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ABSTRACT

Context. During the solar cycle, the Sun’s magnetic field polarity reverses due to the emergence, cancellation, and advection of
magnetic flux towards the rotational poles. Flux emergence events occasionally cluster together, although it is unclear if this is due to
the underlying solar dynamo or simply by chance.

Aims. Regardless of the cause, we aim to characterise how the reversal of the Sun’s magnetic field and the structure of the solar corona
are influenced by nested flux emergence.

Methods. From the spherical harmonic decomposition of the Sun’s photospheric magnetic field, we identify times when the reversal
of the dipole component stalls for several solar rotations. Using observations from sunspot cycle 23 to present, we locate the nested
active regions responsible for each stalling and explore their impact on the coronal magnetic field using potential field source surface
extrapolations.

Results. Nested flux emergence has a more significant impact on the topology of the coronal magnetic field than isolated emergences
as it produces a coherent (low spherical harmonic order) contribution to the photospheric magnetic field. The heliospheric current
sheet, that separates oppositely directed coronal magnetic field, can become anchored above nested active regions due to the formation
of strong opposing magnetic fluxes. Further flux emergence, cancellation, differential rotation, and diffusion, then effectively advects
the heliospheric current sheet and shifts the dipole axis.

Conclusions. Nested flux emergence can restrict the evolution of the heliospheric current sheet and impede the reversal of the coronal
magnetic field. The sources of the solar wind can be more consistently identified around nested active regions as the magnetic field
topology remains self-similar for multiple solar rotations. This highlights the importance of identifying and tracking nested active
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1. Introduction

The Sun’s magnetic field is maintained by an internal dynamo
that modulates solar activity over an approximately 11 year cy-
cle (Hathaway|2015). The dynamo relies on the shearing of mag-
netic field by differential rotation and the subsequent rise of
= new magnetic flux through the convection zone to form active
regions; visible as sunspots (see review of Brun & Browning
2017). Active regions emerge in latitudinal bands that migrate
towards the equator during the solar cycle. The north-south tilt of
- = emerging active regions favours flux cancellation near the equa-
= tor and the migration of opposite polarity magnetic flux to the
rotational poles (Schunker et al.|2020). This weakens and then

reverses the Sun’s polar fields, causing the dipole component of
E the Sun’s magnetic field to flip during the sunspot cycle (Sun
et al.|[2015). However, at solar maximum, when the polar fields
are weak, the magnetic flux from active regions contributes sig-
nificantly to the Sun’s dipole field (Finley & Brun|2023b)). There-
fore, the path traced by the dipole axis during the solar cycle is
highly structured (see Figure 3 of DeRosa et al.|[2012).

Nested active region emergence, where magnetic flux rises
up in the vicinity of recently emerged active regions, is fre-
quently observed on the Sun (Ribes & Nesme-Ribes| (1993
Gaizauskas et al.|[1994; |Castenmiller et al.||1986; [Brouwer &
Zwaan| [1990; [Pojoga & Cudnik [2002; |Usoskin et al| 2005}
Gaizauskas|2008). The nesting of active regions has also become
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regions to guide the remote-sensing observations of modern heliophysics missions.

relevant for interpreting the brightness variations of Sun-like
stars, as nesting creates a strong rotational modulation (Sowmya
et al.|[2021} Breton et al.|[2024)). Whether nesting relates to the
underlying dynamo or is a stochastic feature of flux emergence
is currently debated. However, it is clear that a significant frac-
tion of active regions, perhaps up to 50%, emerge in this way
on the Sun (Schrijver & Zwaan|[2008). The formation of long-
lived nested active regions appears to be coherent across sunspot
cycles, with active longitudes in each hemisphere separated by
180°. These longitudes drift relative to the Carrington reference
frame due to the Sun’s latitudinal differential rotation (Berdyug-
1mna & Usoskin/2003} [Tahtinen et al.|[2024).

