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Abstract
The magnetic field changes the radiative output of the Sun and is the main
source for all the solar surface features. To study the role of the underlying
photospheric magnetic field in relation to emission features observed in the
solar corona, we have used the full-disk soft X-ray images from Hinode/X-Ray
Telescope (Hinode/XRT) and the magnetograms obtained from Helioseismic and
Magnetic Imager (HMI) on board the Solar Dynamics Observatory (SDO) for a
period of about 13 years (May 2010 – June 2023), which covers the Solar Cycle
24. A sophisticated and established algorithm developed in Python is applied
to the X-ray observations from Hinode/XRT to segment the different coronal
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features by creating segmentation maps of the active regions (ARs), coronal holes
(CHs), background regions (BGs), and X-ray bright points (XBPs). Further,
these maps are applied to the full-disk (FD) line-of-sight (LOS) magnetograms
from HMI to isolate the X-ray coronal features and photospheric magnetic coun-
terparts, respectively. We then computed full-disk and feature-wise averages
of X-ray intensity and line of sight (LOS) magnetic flux density (MFD) over
ARs/CHs/BGs/XBPs/FD. Variations in the quantities resulting from the seg-
mentation, namely the integrated intensity, temperature from filter ratio method
and the integrated magnetic flux density of ARs/CHs/BGs/XBPs/FD regions,
are inter-compared, and compared with sunspot number (SSN). We find that the
X-ray intensity/temperature over ARs/CHs/BGs/XBPs/FD are well correlated
with the underlying magnetic field. We discuss the intensity/temperature/magnetic
flux density variations of a full-disk corona and of all the features. The time
series plots of the integrated magnetic flux density of the full-disk and all the
features (except XBPs) show magnetic flux density fluctuations synchronized
with the solar cycle (sunspot number), whereas the fluctuations of the magnetic
flux density values in XBPs show a slight anti-phase with SSN. Although the
magnetic flux density of all features varies, but the mean magnetic flux density
values estimated for the whole observed period of the full-disk is around 8.40x107

DN and active regions (ARs) are around 1.15x107 DN, whereas BGs, CHs, and
XBPs are 6.50x107 DN, 0.19x107 DN, and 0.15x107 DN, respectively. In addition,
we found that the mean magnetic field contribution estimated of the background
regions (BGs) will be around 85 %, whereas ARs/CHs/XBPs are 11 %, 2 %
and 2 % respectively to the average magnetic flux density of the full-disk. The
magnetic field time series of all the features suggest that the features show a high
variability in their magnetic field similar to intensity/temperature fluctuations,
suggesting that the magnetic field is important in producing the different emis-
sion features which are associated with different intensity/temperature values.
The magnetic field is responsible for the heating rate of the emission features
which are highly variable on solar cycle timescales. We conclude from the full-
disk intensity-temperature-magnetogram analysis that the magnetic field plays
a crucial role in driving the different brightenings/emissions/temperature and
heating of the corona at the sites of these magnetic features. In this study it
has been demonstrated that the segmented coronal features observed in the soft
X-ray wavelength can be used as proxies to isolate the corresponding underlying
magnetic structures.

Keywords: Sun: X-ray radiation – Sun: corona – Sun: coronal magnetic features
– Sun: magnetic fields of coronal features

1. Introduction

The magnetic field plays an important role in the solar irradiance variability
and in the heating of the solar atmosphere. Segmentation of the full-disk images
and determination of the contribution of different magnetic emission features to
total magnetic flux variability is equally important issue in solar physics when
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we consider the Sun-Earth connection and heliospheric studies in general. Solar
magnetic fields are manifested as distinct features on the Sun because their
presence cause changes in the radiative output and properties of the solar atmo-
sphere. The active regions are associated with high magnetic fields including the
sunspots in the photosphere. In general the intensity of active regions increases
monotonically with increasing magnetic flux at the chromospheric and coronal
heights.

The spatially resolved full-disk CaII K spectroheliograms show the different
chromospheric features such as plages, chromospheric active and quiet network,
and bright points which are seen in emission and associated with different levels
of intensity and magnetic flux values. Although these features are responsible
to produce the chromospheric variability in its radiative output, but it has not
been determined, routinely, the detailed relationship between the evolution of
magnetic features and solar spectral irradiance variability using full-disk magne-
tograms and CaII K images. A similar observations have been done in the quiet
chromosphere and found that the CaII K-line intensity is well correlated with the
absolute value of the magnetic flux density (Skumanich, Smythe, and Frazier,
1975). The chromospheric emission features observed in CaII K-line have one-to-
one spatial correspondence with the underlying photospheric magnetic features
and hence the magnetic field is responsible for the heating of the chromosphere
and its emission features.

