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Abstract Coronal Holes (CHs) are large-scale, low-density regions in the solar
atmosphere which may expel high-speed solar wind streams that incite haz-
ardous, geomagnetic storms. Coronal and solar wind models can predict these
high-speed streams and the performance of the coronal model can be vali-
dated against segmented CH boundaries. We present a novel method named
Sub-Transition Region Identification of Ensemble Coronal Holes (STRIDE-CH)
to address prominent challenges in segmenting CHs with Extreme Ultraviolet
(EUV) imagery. Ground-based, chromospheric He I 10830 Å line imagery and
underlying Fe I photospheric magnetograms are revisited to disambiguate CHs
from filaments and quiet Sun, overcome obscuration by coronal loops, and com-
plement established methods in the community which use space-borne, coronal
EUV observations. Classical computer vision techniques are applied to constrain
the radiative and magnetic properties of detected CHs, produce an ensemble
of boundaries, and compile these boundaries in a confidence map that quan-
tifies the likelihood of CH presence throughout the solar disk. This method is
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science-enabling towards future studies of CH formation and variability from a
mid-atmospheric perspective.

Keywords: Coronal Holes; Chromosphere; Magnetic fields, Photosphere

1. Introduction

The ambient solar wind originates primarily from Coronal Holes (CHs) and
comprises the environment through which the greatest space weather hazards
propagate. CHs are observationally defined as regions of low density in the
solar atmosphere, while being theoretically defined as regions of photospheric
magnetic field lines that are open to the Heliosphere (for a review, Cranmer,
2009). The detailed, 3-dimensional coronal field structure has not yet lent itself
to routine measurement (Mackay and Yeates, 2012), but the reduced emission
present in Extreme Ultraviolet (EUV) solar imagery may be used to help identify
the footpoints of the permanently open field. Accurate and reliable segmentation
of CHs has become a common goal in the solar physics community, as it both
facilitates fundamental solar physics research and modeling and operational
improvements. Basic research into the open flux problem (Lowder, Qiu, and
Leamon, 2017; Linker et al., 2017; Wallace et al., 2019; Arge et al., 2023)
and CH formation and variability (Tlatov, Tavastsherna, and Vasil’eva, 2014;
Hofmeister et al., 2017) are enabled by the calculation of physical characteristics
and uncertainties within the detected boundaries of this solar feature popula-
tion. Coronal models may be validated through comparison between derived and
observationally detected CHs (de Toma and Arge, 2005), with the potential to
provide feedback on input maps and model parameters to improve operational
space weather forecasts. The Wang-Sheeley-Arge (WSA) coronal model (Arge
and Pizzo, 2000; Arge et al., 2004) may be calibrated in this manner to augment
ongoing efforts in calibrating predictions with observed in situ quantities (Reiss
et al., 2020; Issan et al., 2023) and coronal field structure (Jones, Uritsky, and
Davila, 2017).

A precursor to the development of a robust segmentation method is a proper
characterization of the properties of CHs in solar imagery. CHs are predomi-
nantly magnetically unipolar, as observable in magnetograms of the photospheric
field. They exhibit a dark appearance in Extreme Ultraviolet (EUV) imagery
due to weak emission from low coronal plasma densities (Cranmer, 2009), as
demonstrated by the two CHs west of disk center in Figure 1d. CHs in He I
10830 Å full disk images have an opposite character, with a bright and smooth
appearance that may be observed in the same two CHs in Figure 1a. The bright
appearance is due to continuum emission only being weakly absorbed by the
low densities in the neutral, chromospheric orthohelium species (Zirin, 1975;
Pozhalova, 1987), while the apparent smoothness is a result of the chromospheric
network within CHs exhibiting reduced contrast as compared to that across the
quiet Sun (Harvey and Recely, 2002). The unique and complex He I 10830 Å
spectral line lies in the near infrared range and is the only known CH diagnostic
that may be observed by ground-based observatories with high spatial resolution
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(a) (b)

(c) (d)

Figure 1. The newly presented automated CH detection method, STRIDE-CH, applied to
SOLIS observations on June 11, 2012 in the rising phase of Solar Cycle 23. A He I 10830 Å
spectroheliogram (a) and a line of sight magnetogram (b), both from the SOLIS VSM Sarnoff
era camera, are ingested by STRIDE-CH to produce an ensemble CH segmentation map (c).
An SDO AIA 193 Å EUV observation is included for reference (d). The He I spectroheliogram
is saturated between ± 100 mÅ, the magnetogram is saturated between ± 50 G, and yellow
contours on the segmentation map denote the locations of macroscopic polarity inversion lines.

(Andretta and Jones, 1997). Furthermore, large-scale CHs appear coherently
shaped without thin extrusions, exhibit long evolutionary time scales, and cover
a minority of the solar surface with an extent between 5 - 17% in surface area
during solar maximum and minimum respectively (Lowder et al., 2014; Arge
et al., 2023).

Observational characteristics that may be used to uniquely identify CHs from
other large scale, persistent structures appearing on the solar disk are now
described, as summarized in Table 1. Quantification of the properties in the
first column with multiple “No” entries under non-CH features is of particular
interest for aiding in the task of CH segmentation. It is important to note that
these observational appearances arise from the thermodynamic and magnetic
physical properties of these solar features. Active regions in the first column may
be clearly differentiated from CHs in the final column through their brightness in
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Table 1. Properties of large scale, persistent, on-disk solar features and
their observational appearances. Features are ascribed a “Yes”, “No”,
“Marginal”, or “Variable” entry for qualitative physical properties that
are characteristic of CHs. The He I 10830 Å network contrast property
has “-” entries for solar features where this property is irrelevant for CH
disambiguation as they may be readily disambiguated by the degree of
He I 10830 Å absorption.