Predicting the structure of the coronal magnetic field is im-
portant for missions such as NASA’s Parker Solar Probe (Fox
et al.|2016) and ESA’s Solar Orbiter (Miiller et al.||2020), that
aim to connect in-situ solar wind measurements from the inner
heliosphere to their source regions. Modelling the coronal mag-
netic field with a potential field source surface (PFSS) model
(Altschuler & Newkirk|1969; |Schrijver & DeRosal2003) and ex-
trapolating the connectivity to the spacecraft, either using an an-
alytic form of the Parker-spiral (Badman et al.|2020) or numeri-
cally accounting for fast-slow wind-stream interactions (Barnard
& Owens|2022)), has become the standard operational technique
for these missions (Rouillard et al.|[2020). More advanced coro-
nal models are available that solve the full magnetohydrody-
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Fig. 1. Time-series of sunspot number and positive dipole axis latitude since the beginning of sunspot cycle 23. The grey solid lines have a monthly,
or Carrington rotation, cadence. The red dashed lines show the 13-month smoothed version of each time-series. The start time of sunspot cycle 23,
24, and 25 are identified with dotted vertical lines. Horizontal bars indicate when the reversal of the dipole component is halted for several solar
rotations. The bars coloured magenta and labelled a), b), and c) are discussed in Section 3.

namic equations (Riley et al.|[2019; Réville et al.[2020; Perri
et al.2022)), and couple to heliospheric models (Riley et al.[2011}
Wold et al. 2018} (Gombosi et al.|[2018; |Verbeke et al. 2022
Baratashvili et al.|2024). However, such models are computa-
tionally expensive and struggle to explore the full range of pos-
sible input photospheric magnetic field configurations. Active re-
gions emerging out of view on the Sun’s far-side also introduce
significant challenges for modelling the corona and solar wind
(Perri et al.[2024). Although, Solar Orbiter now periodically acts
as far-side monitor and ESA’s Vigil mission (originally known as
Lagrange) is set to observe the Sun from the fifth Sun-Earth La-
grange point in the 2030s. Vigil will provide an early warning of
magnetic features rotating into view of Earth from the east-limb.

The accuracy of spacecraft connectivity is often limited by
uncertainty in the location of the heliospheric current sheet
(HCS). The HCS divides oppositely directed coronal magnetic
field that originate from very different locations on the solar sur-
face. Therefore, incorrect localisation of the HCS can drive large
variations in the back-mapping of source regions for the solar
wind (Badman et al.|[2023)). Calibrating the coronal models with
white light coronagraph observations of streamers and pseudo-
streamers has somewhat improved the prediction of the HCS
(Poirier et al.[[2021; Badman et al.[2022). However, each scan
of the corona takes half a solar rotation to complete in which
time the coronal field can evolve significantly (Edwards et al.
2022).

In this letter, we show that nested active regions have the
potential to restrict the location of the HCS for multiple rota-
tions, which could be used to improve the accuracy of space-
craft connectivity predictions. We first identify nested flux emer-
gence from epochs of stalling in the reversal of the Sun’s dipole
magnetic field. Then we demonstrate how the nesting of active
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regions influences the coronal magnetic field and discuss how
the resulting structure could be used to more accurately connect
remote-sensing with in-situ observations.

2. ldentifying stalling epochs

We search for time periods when the evolution of the Sun’s coro-
nal magnetic field is restricted due to nested active region emer-
gence. To do this, we examine the dipole component of the Sun’s
photospheric magnetic field; as Finley & Brun| (2023b) showed
this can be influenced by strong flux emergence events. The re-
versal of the Sun’s dipole magnetic field during the solar cycle
is well documented, as well as its correlation with the higher-
order magnetic field components (DeRosa et al.|2012). Mag-
netic field observations from both the Michelson Doppler Im-
ager (MDI), on board the Solar and Heliospheric Observatory
(SOHO), and the Helioseismic and Magnetic Imager (HMI), on
board the Solar Dynamics Observatory (SDO) are used. We fol-
low the methodology of [Finley & Brun|(2023b) by performing a
spherical harmonic decomposition of the photospheric magnetic
field using Carrington magnetograms from SOHO/MDI (Scher-
rer et al.||{1995) and SDO/HMI (Scherrer et al.|[2012)). Both of
these magnetogram time-series include a polar field correction
(Sun et al.|2011}; [Sun/[2018). From their decomposition, we re-
construct the dipole component of the magnetic field and extract
the inclination of the positive dipole axis with respect to the ro-
tation axis. The latitude of the positive pole is shown in Figure
[T]along with the monthly sunspot number, taken from the World
Data Center SILSO at the Royal Observatory of Belgiunﬂ A
13-month box-car smoothing of each time-series is over-plotted

