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Abstract

In some polar coronal holes, previous studies have identified a coronal hole
boundary layer (CHBL) which is different in composition from the coronal hole core
region. However, compositionally distinct CHBL structure at low heliographic latitudes
remains underexplored. Using solar wind composition measurements from the Advanced
Composition Explorer (ACE), we study two particular low-latitude coronal holes of
2003: a large polar hole extension with outward magnetic polarity and a smaller
equatorial hole with inward magnetic polarity. For both of these coronal holes, we
examine the distribution of two composition parameters, the O’* to O%* charge state
density ratio (n(0"*)/n(0®")) and the Fe to O abundance ratio (n(Fe)/n(0)), and find that
each hole has an identifiable CHBL based on an anticorrelation of solar wind speed and
n(O"*)/n(0%"). We also examine the FIP (first ionization potential) effect in the CHBL
using n(Fe)/n(0) and find that there is no significant change from the CHBL to the core
region for one of the coronal holes we study, while the other coronal hole has a
noticeable decrease in n(Fe)/n(O) values in its core. Finally, we discuss our results in the

context of previous work studying CHBL structure.

1. Introduction

The solar wind is typically separated into two categories: slow solar wind, with
average velocities of less than 450 km/s, and fast solar wind, with average velocities
greater than 500 km/s (e.g. Cranmer, 2002, Zurbuchen, 2007). Slow wind and fast wind
also have differences in heavy ion composition, reflecting different sources at the Sun.

Relative to fast wind, slow wind is enhanced in ions with high charge states as well as
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elements with a low first ionization potential (e.g. Meyer, 1985, Geiss et al., 1995). The
source of slow wind is an actively debated topic and not the focus of this paper. Fast wind
generation has long been accepted to be from coronal holes (e.g. Hundhausen, 1977,
Hollweg and Isenberg, 2002, Zurbuchen, 2007), which are regions of the Sun’s corona
characterized by open magnetic field lines and lower temperatures than the rest of the
corona (Zirker, 1977, Landi, 2008). Since coronal holes are cooler and less dense than the
surrounding coronal plasma, the low-energy environment makes it unlikely for high
charge states to form (Owaocki et al., 1983, Laming and Lepri, 2007). These conditions
result in reduced ionization of solar wind plasma, evident in certain observed ion charge
state ratios—n(O"*)/n(0°%"), for example—compared to slow wind (Geiss et al., 1995, von
Steiger et al., 2000, Zhao et al., 2009). Additionally, abundances of low-FIP ions in fast
wind are similar to those of the photosphere (Meyer, 1985, von Steiger et al., 1992, von
Steiger et al., 2000) and chromosphere (Geiss et al., 1995) while slow wind tends to have
enhanced abundances of low-FIP ions similar to levels found in large coronal loops. This
enhancement in low-FIP ions in slow wind is commonly referred to as the FIP effect and
is mostly absent in fast wind (Laming, 2015). Open magnetic field lines emanating from
coronal holes have either outward polarity (pointing away from the Sun) or inward
polarity (pointing toward the Sun). In both cases, fast wind streams that propagate
outward into interplanetary space remain magnetically connected to the Sun. The Sun’s
largest coronal holes are found at its poles, but smaller coronal holes appear at all
heliographic latitudes. Although low-latitude coronal holes are not as long-lived as polar

coronal holes, they tend to last several solar rotations (Zirker, 1977, Krista et al., 2018).
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Observational studies of the plasma parameters and ion composition of polar high
speed streams (e.g. McComas et al., 1998b, McComas et al., 2002, McComas et al.,
2003) have shown that coronal holes have a boundary layer which is distinct from the
core of the hole. McComas et al. (1998b) observed a gradual increase in solar wind speed
(rather than a sharp transition) when Ulysses passed from the slow wind into a fast stream
from a polar coronal hole, indicating that some coronal holes have a thick boundary
region. This region, known as the coronal hole boundary layer (CHBL), likely exists near
the interface of open field lines and closed loops, as shown by the cartoon in Figure 1.
McComas et al. (2002) further examined boundary regions of coronal holes using nine
fast solar wind streams from polar coronal holes between 2000 and 2001. They showed
that oxygen and carbon freezing-in temperatures tended to steadily increase as proton
speed decreased during rarefactions immediately following high-speed streams. This
gradual, monotonic anticorrelation of solar wind speed and freezing-in temperatures is a
distinguishing compositional signature of a CHBL (Schwadron et al., 2005).

