periods cover 7070 hours (294.6 days), the AR periods
cover 1886 hours (53.6 days), and the CH periods cover 395 hours (16.5 days). Figure 2 also
illustrates that solar wind properties may change considerably in the slow solar wind over
relatively short time intervals (an interval of about three days is shown).

3. Statistical Results

The monthly sunspot number from the Solar Influences Data Center (sidc.oma.be/) and the
maximum latitudinal extend of the neutral line of the heliospheric current sheet (HCS) from
the Wilcox Solar Observatory (wso.stanford.edu/) are shown in Figure 3. The top panel illus-
trates that the solar activity was relatively low during our whole study period, in particular
during 2008 – 2009 when for most of the time the visible disk of the Sun was completely
spotless. The bottom panel of Figure 3 shows that the HCS neutral line tilt reached low val-
ues, i.e. the solar magnetic field was dipole-like only towards the end of 2009. This implies
that during most of the extended low-activity period between Solar Cycles 23 and 24 the so-
lar magnetic field had significant multipole components, e.g. Abramenko et al. (2010). See
also Figure 5 in Kilpua et al. (2011), which shows the synoptic maps for the HCS neutral
line for the selected Carrington rotations for 2007 – 2010, demonstrating that between 2007
and mid-2008 the HCS neutral line experienced significant warps and was extended to high
latitudes.

The flat and low-latitude configuration was reached only in mid-2009, and in late-2009,
the HCS neutral line suddenly shifted to higher latitudes (seen also in Figure 3) and became
more warped. This might also affect the Ecliptic slow solar wind. During the times when
the HCS neutral line is flat and confined to low latitudes, the Ecliptic slow wind is largely
influenced by the main streamer belt, while during the times when the HCS neutral line is
warped and has high tilt, significant contributions from coronal holes and their boundary
regions are expected.

Figure 3 Top) Monthly
smoothed sunspot number from
the Solar Influences Data Center,
bottom) maximum extent of the
neutral line of the heliospheric
current sheet for each Carrington
rotation from the Wilcox Solar
Observatory.

http://sidc.oma.be/
http://wso.stanford.edu/
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The top panel of Figure 4 shows the normalized (to the maximum value) CR fractions of
the CHS and ARS; see Section 2 for the definitions. The variations in the number of active
regions should follow the sunspot number, and indeed the fraction of ARS was highest from
the beginning of 2006 to early 2008, while the active regions were practically absent during
the deepest solar minimum in 2008 – 2009. During the first half of our study period, the
identified active regions were primarily low-latitude active regions related to the concluding
Cycle 23, while a few active regions detected at the end of 2009 mark the emergence of the
mid-latitude active regions pertaining to the new Cycle 24. The fraction of CHS was highest
from the beginning of 2007 to mid-2008. The decrease in the fraction of low-latitude CHS
is consistent with the increasing dipolarity of the solar magnetic field by mid-2009 and with
the increasing effect from the main streamer belt (see discussion above).

The medians of the selected solar wind parameters calculated over each investigated Car-
rington rotation (i.e. 27.2753 days) are displayed in panels b – h of Figure 4. As mentioned
above, we considered only those periods when the solar wind speed was <450 km s−1, and
in addition, we removed interplanetary CME intervals (see Section 2). The error bars show
the ranges from the lower to the upper quartile, i.e. the interquartile range (IQR) describing
the spread of the values.

The majority of the investigated solar wind parameters show quite modest and random
variations over our four-year study period, i.e. there is no clear correspondence with the
variations of the CHS and ARS fractions. The solar wind from mid-2008 to mid-2009, when
both active regions and coronal holes were absent, is the slowest wind and has the lowest
He/H ratio. The year 2006, when the active regions were the most abundant, is character-
ized by the highest C+6/C+4 ratio and the highest solar wind densities. The He/H ratio was
also relatively high. The period from mid-2007 to mid-2008 had a relatively large contribu-
tion from low-latitude coronal holes. We note that the complete synoptic maps are mostly
missing for the first half of 2008, but the inspection of the few existing EIT images reveals
a significant presence of low-latitude coronal holes during this period of time. The same
signature is also visible in Figure 2 of Abramenko et al. (2010) (which ends at mid-2008).
This time period is featured by the lowest Fe/O ratio, the fastest solar wind with the lowest
densities and the highest temperature, and the highest He/H ratio.