! Data accessed June 2024: https://www.sidc.be/SILSO/datafiles
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Fig. 2. Summary of the magnetic field and activity evolution of a long-lived nested active region spanning January 2022 to October 2022. The
top two rows show five snapshots of the HMI radial magnetic field and AIA 94A emission, with each snapshot taken two Carrington rotations
apart. The dashed red line over the magnetic field shows the location of the HCS at the top of the PFSS extrapolation. Coloured cross markers
over the EUV emission show the location of flares detected by GOES, and their associated flare class by colour. The background of the two lower
panels display the average 304A emission from five consecutive Carrington maps (each spanning one solar rotation), with darker tones having
more intense emission. Panel a) spans CR 2252 to 2256 and panel b) spans CR 2258 to 2262. A solid black rectangle shows the selected area from
the snapshots above. The evolution of the dipole axis is shown with connected red dots that track the position of the positive and negative poles.
The crossed dot indicates the final position in the sequence. Dashed coloured lines follow the evolution of the HCS in time, moving from blue

through to green. Panel a) focuses on the emergence phase, and panel b)

with a dashed red line. Cycle to cycle variation in solar activ-
ity and the dipole reversal for sunspot cycles 23, 24 and 25 are
discussed in Appendix [A]

From the evolution of the dipole latitude in Figure [T} we
find that each sunspot cycle contains multiple epochs where the
reversal of the dipole magnetic field stalls. Periods of stalling
that persist for six months to a year are manually identified and
highlighted with horizontal bars. We also add horizontal bars to
the monthly sunspot number above to show that these epochs
of stalling are frequently associated with bursts of solar activ-
ity. Further investigation reveals that each of these time periods
contains one or more region with nested flux emergence. This is
summarised in Appendix B} Three stalling epochs, from differ-
ent sunspot cycles and phases of solar activity, are highlighted
in magenta a), b), and c), and will be used to demonstrate the
general behaviour of these nested active regions on the coronal
magnetic field. From Figure [T] stalling epochs appear to be less
frequent in sunspot cycle 23 than 24. This could be due to dif-
ferences in the input magnetograms moving from SOHO/MDI
to SDO/HMI or, more likely, is an indication that stalling epochs
are easier to identify when the Sun’s activity is weaker. This sug-
gests that the influence of nested active regions is stronger during
weaker sunspot cycles.

3. Results

We explore the connection between the photospheric and coronal
magnetic field for three of the stalling epochs identified in Fig-

the subsequent decay and differential rotation of the region.

ure [T} each containing a nested active region. We follow changes
in the photospheric magnetic field, extreme ultra-violet (EUV)
emission, and occurrence rate of x-ray flares, in addition to as-
sessing the evolution of the coronal magnetic field and the HCS.
The latter involves the extrapolation of the coronal magnetic
field from photospheric magnetograms using a PFSS model. The
equations and methodology used for this are fully described in

Finley & Brun|(2023al). In this study, the source surface radius is

fixed at 2.5 solar radii.

The PFSS model assumes a force-free coronal magnetic field
with no currents, which cannot reproduce the twisted small-scale
magnetic field of the emerging active regions. However, the em-
phasis of this study is on the large-scale structure of the corona
for which the PFSS provides a good first approximation (Riley|
let al.|2006). We examine the rotation to rotation evolution using
Carrington magnetograms, with each Carrington rotation (CR)
having a duration of 27.28 days. However, in future, observa-
tions from Solar Orbiter will be combined to produce a more
continuous set of observations (Finley et al. in prep).

