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ABSTRACT

Context. Since the discovery of solar magnetism, the study of magnetic fields on the Sun has long been a central focus. The effects
of the solar cycle on the photospheric magnetic fields have been extensively inspected, whereas those on the corona remain relatively
obscure.
Aims. In this work, we applied the innovative approach demonstrated in a previous study to measure coronal magnetic fields from
coronal densities, in order to study, for the first time, the evolution of these parameters over a full solar cycle.
Methods. We analysed 2595 polarised brightness (pB) images acquired by the Mauna Loa Solar Observatory from October 28, 1998
to December 31, 2008, covering almost the entire 23rd solar cycle. From these images, we derived the daily coronal electron densities
and magnetic field maps. The combination of these maps allowed us to reconstruct Carrington rotation maps at 2.5 R� of coronal
densities and magnetic fields, which we combined into butterfly diagrams to study their evolution over one full solar cycle.
Results. Our results show good agreement around solar minimum between the inferred location of the magnetic neutral line in the
corona and potential field extrapolations. The butterfly diagrams show the formation of an asymmetric solar corona approaching the
minimum in 2008, which is not matched by a similar asymmetry in the evolution of photospheric magnetic fields. The evolution of the
coronal magnetic energy shows similarities, but also notable differences, compared to the photospheric magnetic energy, suggesting
a connection between coronal structures and the innermost regions of the solar convective zone. Additionally, the coronal magnetic
fields over the polar regions appear to be markedly different and nearly anti-correlated around solar maximum, but become comparable
during the descending phases of the cycle.
Conclusions. These results offer a new framework for understanding the modulation of the solar corona by the activity cycle, as well
as new perspectives in view of future observations of the solar poles, which will be acquired for the first time by the ESA Solar Orbiter
mission in the coming years.
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1. Introduction

The solar activity cycle is one of the most fundamental pro-
cesses in heliophysics, shaping the solar magnetic fields, radi-
ation output, and interaction with the heliosphere. At the heart
of our understanding of this cycle lies the so-called butterfly
diagram, a graphical representation of the evolution of photo-
spheric magnetic fields over time (see, e.g. review by Hathaway
2010, Fig. 8). This diagram provides invaluable insights into the
spatial and temporal dynamics of the solar dynamo, the mech-
anism responsible for generating and sustaining the solar mag-
netic field. By tracing the poleward and equatorward migration
of magnetic flux, the butterfly diagram encapsulates the inter-
play between differential rotation, meridional flow, and convec-
tive processes, offering a window into the deep-seated processes
driving solar activity (see the recent review by Norton et al.
2023, and references therein).

The solar corona, the outermost layer of the solar atmo-
sphere, is profoundly influenced by the solar activity cycle.
During solar minimum, the magnetic configuration of the Sun
closely resembles that of a dipole, characterised by prominent
polar coronal holes and a few narrow equatorial coronal stream-
ers. In contrast, at solar maximum, the magnetic complexity of
the Sun peaks and streamers extend across all latitudes, while
? Corresponding authors: alessandro.bemporad@inaf.it,
sara.bertone@inaf.it

polar holes vanish amid a much more complex magnetic topol-
ogy (see e.g. Golub & Pasachoff 2009). This modulation of the
coronal structure reflects the evolving global magnetic field,
revealing the intricate connection between the photosphere and
the extended solar atmosphere. Despite the dominance of mag-
netic fields in shaping the coronal plasma, direct measurements
of these fields remain surprisingly limited. This shortage of mea-
surements stems from both the challenging nature of coronal
observations and the inherent difficulties in measuring magnetic
fields in a low-density, high-temperature plasma. Nevertheless,
understanding coronal magnetic fields is crucial not only for
decoding the solar cycle but also for addressing broader astro-
physical questions, ranging from the initiation of solar eruptions
to the acceleration of the solar wind.

Given the scarcity of coronal magnetic field measurements,
many authors previously studied the large-scale evolution of
coronal magnetic energy using magnetohydrodynamic (MHD)
numerical reconstructions starting from photospheric field obser-
vations over a full solar activity cycle (e.g. Yeates et al. 2010;
Chifu et al. 2022; Yeates 2024). However, model-based recon-
structions have many limitations, as recently discussed by Yeates
(2024). Even advanced reconstructions of global coronal fields
using the non-linear force-free field (NLFFF) method are lim-
ited, as they do not accurately reproduce currents in regions exter-
nal to the active regions, such as filament channels, thus limit-
ing the reliability of such results. Reconstructions also depend
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Fig. 1. Example of a daily pB image acquired by Mauna Loa on August 30, 2008. Left panel: Original pB data in polar coordinates (heliocentric
distance on the x axis, polar angle measured counter-clockwise from the polar north on the y axis). Left-middle panel: Polar coordinates of the pB
fit. Right-middle panel: Relative difference between the original data and fitted data. Right panel: Resulting electron density in polar coordinates.

on the input data. The use of different measurements of
the photospheric fields, for example those from the Wilcox
solar observatory (WSO), the Global Oscillation Network
Group (GONG), or the Synoptic Optical Long-term Investiga-
tions of the Sun (SOLIS), can provide different results regard-
ing the extrapolations of the coronal magnetic fields (see Petrie
2024). Very recently, Yang et al. (2024) demonstrated the capa-
bility of U-Comp observations to monitor the magnetic fields in
the inner corona over a period of about 8 months; however, no
similar study has yet been carried out over one full solar cycle.

The connection between coronal structures and solar mag-
netic fields – not only on the photospheric surface but also deeper
within the Sun – remains poorly understood, as illustrated by
our limited understanding of the rotation of the solar corona.
Although the rotation rates of the solar surface and of differ-
ent layers inside the Sun are well known, the rotation rate of the
solar corona at different latitudes, altitudes, and phases of the
solar activity cycle remain uncertain. Analysis of extreme ultra-
violet (EUV) and radio data has led previous authors to conclude
that differential rotation in the inner corona is less pronounced
than in the photosphere. Near-rigid rotation occurs in the corona
during minimum activity (see Mouradian et al. 2002, and refer-
ences therein), with significantly less differential motion than
in the photosphere. These results were also confirmed in the
intermediate corona through analysis of coronagraphic images
(Lewis et al. 1999).

This discrepancy is challenging to interpret, as the coro-
nal plasma is largely controlled by the magnetic field, which
is believed to be anchored in the photosphere, yet a proposed
explanation suggests that coronal structures are only influ-
enced by large-scale magnetic field variations and low multi-
pole moments in the underlying photosphere (Wang et al. 1988).
Other authors have found evidence of differential rotation in the
solar corona (Morgan & Habbal 2010; Morgan 2011), includ-
ing differences between the northern and southern hemispheres

(Giordano & Mancuso 2008). Latitude regions where the angu-
lar velocities of the photosphere and the overlying atmosphere
are very different imply the existence of shear regions, where
magnetic restructuring is occurring, likely associated with inter-
change reconnection depositing energy in the solar corona and
reducing the open magnetic flux (Owens et al. 2011). These phe-
nomena are thus connected to solar cycle modulation of solar
wind acceleration and coronal heating.

This study aimed to address these and other questions by
measuring, for the first time, the coronal magnetic fields over
one full solar activity cycle. Leveraging the innovative technique
for measuring coronal magnetic fields described in Bemporad
(2023), we applied this method to the unique dataset acquired
by the Mauna Loa Solar Observatory (MLSO) coronagraph.
In doing so, we present the first ‘butterfly diagram’ for the
solar corona magnetic field, offering a comprehensive view of
its evolution over a complete solar cycle. From this we also
derived similar evolutionary maps for two additional fundamen-
tal plasma parameters, specifically the Alfvén speed and the
plasma-β, providing fundamental new information on the solar-
wind acceleration regions.