Next, we compared the solar wind properties between the periods when there were promi-
nent low- and mid-latitude coronal holes and active regions to periods of predominantly
quiet Sun (see Section 2 for the description of our approach). The results are shown in
Figure 5. In the left panel of Figure 5 the black thick lines show the distributions for the QS-
related slow solar wind periods. The distributions for the ARS- and CHS-related slow solar
wind periods are shown with light red and light blue lines, respectively, to facilitate com-
parison between the different sources. Similar logic is used in the middle and right panels,
but now the thick lines denote the ARS- (red) and CHS-related (blue) solar wind, respec-
tively. The solid vertical lines indicate the medians and the dashed vertical lines the lower
and upper quartiles of the given distributions. The medians and the lower and upper quartile
ranges (i.e. the difference between the median and lower quartile and the upper quartile and
median, respectively) are given in Table 1.

Figure 5a and Table 1 show that the QS wind is clearly the slowest, while the fastest
speeds are found for the CHS wind. We also note that the speed distribution for the CHS
wind has a relatively small upper-quartile range, indicating that the CHS wind has a strong
bias towards our slow solar wind upper threshold of 450 km s−1. The lower-quartile for the
CHS wind is 350 km s−1 (i.e. only 25 % of the datasets had speeds below this value), which
is very close to the upper quartile for the QS wind, 370 km s−1. The shape of the speed
distribution and the median for the ARS wind are more similar to the QS wind than to the
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Figure 4 The medians of selected solar wind parameters calculated over Carrington rotations (27.2753 days)
during our four-year study period of 2006 – 2009 for the slow (<450) solar wind. The error bars indicate the
range from the lower to upper quartile. The horizontal green lines give the medians calculated using the whole
investigated period. The panels show from top to bottom a) the normalized occurrence of the “Active Regions
Sun” (ARS: red diamonds), and “Coronal Hole Sun” (CHS: blue triangles), solar wind b) C+6/C+4 ratio,
c) Fe/O ratio, d) specific entropy, e) speed, f) density, g) temperature, h) helium-to-proton ratio.
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Figure 5 Distributions of solar wind parameters for the periods of a) “Quiet Sun” (thick black line), b) “Ac-
tive Region Sun” (thick red line), and c) “Coronal Hole Sun” (thick blue line). See Section 2 for the details.
The thin curves in each panel show the other two distributions to help the comparison. The solid vertical lines
show the medians and the dashed vertical lines mark the lower and upper quartiles.
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Table 1 Medians (bold) of selected solar wind parameters for the slow solar wind (<450 km s−1) related to
the “Quiet Sun” (QS), “Active Region Sun” (ARS), the “Coronal Hole Sun” (CHS), and the small transients
(STs). For the definition of QS, ARS, and CHS periods see Section 2. The ST statistics ARE shown in
Figure 6. LQR is the lower-quartile range and UQR the upper-quartile range.

Parameter QS (LQR/Median/UQR) ARS CHS ST

VSW [km s−1] 29/340/36 31/363/41 49/397/24 29/370/50

np [cm−3] 1.70/5.90/2.90 1.30/4.90/2.90 1.90/6.30/4.90 2.02/7.23/3.87

Tp [eV] 1.22/3.05/2.21 1.36/3.61/2.36 1.58/4.24/1.95 2.34/6.41/3.74

He/H 0.0060/0.014/0.010 0.0070/0.021/0.011 0.0050/0.014/0.0080 0.0092/0.018/0.012

Fe/O 0.036/0.14/0.055 0.035/0.16/0.042 0.038/0.14/0.050 0.011/0.13/0.050

C+6/C+4 0.74/1.89/1.19 1.06/2.77/2.11 1.24/2.29/1.72 1.98/1.86/1.18

Entropy 0.61/2.69/0.63 0.53/2.95/0.62 0.86/3.12/0.40 0.66/3.28/0.52

CHS wind. However, the ARS wind speed distribution is flatter than the QS and CHS wind
distributions.

The CHS and QS wind have higher mean densities than the ARS wind (Figure 5b). This is
mainly due to the lack of the highest densities for the ARS-related solar wind. The shapes of
the density distributions are rather similar for all source types, with strong clustering towards
the lowest densities and an extended tail towards higher values, see also Table 1. The tem-
perature distributions (Figure 5c) exhibit rather similar profiles as the density distributions.
The CHS wind also has considerably higher temperatures than the QS- and ARS-related
slow solar wind periods. The lowest temperatures are found for the QS solar wind.