3.1. a) stalling epoch of 2022 (rising phase)

We first examine one of the more recent stalling epochs from
2022, labelled with a magenta a) in Figure [T} During this time,
sunspot cycle 25 was in the rising phase and magnetic activity
was evenly distributed between the northern and southern hemi-
spheres. The nested active region responsible for the stalling is
located in the northern hemisphere around 20° latitude and mi-
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Fig. 3. Same as Figure@, but for nested active region emergence spanning June 2014 to March 2015. Flux emergence began in this region as early
as 2013. The epoch highlighted here is slight later in spring 2014, when the region reached its peak strength and held the HCS in place for several

solar rotations.
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Fig. 4. Same as Figure but for a nested active region emergence spanning May 2004 to April 2005. The nested active region locally inclines the
heliospheric current sheet, which then remains anchored to the region as it begins to drift with the rotation near the equator.

grated due to differential rotation over several solar rotations
from 100° Carrington longitude to 40°. Activity in this region
first began on the Sun’s far-side, detected with helioseismic in-
versions (Lindsey & Braun|2017). Once this region rotated into
view of Earth in January 2022, it remained a persistent feature
during 2022.
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Figure [2| shows the evolution of this region from CR 2254
to 2262; spanning Feburary 2022 to October 2022. The top row
shows the photospheric magnetic field from SDO/HMI with two
CRs between each column. Changes in the magnetic field con-
figuration correspond to the appearance of new active regions
and the diffusion of previously emerged magnetic flux (isolated
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active regions typically decay after one or two CRs). This nested
active region reached its largest unsigned magnetic flux dur-
ing April/May 2022. The second row shows the 94A emission
from SDO/AIA along with markers indicating the location of
flares observed by GOES (each coloured by flare class). From
the EUV emission and frequency of x-ray flares, activity in this
region peaked accordingly during April/May 2022. The bottom
two panels, a) and b), split the time period of interest into two
with each containing information spanning five CRs. The back-
ground grey-scale represents the averaged SDO/AIA 304A emis-
sion during those five respective CRs over the entire Sun, which
is useful for highlighting persistently active features. A black
box identifies the nested active region under investigation. The
motion of the positive and negative pole of the dipole compo-
nent are shown with connected red dots, with the crossed marker
being the last in the sequence of magnetograms. The evolution
of the HCS from the PFSS modelling is shown with coloured
dashed lines. Each line represents the HCS for a given CR with
the colour advancing from blue to green.

During the first five CRs, shown in panel a), this region grew
in strength with multiple flux emergence events. This lead to in-
creased flaring activity from this region (some X-class). As the
solar cycle was just beginning, this nested active region produced
a significant fraction (~ 40%) of the total solar flares during 2022
(Finley et al. in prep). This fraction is even higher if we consider
flares from just the northern hemisphere. As the region grew in
strength, the initially flat equatorial HCS from solar minimum
became inclined, with the nested active region acting as a pivot.
The strong oppositely directed magnetic field forms large closed
magnetic field loops that anchored the HCS above. This can be
seen more clearly in the top row of Figure [2] where the HCS is
plotted with a red dashed line over the photospheric magnetic
field. Both Parker Solar Probe (encounter 11) and Solar Orbiter
passed through this region during CR 2254.

During the following five CRs, shown in panel b), the active
regions began to decay and the HCS drifts in longitude. This is
due to the surface differential rotation acting upon the region. So
despite containing enough magnetic flux to anchor the HCS, the
region was no longer strong enough to resist the surface flows.
At the same time, the dipole axis is observed to be advected in
longitude with this region. Ultimately, a large filament forms be-
tween the oppositely directed polarity field, visible during CR
2260 in Figure 2] The behaviour of this region appears typical of
the nested active regions identified from Figure[l] i.e. those that
stall the reversal of the dipole magnetic field. In general, nested
active region emergences modify the HCS and then, once the
HCS is anchored, govern its relative position following the sur-
face flows or subsequent flux emergence events. We will explore
two more examples of this behaviour.

3.2. b) stalling epoch of 2014 (activity maximum)

The second stalling epoch selected from Figure [I] spans from
2014 to 2015, labelled with a magenta b). During this time, the
maximum of sunspot cycle 24 was ending and the declining
phase of magnetic activity was beginning. The southern hemi-
sphere was much more active than the northern hemisphere. The
nested active region is located in the southern hemisphere, at
around -15° latitude and migrated due to multiple flux emer-
gence events as well as surface flows from around 210° Car-
rington longitude to 260° over several rotations. Activity was
present in this region from as early as 2013, and declined during
mid-2015.

