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Abstract—Based on the data obtained with the CHIMERA algorithm, we consider the evolution of a long-
lived low-latitude coronal hole during its central meridian passage over the period from February 15, 2012,
to October 14, 2012. The correlation coefficient between the photospheric magnetic field strength of the
coronal hole and its area in nine Carrington rotations is R = −0.55. It differs noticeably from R = −0.82
given in Heinemann et al. The results suggest a significant dependence of the area of coronal holes on
the method of determining their boundaries. This can have a noticeable effect both on the prediction of
geomagnetic activity and on the understanding of the nature of solar phenomena related to these structures.
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INTRODUCTION

Coronal holes (CHs) are large-scale (∼1020 cm2)
structures of the solar corona that differ from the sur-
rounding quiet regions by an open magnetic field con-
figuration and by reduced plasma density and temper-
ature (see, e.g., Cranmer 2009). CHs are observed in
the soft X-ray and extreme ultraviolet ranges on the
solar disk as dark structures, while in He I 10 830 Å
images they have an enhanced brightness. The in-
terest in CHs stems primarily from the fact that they
are the source of the fast solar wind (Cranmer 2002,
2009; Akhtemov and Tsap 2018), which has a signifi-
cant effect not only on the near-Earth space, but also
on the Earth. In particular, the so-called corotating
interaction regions being formed in the solar corona
can give rise to weak and moderate geomagnetic
storms (Yermolaev et al. 2018).

In recent years the questions related to the CH
magnetic field have aroused great interest (Heine-
mann et al. 2018; Hofmeister et al. 2017, 2019). This
is primarily explained by the fact that so far there
are no clear views of how the solar wind acceler-
ates (Cranmer 2002, 2009). Its speed is believed
to be closely related not only to the CH area (Nolte
et al. 1976; Shugai et al. 2009; Rotter et al. 2012;
Akiyama et al. 2013; Akhtemov and Tsap 2018), but
also to the CH magnetic field strength. In particular,
a correlation with the averaged CH magnetic field and
the rate of decrease in its strength with height charac-
terized by super-radial flux-tube expansion has been
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found (Wang and Sheeley 1990; Kojima et al. 2007;
Wang 2010; Fujiki et al. 2015).

Relatively recently, having studied the evolution
of one of the long-lived low-latitude CHs for eight
months in 2012 based on data from the Atmo-
spheric Imaging Assembly (AIA) and Helioseismic
and Magnetic Imager (HMI) instruments onboard
the Solar Dynamics Observatory (SDO) satellite,
Heinemann et al. (2018) concluded that there exists
a high correlation (a Pearson correlation coefficient
R = −0.82) between the CH area and averaged pho-
tospheric magnetic field. This conclusion somewhat
contradicts the earlier statistical results for different
CHs (see, e.g., Bilenko and Tavastsherna 2017).
Meanwhile, the estimate obtained is of great phe-
nomenological importance, because it suggests that
the magnetic field variations inside CHs determine
their evolution.

Heinemann et al. (2018) extracted the CH bound-
aries based on the adopted intensity threshold rela-
tive to the median intensity for the solar disk in the
AIA/SDO 193 Å channel. Meanwhile, determining
the CH boundaries is a rather complex and ambigu-
ous problem due to the inhomogeneity of the atmo-
sphere and often a low CH contrast compared to the
neighboring quiet solar regions. The fact that the CH
areas can differ considerably in the solar disk images
at different wavelengths being formed approximately
at the same height in the transition region and the
lower corona also plays a significant role (Garton
et al. 2018). The determination of the CH boundaries
is also complicated by the superposition of brighter
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and darker structures, such as streamers, jets, coro-
nal loops, and filaments, on low-latitude CHs.

Thus, although the technique for determining the
CH boundaries in Heinemann et al. (2018) follows
from the analysis of the highest-contrast ultravio-
let AIA/SDO images of CHs, it nevertheless seems
too simplified. The approach proposed in Garton
et al. (2018) looks more justified. The method of
automated CH detection and identification with the
Coronal Hole Identification via Multi-thermal Emis-
sion Recognition Algorithm (CHIMERA) developed
by these authors allows the CH boundary contours to
be determined using three AIA/SDO 171, 193, and
211 Å channels in the extreme ultraviolet emission
of iron ions to which the typical plasma temperatures
of 6.3 × 105, 1.6× 106, and 2.0× 106 K correspond
(Lemen et al. 2012). We would especially like to
emphasize that the degree of openness of the mag-
netic field configuration up to 2.5 R�, according to
the Potential Field Source Surface Model (PFSS)
using HMI/SDO magnetograms in the photospheric
Fe I 6173 Å line as the input data, is also taken into
account in the algorithm.