2. Description of the selected data

The data analysed here were provided by MLSO, which cur-
rently has two operating instruments: the Upgraded Coronal
Multichannel Polarimeter (UCoMP Landi et al. 2016), a coro-
nagraph that provides information about the polarisation, line
width, and Doppler shift of coronal emission lines in visible
light and near-IR, and the COSMO K-Coronagraph (K-Cor
de Wijn et al. 2012), whose purpose is to study the dynamics
of coronal mass ejections and the evolution of structures in the
low corona. Owing to larger uncertainties in the K-Cor absolute
radiometric calibration (J. Burkepile, private communication),
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we used data acquired by the previous Mark-IV K-coronameter
(Mk4).

The Mk4 instrument Elmore et al. (2003) was the fourth in
a series of white-light K-coronameters, and it operated from
October 1998 to 2013 with the aim of measuring the Stokes
parameters using a high-speed polarising beam splitter. The
images of the corona produced by Mk4 are polarisation bright-
ness maps in white light (700 nm to 900 nm). The instrument
observations ranged from 1.12 R� to 2.8 R�, and the white-light
images of the polarisation brightness were recorded at a three-
minute cadence over a five-hour observing day from approxi-
mately 17:00 UT to 22:00 UT. Observations were typically pos-
sible on about 300 days per year, with a data accuracy of 15%
and a noise level of approximately 4 · 10−9 B/B� on a plate scale
of 5.25 arcsec per pixel. MLSO provided data in .fits format, with
images of 960 × 960 pixels, containing polarised brightness val-
ues expressed in units of 1/B�.

The analysed data period spans from October 28, 1998 to
December 31, 2008, amounting to a total of 3717 days and
almost entirely covering the 23rd solar cycle along 137 Car-
rington rotations (CR), from CR 1942 to CR 2078. For each
day, we used only the average daily image provided in the
archive, in order to minimise uncertainties and given that this
study focusses solely on long-term coronal evolution. Although
an average image per day is generally available, data gaps are
present, resulting in 259 images during this period. In addition
to the data gaps, we found that some other images could not be
used in our analysis due to acquisition issues. After excluding
these, the total number of available daily images was 2595.

3. Derivation of coronal plasma parameters

3.1. Electron density measurement

The method for deriving coronal electron densities is described
in detail in Appendix A. As the images are provided in Carte-
sian coordinates, the first step involved transforming them into
polar coordinates. Two representative images are shown here and
in Appendix A as examples: one from solar minimum acquired
on August 30, 2008 (Figure 1), and one from solar maximum,
acquired on July 27, 2001 (Figure A.1). Each figure contains four
panels: the leftmost shows the original pB data in polar coordi-
nates; the second shows the result of the pB fitting process; the
third displays the relative difference between the two, and the
rightmost presents the resulting electron density map.

In Figure 1, the similarity between the first and second panels
demonstrates the correctness of the fitting method. In the third
panel, the darker regions represent a better agreement between
the original pB data and the fit, while brighter regions show
worse agreement. Two broad regions with larger errors corre-
spond to the polar coronal holes. The edges of the south coro-
nal hole (centred on a polar angle θ = 180◦) show the largest
absolute errors. This likely reflects decreased accuracy of the
spherical symmetry assumption in these regions. Some coronal
features deviate more significantly from the radial distribution,
particularly within polar coronal holes, owing to the super-radial
expansion of the solar wind (see DeForest et al. 2001, and dis-
cussion therein). Nevertheless, the contrast between the plume
and inter-plume regions in the polar coronal holes is also well
reproduced by the fitting, indicating that our procedure is sensi-
tive to even faint coronal features. Notably, the fitting procedure
also mitigates certain instrumental artefacts in the data, such as
the discontinuity located around 1.45−1.50 R�.

In Fig. A.1, unlike in the minimum phase, the fit works well
at all angles closer to the Sun, typically below 1.5 R�. This is
likely due to the inner corona being more uniformly bright across
all latitudes during solar maximum compared to solar minimum.
Moreover, the multiple coronal features show a lower degree of
deviation from the radial direction than at solar minimum, thus
reducing the average error in the fitting procedure. The solar
maximum image does not display the same instrumental arte-
fact noted in Figure 1. A comparison between the right panels
in Figures 1 and A.1 shows that the solar maximum corona is
both more structured and generally denser in both the streamer
and coronal hole regions, consistent with previous results (e.g.
Bemporad et al. 2003; Morgan & Cook 2020; Lamy et al. 2020).

3.2. Magnetic field measurement

The measurement of the coronal magnetic field was carried out
following Bemporad (2023), who, after a preliminary study of
the energy budget in the solar corona, identified the magnetic
energy and the potential gravitational energy as the two main
contributors. Based on this, the equipartition principle is refor-
mulated such that the total magnetic energy is equally distributed
between the potential energy and all other energy forms:

1
2

B2(r, θ)
2µ

=
GM�ρ(r, θ)

r
. (1)

Here, (r, θ) are the polar coordinates in the solar corona relative
to the Sun’s centre, and ρ is the mass density. From Equation (1),
the equipartition magnetic field is defined as

Beq(r, θ) =

√
4µGM�ρ(r, θ)

r
, (2)

where θ denoted different latitudes in the observed corona. From
Equation (2), the equipotential magnetic field is defined as

Bpot(r, θ) = 2〈Beq(r, θ)〉2π − Beq(r, θ) (3)

where the term in the angular brackets denotes the average value
of the equipartition magnetic field obtained at a constant altitude
r over the latitudinal interval of 2π. This is the formulation used
in the present work to measure the value of the coronal mag-
netic field (see Bemporad 2023, for more details). Its application
first requires derivation of the 2D distribution of coronal electron
densities, as previously described.

All images within the selected time interval were analysed
individually to first derive the 2D distribution of coronal densi-
ties, followed by that of the magnetic fields. The resulting daily
density and magnetic field maps were then analysed to construct
Carrington maps and finally the ‘butterfly diagram’, as described
below.

3.3. Other coronal plasma parameters

Given the distributions of coronal densities ne (Equation (A.7))
and equipotential magnetic field Bpot (Equation (3)) at the same
heliocentric distance, and following the analysis of Bemporad
(2023), it is possible to combine these quantities and derive the
distributions of at least two other fundamental plasma parame-
ters.

The first parameter is plasma-β, defined as the ratio of gas
pressure to magnetic pressure, and expressed as

β =
2nekBTe

B2/2µ
. (4)
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The plasma-β distribution identifies regions where plasma
dynamics are dominated by thermal pressure (β > 1) and those
dominated by magnetic pressure (β < 1). The β = 1 heliospheric
radius marks a major transition in the aspect ratio of large-scale
turbulent plasma features, shifting from magnetic field-aligned
rays or striations below this point to more isotropic, cloud-like
‘flocculations’ above it, where plasma is no longer constrained
by the magnetic field (DeForest et al. 2016).