In regard to the relationship between the coronal emission features and pho-
tospheric magnetic features, it has been compared the integrated full-disk solar
X-ray flux with the total unsigned magnetic flux (Pevtsov et al., 2003). They used
almost 10-years of soft X-ray data from Yohkoh/SXT space mission and full-disk
magnetograms from Kitt Peak Solar Observatory, and found the relationship
between them will follow the power law with an index between 1.6 and 2.0.
However, the segmentation of all the magnetic features (ARs/CHs/BGs/XBPs)
from the full-disk magnetograms and their variability in comparison with solar
soft X-ray flux and sunspot number and their contribution variations over the
solar cycle have not been studied.

Previously, it has been estimated the contribution of various coronal features
to EUV and UV irradiance variability using spatially resolved full-disk obser-
vations in EUV and UV wavelengths for the period from 2011 to 2012 from
PROBA2/SWAP and SDO/AIA (Kumara et al., 2014). In continuous of this
work, we have segmented the EUV and UV full-disk intensity images observed
with PROBA2/SWAP (174Å) and SDO/AIA (171Å, 193Å) and full-disk line-
of-sight (LOS) magnetograms from SDO/HMI for the period from 2011 to 2016
(Zender et al., 2017). From this investigation, we found that the EUV and UV in-
tensity of ARs/CHs/QS/FD features are well correlated with the corresponding
underlying photospheric magnetic elements and concluded that the segmentation
of the full-disk solar images and magnetograms are useful in the reconstruction
of the solar spectral irradiance (SSI) variations. Recently, we have segmented
the different coronal features (ARs/CHs/BGs/XBPs) from the full-disk solar
soft X-ray images observed with Hinode/XRT and studied their intensity and
area variations for the Solar Cycle 24 (Adithya et al., 2021), Paper I hereafter.
Further, we determined the temperature of all these features using the intensity
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filter ratio method and investigated the temporal variations of the temperature
for the Solar Cycle 24 (Adithya et al., 2023), Paper II, hereafter. So far no
attempts have been made to compare the full-disk soft X-ray segmented intensity
images with the segmented magnetograms and to extract the corresponding
magnetic field of ARs/CHs/BGs/XBPs/FD and to study their variability over
the Solar Cycle 24 in comparison with their intensity and temperature. From our
Papers I and II, we already have the intensity/temperature values of the various
segmented coronal features, using these derived values it would be interesting
to estimate and compare the corresponding underlying photospheric magnetic
features, and to determine their contribution to integrated magnetic flux and
their variability and magnetic role over the Solar Cycle 24.

In this paper, we attempted for the first time, to use the segmented inten-
sity/temperature maps to overlie on the full-disk magnetograms and extract
the magnetic flux density (MFD) values of the segmented features such as
active regions (ARs), coronal holes (CHs), background regions (BGs), and X-
ray bright points (XBPs). The following sections discuss the details of the
observations, analysis, results of magnetic field and contribution variations of
ARs/CHs/BGs/XBPs, and full-disk intensity (FDI) in comparison with their
intensity/temperature and sunspot number (SSN).

2. Observations and Analysis

2.1. Observations

We used the data observed from the Helioseismic and Magnetic Imager instru-
ment on board Solar Dynamic Observatory (SDO/HMI) (Hoeksema et al.,
2014) and X-Ray Telescope on board Hinode (Hinode/XRT) satellites (Kosugi
et al., 2007; Golub et al., 2007). The level 1.5, full-disk, HMI line-of-sight (LOS)
magnetograms, 4096x4096 pixels size images have been downloaded from the
JSOC data archive for the period May 01, 2010 to June 17, 2023 (Solar Cycle
24). HMI has both a 45-second cadence image for high temporal resolution and
a 720-second cadence image for a lower noise level version. We have chosen
the 720-second cadence image for this study. The HMI LOS magnetograms are
fully corrected for detector, optics, and degradation effects (see for more details:
(Couvidat et al., 2016)).

