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ABSTRACT

Through meticulous daily observation of the Sun’s large-scale magnetic field the Wilcox Solar Observatory has catalogued two
magnetic (Hale) cycles of solar activity. Those two (~22-year long) Hale cycles have yielded four (~11-year long) sunspot
cycles -21 through 24. Recent research has highlighted the persistence of the “Extended Solar Cycle” (ESC) and its connection
to the fundamental Hale Cycle - albeit through a host of proxies resulting from image analysis of the solar photosphere,
chromosphere and corona. This Letter presents, for the first time, a direct mapping between the ESC, the Sun’s toroidal
magnetic field evolution of the Hale Cycle. As Sunspot Cycle 25 begins to accelerate its growth, interest in mapping the Hale
and Extended cycles could not be higher given potential predictive capability that synoptic scale observations can provide.

Introduction

For over four centuries solar observers have pondered the physical origins of the canonical marker of solar activity - the sunspot.
It took more than 200 years after the sketching and cataloging of sunspots commenced before it was discovered that the number
of sunspots waxes and wanes over an approximately 11-year period'. A half century later, mapping the latitudinal variation of
the spotted Sun yielded the “butterfly diagram,” a pattern progressing from latitudes around 30° (north and south) to the equator
over the 11-year period”. In the golden age of solar astronomy that followed, it was first suggested® and then demonstrated*
that sunspots were sites of intense magnetism protruding through the Sun’s photosphere and that the polarities of the butterfly’s
wings alternated in sign with a period of about 22 years”. This alternating magnetic polarity cycle is synonymously identified
with its discoverer, the eponymous (22-year) “Hale Cycle,” or the (22-year) “Hale Magnetic Polarity Cycle.” Understanding
how the magnetic spots, their butterfly patterning, and the polarity flipping are tied together to drive solar activity has formed
the keystone problem of observational®, theoretical” solar- and astro-physics in the intervening century?.

For over four decades another term describing solar activity has sporadically appeared in the literature - the “Extended
Solar Cycle.” The extended solar cycle’ (ESC) was used to describe an spatio-temporal extension of the sunspot butterfly
pattern to higher solar latitudes (to around 55°) and further back in time (by almost a decade). A culmination of many years
of painstaking observation the ESC is exhibited in prominences and filaments'®!!, ‘ephemeral’ (small-scale transient) active
regions!?, global-scale features of the Sun’s corona'? and the zonal flow patterns'* !> of the ‘torsional oscillation.” In effect,
this assortment of observational phenomena created a set of spatio-temporally overlapping chevron-like activity patterns.

The concept of the ESC was ‘re-discovered’ by MclIntosh et al. in their study of extreme ultraviolet brightpoints and their
associated magnetic scale'® [hereafter, M2014]. They identified a pattern of coronal and photospheric features that was greatly
extended in time and latitude relative to the sunspot butterfly. They deduced that the activity bands observed were the (toroidal)
magnetic bands of the Hale cycle, but no concurrent photospheric magnetic measurement was available to affirm their deduction.
The core inference of their study was that the spatio-temporal overlap and interaction of extended activity bands observed
contributed directly to the shape (the butterfly) and modulation (the amplitude) of the sunspot cycle.

Figure 1 shows the evolution of the total sunspot number, the latitudinal distribution of sunspots and the data-inspired
construct introduced by M2014 that inferred the magnetic activity band arrangement and progression of the Hale Cycle and
how those bands contribute to the modulation of sunspot cycles.

The Wilcox Solar Observatory (WSO) began collecting daily low spatial resolution observations of the Sun’s global (or
mean) magnetic field in May 1975!'7. A well-known feature of WSO’s capability lies in its ability to isolate and study the
evolution of the Sun’s polar magnetic fields'®. These low-resolution synoptic observations are ideal for identifying large-scale,



long-lived, patterns - reducing the effects of small-scale, rapidly changing fields of emerging magnetic regions.

Results

Following the method of Howard'® and Duval®’, the daily WSO magnetographs can be decomposed into their poloidal and

toroidal components. An initial study of the slowly evolving behavior’! noted the potential relationship with the ESC. Figure 2
contrasts four and a half decades of WSO observations with the evolution of the sunspot number over the same timeframe.
Panel B shows the latitude-time variation of the WSO toroidal magnetic field component in addition to the field strength of the
northern and southern polar regions.

Several features of Figure 2 are immediately visible, but perhaps the most striking are the strong overlap in time of the
toroidal magnetic systems, the short transitions from one polarity to the next - evidenced through the narrow white (very near
0G) zones, the lack of field migration across the Sun’s equator, and the close association of these last two features at the Sun’s
equator four times in the record (in 1978, 1988, 1998 and 2011). The patterns, including a strong resemblance to the ESC, are
described in more detail by Shauner®!' and Lo*’.