Physical Property Active Filament Quiet Coronal
(Appearance) Region Sun Hole

Weak EUV Emission No Yes Marginal Yes
(Dark)
Weak He I Absorption No No Yes Yes
(Bright)
Low He I Network - - Variable Yes
Contrast (Smooth)
Predominant No No No Yes
Unipolarity

EUV (strong emission) and darkness in He I (strong absorption). Filaments are
closed field regions that lie along polarity inversion lines and appear similarly
dark to CHs in 193 and 195 Å EUV imagery, which are commonly used to
identify CHs (Hamada et al., 2018). This dark appearance is due to their cool,
dense plasma which weakly emits EUV. A filament is visible in Figure 1d as
a dark structure surrounding the previously mentioned dark, southwestern CH.
Filaments appear differently from CHs in He I and magnetograms, however, as
they have a dark appearance and approximately bipolar magnetic field. Polarity
inversion lines lying along filament and non-filament regions are visualized in
Figure 1c by yellow contours, with the visualization method described in Sec-
tion 3. The broader quiet Sun appears substantially brighter than CHs in EUV,
but the contrast becomes marginal along the CH boundary such that there is
often ambiguity in its precise location. Regions of quiet Sun appear with similar
brightness and variable degrees of smoothness as compared to CHs in He I,
making them the most difficult region type to differentiate from CHs in this
spectral line. For example, the bright, equatorial, quiet Sun regions near the
east and west limbs in Figure 1a appear similarly bright to CHs, but they may
be distinguished through their lack of unipolarity.

The challenges in solar feature disambiguation are exacerbated by both the
variability in appearances when observed in different optical filters and the biases
of each algorithm that aims to extract CH boundaries. Thus, CH detection is
inherently an ambiguous segmentation task (Czolbe et al., 2021) with no widely
accepted ground truth in CH boundary location (Linker et al., 2021). Limb
effects complicate matters, including brightening from stray light in EUV and
darkening from emission becoming foreshortened far from disk center in He I
and in continuum emission. In addition, the dense plasma in large, extruding
coronal loops may obscure entire CHs in EUV (Caplan et al., 2023). This is
particularly the case near the limb where projection effects are greatest (Garton,

SOLA: STRIDE-CH.tex; 9 May 2024; 0:11; p. 4



Magnetic-Field Constrained Ensemble Image Segmentation of Coronal Holes

Gallagher, and Murray, 2018), and is exemplified by the southeastern active
region in Figure 1d whose coronal loops obscure a CH lying further east of disk
center. This obscured CH becomes readily apparent as a bright region in the He
I observation in Figure 1a, as well as in later EUV observations after the Sun
has rotated to bring the CH closer to disk center.

A CH detection method developed by Henney and Harvey (2005) stands
amongst the earliest efforts in this area of research, creating boundary esti-
mates using ground observed He I 10830 Å spectroheliograms and Fe I 6301.5 Å
photospheric magnetograms. Their primary motivation was to automate manual
CH detection to facilitate CH variability studies, as pioneered by Harvey and
Recely (2002). As routine, space-borne EUV observations became available, a
variety of CH detection methods were developed with the advantage of improved
intensity contrast over ground-based He I observations (Rotter et al., 2012;
Verbeeck et al., 2014; Boucheron, Valluri, and McAteer, 2016; Illarionov and
Tlatov, 2018; Heinemann et al., 2019). Challenges in CH detection have been
addressed in several ways such as using magnetogram information to help resolve
the CH-filament ambiguity (Scholl and Habbal, 2008; Hong et al., 2014; Reiss
et al., 2015; Jatla, 2022). Segmentation of multispectral observations, primarily
in EUV and X-ray imagery, has confronted the lack of ground truth in CHs across
optical filters (de Toma and Arge, 2005; Krista and Gallagher, 2009; Hamada
et al., 2018; Garton, Gallagher, and Murray, 2018; Jarolim et al., 2021), and a
specialized perimeter tracing technique has confronted the challenge of polar CH
detection due to projection effects (Kirk et al., 2009).

Our newly developed CH segmentation method, Sub-Transition Region Iden-
tification of Ensemble Coronal Holes (STRIDE-CH), confronts the ambiguous
segmentation task by pairing He I and magnetogram observations to complement
approaches using EUV and X-ray solar imagery. Although now out of operations,
the method developed by Henney and Harvey (2005) used a common set of
input data to STRIDE-CH and this work will compare the two. The approach
employed involves classical image processing and segmentation techniques with
tunable design variables, or parameters defining the design of STRIDE-CH, that
target specific CH properties as observed in the aforementioned observations
below the transition region. Data sources are overviewed in Section 2, with the
ensuing pre-processing, segmentation, design variable selection, and extraction of
CH physical properties detailed in Section 3. Cases demonstrating the method’s
strengths and weaknesses are provided in Section 4, followed by discussion in
Section 5 and conclusions in Section 6.

2. Observations

The National Solar Observatory (NSO) has collected He I 10830 Å spectro-
heliograms and Fe I 6301.5 Å line of sight magnetograms with the Kitt Peak
Vacuum Telescope (KPVT) (Livingston et al., 1976) from 1974 to 2003 and
with the Synoptic Optical Long-term Investigations of the Sun (SOLIS) Vector
Spectromagnetograph (VSM) (Keller, Harvey, and Solis Team, 2003) from 2004
to 2015. Care must be taken in the treatment of diverse observational sources,
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as data products that build on top of them magnify their differences. Different
NSO telescopes and cameras produce observations with not only quantitative
calibration differences in He I, but systematic biases at the poles as well that
may be identified qualitatively, as detailed in Section 5. Full-disk KPVT spectro-
magnetograph (SPM) spectroheliograms and magnetograms captured from 1999
to 2003 are openly available at https://nispdata.nso.edu/ftp/kpvt/daily/raw/
and SOLIS data is available on the SOLIS information website https://solis.
nso.edu/0/vsm/VSMDataSearch.php. These data are available in the Flexible
Image Transport System (FITS) file format at a near daily cadence.

The data array within the NSO He I FITS files that is relevant for the task
of segmentation is labeled as equivalent width. While this data is only a proxy
for the true equivalent width, which is a scalar quantification of the strength
of a spectral line that may be expressed in units of mÅ (Rutten, 2003), it
quantifies He I absorption throughout the full solar disk and will be referred
to as a He I observation herein. Negatively valued, dark regions correspond to
strongly absorbing active regions and filaments, whereas positively valued, bright
regions correspond to weakly absorbing CHs, quiet Sun, and polarity inversion
lines (Braǰsa et al., 1996; Harvey and Recely, 2002). Thus, it is a necessary but
insufficient condition for the identification of weakly absorbing CHs that they
consist of primarily positively valued regions.