Although CHBL structure has been separately observed in coronal holes at low
heliographic latitudes (Foullon et al., 2011, Stakhiv et al., 2016, Zhao et al., 2017) and
high heliographic latitudes with Ulysses (e.g. McComas et al., 1998b, McComas et al.,
2002), no comparisons have been made between the CHBLSs of polar hole extensions and
equatorial holes. Elliott et al. (2012) presented observations which suggest that such a
comparison is possible with the low-latitude coronal holes of 2003. Using proton
temperature and proton speed measurements from the Advanced Composition Explorer
(ACE) spacecraft, Elliott et al. (2012) plotted the Temperature-Velocity (T-V)

distribution of the solar wind (excluding CMESs) in 2003 and sorted the T-V distribution
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by magnetic polarity. Noticing a distinct group of data points with outward polarity, they
isolated this high-speed population by drawing a box around it (referred to as the T-V
box in this work), as shown in Figure 2b. This box had left and right boundaries of 570
km/s and 830 km/s and upper and lower boundaries based on a linear fit to the outward
polarity high-speed data. Although the fit is linear, the plot is in semi-log format in order
to accommodate the smaller range of speeds in comparison to the larger range of
temperatures for the dataset. By visually matching the coronal hole maps shown in Figure
3 (originally published in Elliott et al. (2010)) to the high-speed peaks with the
corresponding polarity in the time series plot in Figure 2d, Elliott et al. (2012) concluded
that the points in the T-V box with outward polarity come from a large, long-lasting polar
extension with outward polarity. Additionally, as shown in Figure 2c, there are a number
of points with inward polarity that lie within the T-V box as well, and these correspond to
a smaller, inward-polarity coronal hole with no connections to either of the Sun’s poles.
As suggested by the plot of solar wind speed versus time for observations in 2003 (Figure
2d), the fast wind emitted by this smaller hole with inward polarity has similar properties
to the high-speed streams of the large polar extension. Thus, both the larger outward-
polarity hole (which we refer to as CH-A in this work) and the smaller inward-polarity
hole (which we refer to as CH-B) are likely candidates to have a defined CHBL and core
region.

In this work, we use solar wind composition measurements from ACE and the T-
V box defined in Elliott et al. (2012) in conjunction with coronal hole maps from Elliott
et al. (2010) to determine whether or not the two aforementioned low-latitude coronal

holes of 2003 have an identifiable CHBL. By examining the distribution of two
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composition parameters, the O’* to 08" charge state density ratio (n(O’*)/n(0®")) and the
Fe/O abundance ratio (n(Fe)/n(O)), we develop two compositional thresholds—one for
each magnetic polarity—to distinguish coronal hole material from non-coronal hole
plasma. We examine the data points that lie below each threshold line and observe an
anti-correlation between n(O"*)/n(0%") and solar wind speed for both CH-A and CH-B.
Thus, we conclude that both of these coronal holes have a CHBL. We also briefly
examine the FIP effect in the CHBL for CH-A and CH-B and discuss the properties of
the core region in each coronal hole. Finally, we discuss our results in the context of year-
to-year solar wind compositional trend and indicate why our techniques for identifying

CHBL regions, if applied to other years, need to be adapted.

2. Instrumentation and Dataset

In this study, we use data from the Solar Wind lon Composition Spectrometer
(SWICS), Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM), and Magnetic
Field Experiment (MAG) instruments on the ACE spacecraft (Gloeckler et al., 1998,
McComas et al., 1998a, Smith et al., 1998). With an electrostatic analyzer (ESA), time-
of-flight (TOF) chamber, and solid state detector (SSD), SWICS is capable of measuring
a wide range of charge states for a number of heavy elements, including O and Fe, in the
energy range of the solar wind (von Steiger et al., 2000, Lepri and Zurbuchen, 2010). The
triple-coincidence technique described by Lepri et al. (2001) and Shearer et al. (2014) is
extremely effective in eliminating instrumental background and improves measurement
accuracy. The SWEPAM instrument produces 3D ion and electron distributions of the

solar wind (McComas et al., 1998a), in turn providing plasma parameters such as proton
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speed and temperature. We use magnetic field measurements from MAG to determine
solar wind polarity via the same method of determining magnetic sector described in
Forsyth et al. (1996) and later applied to the ACE measurements in 2003 by Elliott et al.
(2010; 2012).