The next three panels (d – f of Figure 5) examine the solar wind charge state and compo-
sitional characteristics. The He/H distributions and their medians differ quite considerably
between different solar wind types. The ARS wind has a considerably larger He/H median
than the QS and CHS wind, and its distribution features a long and extended tail. The QS
wind shows a strong clustering of the He/H values towards the lowest values. For the QS
and CHS wind the upper quartiles are 0.023 and 0.022, respectively, close to the median
for the ARS wind: 0.020. The Fe/O ratio distributions are remarkably similar for all three
source types, and the medians and the lower and upper quartiles are also nearly identical. In
turn, the C+6/C+4 ratio shows clear differences. This ratio is highest for the ARS wind and
lowest for the QS wind. Unlike the Fe/O distribution, which shows a Gaussian-like shape,
the C+6/C+4 distributions tend to peak at low values and have an extended tail. We note that
while the QS wind lacks high C+6/C+4 values, the CHS wind has a nearly identical fraction
of highest values to the ARS wind. The last panel of Figure 5 gives the specific entropy.
This parameter shows the highest median for the CHS wind and the lowest median for the
QS wind. However, the differences in the medians are not very large, but the distributions
have quite different shapes. The distribution peaks at high entropy values for the CHS wind,
while for the QS wind the distribution shape is more Gaussian-like.

The top panel of Figure 6 shows the rate of “small solar wind transients” in the slow
solar wind from the statistics published by Yu et al. (2014a). The green line is the smoothed
number. Small transients are ICME-like coherent structures (which often have a flux rope
geometry) in the solar wind that have durations significantly shorter than large-scale CMEs
(<12 hours). As discussed in the Introduction, it has been suggested that the small tran-
sients would form a significant part of the slow solar wind. The rate of small transients
was the lowest in 2006, i.e. during the year with the highest active-region contribution. The
rate increased during the first half of 2007, i.e. when the CHS contribution increased. For
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Figure 6 Small transient
contributions to the slow solar
wind. The panels show: top) the
number of small transients
identified in the slow solar wind
for each Carrington rotation
investigated (green line shows the
smoothed number), middle) the
normalized occurrence of the
“Active Regions Sun” (ARS: red
diamonds), and “Coronal Hole
Sun” (CHS: blue triangles), i.e.
same as in Figure 4, bottom) the
fraction of slow solar wind for
each investigated Carrington
rotation.

the deepest solar minimum in 2008 – 2009, the number of small transients increased quite
steadily until around September 2009, when the tilt of the neutral line of the HCS suddenly
increased (see Figure 3). Part of the variations in the number of small transients is presum-
ably related to the variations in the fraction of slow solar wind (middle panel of Figure 6),
which was only about 30 – 40 % during the first half of 2008 and reached nearly 100 % in
2009. However, the observed behaviour could also reflect the association of small transients
with the ejections of small plasma blobs from streamers and/or from coronal holes’ bound-
aries. The last column of Table 1 gives the medians and the upper and lower quartile ranges
for the same set of solar wind parameters that were calculated for the QS, ARS, and CHS
wind averaged over the small transients. The median C+6/C+4 values of small transients is
similar to that of the QS wind, while speeds are more similar to ARS wind.

4. Discussion and Conclusions

In this article we have investigated the statistical properties of the slow (<450 km s−1)
solar wind associated with different solar sources. We studied both the Carrington rotation
medians and the distribution of various solar wind parameters connected to QS, ARS, and
CHS periods during the four years of low solar activity between 2006 and 2009.

While some of the investigated solar wind parameters showed clear differences depend-
ing on the dominant source, others had very little effect. For instance, the Carrington rotation
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medians for the solar wind FIP bias (here investigated using the Fe/O ratio) changed very
little in our four-year study period. In addition, the distributions and medians of Fe/O related
to solar wind periods from different solar sources were almost identical. These findings are
in agreement with Lepri, Landi, and Zurbuchen (2013), who also reported relatively little
variation of the Fe/O ratio over the solar cycle. Our present study further demonstrated that
the Fe/O ratio does not vary significantly with the solar wind source, at least on average.

One of the clearest temporal trends was observed for the solar wind charge state ratio
C+6/C+4. This ratio peaked when the active regions were present, and the C+6/C+4 median
was also clearly higher for the ARS wind than for the QS and CHS winds. These findings are
consistent with the results of Fu et al. (2015), who studied annual variations in the solar wind
speed and the O+7/O+6 ratio of the slow solar wind of different origin (QS, ARS, and CHS)
using a ballistic two-step mapping procedure. As explained in Section 2, we also checked the
results using the O+7/O+6 ratio and found them to be very similar to those obtained using the
C+6/C+4 ratio. However, Fu et al. (2015) found very little difference in the annual averages
of O+7/O+6 for the QS and CHS slow solar wind during solar minimum years 2007 – 2008
(see their Figure 7), while we found that the QS wind clearly had the lowest C+6/C+4 values.
Overall, our results are also consistent with those of Lepri, Landi, and Zurbuchen (2013),
who found a decline in the C+6/C+4 ratio with decreasing solar activity. Our study suggests
that this decline could be related to the decrease in the active-region contribution to the slow
solar wind.