Figure [3| summaries one of the most active time periods for
this nested active region. The HCS is anchored to the magnetic
field from this region in CR 2152 (June 2014). The averaged
304A emission in panel a) shows this region to be a hot spot
of activity, with persistent EUV emission. The emergence of
new magnetic flux forces the HCS to migrate towards positive
longitudes with respect to the Carrington frame from CR 2150
to 2154; spanning June to September 2014. This suggests that
the underlying source of newly emerging flux is being steadily
advected by the Sun’s internal differential rotation. During this
time, the dipole axis drifts in longitude with little variation in
latitude. At CR 2156 in November 2014, the region reaches its
peak unsigned flux, and no longer moves with respect to the Car-
rington frame. Panel b) shows the HCS was anchored in place for
several solar rotations. The strength of the active region lead to
increased EUV and flare activity (multiple X-class), after which
the region steadily decayed. However, the HCS still remained an-
chored between the decaying polarities. A large filament forms
during CR 2160, visible in Figure[3]

3.3. ¢) stalling epoch of 2004 (declining phase)

The third stalling epoch selected from Figure (1| labelled with a
magenta c), took place in 2004. As this was before the launch of
SDO, we use magnetic field and EUV observations from SOHO.
This nested active region appeared in the declining phase of ac-
tivity in sunspot cycle 23, during which time magnetic activity
was evenly distributed between the northern and southern hemi-
spheres. The nested active region was located in the southern
hemisphere, at around -10° latitude and migrated due to latitu-
dinal differential from around 30° Carrington longitude to 110°
over several rotations. Activity was present in this region from
January 2004, and declined during mid-2005.

This nested active region restricted the position of the HCS
for several CRs, visible in Figure E} Panel a) shows how the
emergence of active regions modified the coronal magnetic field;
inclining and anchoring the HCS above. Peak unsigned flux and
flare activity was reached during CR 2018 (July 2004), at which
point the HCS was fully inclined between the strong opposite po-
larities present in the region. Panel b) shows the HCS anchored
to the magnetic field from the nested active region and, under the
influence of surface differential rotation, drifting towards posi-
tive Carrington longitudes. Here both new flux emergence and
surface motions played a role in advecting the active regions and
the HCS. The dipole axis is almost aligned with the rotation axis
and drifts in longitude along with the nested active region.

This nested active region has a similar behaviour to that of
the first (from 2022). Both took place away from solar maximum
and so the role of nested flux emergence may have been more
significant. In each case, the repeated emergence of active re-
gions significantly warps the HCS and then the region is steadily
advected by the local latitudinal differential rotation. The first
example took place during the rising phase of activity in 2022,
and so the individual active regions emerged at higher latitudes
(following the butterfly pattern) and were advected backwards
in longitude with respect to the Carrington frame. The third ex-
ample occurred during the declining phase, and was influenced
by rotational flows nearer the equator moving the region towards
positive longitudes. The second example occurred at the end of
an activity maximum and so the distribution of active regions
over the solar surface was more complex. Nevertheless, the ac-
tive regions that emerged controlled the position of the HCS and
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Fig. 5. Summary of the solar wind connectivity for CR 2256 with the nested active region from Figure Panel a) shows the photospheric magnetic
field with the heliospheric current sheet in red and a box highlighting the area of interest. Panel b) shows the dipole component of the photospheric
magnetic field from the spherical harmonic decomposition, along with the location of the dipole axis, and strong field regions from panel a) in
magenta. Panel c) shows the variation in source location when back-mapping through PFSS models between five magnetograms spanning two
CRs before and two CRs after CR 2256. Panel d) shows all the solar wind sources during the five consecutive CRs in grey, and persistent source

regions across all CRs in black.

drifted towards positive longitudes due to its low-latitude emer-
gence.

4. Discussion and conclusions

In this letter, we outline how the nesting of active regions in-
fluences the topology of the coronal magnetic field and can ef-
fectively anchor the HCS in place for multiple solar rotations.
The coherent large-scale magnetic field that is produced from
repeated flux emergence events is visible in the behaviour of the
Sun’s dipole magnetic field axis. Both the stalling in latitude and
the drift in longitude are driven by the emergence and advection
of nested active regions. The initial emergence of activity warps
the HCS, and further flux emergence events reinforce the closed
field region that holds the HCS in place. As the local magnetic
field strength weakens, via diffusion or cancellation, the region
begins to follow the surface motions which shift the dipole axis
and HCS. Due to the Sun’s latitudinal differential rotation, the
direction of this motion changes during the solar cycle. In the ris-
ing phase of the cycle, active regions emerge at higher latitudes
and drift backwards in Carrington longitude but as the cycle pro-
gresses active regions begin to emerge closer to the equator and
so drift towards positive longitudes.