We have considered XRT images of level-2, full-disk, and composite images of
size both 2048x 2048 pixels and 1024x1024 pixels. The data has been downloaded
from http://solar.physics.montana.edu/HINODE/XRT/SCIA/synop images/syncmp FITS,
for the same period as HMI. The data already applied with xrt prep.pro which
is standard IDL/SSW routine, corrects for vignetting, subtracts a dark frame,
normalizes exposure time and removes high-frequency noise. Further improvisa-
tion is done by correcting contamination spots on CCD and pixel saturation and
updating satellite jitter correction information (Takeda, Yoshimura, and Saar,
2016).

Out of 8 filters of XRT, we choose Al-mesh filter, which is thin, frequently
and regularly observed, it provides high signal-to-noise ratio images throughout
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Figure 1. A sample of composite intensity image (top left panel), temperature (top right
panel, showing black pixels due to thresolding used in Paper II and log scale used here) and
magnetic field (bottom panel) maps observed on March 27, 2012. Maps showing all the features
(ARs – Yellow, CHs – Magenta, XBPs – Red and BGs – remaining disk). The white circle on
the image is 95% of the radius considered for analysis.

the Solar Cycle 24. A stray light leak issue started to appear in the Al-mesh
filter after 2015. The IDL/SSW routine ‘xrt synleaksub.pro’ was applied to all
the images after 2015 to remove for stray light leak component. In our previous
papers I and II, we have discussed in great detail on the corrections applied to
the full-disk XRT images to improve the quality of the images and explained the
advantages in using the composite images.

2.2. Analysis

In our previous paper (Paper I), we have described the details of segmentation
of coronal features such as Active Regions (ARs), Coronal Holes (CHs), Back-
ground (BGs), X-ray Bright Points (XBPs) and studied the intensity variation
of both full-disk and individual features for the period: February 2007 - March
2020. In our next paper (Paper II) we generated the temperature images of the
solar corona using Al-mesh, Ti-poly and Al-poly filters of XRT for the period
of February 2008 to June 2021 by filter ratio method. In papers I and II, we
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Figure 2. A sample of an active region with the contours in intensity/temperature/magnetic
field observed on March 27, 2012. The temperature map showing black pixels due to thresolding
used in Paper II and log scale used here.

discussed about the segmentation processes of the coronal features and derived

their intensity/temperature values for the Solar Cycle 24.

In this paper, we use the segmentation contours created in Paper I and care-

fully overlaid on HMI magnetograms and XRT temperature images created in

our Paper II to get the magnetic field of coronal features ARs/CHs/BGs/XBPs.

In Figure 1, we have shown a sample of a composite intensity image (top left

panel), temperature map (top right panel) and magnetic field map (bottom

panel) showing all the features (ARs/CHs/BGs/XBPs) obtained on March 27,

2012 from Hinode/XRT and SDO/HMI. In Figure 2, we have shown the con-

tour maps for comparison of an active region observed on March 27, 2012 in

intensity/temperature/magnetic field images. We noticed that the contours are

identical in all the images suggesting that the algorithm works satisfactorily.

The time series of the magnetic flux density was generated using the following

steps:
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(i) The segmentation map is generated by segmenting the Al-mesh image as
described in our Paper I, and the intensity of the full-disk and of all the features
of the image are calculated.

(ii) In our Paper II, we used the filter ratio method to derive the temperature
maps. The temperature map showing all the features (ARs/CHs/BGs/XBPs)
observed on March 27, 2012 with Hinode/XRT is shown in Figure 1 (right panel).

(iii) The HMI LOS magnetograms are selected which are closest time of obser-
vation from XRT.

(iv) Segmentation maps are scaled up based on the solar disc radius on XRT
images and magnetograms.

(v) Segmentation maps are aligned to magnetograms and carefully overlaid on
it and the integrated magnetic flux density of the ARs/CHs/BGs/XBPs and
full-disk (FD) are extracted.

(vi) Similarly, segmentation maps are overlaid on the XRT temperature image
and the average temperature of the ARs/CHs/BGs/XBPs/FD are extracted.
The time series of intensity/temperature/magnetic flux density of all the fea-
tures ARs/CHs/BGs/XBPs and full-disk were generated, inter-compared and
compared with sunspot number (SSN).