To derive this parameter, it is necessary to assume a value for
the unknown coronal temperature Te. Here, we adopted a value
of Te = 0.8 × 106 K at 2.5 R� (Vásquez et al. 2003), assuming
a constant temperature both in latitude and time throughout the
solar cycle. This assumption is more reliable during solar mini-
mum (see especially Vásquez et al. 2011, who found a relatively
uniform temperature distribution from tomographic reconstruc-
tion during the 2008 solar minimum), as well as for the evolu-
tion going from solar minimum to solar maximum in quiet Sun
(Schonfeld et al. 2017) and coronal streamer (Bemporad et al.
2003; Landi & Testa 2014) regions. In contrast, coronal regions
located above magnetic field concentrations in the photosphere
are likely the locations of a much larger temperature variabil-
ity approaching solar maximum (Guhathakurta & Fisher 1994;
Schonfeld et al. 2017), and the assumption of constant tempera-
ture made here will lead to an underestimate of plasma-β in these
regions.

Another important plasma parameter derived by combining
density and magnetic-field CR maps is the Alfvén speed VA,
given by

VA =
B
√
µ0ρ

, (5)

which represents the most fundamental velocity for the propa-
gation of waves and disturbances in a plasma. Determining the
Alfvén speed in the solar corona is essential to understand solar
wind formation, energy transport, and magnetic reconnection
processes (Marsch 2006). It plays a key role in character-
ising wave propagation, turbulence, and plasma instabilities,
which affect space weather and the interaction between the
solar wind and Earth’s magnetosphere (Tu & Marsch 1995;
Bruno & Carbone 2013).

The Alfvén radius, rA, denotes the distance at which the solar
wind speed becomes, at different latitudes and longitudes, larger
than VA. The Alfvén speed provides insights into coronal heat-
ing mechanisms and the influence of magnetic fields on solar
plasma behaviour (Cranmer 2002; De Moortel & Nakariakov
2012). The rA is also the distance at which the Sun heats the
corona more efficiently through Alfvén wave dissipation and the
maximum distance at which disturbances created in interplane-
tary space can travel backwards toward the Sun. This distance
also determines how the Sun loses angular momentum with the
solar wind, since beyond rA the wind effectively carries angular
momentum away, influencing the Sun’s long-term rotation. Fur-
thermore, the 3D distribution of the Alfvén speed determines the
most probable locations for the excitation of shock waves during
solar eruptions (Mancuso et al. 2019), and consequently for the
acceleration of particles and the emission of type-II radio bursts
(Mann et al. 2003; Gopalswamy et al. 2009). The significance of
this parameter in the study of the solar corona was recently sum-
marised by Cranmer et al. (2023), among others.

4. Carrington maps and butterfly diagrams

A Carrington map is a common way to visualise structural
changes occurring on the Sun over one full solar rotation, using

only observations from the Earth’s viewing direction. Carrington
maps of the photosphere (e.g. Sheeley & Warren 2006) or chro-
mosphere (e.g. Chatzistergos et al. 2023) are created by acquir-
ing full-disc images for ∼27 days. For each image, the cen-
tral meridian is taken and, when placed next to each other, all
the extracted vertical stripes are used to create the map. The
same method can also be applied to build Carrington maps
(or synoptic maps) of the inner solar corona observed on-disc
in the UV-EUV ranges, as demonstrated by previous studies
(Benevolenskaya et al. 2001, 2014; Hamada et al. 2020; Li et al.
2024).

The construction of Carrington maps for the off-limb inter-
mediate or extended solar corona with coronagraphic images
requires additional considerations, since the Sun’s central merid-
ian is not visible in the acquired images, because the solar disc
being obscured by the instrument’s occulter. This limitation has
long been discussed by several authors, who addressed it by pro-
ducing synoptic maps with data acquired by the Large Angle
Spectroscopic Coronagraph (LASCO; Brueckner et al. 1995) by
separating the east and west limbs (Subramanian et al. 1999;
Ko et al. 2008), by extracting the whole 2π corona from each
image at different times (Lamy et al. 2002, 2020), or by combin-
ing images acquired by different spacecraft (Sasso et al. 2019).
The method used here for the construction of the off-limb coro-
nal Carrington maps is described in detail in Appendix B and
has been applied to the entire dataset to create Carrington maps
of coronal densities and magnetic fields for every solar rotation
from late 1998 to December 2008, for a total of 137 CRs.

To compare the equipotential magnetic fields derived here
and those provided by potential field source surface (PFSS)
extrapolation at 2.5 R� provided by WSO, all density profiles
were extrapolated from 2.0 to 2.5 R� using step-by-step applica-
tion at each latitude θi of the expression given in Appendix A
(Eq. (A.7)) with the corresponding coefficients [ai, bi]. The
extrapolated densities at 2.5 R� were then used to measure
equipotential magnetic fields at the same heliocentric distance.
There is also a second important reason why this study focusses
exclusively on the results obtained at the heliocentric distance
of 2.5 R�. The equipotential magnetic field technique (as also
shown in Figure 11 in Bemporad 2023) provides less reliable
results in the inner coronal regions, where the magnetic field
configuration is expected to be closed (such as at the base of
coronal streamers), rather than open (such as in coronal holes).
In these regions, stronger magnetic fields are located in active
regions, where the densities are also higher. Therefore, a correla-
tion (rather than anti-correlation) is expected between the densi-
ties and the magnetic fields, as provided by the equipartition field
(Eq. (2)). Conversely, above the Source Surface, in the coronal
region where the magnetic fields are open, such as in coronal
streamers (above the streamer cusp) around the streamer cur-
rent sheet, densities are higher while magnetic fields are lower.
This results in an expected anti-correlation between the densities
and the magnetic fields, as described by the equipotential field
(Eq. (3)). Therefore, our analysis focused only on the corona at
2.5 R�, since this is the heliocentric distance at which the equipo-
tential field provides more reliable results.

Given a temporal sequence of Carrington maps, it is pos-
sible to assemble all available data into a single map spanning
the entire observation period; that is, to create a so-called butter-
fly diagram of coronal densities and magnetic fields. This type
of map is common for photospheric magnetic fields, since they
allow us to follow the sunspot movements through the solar cycle
and monitor the photospheric magnetic fields. To date, how-
ever, similar diagrams have not been produced for the coronal
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Fig. 2. Carrington maps of coronal electron densities (left panels) and equipotential magnetic fields (right panels) at 2.5 R� for CR 2074 (top, solar
minimum), and for CR 1979 (bottom, solar maximum).

magnetic fields. The only existing similar maps have been lim-
ited to coronal brightness and electron densities (e.g. Lamy et al.
2002, 2014). In this study, butterfly diagrams were constructed
by averaging the data contained in each Carrington map over
the length of the CR (27 days). This yielded a single vertical
stripe for each CR, and by arranging these stripes in chronolog-
ical order, the resulting diagram illustrates the evolution of the
quantities of interest across various years.

5. Resulting Carrington maps

The first results presented here are two examples of Carrington
maps during the minimum and maximum phases of solar cycle
23 for both the electron densities and the equipotential mag-
netic fields at a fixed distance of 2.5 R�. Specifically, we report
results for CR 2074 (30 August to 25 September, 2008) and CR
1979 (27 July to 22 August, 2001). These two CRs were selected
because of their limited number of data gaps. In both cases, we
followed the steps described in Appendix A.

5.1. Electron densities

We begin by discussing the electron density maps for the mini-
mum and maximum phases (Figure 2, left panels). The top-left
panel, showing the electron density map during the minimum
phase, clearly reveals the presence of the large-scale equato-
rial streamer belt corresponding to the horizontal band of larger
densities in the latitude interval between latitudes ±30◦. Addi-
tionally, two regions of much lower density correspond to polar
coronal holes at latitudes larger than ∼50◦ in both hemispheres.
The existence of more localized coronal streamers at interme-
diate latitudes is also visible, due to the previously mentioned
asymmetries in the 2008 – 2009 minimum.