The goal of this paper is to study the relationship
between the area and magnetic field of a long-lived
low-latitude CH when its center of mass crosses the
zero (central) meridian, then to compare the results
obtained with the corresponding relationship from
Heinemann et al. (2018), and finally to discuss the
consequences of our analysis and to propose a pos-
sible interpretation.

RELATIONSHIP BETWEEN THE CH AREA
AND MAGNETIC FIELD FROM THE

CHIMERA DATA

As in Heinemann et al. (2018), we chose the
period from February 15, 2012, to October 14,
2012 (Carrington rotations CR2121–CR2129) cor-
responding to the second growth phase of the 24th
solar cycle. At this time a long-lived, isolated, and
relatively compact CH was observed on the solar
disk at low latitudes (Fig. 1), which allowed the
projection effects to be minimized. We determined
the averaged area ACH and longitudinal magnetic
field BCH when the CH center of mass passed
through the central meridian on February 15, 2012;
March 13, 2012; April 9, 2012; May 6, 2012; June 3,
2012; June 30, 2012; July 26, 2012; August 22,
2012; September 18, 2012; and October 14, 2012.
However, in contrast to Heinemann et al. (2018),
who developed their own algorithm following from
the analysis of AIA solar disk images in the highest-
contrast 193 Å line and the adopted threshold value

of 35% of the median solar disk intensity, we in-
voked CHIMERA, the software algorithm that is
described in Garton et al. (2018) and is in free
access (https://github.com/TCDSolar/CHIMERA)
for practical use. As the input data for the chosen
time interval we used four FITS (Flexible Image
Transport System) files from the SDO archive: an
HMI magnetogram and three AIA images in the
171, 193, and 211 Å channels. Using the code, we
constructed solar disk images with CH boundaries
and created a text file containing information about
the coordinates of the center of mass (geometrical
center), the area, and the mean longitudinal magnetic
field strength at the CH base at the photospheric
level. During each passage of the CH center of mass
through the central meridian we constructed five CH
images within ±7◦ in longitude, corresponding to
approximately ±15 h. Using several CH images
allowed us to reduce the geometrical distortions and
to increase the accuracy of measurements. The data
obtained in this way were then averaged and were
used by us as the quantities characterizing the CH at
the time of its passage through the central meridian.
This approach may be deemed justified if the CH
parameters do not change significantly over this time
interval. Note that Heinemann et al. (2018) also
found the radial magnetic field of the identified CH
as a result of the data averaging, but within ±18 h
of the passage of the CH center of mass through the
central meridian. During this period of observations
the CH contours from the CHIMERA data remained
within ±50◦ in latitude and ±30◦ in longitude.

Following Heinemann et al. (2018), we charac-
terized the correlation between the CH area and av-
eraged magnetic field by a linear Pearson correla-
tion coefficient R defined with standard notation in
a well-known way (see, e.g., Aivazyan 1968; Gmur-
man 1972):

R =

∑n
i=1 (Xi − X̄)(Yi − Ȳ )

√
∑n

i=1 (Xi − X̄)
2 ∑n

i=1 (Yi − Ȳ )2
. (1)

Given the small sample size n, to estimate the confi-
dence interval CI, we used Fisher’sZ-transformation
(Aivazyan 1968)

Z = arctanhR = 0.5 ln

(
1 +R

1−R

)

.

In this case, the lower (ZL) and upper (ZU ) bound-
aries are, respectively, (Aivazyan 1968)

ZL = artanhR− tγ
n− 3

− R

2(n − 1)
, (2)

ZU = artanhR+
tγ

n− 3
− R

2(n− 1)
.
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August 22, 2012 August 22, 2012_21:12:06

July 26, 2012 July 26, 2012_06:00:06

March 13, 2012 March 13, 2012_22:00:07

Fig. 1. Left: the HMI/SDO magnetograms with the plotted CH contours from Heinemann et al. (2018). Right: the
synthesized AIA/SDO images in the 171, 193, and 211 Å channels after the determination of the CH boundaries with PFSS,
according to CHIMERA (Garton et al. 2018).
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Fig. 2. Relationship between the averaged CH area ACH and longitudinal magnetic field BCH from the CHIMERA data. The
area ACH is expressed in percent of the solar disk area.
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Fig. 3. Time dependence of the averaged CH areas as derived by Heinemann et al. (2018), AHE, and with CHIMERA, ACH,
over the period from February 15, 2012, to October 14, 2012 (CR2121-CR2129) during the CH passage through the central
meridian.

For a given confidence probability γ the quantile tγ
was calculated from the equation Φ(tγ) = γ/2, where
the Laplace function

Φ(tγ) =
1√
2π

tγ∫

0

e−x2/2dx.