The time series of the magnetic flux density, area and the magnetic contribution
values of ARs/CHs/BGs/XBPs/FD have been derived and compared with their
intensity/temperature and sunspot number (SSN). The important results of the
magnetic field analysis are presented and discussed in the following sections.

3. Results

In our previous paper (Paper I), we discussed the details about: (i) the segmen-
tation of full-disk soft X-ray images, (ii) the algorithm developed in Python to
identify and segment coronal X-ray features (ARs/CHs/BGs/XBPs) from the
full-disk soft X-ray observations of Hinode/XRT, (iii) the intensity and area
of all the features in comparison with GOES (1-8 Å) X-ray flux and sunspot
number (SSN), and (iv) the contribution of all the features to total soft X-
ray flux variations. In the next paper (Paper II), we have further studied and
presented about: (i) the full-disk soft X-ray segmented features observed from
Hinode/XRT in different filters for Solar Cycle 24, (ii) the temperature maps of
the corona generated using the filter ratio method, (iii) the mean temperature
of the features are determined and compared to solar activity, (iv) the average
temperature contributions of all the features to total temperature of the full-disk
corona. We concluded from Papers I and II that the coronal features are associ-
ated with different morphology, brightnesses/intensities, and temperatures. The
intensity and temperature of the features show temporal fluctuations on both
small timescale and solar cycle timescales. The different intensity/temperature
values associated with them may be related to the underlying photospheric mag-
netic field and the magnetic field may be responsible to produce the different
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Figure 3. Time series of the total intensity of solar X-ray features: (a) ARs, (b) CHs, (c)
BGs, (d) XBPs, (e) full-disk intensity (FDI) (observed in Al-mesh filter from Hinode/XRT),
and for comparison with (f) sunspot number (SSN) for a period: February 01, 2008 to June
30, 2021 – Solar Cycle 24 (Figure 2 of Paper I).

brightnesses and temperatures and hence to the heating of the corona at the
sites of the coronal features. To address such issues, a detailed analysis of the
segmentation of full-disk magnetograms (SDO/HMI) in comparison with the
segmented intensity/temperature maps (from Hinode/XRT) is required.

In the present analysis we discuss about: (a) the intensity segmentation maps
(Hinode/XRT) overlaid on SDO/HMI magnetograms for the period May 01,
2010 to June 17, 2023 (Solar Cycle 24), (b) determination of the magnetic flux
density values of all the coronal features (ARs/CHs/BGs/XBPs) and full-disk,
(c) the comparative studies between the intensity/temperature/magnetic field of
all the features, (d) the variations of magnetic flux density values of all the coro-
nal features and full-disk are compared with sunspot number (SSN) for the Solar
Cycle 24. The important results derived from the full-disk intensity-temperature-
magnetogram analysis are presented in detail in the following sections.

3.1. Intensity, Temperature, Magnetic Flux Density and Area

Variations of the Coronal Features

In Figures 3 and 4, we have shown the time series of total intensity (derived from
Paper I, Figure 2) and temperature (derived from Paper II, Figure 6) of each of
the coronal features and full-disk, and the sunspot number (SSN) also plotted
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Figure 4. Time series of the total temperature of solar X-ray features: (a) ARs, (b) CHs, (c)
BGs, (d) XBPs, (e) full-disk (FD), and for comparison with (f) sunspot number (SSN) for a
period: February 01, 2008 to June 30, 2021 – Solar Cycle 24 (Figure 6 of Paper II).

for comparison. The intensity and temperature variations of all the features are
discussed in detail in Papers I and II. In this paper, we will be comparing the
Figures 3 and 4 with the magnetic flux density values of all the features derived
from the SDO/HMI full-disk magnetograms. We estimated the integrated mag-
netic flux density values of all the features and full-disk and are plotted in Figure
5 for the period: May 01, 2010 to June 17, 2023 along with the sunspot number
for the Solar Cycle 24. It is clear from the time series Figures 3, 4, and 5 that
the temporal variations of the magnetic flux density values are in phase with the
intensity/temperature fluctuations of the features (ARs/CHs/BGs), whereas the
magnetic flux density of XBPs are slightly in anti-phase with the fluctuations of
intensity/temperature. The intensity/temperature/magnetic flux density values
of ARs/CHs/BGs are well synchronized with the sunspot number variations and
well correlated each other, whereas the XBPs show a weak anti-correlation with
SSN. In Figure 5, we show the temporal variations in average magnetic flux
density of all the features, along with the full-disk and compare them with the
sunspot number (SSN) for the Solar Cycle 24. The mean magnetic flux density
of the full-disk and of all the features show magnetic field variations and they
vary with sunspot number (solar activity), except that the magnetic flux density
of XBPs show an anti-correlation with SSN. We have normalized the magnetic
flux density values with the area by dividing the magnetic flux density with
the number of pixels. The normalized magnetic flux density values are plotted
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Figure 5. Time series of the integrated magnetic flux density (from SDO/HMI) of solar X-ray
features: (a) ARs, (b) CHs, (c) BGs, (d) XBPs, (e) full-disk (FD), and for comparison with
(f) sunspot number (SSN) for a period: May 01, 2010 to June 17, 2023 – Solar Cycle 24.