3. Methods

Data in the FITS file format is extracted with the FITS file reading capabil-
ity from the astropy package (Astropy Collaboration et al., 2022) and con-
verted into GenericMap objects with the Sunpy package (The SunPy Community
et al., 2020). Image operations are in large part performed with the scikit-image
(van der Walt et al., 2014) and numpy (Harris et al., 2020) libraries, while
visualizations are achieved with matplotlib (Hunter, 2007). The relevant code
is openly available at https://github.com/jalanderos/STRIDE-CH and a fixed
version has been published (Landeros et al., 2024). Pre-processing and boundary
detection are discussed below.

3.1. Data Preparation

Pre-processing is applied to He I observations to standardize contrast amongst
images gathered over time. The pixel intensities are linearly rescaled such that
the 2nd to the 98th percentiles of the intensities present in the image are mapped
to lie ∈ [−1, 1], with a resulting histogram depicted in Figure 2b. The pixel
intensities below the 2nd percentile and above the 98th percentile are assigned
values of -1 and 1 respectively. The off-disk background is then filled with Not
a Number (NaN) entries to remove them from consideration. Magnetograms, on
the other hand, need only be aligned with He I observations via differential
rotation to account for differences in observational times. This alignment is
achieved with Sunpy.
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(a) (b)

Figure 2. Histograms before (a) and after (b) data preparation steps of the SOLIS He I
observation of Figure 1 on June 11, 2012 in the rising phase of Solar Cycle 23. The histogram
of the observation (a) excludes the zero-valued pixels in the image background and only includes
pixel values within ± 100 mÅ. A high number of counts may be found in the leftmost bin of
the histogram of the rescaled observation (b) as a result of mapping pixels with intensities in
the negatively-valued tail of the distribution to the minimum rescaled value.

3.2. Segmentation

The physical properties of brightness and shape coherence that characterize CHs
in He I are used in the segmentation procedure, along with the unipolarity in
underlying magnetograms. Pre-processed He I observation pixel intensities above
a percentage-based threshold Ithresh are assigned a value of one in a binary mask
to isolate bright regions. The threshold is defined such that it adapts to the
challenging nature of the poor contrast in He I, as exemplified by the unimodal
histogram in Figure 2a. Whereas a bimodal distribution would lend itself well to
a threshold in the local minima between modes of CH and quiet sun intensities,
histograms of He I observations are consistently unimodally distributed and thus
lack a clear location for thresholding. To allow for tuning relative to the pixel
intensity at which the mode occurs, which is variable over time, the threshold
is therefore defined as a percentage from the zero value up to the mode of
the histogram. Selection of Ithresh > 100% would correspond to an intensity
threshold past the location of the mode. Discussion on tuning of the threshold
level and further influential design variables will be discussed at the end of this
section.

The resulting binary mask is then operated upon with morphological open
and close operations (Gonzalez and Woods, 2018), which are classical image pro-
cessing methods applied here to reshape isolated, bright regions into coherently-
shaped candidate CHs with smoothed boundaries. These operations use a Struc-
turing Element (SE), which is chosen to be a circular disk, to modify an image.
An accompanying design variable is the SE disk radius rSE, which is specified in
units of Mm as measured at the center of the solar disk to maintain independence
from image resolution. The application of a decomposed sequence of smaller
elements reduces computational cost, while well approximating the operations
performed by a full-sized disk (Park, 1997).
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Minor operations of filling small holes within candidate CHs and removing
small, detected regions are then applied to focus on detecting primarily large,
consolidated CHs in the first instantiation of this routine. The fill operation
is non-parametric while the small object removal is defined with a minimum
size of 3×109 km2, which has been determined in consideration of the absolute
minimum CH size of 1×109 km2 of two supergranules defined by Harvey and
Recely (2002) in an effort to remove spurious detections.

This primary segmentation procedure is applied with multiple sets of design
variables Ithresh, rSE to form a set of preliminarily segmented CH maps. The
selected size of this set will be discussed at the end of this section. These seg-
mented maps are then aggregated and judged by unipolarity to provide greater
confidence in unipolar regions and improve time series detection consistency. We
define unipolarity U ∈ [0, 1] as the ratio of average signed to average unsigned
pseudo-radial magnetic field within a region:

U = |avg(B(i)
r )|

avg(|B(i)
r |)

(1)

This definition yields values of zero and one for perfectly bipolar and unipo-
lar behavior, respectively, serving as the complement of that presented by Ko
et al. (2014). The pseudo-radial magnetic field of each pixel B

(i)
r underlying a

candidate CH is obtained by correcting the line-of-sight magnetic field observed
in the respective magnetogram pixel for the effect of spherical projection with
the local longitude ϕ(i), latitude θ(i), and global B-angle θB0 as follows:

B(i)
r = B

(i)
LOS

cos ϕ(i) cos (θ(i) − θB0) (2)

A final design variable is applied in the form of a threshold on the minimum
unipolarity of a candidate to be accepted Uthresh ∈ [0, 1). Each accepted de-
tection is then assigned a confidence value by linearly rescaling its unipolarity
U ∈ [Uthresh, 1] to Confidence ∈ [0, 1]. The confidence defined herein refers to a
heuristic, yet automated, manner for highlighting regions that are more likely to
be CHs, similar to that used in Grajeda et al. (2023). Accepted candidate regions
are then compiled into an ensemble segmentation map. Macroscopic polarity
inversion lines are visualized in all ensemble maps as yellow contours, such as
in Figure 1c. These contours play no role in the segmentation of CHs or the
assignment of confidence, but they serve to aid in highlighting non-CH regions.
These lines are obtained by a simple smoothing of the aligned magnetogram and
plotting the zero level contours. The uniform filter applied in smoothing is sized
at 10% of the image size.