Both our study and Fu et al. (2015) reported that the fastest slow solar wind comes from
the CHS regions. This is expected as the CHS slow wind includes the transition from the
slow wind towards the fast wind. In contrast, Fu et al. (2015) found very similar speeds for
the QS and ARS wind, while our study showed that the QS wind was clearly the slowest.
The slowest speeds during our study period occurred during the deepest minimum in 2009
when the neutral line of the HCS was flat and had low tilt, suggesting a large contribution to
the Ecliptic slow solar wind from the streamer belt region. This unusually slow solar wind
period has been reported in several other works as well (e.g. Jian, Russell, and Luhmann,
2011; Tsurutani, Echer, and Gonzalez, 2011; Kilpua et al., 2014). We also found that the rate
of small solar wind transients peaked at this time. The high-density tail (and the tendency for
low entropies) for the CHS wind may be due to the contribution of the heliospheric plasma
sheet (HPS) (e.g. Bavassano, Woo, and Bruno, 1997). The HPS corresponds to the stalks of
the helmet streamers (e.g. Woo and Martin, 1997), and this high-density structure regularly
precedes slow–fast stream transition regions (e.g. Jian et al., 2009).

Some previous studies have suggested a negative correlation between the solar wind
speed and the He/H ratio, which arises from the changes in the magnetic field expansion
factor and the efficiency of the Coulomb drag (e.g. Aellig, Lazarus, and Steinberg, 2001;
Gloeckler, Zurbuchen, and Geiss, 2003; Kasper et al., 2007). A correlation like this would
imply that the CHS related slow wind had the highest He/H values. In our study the Car-
rington rotation medians of the He/H ratio indeed peaked during the first half of 2008, when
the fastest solar wind occurred. However, the distributions showed a clear tendency for the
ARS-related wind to have the highest He/H values. As discussed by Lepri, Landi, and Zur-
buchen (2013), the correlation between the solar wind speed and He/H values is not clear
at all. Low He/H values are in particular reported near solar wind sector boundaries (Bor-
rini et al., 1981). Hence, low He/H values for the CHS and QS wind in our study might be
related to the crossings of the HCS.

Consistent with Fu et al. (2015), our study suggests that the quiet Sun has a major con-
tribution to the slow solar wind throughout the solar minimum. This is an expected result
as at this time active regions as well as low-latitude coronal holes and/or near-equatorial
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coronal hole extensions were absent. The origin of the slow solar wind in the QS has been
studied by Feldman, Landi, and Schwadron (2005) using elemental abundances and freeze-
in temperatures as tracers to locate the source regions. The authors speculated that closed
loops with lifetimes of one or two days might contribute to the slow solar wind streams.
Their observational analysis identified only larger loops (up to 150,000 km long) as a source
region. He et al. (2010) put forward the idea that the slow solar wind might be initiated at
the corona formation temperature of Fe XII at 1.6 × 106 K. The slow solar wind plasma can
be produced from magnetic reconnection between the magnetic loops and open field lines
of funnels rooted in the network. The plasma released from the closed loops during the re-
connection process will add to the initial outflow of the slow solar wind. As concluded by
He et al. (2010), “there is still a long way to a full understanding of the ultimate origin of
solar wind in the CH and in the QS”.

Our results highlight the difficulty of distinguishing between the slow solar winds of
different origin based on the inspection of the solar wind conditions. However, some clear
tendencies can be seen. The QS slow solar wind stands out as slowest and coldest wind,
with the lowest values of specific entropy, C+6/C+4, and He/H. In contrast, the solar wind
associated with the ARS was the most tenuous with the highest He/H and C+6/C+4 ratio.
The fastest slow solar wind with the highest temperatures and entropies was related to CHS.
According to our study, the FIP bias (Fe/O) is not different, at least in the average sense, for
different solar wind sources, and hence, it cannot be used as a reliable discriminator for the
solar wind source. However, we would like to emphasize that our results are statistical and
that the slow solar wind often varies strongly over relatively short periods of time. To es-
tablish a more detailed link would require a more dedicated examination for the connection
of the solar wind periods to their solar sources using advanced methods such as non-linear
force-free field (NLFFF) reconstructions.
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