The bottom-left panel in Figure 2 shows the electron den-
sity map during the maximum phase, where it is evident that
the overall electron density is generally higher compared to the
solar minimum. Moreover, the distribution of densities is more
typical of the solar maximum conditions, with high-density,
smaller-scale features located at all latitudes and longitudes, and
without larger-scale equatorial streamer belts and polar coronal
hole regions. In general, these results are in agreement with pre-
vious authors (Lamy et al. 2002, 2014); however, this is the first

time such an analysis has been performed with ground-based
MLSO coronagraphic images.

5.2. Magnetic fields

Once the properties of the electron density distribution are deter-
mined, it is possible to derive the corresponding equipotential
magnetic field by using Equation (3); results are shown in the
right panels of Figure 2. The Carrington maps for CR 2074 and
CR 1979 are presented here as representatives of the minimum
and maximum solar cycle phases, respectively. During the mini-
mum phase (top right panel in Figure 2), the neutral line passing
at equatorial latitudes is clearly visible. The previously men-
tioned asymmetrical streamers are well outlined, indicating that
in limited longitudinal intervals, the neutral CS was located at
intermediate latitudes up to 50◦ in both hemispheres. In contrast,
during the maximum phase (bottom right panel in Figure 2), the
magnetic field appears to be generally higher with a more com-
plicated configuration compared to the solar minimum, and the
neutral line is no longer clearly visible. It should be noted that
an accurate derivation of the true location of the neutral CS in
the solar corona is challenging, even when combining observa-
tions from multiple spacecraft and different extrapolation meth-
ods (see e.g. Sasso et al. 2019).

To validate our results, we compared our maps with pho-
tosphere magnetic field maps and PFSS extrapolations for the
solar corona provided by WSO. Comparison of the magnetic
field maps derived here with PFSS extrapolations is important
because PFSS is the most commonly used reconstruction method
for the global corona and, therefore, is an interesting reference.
Differences between PFSS extrapolations at the minimum and
maximum phases of the cycle are expected, mainly because
at the maximum, there is less open flux than at the minimum
(see discussion in Owens et al. 2011), so one might expect less
intense coronal fields at maximum. Nevertheless, the PFSS-type
extrapolation is an approximation that can be considered valid
only at the minimum of the cycle, when the coronal fields are
almost potential. Whereas at the maximum of the cycle, the non-
potential configurations make the approximation less reliable.

The WSO maps use sine latitude coordinates (Figure C.1),
so we transformed our maps to allow comparison by applying
a coordinate transformation as described in Appendix C. Apply-
ing this transformation, we created the corresponding Carrington
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Fig. 3. Carrington maps of photospheric magnetic fields (top), coronal equipotential magnetic fields at 2.5 R� (middle), and PFSS extrapolations
(bottom) for CR 2074 (left column, solar minimum) and CR 1979 (right column, solar maximum). An animation of this figure available online
shows the equipotential and PFSS magnetic fields in chronological order for all the CRs analysed in this work.

maps for the equipotential magnetic fields and compared them
with the WSO PFSS magnetic field maps. The reference CRs for
the minimum and maximum solar phases were again CR 2074
and CR 1979, respectively. Figure 3 consists of two columns:
the left shows the magnetic field maps for CR 2074, and the right
for CR 1979. The top panels show the photospheric field maps
from WSO, the central panels show the results for the equipoten-
tial magnetic fields at the heliocentric distance of 2.5 R�, and the
bottom panels show the absolute value of the coronal magnetic
field as extrapolated from WSO with the PFSS approximation
at the same distance. Hereafter, to facilitate comparison, coro-
nal maps are displayed only within the latitude range covered by
WSO data, and thus excluding regions at the highest latitudes
(>75◦).

Figure 3 reveals both differences and similarities between the
equipotential magnetic field and the PFSS magnetic field for CR
2074. Specifically, the orientation of the magnetic neutral line
(darker regions in the two panels) around the equator is very well

reproduced, along with the overall values for the magnetic field
strengths at higher latitudes. Conversely, the comparison for CR
1979 is more complex due to the higher complexity of the mag-
netic fields during the maximum phase of solar activity, which
are not well described by the PFSS extrapolations. Nonethe-
less, agreement exists on the location of a northward section of
the neutral line between 40◦−60◦ north, with isolated islands of
locally lower values also approximately following the orienta-
tion of the PFSS neutral line. In summary, the good agreement
obtained with the neutral line from PFSS clearly indicates that
the technique described above is a reliable method for studying
coronal magnetic fields.

The coronal magnetic field maps in Figure 3 also provide
absolute values that can be compared with other measurements
given in the literature at the same height. For example, from the
compilation of measurements shown in the top panel of Fig. 1
in Bemporad (2023) and provided by different authors (refer-
ences therein), at 2.5 R�, one should expect coronal magnetic
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Fig. 4. Top panels: Plasma-β Carrington maps for CR 2074 (left), and CR 1979 (right). Contour lines show the value of plasma-β corresponding
to β = 1 (solid white lines) and β = 0.1 (dashed white lines). Bottom panels: Alfvén speed maps for CR 2074 (left), and CR 1979 (right). Contour
lines show the value of VA corresponding to VA = 200 km s−1 (solid white lines) and VA = 1000 km s−1 (dashed white lines).

field values in the range between 0.2−0.6 G. Of the four panels
with coronal magnetic fields in Figure 3, only the PFSS extrapo-
lations for CR 1979 during solar maximum (bottom right panel)
display values significantly lower than this interval. Hence, the
CR maps of equipotential magnetic fields agree with previous
measurements and provide a location of the neutral line that is in
agreement with PFSS extrapolations. This neutral line also rep-
resents a mapping of the base of the interplanetary current sheet
at 2.5 R�.

5.3. Other coronal plasma parameters

The plasma-β CR maps for CR 2074 (relative to the solar min-
imum conditions) and CR 1979 (relative to the solar maxi-
mum conditions) are provided in the top panels of Figure 4.
The resulting map for the solar minimum condition (top left
panel in Figure 4) clearly reveals a narrow region where β >
1, coinciding with the nearly equatorial coronal streamer belt
(Figure 2, top left) and with the base of the heliospheric cur-
rent sheet (Figure 2, top right). As expected, this region aligns
with the PFSS neutral line (Figure 3, bottom left panel). These
results can be compared with similar CR maps of the solar wind
speed during a solar minimum at the same heliocentric distance
by Dolei et al. (2018) (starting from measurements previously
obtained by Bemporad 2017), which showed that at 2.5 R�, the
slow solar wind speed is expected to be very small around the
ecliptic plane. Thus, in agreement with recent measurements
(Huang et al. 2023) acquired by the Parker Solar Probe mission
(Fox et al. 2016), the solar wind in the streamer belt is charac-
terised by high plasma β. Moreover, regions at latitudes typically
above ∼30◦−40◦, corresponding to polar coronal holes, are char-

acterised by β < 0.1. This latitudinal distribution of plasma-β
at 2.5 R� also implies that, around the equator, the corona does
not co-rotate with the inner layers, while at higher latitudes the
opposite should occur.