Further CH physical properties to be extracted include center of mass co-
ordinates. The area of each pixel A(i) is computed by taking the product of
distance scales per pixel on disk center, ∆x, ∆y, and correcting for projection as
in Equation 2. The center of mass longitude ϕCM and latitude θCM are computed
for individual detected regions with their unique number of pixels M .
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A(i) = ∆x∆y

cos ϕ(i) cos (θ(i) − θB0) (3)

ϕCM =
∑M

i=0 ϕ(i)A(i)∑M
i=0 A(i)

(4)

θCM =
∑M

i=0 θ(i)A(i)∑M
i=0 A(i)

(5)

The values of the design variables Ithresh, rSE have been selected to find a bal-
ance between excessive conservatism and aggression, wherein only a small subset
of CHs or a majority of the entire solar disk would be detected, respectively. This
was achieved by variable tuning to yield approximate consistency with CH sizes
that were visually assessed in EUV 193 Å. STRIDE-CH is not restricted to
recapitulate results from the multiplicity of EUV-based CH detection methods,
however. The detected sizes and boundary locations of individual CHs may
vary significantly from those observed in EUV, as demonstrated in Section 4.
Figures 3a and 3b depict a relatively conservative design with design variables
of Ithresh = 90%, rSE = 13 Mm, while Figures 3c and 3d depict a relatively
aggressive design detecting greater area with Ithresh = 70%, rSE = 15 Mm. The
latter design also demonstrates greater complexity in the boundaries of detected
CHs, which is an important indicator of the physical processes that occur at
the interface between the open and closed fields (Mason and Uritsky, 2022).
Thus, the ensemble size was selected to include four designs to combine low and
high levels of detected area and visually assessed boundary complexity. The two
remaining ensemble members are defined by Ithresh = 80%, rSE = 13 Mm and
Ithresh = 70%, rSE = 17 Mm. The unipolarity threshold has been selected at
Uthresh = 0.5 across all ensemble members as it presents the the exact middle-
ground between predominantly bipolar regions U ∈ [0, 0.5) and predominantly
unipolar regions U ∈ [0.5, 1]. The threshold may be placed elsewhere, but this
value is both physically intuitive and reliably demarcates large-scale CHs from
large-scale, non-CH regions, as demonstrated in Section 4.
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4. Results

The first period of interest lies in the rising phase of solar cycle 24 from April
to August of 2012 and includes the case highlighted in Figures 1 and 3. The
STEREO spacecraft (Kaiser et al., 2008) were in quadrature with the Earth dur-
ing this period such that near global imaging coverage of the Sun was achieved.
While not immediately relevant for this work, analysis of this period is conducive
to future studies aiming to constrain global coronal models as global synchronic
detection maps may be developed (Caplan, Downs, and Linker, 2016). The
SOLIS VSM captured 103 daily pairs of He I observations and magnetograms
with its Sarnoff cameras during this period, constituting a 68.7% duty cycle.
A histogram of CHs detected by STRIDE-CH in this period is plotted against
center of mass in sine-heliographic coordinates in Figure 4, revealing relatively
uniform detections in longitude as CHs rotate across the solar disk and a bimodal
distribution in latitude, centered about ±26° latitude for the highest confidence
detections. The centers of mass show distinct drop-offs past ±61° longitude and
±49° latitude, but portions of the detected CHs do extend farther towards the
limb.

Earlier cases are presented to inspect the quality of STRIDE-CH across phases
of the solar cycle and across cameras of the SOLIS instrument. Two cases lie
within the Rockwell camera era of the SOLIS VSM, in the solar minimum
following solar cycle 23 on October 22, 2009 and earlier in the declining phase
on November 13, 2004. Application of STRIDE-CH to the solar minimum case
in Figure 5 results in the detection of two southern hemisphere CHs, a failure
to detect both northern and southern polar CHs that are easily identifiable
in EUV, and successful null detections elsewhere on the disk. The declining
phase case in Figure 6 depicts a successfully detected northeastern CH with
substantively different boundaries between the chromospheric He I and coronal
EUV observations. A northern CH extending from the meridian towards the
western limb is well detected. Below it, a filament appears equally as dark in
EUV, but is successfully undetected by STRIDE-CH.

The final case is depicted in Figure 7 and is the earliest considered, lying
in the declining phase of solar cycle 23 on July 14, 2003, as observed by the
KPVT SPM. As the KPVT SPM is a significantly different instrument from the
SOLIS VSM used thus far, new design variables were required to produce stable
results in an extended range of observations analyzed from this period. The
He I pixel intensity threshold Ithresh was raised uniformly across all ensemble
members by 15% and the unipolarity threshold was dropped to Uthresh = 0 to
reveal candidate CHs that have been measured as predominantly bipolar. The
reasoning for the latter alteration is discussed in Section 5.
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(a) (b)

Figure 4. Histograms of CH center of mass coordinates as detected from April to August
2012 in the rise of solar cycle 24, stratified by unipolarity U . Longitude ϕ lies on the x-axis
(a) and latitude θ lies on the y-axis (b), with sine of each angle being presented to mimic
projection effects on the solar disk.

(a) (b) (c)

Figure 5. STRIDE-CH applied to SOLIS VSM Rockwell camera observations on October
22, 2009 in the minimum after Solar Cycle 23. The He I observation, saturated within ±
100 mÅ (a) and ensemble segmentation map (b) are juxtaposed with a SOHO EIT 195 Å
observation (c) for reference. Yellow contours on the segmentation maps denote the locations
of macroscopic polarity inversion lines.

(a) (b) (c)

Figure 6. STRIDE-CH applied to SOLIS VSM Rockwell camera observations on November
13, 2004 in the declining phase of Solar Cycle 23. The He I observation, saturated within ±
100 mÅ (a) and ensemble segmentation map (b) are juxtaposed with a SOHO EIT 195 Å
observation (c) for reference. Yellow contours on the segmentation maps denote the locations
of macroscopic polarity inversion lines.
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(a) (b)

(c) (d) (e)

Figure 7. Prominent He I CH detection methods applied to KPVT observations on July 14,
2003, in the early decline of Solar Cycle 23. The He I observation, saturated within ± 100
mÅ (a) is juxtaposed with a SOHO EIT 195 Å observation (b) for reference. CH detection
methods are demonstrated in the lower row, including a hand drawn map developed by Harvey
and Recely (2002) (c), an automated detection map developed by Henney and Harvey (2005)
(d), and a STRIDE-CH ensemble segmentation map with threshold levels modified for KPVT
observations (e). Images (c) and (d) are reproduced from Harvey and Recely (2002). Yellow
contours on the STRIDE-CH map denote the locations of macroscopic polarity inversion lines.