in Figure 6. When we normalize the magnetic flux density values with area,
the magnetic flux density values of all the features (ARs/CHs/BGs/XBPs/FD),
including the XBPs vary in phase with the sunspot number variations. We
noticed the differences between the Figures 5 and 6 that the CHs does not
show much variations and XBPs show a positive variations with SSN in Figure
6 when we divide the magnetic flux density values by their area. This is because
the total number of XBPs are higher during solar minimum and lower at the
solar maximum period (the related detail paper is in preparation). Although
the magnetic flux density of all features varies, but the mean magnetic flux
density values estimated for the whole observed period of the full-disk is around
8.4x107 DN and active regions (ARs) are around 1.15x107 DN, whereas BGs,
CHs, and XBPs are 6.5x107 DN, 0.19x107 DN, and 0.15x107 DN, respectively.
We conclude from the time series data (Figure 5) that the magnetic field is
important for the intensity/temperature fluctuations on longer time scale. It is
also clear from Figure 5 that, on an average, over the solar cycle, the integrated
magnetic flux density of BGs is larger than the integrated magnetic flux density
of ARs/CHs/XBPs, but the contribution of ARs will become more prominent
around solar maximum. The extraction of magnetic field of all the features
would help to study the relation between the intensity, temperature and the
strength of the magnetic field, and how the magnetic field plays a role in driving
the different brightenings/emissions and different intensity/temperature values,
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Figure 6. Time series of the integrated magnetic flux density values normalized to area
(magnetic flux density/number of pixels) (from SDO/HMI) of solar X-ray features: (a) ARs,
(b) CHs, (c) BGs, (d) XBPs, (e) full-disk (FD), and for comparison with (f) sunspot number
(SSN) for a period: May 01, 2010 to June 17, 2023 – Solar Cycle 24.
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Figure 7. Total area (total number of pixels) variation of the solar X-ray features: (a) ARs,
(b) CHs, (c) BGs, and (d) XBPs measured from SDO/HMI full-disk segmented magnetograms
for the period: May 01, 2010 to June 17, 2023 – Solar Cycle 24.
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Table 1. Spearman rank correlation coefficients between
(a) intensity (int) vs. temperature (temp), (b) inten-
sity vs. magnetic flux density (MFD) and (c) temper-
ature vs. magnetic flux density of all coronal features
(ARs/CHs/BGs/XBPs) and FDI as observed with Hin-
ode/XRT and SDO/HMI

.

Correlation Coefficients (R)

Int vs.Temp Int vs.MFD Temp vs.MFD

(Fig.8) (Fig.9) (Fig.10)

ARs 0.89 0.94 0.88

CHs 0.04 0.71 -0.12

BGs 0.43 0.93 0.62

XBPs 0.64 -0.32 0.72

FDI 0.58 0.97 0.74

and in the heating mechanisms of the corona at the sites of all these features.

The combined results of the variations in intensity/temperature/magnetic field

associated with the coronal features will help to understand the solar corona and

its heating mechanism more clearly and in detail.

In addition to magnetic flux density, we have estimated the total area (to-

tal number of pixels) of ARs/CHs/BGs/XBPs for whole period from the seg-

mented magnetogram maps. In Figure 7 we plotted the area of all the features

(ARs/CHs/BGs/XBPs) for the whole observed period, and these are compared

with the integrated intensity, temperature, magnetic flux density and magnetic

flux density/area of all the segmented features and sunspot number variations

presented in Figures 3, 4, 5 and 6 respectively. The features’ area variation

(shown in Figure 7) show that the area of ARs and CHs vary with the solar

activity, whereas the BGs and XBPs are anti-correlated with the phase of the

solar cycle. It is already observed in the intensity/temperature analysis and

detailed in our previous Papers I and II that during solar minimum the areas

covered by BGs and XBPs are large compared to the areas of ARs and CHs.