Our study makes use of SWICS 1.1 level 2 data (on a 2-hour averaged time
cadence) and 1-hour averaged data from both SWEPAM and MAG, which are publicly
available at the ACE science center (http://www.srl.caltech.edu/ACE/ASC/).
SWEPAM/MAG data products are aligned with UTC boundaries and have equidistant
time stamps, whereas SWICS 1.1 data products are often slightly larger than 2 hours
apart and occasionally less than 2 hours apart (see the release notes for SWICS 1.1,
SWEPAM, and MAG at http://www.srl.caltech.edu/ACE/ASC/). Our analysis required a
dataset with a common set of time stamps for both the SWEPAM/MAG data products
and SWICS data products. We accomplished this by taking the values of the desired
SWEPAM/MAG data products that fell within each consecutive pair of SWICS time
stamps—which we refer to here as a SWICS time interval—and then assigning that
average value to a time one hour after the start of the SWICS time interval. The average
was assigned to the middle of the SWICS time interval because the time stamp associated
with each SWICS 2-hour averaged data point is the beginning of the data collection
window for the instrument; thus, the 2-hour average is most representative of the time in
the middle of the SWICS time interval (http://www.srl.caltech.edu/ACE/ASC/). When
taking the average, we required at least two non-flagged SWEPAM/MAG values;
otherwise, the data point was omitted from the dataset. Moreover, we recognized that for

SWICS time intervals noticeably greater or less than 2 hours, the actual length of the
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collection window was uncertain. For this reason, we also excluded data points that fell
within SWICS time intervals which were noticeably longer (fractional year length larger
than 0.00024) or shorter (fractional year length smaller than 0.00022) than two hours. We
chose these fractional year length criteria because the fractional year equivalent of 2
hours is roughly 0.0002283 for non-leap years. Our time interval length restriction did
not remove an appreciable number of points from our dataset; for example, only 4 out of
4325 time intervals in 2003 did not meet our length criteria. Finally, since our study
focuses on coronal hole material, we removed any data points associated with ICMESs
according to the list of CME start and stop times developed by Richardson and Cane
(2004), which can also be found at the ACE science center
(http://www.srl.caltech.edu/ACE/ASC/DATA/level3). Similar to Elliott et al. (2012), we
remove data points 15 hours before the start and 6 hours after the end of each CME in
order to account for uncertainty in the start and stop times.

Our dataset covers all 365 days of the year in 2003 (1/1/2003 to 12/31/2003). We
restricted our study to 2003 for three reasons. First, the fast wind streams emitted by CH-
A reach some of the highest non-ICME speeds in the ACE dataset (Elliott et al., 2010;
Elliott et al., 2012). Since streams produced by CH-B are noticeably slower than those of
CH-A, this provides an interesting opportunity to compare the boundary regions of a
coronal hole producing extremely fast streams and a coronal hole producing moderately
fast streams. Second, we use the T-V box from the Elliott et al. (2012) study to verify the
accuracy of our composition-based coronal hole identification methods, and this T-V box
is defined based on observations from 2003. Third, the average values of n(O"*)/n(0®%")

and n(Fe)/n(O) fluctuate considerably from year-to-year, and so without modification, the
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threshold lines we use in this work would not likely be suitable for other years. We
discuss this “baseline shift” effect further in Section 5. It should also be noted that 2003
occurred in the middle of the declining phase of solar cycle 23, a period of moderate solar
activity (Atac and Ozguc, 2006, Zhao et al., 2009). In our study, we do not directly map
our observations back to source regions on the solar surface. However, we use the
coronal hole maps shown in Figure 3 and well as the time series plot in Figure 2d to

correlate features of our dataset with particular solar structures.

3. Analysis of Composition Data

Although the anti-correlation between T(O"*/O®")—which is proportional to
n(O"*)/n(0O%")—and solar wind speed (Geiss et al., 1995, McComas et al., 2002) is well-
documented, it is difficult to determine the source of a solar wind stream based on its
n(O’*)/n(0%) values alone. In outlining a six-category scheme for classifying solar wind,
Zhao et al. (2017) report that the median value of n(O"*)/n(0%") measured by ACE from
coronal hole boundaries between 2000 and 2002 was 0.091, while the median speed was
492 km/s. However, these median values do not reflect the large spread of n(O"*)/n(0°%")
values across all speeds and regardless of magnetic polarity, as shown in Figure 4a, 4b,
and 4c. Since n(O™)/n(0%) tends to decrease with increasing proton speed throughout
the entire distribution, it is challenging to identify a CHBL region without arbitrarily
choosing a speed range. And as argued by Zhao et al. (2017), solar wind speed is not a
surefire indicator of source since some coronal holes have been observed emitting
streams with speeds close to that of slow wind (Bravo and Stewart, 1997). Compositional

signatures that are representative of the FIP effect, like the Fe/O abundance ratio
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(n(Fe)/n(0)), are also ineffective as a standalone metric of solar wind source. As
demonstrated by Figure 4d, 4e, and 4f, n(Fe)/n(O) also has a wide range of values at all
speeds. Also of note is the much weaker anticorrelation between n(Fe)/n(O) and proton
speed in comparison to the anticorrelation between n(O"*)/n(0%") and proton speed.