5. Discussion

The robustness of STRIDE-CH is evidenced by the results in Figures 1, 5, 6,
and 7 which sample different phases of the solar cycle while maintaining fixed
ensemble of design variable values for a given instrument. These design variables
include threshold levels Ithresh, SE disk radii for morphological operations rSE,
and a unipolarity threshold Uthresh. Figure 1 demonstrates several strengths of
the newly developed algorithm when applied to SOLIS VSM Sarnoff camera
observations in the rising phase of solar cycle 24. The three largest detections in
Figure 1c are all true CHs as they appear bright and smooth in He I while having
high unipolarity, U ≥ 0.5. While the two western CHs may be readily observed
in the corresponding EUV image, the southeastern CH on the other hand may
only be observed in EUV at a later date when the CH has rotated towards disk
center. This is an excellent example of the benefit of observing CHs in He I 10830
Å as its identification in EUV is difficult due to the extruding coronal loops in
the neighboring active region, but it is readily apparent in He I and successfully
detected by STRIDE-CH.

STRIDE-CH is also capable of eliminating initially detected regions that are
not CHs based on the underlying unipolarity. The large equatorial regions of
quiet Sun on the east and west limb which appear bright in the He I observation
of Figure 1 are detected in the preliminary segmentation masks of Figure 3b
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and 3d. However, they have low unipolarity, appear bright in this EUV obser-
vation and in those taken at neighboring times, and thus are not CHs. These
regions are sufficiently bright, coherently shaped, and large to be admitted by
the preliminary segmentation procedure, but are insufficiently unipolar to be de-
termined as CHs and are correctly eliminated. Their bright appearance in 10830
Å indicates that the underlying continuum emission is being weakly absorbed
such that the chromospheric plasma present in these regions likely hosts a low
density in the He I population that absorbs this wavelength.

A limitation in unipolarity-derived confidence as a quantification of uncer-
tainty is the effect of reduced confidence in CHs that host a greater density
of mixed polarities (Hofmeister et al., 2019). CHs that are measured to have
imperfect unipolarity will directly result in STRIDE-CH presenting reduced
confidence, regardless of whether the boundary is accurately located with respect
to the boundary which would be segmented by a human expert in He I. This
prediction of uncertainty is therefore not calibrated well as it would not be highly
correlated with segmentation error. Well-calibrated uncertainty quantification is
a desirable trait of image segmentation methods as predicting high uncertainty
a priori can alert researchers and practitioners to anticipate error in boundary
location and not rely on the automated results (Czolbe et al., 2021). Another
potential limitation in this definition of confidence lies in the fact that magne-
tograms incur substantial error beyond 60° from disk center (Ko et al., 2014),
such that confidence might be artificially reduced near the limb. However, the
derived unipolarity appears to remain elevated far from disk center, as evidenced
by the southeastern and northwestern CHs in Figure 1 that are detected with
high unipolarity and thus high confidence. This demonstrates the quality of
SOLIS magnetograms and provides evidence of the legitimacy of unipolarity-
derived confidence. For discussion on alternatives for deriving confidence, see
the Appendix.

A lack of polar CH detections is demonstrated in the reduced latitudinal range
of detected centers of mass in Figure 4. Although polar CHs are important for
understanding the topology and dynamics of the corona, it is well known that
accurately segmenting these regions is challenging. Beyond the projection effect
that foreshortens the observed area of near limb CHs, this shortcoming may
be attributed to an instrumental effect present in SOLIS He I observations of
noise at the poles. This instrumental effect is distinct from the traditional limb
darkening observed in continuum emission as it appears to be enhanced at the
poles rather than uniformly at the limb and is evident in Figures 1a and 5a.
Additionally, while spectral fringes were present in the Rockwell camera era
prior to 2010 (Jones et al., 2005), they were enhanced after the replacement
with Sarnoff cameras and prevented finely tuned limb darkening and zero offset
corrections. This change in data preparation unfortunately rendered the Henney
and Harvey (2005) routine unreliable in operation (NSO, 2016). The cases pre-
sented in this work demonstrate that STRIDE-CH performs satisfactorily on this
SOLIS data away from the poles, where specialized techniques may be applied for
the detection of polar CHs (Kirk et al., 2009). The two latitudinal concentrations
in Figure 4 reflects the rising phase of the solar cycle, as active regions abound
at lower latitudes and vacate the equatorial region from a significant presence of
CHs.
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Solar minimum, as sampled in Figure 5, poses a challenge as mid to low
latitude CHs tend to be sparse, requiring CH detection algorithms to be capable
of not detecting any CHs at low latitudes when none are present. Additionally,
the He I observations in this period coincided with the final year of Rockwell
camera use prior to their replacement, which raised concerns on potential im-
agery degradation, as warranted by the grainier texture as compared to other
He I observations displayed in this work. Despite these challenges and aside from
the aforementioned lack of polar CH detection, reasonable CHs are segmented.

CHs observed in underlying chromospheric He I are typically expected to
appear with smaller size and as a subset of those observed in coronal emission due
to the superradial expansion of their magnetic field lines as they rise in altitude
(Mogilevsky, Obridko, and Shilova, 1997). However, the northeastern CH in the
declining phase case in Figure 6 demonstrates an eastern boundary in EUV that
flares significantly more towards the east limb than in He I, hinting towards a
more complex relationship. Future studies of He I imagery may therefore reveal
insights into the mid-atmospheric magnetic field structure of CHs, as they evolve
from photospheric flux tubes up to their expanding forms in the corona.