A similar behavior has been seen (Figure 7) in the area variations extracted

from the segmented magnetogram maps. This represents that the area of the

features vary with the solar cycle and area is responsible for the modulation

of the magnetic flux density, intensity and temperature values on longer time

scales. So, the area of the magnetic features is highly variable similar to in-

tensity/temperature/magnetic flux density values and need to be considered

along with other parameters in the reconstruction of solar spectral irradiance

(SSI) variability. The variation in magnetic flux density values of all the features

suggest that the features show a high variability in their magnetic field and that

the heating rate of the emission features may be highly variable on solar cycle

timescales.
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Figure 8. Scatter plots of temperature versus intensity of all the solar X-ray features.
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Figure 9. Scatter plots of intensity versus magnetic flux density (normalised to area) of all
the solar X-ray features.
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Figure 10. Scatter plots of temperature versus magnetic flux density (normalised to area) of
all the solar X-ray features.

3.2. Correlation Analysis between the Intensity, Temperature and

Magnetic Field of the Coronal Features

In section 3.1, we observed in the time series of intensity (Figure 3), temperature
(Figure 4), magnetic field (Figure 5) and magnetic flux density/area (Figure
6) of all the features are well correlated each other, except the magnetic field
variations of XBPs in Figure 5. To understand the relationship between them
and for better presentation, we have plotted the intensity versus temperature in
Figure 8, intensity versus magnetic flux density (normalised to area) in Figure
9, and temperature versus magnetic flux density (normalized to area) in Figure
10 of all the features including versus SSN. We observed from the scatter plots
that all the features (ARs/BGs/FD/SSN) show a good correlation whereas the
intensity of CHs is well correlated with magnetic flux density (Figure 9b), but
their temperature with MFD (Figure 10b) and intensity with temperature (Fig-
ure 8b)) are weakly correlated. Whereas the intensity of XBPs show a good
correlation with temperature (Figure 8d), the temperature of XBPs is well
related to MFD (Figure 10d) and intensity show weak correlation with MFD
(Figure 9d). We worked out the correlation coefficients (R) and are presented
in Table 1. We noticed from the Figures 8, 9 and 10 and Table 1 that the
R values of all the features for intensity versus the magnetic flux density are
higher in general compared to temperature versus the magnetic flux density and
intensity versus temperature (R values of Int vs MFD > Temp vs MFD > Int vs
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Temp). This implies that the magnetic field is more correlated to intensity than
the temperature of the coronal features (ARs/CHs/BGs). The ARs and BGs
have strong correlation and correspondence with the underlying photospheric
magnetic elements. In addition we observed that the XBPs are also associated
with the corresponding magnetic field having a good correlation compared to
CHs, indicating that the magnetic field may be the main cause for the brightness
oscillations and heating of the XBPs.

It is very surprise to notice that there are two bands or families of data points
in some of the scatter plots as shown in: Temp vs Int for CHs (Figure 8b) and
Temp vs Int for BGs (Figure 8c). Similarly we obsereved the two bands in Temp
vs MFD for BGs (Figure 10c) and Temp vs MFD for FD (Figure 10e) scatter
plots. However, the cause for the two bands or families of data points as seen in
the scatter plots is unclear and may be further investigations are required. A sim-
ilar behaviour was reported by (BenMoussa et al., 2013),(Kumara et al., 2014)
and (Zender et al., 2017) when they are comparing SWAP integrated intensities
against EVE computed intensity and SWAP with AIA intensity values.