In order to identify coronal hole-originating plasma in 2003, then, we plotted both
solar wind composition signatures against each other and filtered this distribution
according to whether or not the data points fell within the T-V box, as shown in Figure 5.
We applied this filtering since Elliott et al. (2012) indicate that the large majority of
points that lie within the T-V box represents plasma that originated from coronal holes.
We found that low n(O"*)/n(0%") values in conjunction with low n(Fe)/n(O) values tend
to be typical of data points that lie within the T-V box (Figure 5b). By contrast, points
outside the T-V box have a wide range of n(0’*)/n(0%") and n(Fe)/n(O) values. For this
reason, keeping in mind the differences between the inward-polarity and outward-polarity
data in Figures 2 and 4, we chose to isolate coronal hole-originating plasma in our dataset
using two different composition threshold lines, one for each polarity.

Figure 6 shows binned n(O"*)/n(0®") vs. n(Fe)/n(0) distributions filtered by
magnetic polarity. Neither plot seems to indicate an obvious place to draw a threshold
line, but the fact that the two distributions have noticeably different shapes suggests the
need for two separate compositional threshold lines. To create these threshold lines, we
performed a linear fit in log-log space to each of these distributions and collapsed them
into one-dimensional distributions along the fit line. Figure 7a and 7b show these fit lines
in relation to scatterplots of the outward-polarity and inward-polarity n(O”*)/n(0%*) vs.

n(Fe)/n(O) distributions. Although both fits have a large chi squared value, which is a
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result of the sizable variability of solar wind composition, they still provide a
mathematical standard by which to collapse each two-dimensional distribution into a one-
dimensional distribution. In each instance, we divided the fit line into 100 equidistant
intervals and then drew boundaries in between each of these intervals that were
perpendicular (in log-log space) to the fit line. Finally, we summed the number of points
that fell in between each adjacent pair of boundaries, thus creating a one-dimensional
distribution with 100 bins; the result is shown by the black lines in Figure 8a and 8b. We
also summed the number of points in each bin with speeds greater than 500 km/s (red
line) and the number of points with speeds less than 500 km/s (blue line).

We defined “high-speed” points as having speeds greater than 500 km/s for two
reasons. First, although some recent studies (Stakhiv et al., 2015, Zhao et al., 2017)
advocate for a categorization of solar wind regimes beyond the fast wind/slow wind
dichotomy, 500 km/s is generally accepted as a reasonable threshold for distinguishing
fast wind (e.g. Higginson et al., 2017). Furthermore, in describing what they call the
boundary wind, a regime which may exist between fast and slow wind, Stakhiv et al.
(2015) still recognize compositional differences that occur at 500 km/s. Second, the
inward-polarity streams do not reach the extremely fast speeds of the outward-polarity
streams, and so a distinction between fast/slow wind at 570 km/s like the T-V box would
exclude a large portion of the fast wind with inward polarity. Interestingly, for both
polarities in Figures 8a and 8b, the high-speed and the low-speed populations are distinct
and have Gaussian-like profiles that overlap. As a result, we chose to draw the
composition threshold lines at the intersection of these profiles, represented by a vertical

yellow line in Figures 8a and 8b. The composition threshold lines are plotted on top of
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the fit lines and scatterplot n(O"*)/n(0%") vs. n(Fe)/n(O) distributions in Figures 8c and
8d, and the equations in the form of a power law are also shown.

Following Elliott et al. (2012)’s findings about the outward-polarity and inward-
polarity populations that lie within the T-V box, we make the assumption that the overall
trends of the data points below each threshold line are representative of CH-A (outward-
polarity data) and CH-B (inward polarity data). As shown in Table 1, 97.7% (88.5%) of
the points with outward (inward) polarity that lie inside the T-V box also fall below our
outward-polarity (inward-polarity) threshold line. Furthermore, Figure 1 indicates that the
majority of the high-speed, outward-polarity streams whose data points lie inside the T-V
box come from CH-A and the majority of high-speed, inward-polarity streams whose
data points lie inside the T-V box come from CH-B. Thus, while we do not presume that
all data below each threshold line belongs to CH-A and CH-B, we believe our
assumption is a valid one.