Then, as follows from (2), the correlation coefficient
must lie within the range

tanhZL < R < tanhZU , (3)

where the hyperbolic tangent

tanhZ =
exp (2Z)− 1

exp (2Z) + 1
.

Figure 2 shows the relationship between the aver-
aged area ACH and longitudinal magnetic field BCH
of a low-latitude CH derived by us with CHIMERA
for ten points obtained by averaging the measure-
ments near the central meridian. The regression
line and the regression equation are also displayed
here. According to Eq. (1), the linear Pearson
correlation coefficient is R = −0.55. Since tγ =
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Fig. 4. Time dependence of the averaged CH magnetic field strengths as derived by Heinemann et al. (2018), BHE, and with
CHIMERA, BCH, over the same period as that in Fig. 3 during the CH passage through the central meridian.

1.96 for the confidence probability γ = 0.95 (Gmur-
man 1972), in this case, given (2) and (3), the
confidence interval is CI = [−0.32,−0.72]. These
estimates suggest a rather weak correlation between
the CH area and mean magnetic field strength, which
somewhat contradicts the results from Heinemann
et al. (2018), according to which R = −0.82 and
CI = [−0.36,−0.97] at γ = 0.95, i.e., the correlation
between the quantities under study is high.

It seems that the revealed discrepancy in the re-
sults is primarily explained by a strong dependence of
the CH boundaries on the technique of their deter-
mination. In Fig. 1 (upper panel) it can be seen how
the boundaries vary noticeably and the difference in
the areas derived by Heinemann et al. (2018), AHE,
and with CHIMERA, ACH, can reach 30% (Fig. 3),
although the correlation coefficient is R = −0.87 ±
0.17. Meanwhile, the averaged CH magnetic field
strengths have a smaller scatter. This is confirmed
by the results of our calculations (Fig. 4), according
to which R = 0.90 ± 0.15 for the averaged magnetic
fields BHE and BCH. Note that the above estimates
of R are consistent with the previously made as-
sumption (Akhtemov et al. 2020) about a stronger
dependence of the CH magnetic flux on their area
than on the field strength.

DISCUSSION AND CONCLUSIONS

Based on the AIA/SDO and HMI/SDO satellite
data obtained with CHIMERA for the identified CH,
we, in contrast to Heinemann et al. (2018), failed to

find a high correlation between the CH area variations
and magnetic field strength at the photospheric level
during the CH passage through the central meridian
over the period from February 15, 2012, to Octo-
ber 14, 2012. In our view, even if the small sam-
ple size is taken into account, this is explained by
the fact that the techniques for determining the CH
boundaries in Heinemann et al. (2018) and Garton
et al. (2018) differ noticeably. In the former case a
method based on 193 Å images was used for the CH
identification on the solar disk, while in the latter case
multiwavelength ultraviolet observations and, what
is particularly important, HMI/SDO magnetograms
were used. It can be assumed that one of the possible
causes of so significant differences is related to the fine
CH structure and the superposition of various mag-
netic structures near the CH boundary. In our view,
the conclusion reached by Heinemann et al. (2018)
about the existence of a high correlation between the
CH area and magnetic field strength should be re-
vised. This also suggests the necessity of developing
unified approaches to the problem of determining the
CH boundaries, because otherwise it will be difficult
to avoid significant errors in predicting space weather
and properly interpreting the CH-related phenomena.

The presented results suggest that the magnetic
field strength variations inside CHs have no decisive
effect on the evolution of their area. This conclu-
sion is confirmed, in particular, by the results from
Saqri et al. (2020) based on AIA/SDO observations,
suggesting that the ultraviolet plasma density and
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temperature in the CH under study are virtually in-
dependent of its area. Since the magnetic field is
closely related to coronal plasma heating, this is in-
dicative of minor magnetic field variations at coronal
heights. Hence, given the dominant contribution
to the CH magnetic flux from small-scale elements
(Hofmeister et al. 2017, 2019), it can be assumed
that the CH contours must be closely related to the
processes near the boundaries. As a result of inter-
change reconnection (Shelke and Pande 1984; Kong
et al. 2018), reconnection between open and closed
magnetic fluxes can occur due to the evolution of
global and local characteristics in the outer CH region
accompanied by a change in the field configuration
and, accordingly, the CH areas.

In contrast to sunspots, in which the magnetic
field strength increases with their area (Bray and
Loughhead 1967; Nagovitsyn et al. 2017; Obridko
and Nagovitsyn 2017), we failed to find the corre-
sponding pattern for CHs. This suggests a different
origin of these structures probably related to a signif-
icant difference in their scales and formation heights.
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