The final application to KPVT SPM observations in Figure 7 yields a favor-
able comparison between the elongated, disk center CH detected by the newly
developed ensemble detection, the manual detection developed by Harvey and
Recely (2002), and the automated detection developed by Henney and Harvey
(2005). All methods achieve a true negative detection along the filament visible
in EUV with a vertical span in the northern hemisphere, as well as true positive
detections in the northern and southern polar CHs. The success achieved by
STRIDE-CH in polar detection may be ascribed to the high quality of KPVT
He I observations, which lack the instrumental polar noise effect that persists
in observations made by SOLIS. However, these regions host lower unipolar-
ity as a result of the weak signal to noise ratio in the polar regions of the
KPVT magnetogram. This serves as a further testament to the quality of SOLIS
magnetograms, which overcome this challenge and provide reliable unipolarity
measurements from disk center.

6. Conclusion

STRIDE-CH accounts for multiple properties of CHs including weak absorption
in the chromospheric He I spectral line, coherent morphology, and predominant
unipolarity in the underlying photospheric field. Similar to the method developed
by Henney and Harvey (2005), the ingested He I observations allow the algorithm
to stride past extruding coronal loops that obscure CHs while magnetograms
allow it to disambiguate CHs from filaments and quiet Sun. STRIDE-CH builds
upon it, however, with the following added capabilities:

1. The ensemble of segmentations provides added flexibility in CH boundary
assignment. Confidence in each of the candidate boundaries for a CH is then
derived in a physically motivated manner from the unipolarity of the enclosed
region.
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2. The novel method succeeds on observations after 2010 in the SOLIS VSM
Sarnoff camera era where Henney and Harvey (2005) became unreliable in
operation.

3. The relevant code has been made available in an open-source, easily main-
tainable Python project.

The quantification of uncertainty through the assigned confidence is crucial in
this challenging segmentation task and aligns with recent community efforts to-
wards uncertainty quantification of automatically detected CH boundaries (Reiss
et al., 2021, 2024). The method’s weaknesses are of importance as well, whether
they are inherited from observations or introduced by the procedure and design
variable selection. Polar CHs are not well detected in He I observations made
by SOLIS, in large part due to an instrumental effect. This is a technological
challenge rather than a fundamental limitation of the He I line, however, as
evidenced by the clarity of polar CHs in KPVT He I observations and successful
detection in Figure 7. A further limitation is that transitioning from research to
operational maturity would require improvements to time series consistency.

Despite these tradeoffs, He I spectroheliograms provide valuable CH boundary
information from a ground-based, near infrared perspective of the chromosphere
that complements the information provided by space-borne, EUV observations of
the corona. While the boundaries of CHs that are fully exposed to the line of sight
may appear with greater sharpness and contrast, He I enables the detection of
CHs obscured in EUV by greater emissive scale heights and coronal loops. Future
instruments observing He I in a synoptic, full-disk fashion would therefore be
vital. The quality of KPVT He I observations, which clearly display polar CHs
and enable their detection by STRIDE-CH, should be sought after while the
polar noise effect and the absence of limb and zero-offset corrections in SOLIS
He I observations should be avoided. The improved signal to noise ratio of SOLIS
magnetograms is desirable on the other hand, as it enables CHs far from disk
center to be detected with high unipolarity, and thus confidence by STRIDE-CH.

The fusion of CHs detected by STRIDE-CH and EUV-based segmentation
methods at the object/decision-level (Samadzadegan, 2004) would better rep-
resent the distribution of CHs across the disk than any individual method due
to the complementary nature of He I and EUV. Future comparisons with EUV-
based methods may reveal an effective manner in which to perform this fusion,
but quantitative comparisons will require a careful, comprehensive approach.
The lack of ground truth in observations discussed herein will result not only
in detected boundary location differences, but in entirely undetected CHs in
He I or EUV. These comparisons would serve as steps towards extensive study
of CH boundary structure and evolution below the transition region with the
science-enabling tool developed in this work.
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Appendix

A. Methods Considered for Deriving Confidence

After candidate regions have been detected from He I observations, as demon-
strated in Figure 3e, a method for assigning confidence to candidates must
be defined to capture intra-algorithm uncertainty. The properties of CHs that
were evaluated as bases for deriving confidence include smoothness in He I, or
low chromospheric network contrast, and unipolarity in photospheric magne-
tograms. Table 1 indicates that these properties distinguish CHs from some, if
not all, other large scale solar features for deriving confidence. While CHs are
both smooth and unipolar, the candidate regions detected by STRIDE-CH with
smooth textures do not coincide completely with those exhibiting unipolarity.
The following question then arises: Should confidence in true CH status be derived
from unipolarity or smoothness?

A.1. Differences in Unipolar and Smooth Candidate Regions

Smoothness must first be quantified to provide evidence for the claim that differ-
ences exist between unipolar and smooth candidates, after which the question
of confidence allocation may be addressed. The lack of smoothness within a
candidate region in a He I observation may be quantified by the gradient median
gmed, calculated as follows.

1. Pixels outside of the candidate region in question are masked.
2. An approximation of the image gradient is obtained by application of the

Sobel operator to the masked array (Nayar, 2022).
3. The gradient median gmed of the pixel-wise image gradient magnitudes g

within the candidate region is obtained.

The scalar gradient median gmed quantifying roughness for each candidate is
converted into a percentile to characterize texture relative to n candidates under
consideration as well as inverted to instead quantify smoothness. This results in
the smoothness percentile S ∈ [0, 100].

The distinction between unipolar candidate CHs detected by STRIDE-CH
and smooth candidates is evidenced by Table 2, which consists of results from
the 2012 period detailed in Section 4. Without the application of the unipolarity
threshold as in Figure 3e, 1064 candidate boundaries were detected in the initial
ensemble CH maps produced by STRIDE-CH. This does not reflect the number
of distinct CHs even for a single date, as multiple candidate boundaries may char-
acterize the same candidate region. Candidates are categorized as predominantly
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Table 2. Categorization of candidate regions by unipolarity and
smoothness as detected from April to August 2012 in the rise of
solar cycle 24. The sample is further described in Section 4.