Figures 9 and 10 show a typical high-speed stream with outward polarity that
occurred between day 232 and day 236 of 2003. All data points displayed lie below our
outward-polarity threshold line. In general, n(O”*)/n(O®") decreases steadily along the
rising edge of the peak (points marked with circles), stays relatively constant near the
apex (points marked with triangles), and falls steadily along the declining edge of the
peak (points marked with squares). The rising and falling edges, where there is a clear
anticorrelation between n(O”*)/n(0%") and solar wind speed, are the CHBL, while the
flatter apex region is the core of the coronal hole. In all regions of this stream, however,
n(Fe)/n(O) values have no strong correlation with solar wind speed. We observed similar

trends when looking at all points below each of the threshold lines, as shown in Figure
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11. For each n(O™)/n(0®%") vs. n(Fe)/n(O) distribution, the points with highest speeds
have the lowest n(O"*)/n(0®") values, and points with moderate speeds have intermediate
n(O’*)/n(0%) values. Thus, below each threshold line, there is a noticeable
anticorrelation between n(O"*)/n(0%") and solar wind speed. Since charge states are
frozen-in in the corona (von Steiger et al., 1992), this solar wind structure indicates that

both CH-A and CH-B have a CHBL.

4. Discussion

An interesting point of comparison for the high-speed stream from CH-A shown
in Figures 9 and 10 is the event depicted in Figure 12 of Foullon et al. (2011), which also
involves plasma emitted by a low-latitude coronal hole. Both coronal hole-originating
streams show evidence of distinct CHBL and core regions: a monotonic, inverse
relationship between n(O"*)/n(0%) and proton speed in the CHBL and a nearly flat
relationship between these two quantities at the highest speeds. However, there is a
striking difference between these two streams in structure relative to speed. For the
stream from CH-A, n(O"*)/n(0°%") starts to flatten at around 690 km/s on the rising edge
of the peak and remains relatively flat in the 700-770 km/s range, with some variation in
the high-speed portion of the declining edge. By contrast, the flattening of n(O"*)/n(0°%")
for the Foullon et al. (2011) stream occurs at about 520 km/s and persists for a much
larger speed range, between 520 and 700 km/s. Since we did not trace our measurements
directly back to the Sun, we cannot say for certain what part of CH-A was being observed
by ACE from day 232 to day 236 of 2003. It could be that this particular stream came

from a place close to the edge of the coronal hole such that ACE observed only a small
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part of the core region; this would explain why the flattening of n(O’*)/n(0%") vs. proton
speed occurs for a small range of speeds. In Figure 11a, the highest speeds from CH-A
reach about 860 km/s, nearly 100 km/s greater than the maximum speed reached by the
peak in Figures 9 and 10. Moreover, among points with n(O"*)/n(0%") values of 0.04 or
less, the distribution in Figure 11a is fairly homogeneous in terms of color (representative
of the mean proton speed of each bin). Conversely, among points with n(O"*)/n(0°%")
values of 0.04 or greater but still below the outward-polarity threshold line, there is a
consistent gradient in average speed. Thus, it is likely that the core region of CH-A has a
speed range 700 to 860 km/s, the breadth of which (160 km/s) is similar to that of the
Foullon et al. (2011) stream. Regardless of the size of the core region, however, the
CHBL for CH-A is much thicker than the CHBL measured by Foullon et al. (2011).

As for CH-B, there is a clear gradient in color moving perpendicularly from the
inward-polarity threshold line toward lower n(O"*)/n(0%*) and n(Fe)/n(O) values in
Figure 11b, although the core region has much lower speeds (around 700 km/s, indicated
by the color yellow) than CH-A’s core region. Accordingly, both the core region and the
CHBL for CH-B have smaller speed ranges than the corresponding structures of CH-A.
This may indicate that the size of a CHBL region depends on the overall size of the
coronal hole, but more measurements of CHBL thickness beyond the two coronal holes
studied here are needed to validate this claim. Schwadron et al. (2005) suggest that the
CHBL has an intrinsic width that is dependent on the escape time of coronal plasma and
the motion of field lines across the coronal hole boundary; perhaps analysis of Parker
Solar Probe and/or Solar Orbiter data can provide some insight into the size of the CHBL