The resulting map for plasma-β at solar maximum (top right
panel in Figure 4) instead shows more limited regions with β > 1
and a wider area where 0.1 < β < 1, characterising a much
larger fraction of the whole corona at 2.5 R�, up to latitudes of
∼60◦−70◦. Interestingly, despite the increased complexity of the
solar corona around the activity maximum, the sparse regions
with β > 1 are mostly distributed near the PFSS neutral line
(Figure 3, bottom right panel). These findings have further impli-
cations for the rotation of the solar corona at solar maximum,
implying that, at 2.5 R�, a much larger fraction of the whole
corona is expected to corotate with the inner layers, with only
a few sparse regions where corotation can fail.

The Alfvén speed CR maps resulting from the above densi-
ties and equipotential magnetic fields are provided in the bottom
panels of Figure 4 for CR 2074 (bottom left, solar minimum
conditions) and CR 1979 (bottom right, solar maximum con-
ditions). The resulting map for the solar minimum condition
clearly shows that near the equator, the regions with higher β > 1
are also those with lower VA < 200 km s−1, and vice versa for
the polar regions. Considering typical solar wind speed values at
2.5 R� (see Bemporad 2017, and references therein), the result-
ing map confirms that, as expected, both the fast and slow solar
wind are still sub-Alfvénic at all latitudes. The distribution of the
Alfvén speed for CR 2074 also clearly shows that the bimodality
of fast and slow solar wind typical of solar minimum conditions
is associated with a bimodality in the distribution of the Alfvén
radius rA. As expected, the map of the Alfvén speed VA is very
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Fig. 5. Left panels: Butterfly diagrams of the photospheric magnetic field (top) and coronal electron densities (bottom). Right panels: Butterfly
diagrams of the PFSS coronal magnetic field (top) and equipotential coronal magnetic field (bottom).

similar to the map of plasma-β. In fact, by assuming a constant
electron temperature Te and using ρ = nemH, from the above
formula, it follows that

VA =

√
1
β

4 kBTe

mH
. (6)

Hence, the two quantities VA and
√
β are inversely propor-

tional and connected by the constant quantity
√

4 kBTe/mH '

162.6 km s−1 (with Te = 8 · 105 K). In the real corona, plasma-β
variations will be larger than those observed in VA, particularly
during solar maximum and above active regions, where higher
temperatures result in higher β.

Around solar maximum (bottom right panel in Figure 4 rela-
tive to CR 1979), the Alfvén speed distribution is much more
fragmented and inhomogeneous, with larger values of VA all
around the Sun at the same distance of 2.5 R�. These results
can be compared with recent measurements obtained with the
Parker Solar Probe (the first spacecraft crossing rA and enter-
ing the sub-Alfvénic region Kasper et al. 2021), demonstrating
that during its expansion, the solar wind encounters multiple dis-
tances at which its speed becomes higher and lower than VA.
This observation implies that the Alfvén radius is highly turbu-
lent and multiple crossings may exist in a frothy ‘Alfvén zone’
(see review by Cranmer et al. 2023). Figure 4 also implies that
at solar maximum (bottom right), this higher complexity is also
expected in the latitudinal and longitudinal distribution of rA
measured at a constant distance from the Sun, in contrast to the
clearer bimodality shown at solar minimum (bottom left).

6. Resulting butterfly diagrams

6.1. Electron densities

The butterfly diagram obtained for the evolution of electron den-
sity is provided in the top left panel of Figure 5 as a latitude-
year 2D map, starting from late 1998 and continuing to the end
of 2008. As expected, the electron density appears to be higher
during the solar maximum phase at all latitudes (approximately
from 2000 to 2002) and tends to concentrate at equatorial lat-
itudes when approaching the minimum phase. This is consis-
tent with the fact that during solar minimum, the magnetic field
lines are open at the poles, allowing an outflow of the plasma

which results in a lower electron density in polar coronal holes.
At equatorial latitudes, the presence of coronal streamers and
the closed magnetic field configuration holds the plasma, lead-
ing to higher electron density. The density butterfly diagram
also shows the progressive narrowing around the equator of the
higher-density region, with a corresponding broadening of the
lower-density regions at the north and south poles. Interestingly,
at the minimum phase of the solar cycle around 2008, the dia-
gram also shows that a perfectly equatorial streamer belt is not
recovered. This agrees with previous authors who reported that
the minimum between solar cycles 23 and 24 exhibited peculiar-
ities, in particular weaker-than-expected polar magnetic fields
resulting in low- and mid-latitude coronal holes and pseudo-
streamers that persisted throughout the minimum (see discussion
by Gibson et al. 2011).

It is also interesting to compare the positions of the stream-
ers and polar coronal holes in the bottom left panel of Figure 5
with the respective positions of photospheric structures in the top
left panel of the same figure. The comparison shows that where
and when the photospheric magnetic fields are stronger (due to
the presence of strong magnetic flux concentration, mostly asso-
ciated with sunspots), denser coronal streamers are present in
the overlying corona. When approaching the minimum phase
of solar activity, the streamers move towards the equator, while
the newly emerging magnetic flux decays in strength and moves
towards the equator, as expected. Moreover, as the solar mini-
mum approaches, the opposite polarities of magnetic fields at the
poles become evident, with clear signatures of poleward mag-
netic flux transport connected with the meridional circulation.
At the same time, the latitudinal extension of polar coronal holes
increases accordingly.

It should be noted that, as shown in the left panels of
Figure 5, the existence of the asymmetric configuration in the
2008–2009 solar minimum is apparently not connected on large
scales and over long time intervals with a corresponding asym-
metry in the distribution of the photospheric magnetic field.
In fact, except for a short period around the end of 2007
when a classical single and broader equatorial streamer belt
appears to be formed, in the previous and subsequent years
the corona shows two streamers located around the latitudes
between 20◦−40◦ and 40◦−60◦, in the north and south hemi-
spheres, respectively. Meanwhile, the photospheric fields show
no signatures of any feature at similar latitudes in the north
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Fig. 6. Temporal evolution of coronal densities at the north pole (top
image, blue line) and south pole (top image, red line), and at intermedi-
ate latitudes in northern (bottom image, blue line) and southern (bottom
image, red line) hemispheres.

hemisphere and weak fields closer to the equator in the south
hemisphere. Hence, the asymmetry in the photospheric fields
(reported by Petrie 2024) does not appear to be directly related
to the asymmetries of the overlying corona. This result may
indicate that some coronal structures at larger spatial scales are
influenced not so much by the magnetic configuration emerging
in the photosphere but rather by the magnetic fields present in
more internal layers of the convective region. This conclusion is
also supported by the unexpected behaviour obtained for solar
cycle 23 by Mancuso & Giordano (2012) in the rotation of the
solar corona, who found agreement between the variations in the
residual rotation rates of the coronal and subphotospheric equa-
torial plasma throughout solar cycle 23.

To better describe the temporal distribution of coronal densi-
ties, Figure 6 presents the derived values averaged over an inter-
val of 15◦ in latitude, both at the two poles (75◦−90◦) and at
intermediate latitudes (around 45◦), in the north and south hemi-
spheres. The resulting temporal evolutions at the two poles (top
panel in Figure 6) show higher densities during the maximum
phase and display different trends in the two poles, sometimes
opposite to each other. In particular, this occurred during 2002
and 2003, and during 1999 and 2000. When moving towards the
minimum phase, after 2004, the trends at the two poles become
quite similar, with a general decrease in electron density. The
bottom panel of Figure 6 shows the temporal distribution of elec-
tron densities at intermediate latitudes in the north and south
hemispheres. Unlike at the poles, the two trends seem quite sim-
ilar during the maximum phase, with a first peak between 1999
and 2000, a second peak between 2003 and 2004, followed by a
general decrease when moving towards the minimum phase. Our
results are in good agreement with those found by Lamy et al.
(2021, Figure 18), which shows the temporal variation of the
electron density at 10 R�.