3.3. Correlation Analysis between the Magnetic Field of the Coronal

Features and Sunspot Number (SSN)

From the time series shown in Figures 3, 4, 5, 6, and 7 we noticed that the inte-
grated intensity, temperature, magnetic flux density values and along with the
areas of all the features exhibit the expected 27 day modulation due to the solar
rotation, similar to sunspots at the photospheric level. In Figure 11, we have plot-
ted the average magnetic flux density of all the features (ARs/CHs/BGs/XBPs)
and the full-disk magnetic flux density versus the sunspot number for the period
May 01, 2010 to June 17, 2023, before removing the 27-day modulation. Similar
scatter plots of all features versus sunspot number, after removing the 27-day
modulation, are shown in Figure 12. To remove the 27-day modulation we have
averaged the data points in the time series for every 27 days. The Spearman
rank correlation coefficients of the average magnetic flux density of segmented
features with sunspot number have been calculated before and after removing
the 27-day modulation in the time series data. The corresponding correlation
coefficients (R) are tabulated in Table 2. We observed that the R values are
higher for the time series after removing the 27-day oscillation. This implies
that the resulting correlations for each feature are due to the solar cycle itself
and that the magnetic flux density time series are in phase with the sunspot
number time series. It suggests that the changes in magnetic flux density of
all the coronal features are more dependent on long-term solar cycle variations
than the 27-day oscillations. In addition, we noticed that even the magnetic flux
density/area of all the features are also more dependent on long-term solar cycle
variations than the 27-day modulations. A similar results have been reported
in the temperature analysis (Paper II). As seen from the scatter plots (Figures
11 and 12) and the results of the correlation coefficients (presented in Table 2),
the average magnetic flux density of all features are well correlated with sunspot
number, except the XBPs. The spatially resolved images are an important and
valuable asset for understanding of the magnetic field, intensity and temperature
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Figure 11. Total magnetic flux density of all the features: (a) ARs, (b) CHs, (c) BGs, (d)
XBPs, and (e) FDT are plotted versus SSN for the period: May 01, 2010 to June 17, 2023 –
before removing 27-day modulation.

variabilities of the Sun when we observe the Sun as a Star. In that case, the Sun

can be used as a calibrator to measure the integrated magnetic field of any

solar-type stars.

Table 2. Spearman rank correlation coefficients (before and af-
ter removing the 27-day modulation) between sunspot number
(SSN) and the average magnetic flux density of coronal features
(ARs/CHs/BGs/XBPs) and FDI as observed with SDO/HMI

.

Correlation Coefficients (R)

Before removing 27-day After removing 27-day

modulation modulation

(Fig.11) (Fig.12)

ARs vs SSN 0.92 0.97

CHs vs SSN 0.52 0.70

BGs vs SSN 0.85 0.90

XBPs vs SSN -0.18 -0.16

FDI vs SSN 0.93 0.96
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Figure 12. Total magnetic field of all the features: (a) ARs, (b) CHs, (c) BGs, (d) XBPs,
and (e) FDT are plotted versus SSN for the period: May 01, 2010 to June 17, 2023 – after
removing 27-day modulation.
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Figure 13. Variation of magnetic Contribution of ARs/CHs/BGs/XBPs to full-disk magne-
togram (FDM) (a) ARs contribution variation, (b) CHs contribution variation, (c) BGs, and
(d) XBPs contribution variations to full-disk magnetogram for the period: May 01, 2010 to
June 17, 2023.
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Table 3. Mean Magnetic flux density, Mean Magnetic flux density Contributions and Mean
magnetic area of ARs/CHs/BGs/XBPs/FD

.

Feature Mean Mag. Flux Density Mean Mag. Flux Density Mean Magnetic Area

(DN) Contribution (%) (Number of Pixels)

(Fig.5) (Fig.13) (Fig.7)

ARs 1.15x107 11.13 0.030x107

CHs 0.19x107 1.99 0.028x107

BGs 6.50x107 85.17 0.91x107

XBPs 0.15x107 1.99 0.014x107

FD 8.40x107 100 1.0x107

3.4. Magnetic Field Contributions of the Coronal Features

It is clear from Figures 5 and 6 that, on an average, over the solar cycle, the
integrated magnetic flux density of BGs is larger than the integrated magnetic
flux density of ARs/CHs/XBPs, but the contribution of ARs will become more
prominent around solar maximum.

The full-disk magnetic flux density values does not reveal directly the contri-
bution of different features, hence to determine the contribution of the segmented
X-ray features to full-disk MFD, we used an expression:

MagneticF luxDensity Contribution (MFDC in%) =
(FM × 100)

FDM

, where FM is feature’s magnetic field integrated over its area and FDM is
full-disk magnetic flux density.