relative to its associated coronal hole. Another major difference between CH-A and CH-
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B is the nature of the FIP effect in each hole. For CH-A, there is a large spread of
n(Fe)/n(O) values at all speeds, and while there may be a slight tendency for lower
n(Fe)/n(O) values in the core relative to the CHBL, the difference is very small. On the
other hand, while there is still a decently large spread of n(Fe)/n(O) values in all parts of
the distribution below the inward-polarity threshold line, n(Fe)/n(O) values in the core
region of CH-B are clearly lower on average than those of the CHBL. It is unclear why
this is the case, as previous studies (e.g. von Steiger and Zurbuchen, 2016) have shown
that the FIP is much more pronounced in slow wind than fast wind. The evolution of
CHBL material as it propagates through interplanetary space may play a role, as Foullon
et al. (2011) describe a means by which a high speed stream (i.e. from the core region of
a coronal hole) can interact with a CHBL stream and affect its composition. Since we
only used measurements from 1 AU in our study, we cannot make any determinations
about how the CHBL and core streams evolved as they propagated. To this end,
observations closer to the Sun, such as data from Solar Orbiter, are likely to be useful in
further studies.

Although we are confident in our methods to match ACE observations with the
global coronal hole maps in Figure 3, we recognize that one of the limitations of our
study is the fact that we do not directly trace measurements back to the Sun along solar
field lines. For an example of a study which does employ tracing techniques, see Zhao et
al. (2017), which uses SOHO and STEREO images in conjunction with a Potential Field
Solar Source model. Other heliospheric models that may be useful for CHBL analysis are
found at the Community Coordinated Modeling Center (https://ccmc.gsfc.nasa.gov/). We

also emphasize that our compositional thresholds are specific to 2003 and should be
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adapted before being used to evaluate data from other years. Previous studies (e.g. Lepri
etal., 2013, Zhao et al., 2017) have shown that solar wind composition is dependent on
the phase of the solar cycle. As an example, Figure 12 shows the mean n(O*)/n(0°%")
value at different solar wind speed ranges for the years 2002, 2003, and 2009. The
average value curves for 2002 and 2003 (near solar maximum) are similar, while the
curve for 2009 (closer to solar minimum) is markedly different, indicating a significant
baseline shift of n(O’*)/n(0%") values. Additionally, 2009 had no fast wind streams with
speeds greater than 700 km/s. The implication of these major differences is that a fixed
threshold line based on n(O"*)/n(O®") or other compositional measurements should not be
used to distinguish coronal hole material from non-coronal hole material for a large time
range. Instead, should our threshold line method be adapted for a different year, such
analysis should be based on a fit line to the n(0"*)/n(0®") vs. n(Fe)/n(0) distribution for

that year.

5. Conclusions

In this study, we used ACE composition data to identify a distinct CHBL and core
region in two prominent coronal holes of 2003, which we refer to as CH-A and CH-B.
Specifically, in each of the two coronal holes, we observed a clear anticorrelation
between n(O"*)/n(0%") and solar wind speed which levels off at the highest speeds. In the
larger coronal hole, CH-A, we observed a CHBL with a broad speed range and no change
in the FIP effect (based on measurements of n(Fe)/n(O) values) from the CHBL to the
core region. In CH-B, the CHBL had a smaller speed range than that of CH-A, but had

higher n(Fe)/n(O) values than the core region. From these findings, we conclude that both
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large and small equatorial holes can have CHBL structure. Compositional analysis
techniques like the ones we employed in this work to examine high-speed streams can be
exploited in future studies of coronal holes and fast wind. Topics worthy of further
research, including the FIP effect in coronal hole material and the evolution of CHBL-
originating streams in interplanetary space, may benefit greatly from compositional

analysis.
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Figures and Captions

31940 30V

Figure 1: Cartoon of the Sun in the GSE X-Y plane showing a low-latitude coronal hole
with a CHBL, solar magnetic field lines, and the ACE spacecraft; distances are not to
scale. Closed field lines are blue, open field lines that correspond to the coronal hole core
are red, and open field lines that correspond to the CHBL are lavender. It should be noted
that coronal holes are features of the corona, not the surface of the Sun, which is not
explicitly shown in this cartoon. For a more detailed depiction of a CHBL signature from
a low-latitude coronal hole detected by STEREO, as well as the propagation of solar field
lines including the effects of the Parker spiral, see Figure 10 of Foullon et al. (2011).
Another helpful depiction of CHBL structure is Figure 4 of McComas et al. (2002).

This article is protected by copyright. All rights reserved.