Predominantly Predominantly
Bipolar (U < 0.5) Unipolar (U ≥ 0.5)

Smoothness Below 41.0% 9.0%
the Median (S < 50)
Smoothness Above 32.6% 17.4%
the Median (S ≥ 50)

All Candidates 73.6% 26.4%

unipolar here if they have a unipolarity U ≥ 0.5. In place of an absolute metric
for distinguishing unipolar and bipolar categories, smoothness is judged relative
to the n candidates in the sample obtained from this period. High smoothness
candidates host a smoothness percentile S ≥ 50 such that half of the regions
fall in this category. While one might expect these candidates to either be true
CHs hosting both high smoothness and unipolarity or false CHs hosting neither,
41.6% do not fall in either category as they achieve high marks in only one of the
two properties in question. Thus, unipolarity and smoothness do not coincide
entirely among candidate CHs.

An example of the smooth, yet bipolar category is the bright and smooth
equatorial region to the east of disk center that appears in the He I observation
of Figure 1a and is discussed in Section 5. The majority of candidates are pre-
dominantly bipolar, at 73.6%, and are thresholded away in the final construction
of STRIDE-CH with unipolarity-derived confidence.

A.2. Selection of Unipolarity over Smoothness for Deriving
Confidence

Unipolarity-derived confidence was ultimately selected as it provided the ability
to disambiguate CHs from quiet Sun, a physical motivation to confidence, and
increased time series consistency. As the evolution of CHs on the time scale
of days is often modest, consistency in CHs detected over time is a desirable
characteristic of segmentation algorithms.

Consistency may be quantified to a first approximation by the autocorrelation
in the time series of detected area f . It should be noted that relative increases
demonstrate improved consistency, but a value of 1 is undesirable as it would
indicate that the detected area is constant over time and the evolution of CHs
has not been captured. The global detected area for a given date is computed
by summation over N detected pixels across the disk of the pixel-wise area A(i),
which was defined in Equation 3.

A =
N∑

i=0
A(i) (6)
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Autocorrelation is then computed as the Pearson’s correlation coefficient of
the time series f with itself upon applying an index lag n = 1, yielding a quantity
∈ [0, 1]:

(f ∗ f)[n = 1] = cov(f [m], f [m + 1])
Var(f) (7)

The time series consistency provided by distinct methods for deriving confi-
dence is displayed in Table 3. The explored methods include:

1. Single Preliminary Mask: The previously detailed steps of data preparation,
brightness threshold, morphological operations, filling of small holes in candi-
dates, and small object removal are applied to derive a single segmentation.
Examples are depicted in Figure 3b and 3d.

2. Area-Derived Confidence: A collection of preliminary detection masks form
the members of an ensemble as in Figure 3e, but with confidence correspond-
ing to low detected area. 100% confidence is assigned to the most conservative
global mask with the least detected area. Confidence assigned to masks with
greater area uniformly descends to 0%, which is assigned to the mask with
greatest detected area.

3. Smoothness-Derived Confidence: An ensemble of boundaries is compiled as
in Figure 3e, but with confidence corresponding to the smoothness percentile
S.

4. Unipolarity-Derived Confidence: This method refers to the final construction
of STRIDE-CH. Confidence in each candidate of the ensemble corresponds to
the unipolarity U of the magnetic field data within the region and a threshold
is applied on unipolarity, as in Figure 3f.

Table 3. Comparison of the consistency between methods as quan-
tified by the autocorrelation in the time series of detected area
(f ∗f)[n = 1] ∈ [0, 1], with a greater value indicating improved consistency.
The methods are evaluated on observations from April to August 2012 in
the rise of solar cycle 24. The sample is further described in Section 4.

Confidence Single Area Smoothness Unipolarity
Level Preliminary Derived Derived Derived

Mask Confidence Confidence Confidence

0% 0.05 0.10 0.34 0.46
50% - 0.12 0.27 0.46
80% - 0.23 0.31 0.65

The addition of key elements in the algorithm results in marked improvements
in the time series consistency of detections, as quantified in Table 3. The gains
realized by the implementation of even the most näıve ensemble method, with
area-derived confidence that simply assigns greater confidence to conservatively
detected small regions, doubles the autocorrelation in the lowest confidence level,
with increasing values at higher confidence levels. This improved consistency

SOLA: STRIDE-CH.tex; 9 May 2024; 0:11; p. 19



J. A. Landeros et al.

demonstrate the benefits of ensemble boosting that have been developed by the
machine learning community (Zhou, 2012). A lone preliminary segmentation
may be considered a weak CH classifier with poor time series consistency but
the aggregation of an ensemble may boost these segmentations into a unified,
stronger classifier with improved consistency. Further rewards may be reaped
by taking the radiative property of smoothness in the He I absorption into
account, but the derivation of confidence from unipolarity results in the greatest
autocorrelation values across confidence levels, adding a reason for the ultimate
selection of unipolarity over smoothness as the confidence metric in ensemble
map production.

In summary, unipolarity provides the following benefits over the smoothness
criterion for allocating confidence towards candidate regions initially segmented
by STRIDE-CH:

1. The ability to resolve the CH-quiet Sun ambiguity is provided. Candidates
that consist of quiet Sun will be predominantly bipolar, but may appear
smooth and lead to false positive detections if judged by smoothness.

2. Confidence becomes physically motivated. Unipolarity U is derived from rig-
orous measurements of the magnetic field enclosed by a boundary and is an
absolute quantity ∈[0,1]. While the proper location of the unipolarity thresh-
old may be a matter of debate, the selected value carries physical meaning.
The smoothness percentile S, or any other such smoothness metric, is instead
an emergent, visual property that is less comprehensively understood and is
defined relative to the textures present amongst a sample of observations.
Thus, a potential threshold would be less physically meaninigful.

3. Unipolarity-derived confidence is shown in Table 3 to yield greater consistency
over time in the total CH area detected by STRIDE-CH.
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B.: 2017, Characteristics of Low-latitude Coronal Holes near the Maximum of Solar Cycle
24. Astrophys. J. 835, 268. DOI. ADS.

Hofmeister, S.J., Utz, D., Heinemann, S.G., Veronig, A., Temmer, M.: 2019, Photospheric
magnetic structure of coronal holes. Astron. Astrophys. 629, A22. DOI. ADS.

Hong, S., Kim, J., Han, J., Kim, Y.: 2014, The Automatic Solar Synoptic Analyzer and Solar
Wind Prediction. In: AGU Fall Meeting Abstracts 2014, SH21A. ADS.