The last of these features, synchronized zero-crossing transitions at the lowest latitudes in each hemisphere, are concurrent
with events that mark the end of Hale cycle progressions, or “termination” events, that were initially described by M2014 and
again (in more detail) recently23 [M2019]. The termination events are illustrated with dashed vertical lines in Figure 2, and
mark the final cancellation of the magnetic systems that produce the last sunspot cycle at the equator and mark the period of
rapid growth for the next at mid-solar latitudes. Interestingly, M2019 also noted that these termination events at the equator
were co-temporal with the start of the polar magnetic field reversal process. This feature is most easily seen through the polar
field strength samples as inflection points of the curves - marking the start of the zero-crossing at each pole.

In order to visually compare the WSO observations [Figure 2B] and M2014’s ‘band-o-gram’ [Figure 2C] we convert the
WSO data from sine latitude to latitude and the result can be seen in Figure 3.

Discussion

A general criticism of the M2014 ‘band-o-gram’ is that it was based on catalogued proxies of the photospheric magnetic
field through chromospheric and coronal features. Those tracked features formed by the overlapping activity bands observed
were not necessarily representative of the photospheric or interior magnetic field itself. It is clear from the WSO observations
that, while comparison of the observed progression with the band-o-gram is still qualitative, that there is an overwhelming
correspondence of the features observed in the WSO observations with those of the highly idealized band-o-gram. We note that
a similar treatment of higher spatial resolution photospheric observations from the Mt Wilson Solar Observatory over a shorter

timeframe yields similar correspondence*.

Conclusion

The meticulous daily synoptic scale observations of the WSO have captured almost two complete 22-year Hale cycles. These
observations have permitted a mapping of the Sun’s photospheric toroidal magnetic field component over that timeframe. Key
features of the WSO observations compare directly to the data-inspired schematic of the ESC that was conceived to illustrate
how the activity bands of the ESC can interact to shape the latitudinal progression of sunspot cycles and their amplitude. The
WSO observations should unambiguously unify the Hale magnetic cycle and the ESC as being, physically, one and the same
and indistinguishable. As Lo?> and M2014 inferred, there is predictive capability in these synoptic analyses through the ESC -
providing strong indicators of the current progression and potential evolution of upcoming solar activity at the decadal scale,
beyond those amenable through the analysis of sunspots. This result demonstrates the intrinsic power of synoptic observations
at a time when it is becoming increasingly difficult to sustain such efforts.

Acknowledgements

SMC is supported by the National Center for Atmospheric Research, which is a major facility sponsored by the National
Science Foundation under Cooperative Agreement No. 1852977. WSO Funding statement. RJL acknowledges support
from NASA’s Living With a Star Program. SMC and RJL acknowledge the grant of Indo-US Virtual Networked Center
(IUSSTF-JC-011-2016) to support the joint research on ESCs. Sunspot data from the NOAA Space Weather Prediction Center
and the World Data Center SILSO, Royal Observatory of Belgium, Brussels

Author Contribution Statement

All authors conceived the experiment, P.S., L.S. and S.M. analyzed the results. All authors reviewed the manuscript.

2/6



References

1.

Schwabe, M. Sonnen-und Saturn-Beobachtungen im Jahre 1848, von Herrn Hofrath Schwabe in Dessau. Astron.
Nachrichten 28, 302 (1849).

. Maunder, E. W. Note on the Distribution of Sun-spots in Heliographic Latitude, 1874-1902. Mon. Notices Royal Astr. Soc.

64, 747-761, DOI: 10.1093/mnras/64.8.747 (1904).

. Hale, G. E. On the Probable Existence of a Magnetic Field in Sun-Spots. Astrophys. J. 28, 315, DOI: 10.1086/141602

(1908).

. Hale, G. E., Ellerman, F., Nicholson, S. B. & Joy, A. H. The Magnetic Polarity of Sun-Spots. Astrophys. J. 49, 153, DOI:

10.1086/142452 (1919).

5. Hale, G. E. & Nicholson, S. B. The Law of Sun-Spot Polarity. Astrophys. J. 62,270, DOIL: 10.1086/142933 (1925).
6. Babcock, H. W. The Topology of the Sun’s Magnetic Field and the 22-YEAR Cycle. Astrophys. J. 133, 572, DOI:

10.1086/147060 (1961).

7. Leighton, R. B. A Magneto-Kinematic Model of the Solar Cycle. Astrophys. J. 156, 1, DOI: 10.1086/149943 (1969).
8. Hathaway, D. H. The Solar Cycle. Living Rev. Sol. Phys. 7, 1, DOI: 10.12942/Irsp-2010-1 (2010).
9. Wilson, P. R. Solar Cycle Workshop. Sol. Phys. 110, 1-9, DOI: 10.1007/BF00148197 (1987).

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Bocchino, G. Migrazione delle protuberanze durante il ciclo undecennale dell’attivita solare. Osservazioni e memorie
dell’Osservatorio astrofisico di Arcetri 51, 5-47 (1933).

Hansen, R. & Hansen, S. Global distribution of filaments during solar cycle No. 20. Sol. Phys. 44, 225-230, DOI:
10.1007/BF00156857 (1975).

Harvey, K. L. & Martin, S. F. Ephemeral Active Regions. Sol. Phys. 32, 389-402, DOI: 10.1007/BF00154951 (1973).