2003: Outward ;
) 2003:AllData D) utward  ¢)  2003: Inward

Polarity Polarity
) D N LA R ) I N LR I i [EELE L R RE2 25.00
106_=ACE-SWEPAM L 1oe_= = 106_= - 19.003
E ] 3 3 F{ [ 13.00 8
_ ] i ] i 1 7.0008
Rl L 10° - L 10° - 1. 1.000
= 3 E E E 3 F
10°4 e 104 e 103 3
1 oo e oo uifhesE T sl vea s eiliogF RS P R o -
200 400 600 800 200 400 600 800 200 400 600 800
V, [km/s] V, [km/s] V, km/s]
d) 2003: All Data
1000 T T | LR B AL AL B |i' T
z 80 . " f!
E Q
£ 600 :
[eR .
=400
200 A T I I P P BRI B T
50 100 150 200 250 300 350
DOY 2003

Figure 2: (a) Distribution of solar wind proton temperature (T) versus proton speed (V)
for all of 2003. In this panel, as well as panels (b) and (c), the color represents the number
of data points in each bin. (b) 2003 T-V distribution for outward polarity only, with a box
highlighting a high-speed population corresponding to coronal hole material. The pink
line is a linear fit to the data points with outward polarity plotted between V =570 km/s
and V =830 km/s. The upper (lower) boundary of the T-V box has an intercept 1.2 (0.8)
times that of the pink fit line, and the left and right boundaries of the box are at 570 km/s
and 830 km/s, respectively. (c) 2003 T-V distribution for inward polarity only with the T-
V box from panel (b) overplotted. (d) Proton speed versus time in 2003. Pink data points
lie within the T-V box and have outward polarity, lavender points lie within the T-V box
and have inward polarity, and black points lie outside of the T-V box or are associated
with an ICME. This figure is an adaptation of plots that were originally published in
Elliott et al. (2012).

This article is protected by copyright. All rights reserved.



Polar coronal hole extension (outward polarity)

N
06-05 07-03 07-28 08-25 09-18
E w
07-20-2002 18:00:00 to 03-10-2004 12:57:36 ACE/SWEPAM
T T T T T ‘ T T T T

T
b ' ‘ —'Oulwar'd—:|
1 1 1 1 l:

09-05

Aug Oct
S

E w
05-26 0

Equatorial coronal hole (inward polarity)

Figure 3: Proton speed (which is indicative of solar wind speed) and magnetic polarity
versus time between early 2002 and late 2004 along with coronal hole maps of the Sun
for selected dates. Inward polarity is colored blue, while outward polarity is colored red.
There was a large coronal hole extension from the southern pole with outward polarity
that lasted for most of the year, shown in the top row of maps. The maps on the bottom
row show the evolution of a smaller coronal hole with inward polarity near the equator.
This figure is an adaptation of a plot originally published in Elliott et al. (2010) and also
used in Elliott et al. (2012).
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Figure 4: Binned distributions of n(O’*)/n(0®") versus solar wind proton speed—panels

(@), (b), and (c)—and n(Fe)/n(O) versus solar wind proton speed—panels (d), (e), and
(FH—rfor 2003. Panels (a) and (d) have no filtering by magnetic polarity, panels (b) and (e)
show only data points with outward polarity, and panels (c) and (f) show only data points
with inward polarity. The unfiltered distributions contain some data points with no
defined magnetic polarity. As with all binned distribution plots in this paper, the vertical
and horizontal axes each have 100 bins. Here, the color corresponds to the number of
points per bin. Regardless of magnetic polarity, n(O™)/n(0°%") has a strong anticorrelation
with proton speed, while n(Fe)/n(O) tends to decrease slightly with increasing proton
speed.
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Figure 5: (a) Binned distribution of n(O"*)/n(0%") versus n(Fe)/n(O) for all of 2003. No
filtering based on polarity has been applied. (b) Binned n(O"*)/n(0°%") vs. n(Fe)/n(O)
distribution of the points that lie within the T-V box defined by Elliott et al. (2012). The
majority of points are concentrated in the lower left part of the distribution, typically
having both low n(O”*)/n(0%") and low n(Fe)/n(O) values. (c) Binned n(O™*)/n(0%") vs.
n(Fe)/n(O) distribution of the points that lie outside the T-V box. The points outside the

T-V box do not appear to exhibit a particular trend.
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Figure 6: (a) Binned n(O"*)/n(0%") versus n(Fe)/n(O) distribution of the points that have
outward polarity in 2003. (b) Binned n(O”*)/n(0%") versus n(Fe)/n(O) distribution of the
points that have inward polarity for 2003.
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Schematic Diagram of

Figure 7: (a) Scatterplot n(O"*)/n(0®%") versus n(Fe)/n(0O) distribution for outward
polarity only with a fit line overplotted in red. This fit line, as well as the fit line in panel

(b), are linear fits to log[n(O"*)/n(0®"] and log[n(Fe)/n(0)]. (b) Scatterplot n(O*)/n(0°%)
vs. n(Fe)/n(O) distribution for inward polarity only, also with a fit line overplotted in red.