The contribution of the nested active region from 2022 (Fig-
ure [2) to the dipole component of the photospheric magnetic
field is highlighted in Figure[35} Panel a) shows a Carrington mag-
netogram of this region at its peak unsigned magnetic flux (and
flaring activity) during CR 2256 with the HCS indicated with a
dashed red line. Panel b) shows the dipole component extracted
from the magnetogram, with the strong field regions from panel
a) over-plotted in magenta. The equator of the dipole component

Article number, page 6 of 9

runs directly through the nested active region. This region is of
a sufficient size and strength to contribute to the dipole compo-
nent, and the coronal magnetic field forms a strong closed field
region above. This configuration persists even as the region de-
cays.

Figures[2]} 3| and ] each show examples of nested active re-
gion emergences that influence the reversal of the coronal mag-
netic field (see Figure[I). The control that nested active regions
have on the location of the HCS can be seen in each exam-
ple when comparing the variability of the HCS between CRs at
other longitudes away from the nested active region. This is most
evident in Figure [3] during activity maximum, as the HCS be-
tween Carrington longitudes 0° to 180° varies wildly in compar-
ison to the HCS above the nested active region. For this reason,
identifying nested flux emergence can be useful when planning
remote-sensing observations for modern heliophysics mission,
given that the connectivity around these regions may be more
reliably predicted from one CR to another.

Figure [5] panels c) and d) explore the variation in connec-
tivity of the coronal magnetic field between consecutive CRs.
Panel c) quantifies how much the footpoint of a magnetic field
line, traced down from from the source surface, changes over five
CRs centered on CR 2256, i.e. for each CR 2254 to 2258 the field
line is traced down and the variation in footpoint position is eval-
uated across all extrapolations. The largest variations are found
near the HCS as this divides areas with very different source re-
gions. However, examining the source surface above the nested
active region, there is a strong suppression of this effect as field
lines are traced down consistently from one CR to another. Panel
d) shows the sources of the open magnetic field at the solar sur-
face for any of the five CRs in grey, with persistent sources for
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all extrapolations in black. We may therefore be more confident
in connecting the solar wind back to these persistent sources that
are supported by nested flux emergence. Rivera et al.| (2024]) re-
cently performed a conjunction study using Parker Solar Probe
and Solar Orbiter during CR 2254. As this nested active region
was emerging during this time, it may have increased the like-
lihood of finding a period of coherent connectivity between the
two observers.

By following the long-term evolution of the Sun’s magnetic
field, and carefully monitoring the emergence history of active
regions, it may be possible in future to provide more reliable
remote-sensing targets for missions such as Solar Orbiter. Given
that a large fraction of active regions appear to be nested, and
that this study was limited by manual selection, a more thor-
ough investigation is warranted. The community would benefit
from incorporating the emergence history of active regions when
studying the magnetic connectivity of the solar wind.
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Appendix A: Sunspot cycle variation in activity and
dipole field reversal

Each solar activity cycle has a duration of around 11 years that
includes a sharp rising phase from activity minimum to max-
imum and then a longer declining phase from maximum back
towards minimum. The maximum of activity in the northern
and southern hemispheres are often shifted from one another
by two to three years (Finley & Brun| 2023b). As the total
sunspot number grows, the frequency of energetic space weather
events increases, from flares, to coronal mass ejections, and en-
ergetic particle events also rises (see review of [Temmer[2021).
The magnetic flux brought up to the surface in active regions
subsequently decays and is advected by surface flows, leading
to the reversal of the Sun’s polar magnetic fields (Sun et al.
2015). Figure [A.T] compares the monthly sunspot number for
sunspot cycles 23, 24, and 25 (until August 2024), taken from
the World Data Center SILSO at the Royal Observatory of Bel-
gium, along with the reversal of the Sun’s dipole magnetic field
extracted from the spherical harmonic decomposition of photo-
spheric magnetograms in Section 2.