Altrock, R. C. Variation of solar coronal Fe XIV 5303 A emission during solar Cycle 21. In Altrock, R. C. (ed.) Solar and
Stellar Coronal Structure and Dynamics, 414420 (1988).

Howard, R. & Labonte, B. J. The sun is observed to be a torsional oscillator with a period of 11 years. Astrophys. J. Lett.
239, L33-1L.36, DOI: 10.1086/183286 (1980).

Snodgrass, H. B. & Wilson, P. R. Solar torsional oscillations as a signature of giant cells. Nature 328, 696-699, DOI:
10.1038/328696a0 (1987).

Mclntosh, S. W. et al. Deciphering Solar Magnetic Activity. I. On the Relationship between the Sunspot Cycle and the
Evolution of Small Magnetic Features. Astrophys. J. 792, 12, DOI: 10.1088/0004-637X/792/1/12 (2014). 1403.3071.

Scherrer, P. H. et al. The mean magnetic field of the Sun: observations at Stanford. Sol. Phys. 54, 353-361, DOI:
10.1007/BF00159925 (1977).

Svalgaard, L., Duvall, J., T. L. & Scherrer, P. H. The strength of the Sun’s polar fields. Sol. Phys. 58, 225-239, DOI:
10.1007/BF00157268 (1978).

Howard, R. Studies of Solar Magnetic Fields. III: The East-West Orientation of Field Lines. Sol. Phys. 39, 275-287, DOI:
10.1007/BF00162418 (1974).

Duvall, J., T. L., Scherrer, P. H., Svalgaard, L. & Wilcox, J. M. Average photospheric poloidal and toroidal magnetic field
components near solar minimum. Sol. Phys. 61, 233-245, DOI: 10.1007/BF00150408 (1979).

Shrauner, J. A. & Scherrer, P. H. East-west inclination of large-scale photospheric magnetic fields. Sol. Phys. 153, 131-141,
DOI: 10.1007/BF00712496 (1994).

Lo, L., Hoeksema, J. T. & Scherrer, P. H. Three Cycles of the Solar Toroidal Magnetic Field and This Peculiar Minimum.
In Cranmer, S. R., Hoeksema, J. T. & Kohl, J. L. (eds.) SOHO-23: Understanding a Peculiar Solar Minimum, vol. 428 of
Astronomical Society of the Pacific Conference Series, 109 (2010). 1003.3981.

Mclntosh, S. W. et al. What the Sudden Death of Solar Cycles Can Tell Us About the Nature of the Solar Interior. Sol.
Phys. 294, 88, DOI: 10.1007/s11207-019-1474-y (2019). 1901.09083.

Ulrich, R. K. & Boyden, J. E. The Solar Surface Toroidal Magnetic Field. Astrophys. J. Lett. 620, L123-1.127, DOI:
10.1086/428724 (2005).

3/6


10.1093/mnras/64.8.747
10.1086/141602
10.1086/142452
10.1086/142933
10.1086/147060
10.1086/149943
10.12942/lrsp-2010-1
10.1007/BF00148197
10.1007/BF00156857
10.1007/BF00154951
10.1086/183286
10.1038/328696a0
10.1088/0004-637X/792/1/12
1403.3071
10.1007/BF00159925
10.1007/BF00157268
10.1007/BF00162418
10.1007/BF00150408
10.1007/BF00712496
1003.3981
10.1007/s11207-019-1474-y
1901.09083
10.1086/428724

A} SIDC/SILSO Daily Total Sunspot Number [50-day Running Smoothing]

|LL]||||ll.|.I|||llJ

- ]
g =
III|[[II|IIII]1III[I]

8

g

SIDC/SILSO Dally Sunspot Number [V2]

%

=

Lol

5
|II|II|

Latitude [Degrees)
[ =]
Ll

X
o
TTT]TTTTH

Latitude [Degrees]

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Time [Years]

Figure 1. Sunspot evolution since 1996. Comparing and contrasting the evolution of the total sunspot number provided

(panel A), the spatio-temporal distribution of sunspots provided by the US Air Force and NOAA (panel B), and a data-driven
schematic of the Hale cycle evolution constructed by M2014.
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Figure 2. WSO inferred toroidal magnetic field evolution since 1976. Comparing and contrasting the evolution of the
total sunspot number provided by the (panel A), with the spatio-temporal distribution of the Sun’s toroidal and polar magnetic
field components derived from daily WSO observations (panel B). The vertical dashed lines shown in each panel mark the
times of the Hale Cycle ‘termination’ events.
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A) Wilcox Solar Observatory Synoptic Observations of Solar Polar & Toroidal Magnetic Field
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Figure 3. WSO inferred toroidal magnetic field evolution and McIntosh’s ‘band-o-gram’. Comparing and contrasting
the WSO toroidal field measurements (Panel A, see Figure 2B) with the data-inspired ‘band-o-gram’ of M2014. The vertical
dashed lines shown in each panel mark the times of the Hale Cycle ‘termination’ events studied by M2019.
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