(c) A visual representation of one of the bins used to create the one-dimensional
distribution for the outward-polarity data shown in Figure 8. The points within the bin
boundaries are collapsed to the center of the bin along the fit line, shown as a blue dot.
The fit line appears in red, while the bin boundaries are maroon. The distribution of
points shown in this panel is not actual data and is not necessarily to scale.
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Figure 8: (a) A one-dimensional distribution of the points in Figure 7a collapsed along
the fit line. There are 100 bins in this distribution. The red line represents points in each
bin with speeds greater than 500 km/s, the blue line represents points in each bin with
speeds less than 500 km/s, and the black line represents the sum of all points. The vertical
yellow line at bin 54 marks the intersection of the high-speed and low-speed populations.
(b) One-dimensional distribution of points in Figure 7b using the same method. Here, the
intersection of high-speed and low-speed populations is at bin 42. (c) and (d) Scatterplot
n(0"")/n(0%) vs. n(Fe)/n(0) distributions for each polarity with their respective fit lines
(in red) and threshold lines (in yellow) overplotted. The threshold lines are perpendicular
to the fit lines, but do not appear as such in these plots since the x- and y-axes have
different scales. The equations for the threshold lines are given in power law form.
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Figure 9: (a) A typical high-speed peak during 2003; this particular stream has outward
polarity. The color is indicative of solar wind speed, with blue representing slower speeds
and red representing faster speeds. Points marked by circles are part of the rising phase,
points marked with squares are part of the declining phase, and points marked by
triangles are points near the apex of the peak which are not definitively part of the rising
or declining phases. (b) n(0"*)/n(0°%") versus DOY for the peak shown in panel (a).
n(0")/n(0%) is plotted with a linear scale in order to accentuate the difference between
the sloping sides and apex of the peak. (c) n(O”*)/n(0%") versus DOY for the peak shown
in panel (a). (d) A scatterplot n(O”*)/n(0%") versus n(Fe)/n(0) distribution (with
logarithmic axes) of the same peak shown in panel (a); the outward-polarity threshold
line is shown in purple for reference. The color-coding and symbols are the same for all
panels.
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Figure 10: (a) n(O™)/n(0®") versus proton speed for the peak shown in Figure 9a. There
is a clear anticorrelation between these two quantities. (b) n(Fe)/n(O) versus proton speed
for the peak shown in Figure 9a. These two quantities do not have a strong correlation.
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Figure 11: (a) Binned n(O"*)/n(0%") versus n(Fe)/n(0) distribution for outward polarity
only, with the color representing the mean proton speed of the points that lie within each

bin. The outward-polarity threshold line is overplotted in purple. (b) Binned

n(O"*)/n(0%) versus n(Fe)/n(0) distribution for inward polarity with the inward-polarity
threshold line overplotted in purple.
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Figure 12: The mean value of n(O™)/n(0®") at each 25 km/s interval between 400 km/s
and 900 km/s for 2002 (blue curve), 2003 (red curve), and 2009 (green curve). The
errorbars represent the standard deviation in logarithmic space. The maximum solar wind
speed measured by ACE in 2009 was about 676 km/s, so the green curve is truncated
compared to the other curves. Regardless, the profile of average n(O"*)/n(0°%*) values for
2009 is shifted significantly compared to those of 2002 and 2003. Many such shifts in
average values have occurred over the course of the ACE mission.
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Inward polarity

Outward polarity

Total number of points

1829

1822

Number of points below
threshold line (percentage
of total points)

759 (41.5%)

1362 (74.8%)

Number of points inside
T-V box percentage of
total points)

287 (15.7%)

838 (46.0%)

Number of points both
inside T-V box and below
threshold line (percentage
of total points inside T-V

box)

254 (88.5%)

819 (97.7%)

Table 1: Summary of points in the dataset in relation to our composition threshold lines.
We tabulate the number of points in our dataset that lie within and outside of the T-V box

and show their relationship to the composition threshold lines. The percentages in the
second and third rows are with respect to the total number of points (top row). In the

fourth row, the percentages are with respect to the total number of points that lie inside
the T-V box (third row). For both polarities, the large majority of points inside the T-V
box also lie below the corresponding threshold line.
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