The variations in the MFD contribution of all the X-ray coronal features
(ARs/CHs/BGs/XBPs) to full-disk MFD variations are presented in Figure 13.
Figure 13(a) and Figure 13(b) show that the MFD contribution of ARs and CHs
vary in phase with the solar cycle, whereas the BGs and XBPs MFD contribution
values, presented in Figure 13(c) and Figure 13(d), respectively, are opposite to
the solar activity. The ARs and CHs occupies larger area during solar maximum,
as a result less area available for XBPs and BGs, the area of BGs and XBPs
reduce. Hence, we find that the variations in the MFD contributions for BGs
and XBPs decrease as the sunspot number increases and whereas the MFD
contributions for ARs and CHs are in phase with the solar cycle. The mean
MFD, mean MFD contribution and mean magnetic area (number of pixels)
values for all the features (ARs/CHs/BGs/XBPs/FD) are summarized in Table
3. We found that the mean MFD contribution estimated of the background
regions (BGs) will be around 85.2 %, whereas ARs/CHs/XBPs are 11.1 %, 2.0
% and 2.0 % respectively to the average magnetic flux density of the full-disk
for the period: 2010 - 2023.

Usually the ARs are more intense, high magnetic and brighter regions than
other features, but they contribute less to the total surface magnetic field of the
corona, because the ARs will be covered by less area over the full-disk compared
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to BG regions (Figure 7 and Table 3). Whereas the BG regions contribute
dominantly (about 85 %), simply because of the significant filling factor (large
area) over the disk. Since the area of the features are different and are highly
variable, they will have more impact on the total magnetic field variations.

4. Discussion and Conclusions

In this research work, we discussed in detail in using the XRT intensity maps of
the coronal X-ray features and overlying on SDO/HMI full-disk magnetogram
maps for the period from 2010 to 2023 (Solar Cycle 24). During this process, we
have extracted the magnetic flux density of all the features (ARs/CHs/BGs/XBPs/FD)
and studied their magnetic fluctuations. The variations in the magnetic field of
a full-disk corona, and of all the features (ARs/CHs/BGs/XBPs) in compar-
ison with intensity and temperature values and with SSN are presented. The
main results of the full-disk intensity-temperature-magnetogram analysis are
summarized as follows:

(i) The time series plots (shown in Figures 3, 4, 5 and 6) of the average magnetic
flux density of the full-disk and all the features show magnetic fluctuations
similar to intensity/temperature values and are synchronized with the solar cycle
(sunspot number).

(ii) Although the magnetic flux density of all the features varies, but the mean
magnetic flux density values estimated for the whole observed period of the full-
disk is around 8.4x107 DN, the active regions (ARs) will be around 1.15x107

DN, whereas BGs, CHs, and XBPs are 6.5x107 DN, 0.19x107 DN, and 0.15x107

DN, respectively.

(iii) It is evident from the Figure 13 and Table 3 that the background regions will
have a greater impacts and large contribution to the average coronal magnetic
field of the full-disk, up to 85 %, whereas the active regions contribute only up to
11 %. However, we observed that the contributions of CHs and XBPs are small,
contributing approximately each about 2 % respectively, compared to BGs and
ARs.

(iv) In addition, we found that the variations in the magnetic field contributions
of ARs and CHs are in phase with the solar cycle, and whereas the magnetic
field contributions of BGs and XBPs decrease as the sunspot number increases.

(v) The area of the ARs and CHs vary in phase with SSN, whereas the BGs and
XBPs show an anti-correlation with SSN, as observed in Paper I also.

(vi) The area of the features are highly variable during their dynamical evolution,
and they are responsible for the changes in the magnetic field values of the
features.

(vii) The time series of the magnetic field of all the features (shown in Figures 5
and 6) show that the features are highly variable in their magnetic field similar to
intensity/temperature fluctuations, suggesting that the magnetic field is crucial
in producing the different emission features which are associated with different
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intensity/temperature/magnetic field values. The magnetic field is responsible
for the heating rate of the emission features which are highly variable on solar
cycle timescales.

(viii) We conclude from the analysis that the magnetic field plays an important
role in driving the different brightenings/emissions/temperature and heating of
the corona at the sites of these magnetic features.

(ix) The automated identification and segmentation of the solar X-ray images
and magnetograms are very useful in the reconstruction of the SSI variations.

(x) The combined investigations of the variations in intensity/temperature/magnetic
field associated with all the coronal features will help to understand more clearly
the corona’s atmosphere and its heating mechanism.
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