6.2. Magnetic fields

The butterfly diagram obtained for the evolution of equipotential
magnetic fields at 2.5 R� is provided in the bottom right panel of
Figure 5, again as a latitude-year 2D map starting from late 1998
and continuing to the end of 2008. This map can be compared
with the evolution of magnetic fields from the PFSS extrapola-
tion (Figure 5, top right panel) at the same height of 2.5 R� in the
corona. The two panels show quite different distributions: first,

around the solar activity maximum of cycle 23 (2000–2001) the
PFSS fields minimise, while the equipotential fields maximise.
Moreover, in the descending phase of the solar cycle, the PFSS
fields (top right panel in Figure 5) show a well-defined equato-
rial neutral line, with an apparent sinusoidal oscillation. In par-
ticular, by performing a sinusoidal fit of the curve obtained for
the position of the neutral line from July 2002 (beginning of the
descending phase of cycle 23) until the end of 2008 (minimum
of activity), we obtained a period of (363± 3) days and an oscil-
lation amplitude of (7.1 ± 0.7) degrees. Both results agree with
what is expected for the annual variation along the Earth’s orbit,
considering the 7.25 degree obliquity of the Sun’s rotational axis
with respect to the ecliptic plane.

As mentioned above, the PFSS magnetic field extrapolations
do not accurately describe the complexity of the magnetic fields
during the solar maximum, so it is expected that the magnetic
field is not well represented by this approximation. In fact, con-
trary to the PFSS extrapolations (top right panel in Figure 5),
the 2008–2009 solar minimum exhibited significant asymme-
try in the solar corona (as mentioned above), which is well
reproduced by a pair of neutral lines located around ∼30◦ lat-
itude in both hemispheres on the equipotential magnetic field
map (bottom right panel in Figure 5). The PFSS extrapolation is
an oversimplified representation of the coronal magnetic fields,
characterised by a large fraction of closed magnetic field lines
connecting the photospheric multipolar regions. This can result
in a significant amount of missing open solar magnetic flux at
the considered heliocentric distance of 2.5 R� (see Owens et al.
2011), thus reducing the field strength. This likely explains why,
at the solar maximum, the coronal magnetic field strength from
PFSS appears to be much lower than expected, while the map of
equipotential magnetic fields correctly reproduces the expected
trend: coronal magnetic fields that are, on average, more intense
at solar maximum and then decay towards solar minimum.

It is also important to note that in the PFSS extrapolation,
the magnetic field is forced to be radially directed at the outer
boundary located over the source surface at 2.5 R�, artificially
reducing the field strength near the neutral lines. When these
neutral lines become more complex and widespread, the weak-
ening of the outer boundary field is more pronounced compared
to cases with more localised neutral lines (as illustrated by the
comparison between the bottom right and bottom left panels in
Figure 3). This can lead to a greater reduction in the mean field
at the source surface during solar maximum, when neutral lines
extend across most latitudes, than during solar minimum, when
they remain near the equator (as shown in the right panels of
Figure 5), resulting in very little contribution from active regions
during solar maximum. Moreover, Figure 5 compares the full-
field strength rather than just the radial component, highlighting
the artificiality of the purely radial source-surface field.

It is also useful to examine the latitudinal distribution and
temporal evolution of the coronal magnetic field butterfly dia-
gram (bottom right panel in Figure 5) in relation to the strength
of the source photospheric fields (top left panel in Figure 5). To
begin with, by averaging over the last 13 CRs of the butterfly
diagram (corresponding to 2008, the final year of analysed data),
we find that at the minimum of the cycle, the distributions of the
photospheric and coronal magnetic fields are quite similar, with
a flat distribution around the equator and increasing towards both
poles (Figure 7, top panels). In contrast, when averaging over 13
CRs spanning the previous maximum (year 2001), we observe
that the distribution of the photospheric fields is markedly differ-
ent in the equatorial regions, showing very intense fields due to
the sunspots. However, the intensity increase towards the poles is
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Fig. 7. Latitudinal distribution of the photospheric magnetic field (right
column) and the coronal equipotential magnetic field (left column) dur-
ing solar minimum (top images) and solar maximum (bottom images).

similar to that observed during solar minimum (Figure 7, bottom
images). Furthermore, the average coronal fields do not exhibit
the same level of relative intensification in the equatorial regions
as observed in the photospheric fields. This provides important
information on how the magnetic field energy emerging in the
photosphere is stored in the corona, apparently with different
behaviour between the maximum and minimum of the cycle.
This is also likely connected to the variation between maximum
and minimum in the fraction of open magnetic flux from the
photosphere to the corona, since at the maximum of the cycle,
a large part of the equatorial magnetic flux closes in the inner
corona, not intensifying the overlying coronal magnetic fields
(see Owens et al. 2011, Fig. 1). For example, Chifu et al. (2022)
recently found a poor correlation between the solar sunspot num-
ber and the magnetic free energy (reconstructed with a non-
linear force-free field approximation) for the descending phases
of solar cycle 24, consistent with the results shown here for solar
cycle 23.

The comparison between the temporal trend of the average
coronal field at high latitudes (75◦−90◦) at the north and south
poles also reveals some interesting properties. During the max-
imum phases of the cycle (year 2001), imbalances of up to a
factor of two are observed between the two poles, with predomi-
nance alternating between them in different periods and exhibit-
ing an anticorrelated trend (one pole increases while the other
decreases). Towards the minimum (year 2008) the fields at the
two poles become equivalent (Figure 8, top panel). The trend
suggests two distinct phases of the cycle: one near the maximum,
during which the poloidal field oscillates between hemispheres,
followed by a second phase starting around 2004, closer to the
minimum, in which a simple attenuation of the magnetic fields
in both poles occurs. These phases can also be described as a
more chaotic phase, characterised by significant fluctuations in
the poloidal magnetic field modulus during the cycle maximum,
followed by a more gradual phase of descent of the poloidal
field modulus towards the cycle minimum. It is also notable that,
contrary to WSO data showing the polar-field reversal around
2000 followed by an intensity increase, the coronal polar fields
oscillate between 1999 and 2003 and then decrease steadily in
strength from 2003 to 2009.

Fig. 8. Temporal evolution of coronal magnetic field at the north pole
(top image, blue line), south pole (top image, red line), and intermediate
latitudes in north (bottom image, blue line) and south (bottom image,
red line) hemispheres.

In contrast, at intermediate latitudes (around 45◦, again aver-
aging over an angular extension of 15◦) and near the equator,
there is a much smaller difference between the magnetic field
trends in the two hemispheres (Figure 8, bottom panel). The
amplitude of fluctuations over time is comparable to the over-
all decay between the maximum and minimum of the cycle.