Hunter, J.D.: 2007, Matplotlib: A 2D graphics environment. Computing in Science &
Engineering 9, 90. DOI.

SOLA: STRIDE-CH.tex; 9 May 2024; 0:11; p. 21

https://doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A
https://doi.org/10.1007/s11207-016-0985-z
https://ui.adsabs.harvard.edu/abs/2016SoPh..291.2353B
https://doi.org/10.1007/BF00165457
https://ui.adsabs.harvard.edu/abs/1996SoPh..163...79B
https://doi.org/10.3847/0004-637X/823/1/53
https://ui.adsabs.harvard.edu/abs/2016ApJ...823...53C
https://doi.org/10.3847/1538-4357/ad01b6
https://ui.adsabs.harvard.edu/abs/2023ApJ...958...43C
https://doi.org/10.12942/lrsp-2009-3
https://ui.adsabs.harvard.edu/abs/2009LRSP....6....3C
https://doi.org/10.48550/arXiv.2103.16265
https://ui.adsabs.harvard.edu/abs/2021arXiv210316265C
https://ui.adsabs.harvard.edu/abs/2005ASPC..346..251T
https://doi.org/10.1051/swsc/2017039
https://ui.adsabs.harvard.edu/abs/2018JSWSC...8A...2G
https://doi.org/10.1007/s11207-023-02228-0
https://ui.adsabs.harvard.edu/abs/2023SoPh..298..133G
https://doi.org/10.1007/s11207-018-1289-2
https://ui.adsabs.harvard.edu/abs/2018SoPh..293...71H
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1023/A:1022469023581
https://ui.adsabs.harvard.edu/abs/2002SoPh..211...31H
https://doi.org/10.1007/s11207-019-1539-y
https://ui.adsabs.harvard.edu/abs/2019SoPh..294..144H
https://doi.org/10.48550/arXiv.astro-ph/0701122
https://ui.adsabs.harvard.edu/abs/2005ASPC..346..261H
https://doi.org/10.3847/1538-4357/835/2/268
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..268H
https://doi.org/10.1051/0004-6361/201935918
https://ui.adsabs.harvard.edu/abs/2019A&A...629A..22H
https://ui.adsabs.harvard.edu/abs/2014AGUFMSH21A4089H
https://doi.org/10.1109/MCSE.2007.55


J. A. Landeros et al.

Illarionov, E.A., Tlatov, A.G.: 2018, Segmentation of coronal holes in solar disc images with a
convolutional neural network. Mon. Not. R. Astron. Soc. 481, 5014. DOI. ADS.

Issan, O., Riley, P., Camporeale, E., Kramer, B.: 2023, Bayesian Inference and Global Sen-
sitivity Analysis for Ambient Solar Wind Prediction. Space Weather 21, e2023SW003555.
DOI. ADS.

Jarolim, R., Veronig, A.M., Hofmeister, S., Heinemann, S.G., Temmer, M., Podladchikova, T.,
Dissauer, K.: 2021, Multi-channel coronal hole detection with convolutional neural networks.
Astron. Astrophys. 652, A13. DOI. ADS.

Jatla, V.: 2022, Automatic Segmentation of Coronal Holes in Solar Images and Solar Prediction
Map Classification. arXiv e-prints, arXiv:2207.10070. DOI. ADS.

Jones, H.P., Malanushenko, O.V., Harvey, J.W., Henney, C.J., Keller, C.U.: 2005, Reduction of
SOLIS/Vector Spectromagnetograph He I 1083 nm Observations. In: AGU Spring Meeting
Abstracts 2005, SP51A. ADS.

Jones, S.I., Uritsky, V., Davila, J.M.: 2017, Image-optimized Coronal Magnetic Field Models.
Astrophys. J. 844, 93. DOI. ADS.

Kaiser, M.L., Kucera, T.A., Davila, J.M., St. Cyr, O.C., Guhathakurta, M., Christian, E.:
2008, The STEREO Mission: An Introduction. Space Sci. Rev. 136, 5. DOI. ADS.

Keller, C.U., Harvey, J.W., Solis Team: 2003, The SOLIS Vector-Spectromagnetograph. In:
Trujillo-Bueno, J., Sanchez Almeida, J. (eds.) Solar Polarization, Astronomical Society of
the Pacific Conference Series 307, 13. ADS.

Kirk, M.S., Pesnell, W.D., Young, C.A., Hess Webber, S.A.: 2009, Automated detection of
EUV Polar Coronal Holes during Solar Cycle 23. Sol. Phys. 257, 99. DOI. ADS.

Ko, Y.-K., Muglach, K., Wang, Y.-M., Young, P.R., Lepri, S.T.: 2014, Temporal Evolution of
Solar Wind Ion Composition and their Source Coronal Holes during the Declining Phase of
Cycle 23. I. Low-latitude Extension of Polar Coronal Holes. Astrophys. J. 787, 121. DOI.
ADS.

Krista, L.D., Gallagher, P.T.: 2009, Automated Coronal Hole Detection Using Local Intensity
Thresholding Techniques. Sol. Phys. 256, 87. DOI. ADS.

Landeros, J., Kirk, M.S., Arge, C.N., Boucheron, L.E., Zhang, J., Uritsky, V.M., Grajeda, J.A.,
Dupertuis, M.: 2024, Magnetic Field-Constrained Ensemble Image Segmentation of Coro-
nal Holes in Chromospheric Observations, Zenodo. DOI. https://doi.org/10.5281/zenodo.
11122182.

Linker, J.A., Caplan, R.M., Downs, C., Riley, P., Mikic, Z., Lionello, R., Henney, C.J., Arge,
C.N., Liu, Y., Derosa, M.L., Yeates, A., Owens, M.J.: 2017, The Open Flux Problem.
Astrophys. J. 848, 70. DOI. ADS.

Linker, J.A., Heinemann, S.G., Temmer, M., Owens, M.J., Caplan, R.M., Arge, C.N., Asvestari,
E., Delouille, V., Downs, C., Hofmeister, S.J., Jebaraj, I.C., Madjarska, M.S., Pinto, R.F.,
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