Until recently, sunspot cycle 25 appeared to have a sunspot
maximum in between that of cycles 23 and 24. However, a re-
cent burst of activity from the southern hemisphere has pushed
the monthly sunspot number up to the strength of cycle 23. The
reversal of the dipole magnetic field shows some similarity be-
tween cycles 23 and 25. Typically, the reversal crosses the equa-
tor after three to fours years from the activity minimum. Cycle
24 deviated from this trend due to a burst of flux emergence in
the northern hemisphere two years into the cycle. This signifi-
cantly stalled the reversal for around one year. Likewise, strong
magnetic activity during the second peak of cycle 23 held the
dipole axis around —30° latitude for more than two years. Cy-
cle 25 is currently undergoing a similar burst of activity with the
dipole axis fixed around —25° latitude. It is unclear if the simi-
larity between the reversals of cycles 23 and 25 will continue.

Appendix B: Nested active regions from Figure ]

For each of the epochs identified in Figure [T] we search for re-
gions with persistent activity by averaging the SDO/AIA 304A
emission over the entire Sun. The intensity of this is useful to vi-
sually identify hot spots for repeated flux emergence. The back-
ground grey-scale of each panel in Figure shows the EUV
emission averaged over five CRs during each time interval. We
present the most active five consecutive CRs from each stalling
epoch, focusing on the influence that these hot spots of activ-
ity have on anchoring the HCS. During the same five CRs, the
motion of the positive and negative axis of the dipole compo-
nent of the Sun’s photospheric magnetic field are shown with
connected red dots. The evolution of the HCS from PFSS mod-
elling is shown with coloured dashed lines. Each line represents
the HCS for a given CR with the colour advancing from blue to
green. This matches the analysis performed in panels a) and b)
of Figures 2] 3] and [4}

In each panel of Figure[B.] black boxes highlight nested ac-
tive regions that are influencing the position of the HCS. The
regions frequently lie along the equator of the dipole compo-
nent i.e. separating the positive and negative poles. The dipole
component of the magnetic field appears to pivot around these
regions, as in Figure [2| panel a), or be advected in longitude as
in Figure 2] panel b). The longitudinal motion of the dipole, and
drift of the HCS, is solar cycle dependent, with regions from ris-
ing phases drifting to the left (or remaining stationary) and max-
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ima/declining phases drifting to the right. This is due to the in-
fluence of the latitudinal differential rotation on the nested active
regions. The persistence of some nesting locations between pan-
els (which can span one to three years) supports the claim that
the underlying mechanism has a continuity on longer timescales
than any single nested active region emergence (Berdyugina &
Usoskin/2003).



Finley et al.: Nested Active Regions Influence the HCS and Coronal Field Reversal

250 — . — . — . 90 . . . .
Sunspot Cycle 23-25 Comparison Minima [yr]:
24 -2008.9
200} 25-2019.9 | _ 60 [} A\ CR Magnetograms 1
o [-X Smoothed
- ) ©
3 S 30} B ]
€ 150} thed | o %
S g 0\-’,
=2 ’ = ot A ]
+ - e A\
Ei l", ) :5 \
o 100+ - / | g \
g ASPORY AN % ~30l \ ]
) o4 (l%:\ 3 \\‘ \
¥ \ L2
5ol A? ¥ < \\ | () \»\~
© y —-60r Al 1
\\ -
‘\\\ \'\\
- = 4 NS Dipole Reversal Cycle 23-25 Comparison ===
032020 2022 2024 2026 2028 2030 ~903020 2022 2024 2026 2028 2030

Fig. A.1. Comparison of the monthly sunspot number and positive dipole axis evolution between cycles 23, 24, and 25, shown in orange, blue, and
black, respectively. The start times of cycles 23 and 24 have been shifted to match that of cycle 25. Dashed lines show the 13-month smoothed
time-series.
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Fig. B.1. Identification of nested active regions. Each panel corresponds to one of the horizontal bars from Figure corresponding to an epoch of
stalling in the reversal of the Sun’s dipole magnetic field. Data is combined from five CRs during each period, in a similar manner to Figures [2}4]
in order to highlight regions with persistent EUV emission (background grey-scale) that restrict the position of the HCS (dashed coloured lines)
and motion of the dipole axis (red connected dots). Black boxes highlight regions with repeated flux emergence that anchor the HCS above.
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