6.3. Combined plasma parameters

The plasma-β butterfly diagram, resulting from the constant tem-
perature assumption discussed above, is shown in the top panel
of Figure 9, together with two contour lines outlining the regions
with β ≥ 1 (solid lines) and β ≥ 0.1 (dashed lines). From this
map, it is evident that at 2.5 R�, the plasma-β is equal to or
greater than 1 only towards the minimum of the activity cycle
and at the core of the coronal streamers. This result is in agree-
ment with the idea that an already turbulent solar wind origi-
nates from these regions, as shown by DeForest et al. (2016), and
also with the results derived for the inner corona by Nuevo et al.
(2013), using tomographic reconstructions. Conversely, coronal
holes are found to have β � 1, so fast solar wind sources will
experience a transition to turbulent flow farther from the Sun as
the solar wind accelerates. Furthermore, progressing from the
minimum to the maximum of the cycle, the regions with β > 1
disappear. This indicates that towards the maximum of the cycle,
the turbulent-flow transition region is located even at a lower
heliocentric distance in the inner corona. This trend is preserved
even if we consider that, at 2.5 R�, the coronal temperatures at
the maximum of the cycle will be slightly higher than those
at the minimum(see Foley et al. 2002). The boundaries of the
two coronal holes are clearly identified as regions of transition
between β < 0.1 (inside the coronal hole) and 0.1 < β < 1
(regions between the coronal hole and the streamer).

These results also relate to the evolution of coronal rotation
rates at different latitudes during the solar cycle. Considering
the heliocentric distance of 2.5 R� analysed here, the plasma-β
evolution shown in the top panel of Figure 9 suggests that dur-
ing the solar maximum (years 2000–2001), the whole corona is
expected to be in quasi-corotation with the inner corona and/or
with the photosphere, whereas at the solar minimum (2008–
2009), the equatorial regions near the cores of streamers are
not expected to corotate. More recent results obtained from the
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Fig. 9. Top panel: Butterfly diagram of plasma-β. Contour lines show
the value of plasma-β corresponding to β = 1 (solid white lines) and
β = 0.1 (dashed white lines). Bottom panel: Butterfly diagram of the
Alfvén speed VA. Contour lines show the value of VA corresponding
to VA = 200 km s−1 (solid white lines) and VA = 1000 km s−1 (dashed
white lines).

analysis of more than ten years of coronagraphic observations
(Edwards et al. 2022) and EUV full-disc images (Routh et al.
2024) suggest that the solar corona rotates faster and with less
differential rotation compared to the photosphere, implying a
possible connection with sub-photospheric rotation rates.

Combining the density and magnetic field butterfly dia-
grams, the resulting Alfvén speed map is shown in the bottom
panel of Figure 9. This figure also shows evolution over the
solar cycle, with coronal holes characterised by regions where
VA > 1000 km s−1 at 2.5 R�, whose extension increases in lati-
tude towards solar minimum. Conversely, still at solar minimum,
the equatorial regions previously identified as having β > 1 cor-
respond to areas with VA < 200 km s−1. Therefore, at solar min-
imum and 2.5 R�, the fast solar wind is certainly sub-Alfvénic,
while the slow solar wind should still have a speed lower than
200 km s−1 and therefore also be sub-Alfvénic. There is an inter-
esting correspondence between the regions with β > 1 and those
with VA < 200 km s−1, where solar wind turbulence is therefore
more likely to be triggered.

7. Discussion and conclusions

This study aimed to better understand how the solar activity
cycle influences the solar corona, particularly considering the
prolonged minimum of 2008–2009 at the end of cycle 23. Dur-
ing this period, the magnetic fields at the Sun’s poles remained
particularly weak, leading to the absence of a single equatorial
streamer belt (typical of previous cycle minima) and the pres-
ence of streamers even at intermediate latitudes (Gibson et al.
2011; Petrie 2024). Studying coronal magnetic fields is fun-
damental to understanding how magnetic energy is stored in
the corona and where it may be released as solar eruptions.
This work achieves this for the first time by applying the new
technique proposed by Bemporad (2023) to measure the coro-
nal magnetic fields using ground-based coronagraphic images
acquired from late October 1998 to December 2008.

The evolution of total magnetic energy in the solar corona
was investigated during solar cycle 23 by Yeates et al. (2010),

Fig. 10. Total magnetic energy density in the photosphere (red line) and
the solar corona at 2.5 R� (blue line).

who found that total magnetic energy increased by a factor
of eight between solar minimum and solar maximum. More
recently, Chifu et al. (2022) found that during solar cycle 24,
the evolution of the total magnetic free energy (a proxy for the
strength and probability of dynamic processes such as flares,
prominence eruption, and coronal mass ejections) does not
exactly match the evolution of the sunspot number, showing
poorer correlation in the second half of the cycle. These find-
ings suggest that the transfer of magnetic energy from the pho-
tosphere to the corona is complex and does not occur homoge-
neously.

From the measurements reported here, it is possible to com-
pare the magnetic energy density in the solar corona with that
in the photosphere. We derived the cumulative magnetic energy
density in the solar corona at 2.5 R�, calculated over all the radial
values for every CR from late 1998 to 2008; the results are shown
in Figure 10. The coronal magnetic energy (solid blue line in
Figure 10) shows two predominant peaks: the first between 1999
and 2001 and the second between 2001 and 2004. It is interest-
ing to compare this evolution with the total magnetic energy den-
sity in the photosphere (red line in Figure 10): again, two main
peaks occur around 2000 and 2002 but, unlike in the corona,
the first peak is less pronounced than the second. This contrasts
with sunspot number, which shows a higher peak followed by a
lower one. The first key conclusion is that the magnetic energy
stored in the corona is not directly proportional to the magnetic
energy emerging from the photosphere. This may indicate that
the deposition of coronal magnetic energy is influenced not only
by photospheric regions, but also by sub-photospheric magnetic
field concentrations, which can act on larger scales and cre-
ate non-potential magnetic configurations. The two curves in
Figure 10 also show, from 2004 onwards, a general decrease in
both the coronal and photospheric magnetic energy densities, as
expected when moving from solar maximum to minimum. These
two curves are very similar, particularly after 2005, which is sur-
prising given the very different datasets used to derive them;
however, they also exhibit interesting differences. Notably, the
energy in the photospheric fields (red curve) decreases more
rapidly than that in the coronal fields (blue curve), suggesting
that some magnetic energy may remain ‘stored’ in the corona
during the solar cycle. This result agrees with previous findings
for earlier solar cycles, where soft X-ray (SXR) flare occurrence
and SXR background flux were significantly delayed relative
to sunspot numbers (see e.g. Wagner 1988; Aschwanden 1994;
Temmer 2010). Moreover, the coronal magnetic energy exhibits
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a pronounced peak around 2008, during which the magnetic
energy in the photospheric fields had already decreased to min-
imum levels. These results suggest a role for sub-photospheric
fields, possibly relic magnetic fields acting in the descending
phases of the solar activity cycle, leading to delayed accumu-
lation of magnetic free energy in the corona, which is progres-
sively released through solar activity such as flares, erupting
prominences and coronal mass ejections.

The significance of this study lies not only in providing the
first systematic observational reconstruction of coronal magnetic
fields across a solar cycle, but also in offering critical insights
into how the corona evolves in response to the solar cycle. The
results also inform our understanding of coronal rotation dur-
ing different phases of the solar activity cycle. These insights
are essential for investigating how stationary processes such as
the solar wind, which is intimately tied to the coronal struc-
ture, are modulated over the cycle. Moreover, this study pro-
vides fundamental ingredients to better understand how, over
longer timescales, the magnetic energy emerging from the inte-
rior of the Sun to the photosphere is finally deposited in the solar
corona above the current-free configuration and subsequently
released during solar impulsive events. By linking coronal mag-
netic field dynamics to the sub-photospheric magnetic fields and
to the broader heliospheric environment, this work provides a
new framework for exploring the interplay between solar mag-
netism in different solar layers, the solar wind, and space weather
phenomena.

Data availability

Movie associated to Fig. 3 is available at https://www.
aanda.org
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Appendix A: Determination of coronal electron
densities

Fig. A.1. Example of a daily pB image acquired by Mauna Loa on July 27, 2001. Left panel: original pB data in polar coordinates (heliocentric
distance on the x axis, polar angle measured counter-clockwise from the polar north on the y axis). Left-middle panel: pB fit in polar coordinates.
Right-middle panel: the relative difference between the original data and fitted data. Right panel: resulting electron density in polar coordinates.

The measurement of the electron density in the solar corona
is obtained through the inversion method first presented by
van de Hulst (1950), and then modified by Billings (1966). More
specifically, we started from the formula providing the difference
between the radially and tangentially polarised intensities:

It − Ir = I0
neπσ

2
sin2 χ[(1 − u)A + uB] (A.1)

where I0 represents the central intensity, ne is the electron den-
sity, σ is the classical electron radius squared, u is the limb
darkening coefficient, and χ, A, B are geometrical factors. The
integral of Equation A.1 along the line-of-sight (LOS) coordi-
nate y provides the actual intensity as seen by the observer, i.e.
the polarised brightness (pB):

pB =

∫ +∞

−∞

(
I0

neπσ

2
sin2 χ[(1 − u)A + uB]

)
dy. (A.2)

Since Equation A.2 is in general difficult to evaluate, it is com-
mon to work under a spherical-symmetry hypothesis, allowing to
rewrite the equation in terms of the distance from the Sun centre
r as:

pB(h) = 2
I0πσ

2

∫ +∞

h
F(r)

h2

r2

rdr
√

r2 − h2
(A.3)

where h represents a generic point along the x axis, and F(r) is
defined as:

F(r) = ne(r)[(1 − u)A + uB]. (A.4)

From the above expression, it is evident that, under a spherical-
symmetry hypothesis, the electron density depends solely on the
heliocentric distance r.

The assumption of spherical symmetry has been typi-
cally made by many other authors over the last decades (e.g.
Saito et al. 1977; Quémerais & Lamy 2002), and has also been
validated with tomography (Wang & Davila 2014) and numeri-
cal models (Bemporad et al. 2021), but it requires some consid-
erations. During the minimum phase of the solar activity cycle,
there are some coronal regions where this assumption is more
valid, like coronal streamers (see e.g. Biesecker et al. 1999),
while it is less reliable, for example, at the solar poles. How-
ever, during the solar maximum, the concentration of electron
density varies significantly along the LOS, in particular over
active regions, so that spherical symmetry is less adequate. Our
work aims to study the large-scale structure and long-term evo-
lution of the solar corona over one full solar cycle, and not
to resolve small-scale coronal features and short-term tempo-
ral variations. Hence, we assume the validity of the spherical-
symmetry hypothesis of the solar corona over the whole period
under study.

The idea behind the inversion method proposed by
van de Hulst (1950) is that the pB (Eq. A.2) can be expressed as
a power series with negative exponents. From this assumption,
the pB data are fitted with such a curve, and the electron density
can be determined. Under the hypothesis of spherical symmetry,
the power series can be written as:

pB(h) =
∑

i

ci

(
h

R�

)−di

(A.5)
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where the coefficients ci and di are experimentally found by fit-
ting the pB data with the hypothesized curve. From Eq. A.5 it
can be assumed the same trend for F(r), defined in Eq. A.4:

F(r) =
∑

i

ai

(
r

R�

)−bi

. (A.6)

The form of ai, bi, and the resulting electron density is given for
instance in Capobianco et al. (2012). The final expression for ne
is given by:

ne(r) =

∑
i ai

(
r

R�

)−bi

[(1 − u)A + uB]
. (A.7)

The above technique has been applied to every radial pB pro-
file of every available image with a resolution of 0.5◦, for a total
of 720 fitted profiles for every image in an altitude range between
1.17 and 2.00 R�. This choice is justified by the fact that below
1.17 R� the radial pB profiles show a significant deviation from
the expected radial increase, while above 2.0 R� the profiles flat-
ten with a clear indication that the noise overcomes the signal.
An example of a data analysis process is provided in Figure 1
and Figure A.1, both discussed in the main paper.

Appendix B: Construction of the coronal
Carrington maps

To create maps comparable with the photospheric ones, we fol-
lowed the steps below, also summarized in Figure B.1:
1. Choose a CR and - starting from the results of the calcula-

tion of the electron densities ne and the equipartition mag-
netic field Bpot (Paragraph 3) - separate the east and west
limbs. Notice that, under the assumption of a stationary solar
corona, the features observed over one solar limb should be
approximately the same as those observed over the opposite
solar limb about two weeks later, thanks to a half rotation of
the Sun.

2. Cut the last 7 days of the current CR and add the last 7 days
of the previous CR to the east limb, and cut the first 7 days
of the current CR and add the first 7 days of the next CR to
the west limb. This is justified by the fact that the coronal
structures observed on the east limb at a time t0−1 week and
the ones observed on the west limb at a time t0 + 1 week are
both associated with the photospheric structures at a time t0.

3. Create a single map by merging the east and west limbs: the
new map is obtained by averaging the two maps obtained
from the solar corona observed over the two opposite limbs.
To do so, every corresponding day of the two maps is com-
pared, and the following conditions are set:

– if both maps contain data on a certain day, the resulting
stripe is the average of the two

– if one of the two maps contains a data gap on a certain
day, the information is taken on the same day from the
other map

– if both maps contain a data gap on a certain day, the
resulting map will have a black stripe in that position

This process is applied to minimize the effects due to the evo-
lution of the coronal structures in the time elapsed between
t0 − 1 week and t0 + 1 week.

The final Carrington map is obtained by putting every daily ver-
tical stripe (extracted over a period of 27 days) next to each
other in chronological order by going from right to left. A sim-
ilar approach has been applied, for instance, very recently by
(Casti et al. 2023) to build CR maps of the coronal solar wind

E W Disk map

Full East limb map

Full West limb map
Δt = tcarr/2

Δt = tcarr/4Δt = tcarr/4

tcarr

Fig. B.1. Scheme of the creation of a coronal Carrington map. Here tcarr
represents the Carrington time for one full solar rotation.

speed as measured above the east and west limb, taking into
account the solar rotation.

Appendix C: Projection in sine latitude of
Carrington maps

The sine latitude coordinates system is useful for acquiring Car-
rington maps of the photospheric fields, because of the projec-
tion effects related to the spherical shape of the solar surface.
In particular, every image of the Sun is characterized by the fact
that the pixels corresponding to regions around the equator cover
a much smaller latitude interval compared to pixels correspond-
ing to regions near one of the two poles. Hence, in each image
of the Sun, the central slice going from south to north pole has a
north-south extension of each pixel projected by a factor sin θi if
θi is the latitude of the i−th pixel, leading to an angular resolu-
tion variable with the latitude. The conversion has been made by
exploiting the following formula:

θi = arcsin
[(

2 i
nlat
− 1

)
sin θmax

]
, i = 0, 1, ..., nlat (C.1)

where for the WSO data is nlat = 29 and θmax = 75◦.

Fig. C.1. Top image: Schematic representation of the creation of a Car-
rington map in sine latitude. Bottom image: Scheme of a comparison
between a deprojected Carrington map in solar latitude and a projected
Carrington map in sine latitude.
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