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Galileo Galilei 
1613 A.D.

Sunspots……
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Sunspots……

[QUASI-] Cyclic Sunspot Evolution : Average Period 11-Years

Except when there are NONE. 
Jack Eddy: The Sun continued to cycle even though there were no spots!  

[NOTE: Not Covered Here]

How many times have you seen this plot so far this week?

The Challenge: Understand the underlying process/physics well 
enough to project what the system will do in the future!
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Sunspots……

“Butterfly”Maunder - 1904: 
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Sunspots……

“Magnetic Butterfly”

Hale - 1913-1919: Sunspots are magnetic objects 

Hale - 1925: Sunspots obey a 22-year magnetic polarity law
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“Building A Magnetic Butterfly”

http://solarcyclescience.com/index.html
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Sunspots……

SUNSPOT CYCLES ARE NOT SINUSOIDAL

HEMISPHERIC ACTIVITY NOT SYMMETRIC 
CYLES MORE OFTEN THAN NOT DOUBLE PEAKED
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Sunspots……

SUNSPOT CYCLES ARE NOT SINUSOIDAL

HEMISPHERIC ACTIVITY NOT SYMMETRIC 
CYLES MORE OFTEN THAN NOT DOUBLE PEAKED

The Sun exhibits periods of enhanced spot formation
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400+ years of the sunspot number?

∞ potential solutions to the puzzle
250+ ‘predictions’ of sunspot cycle 25?

?

?
100+ years of the magnetic data
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A Warning
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A Warning
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The Challenge: Understand the underlying process/physics well 
enough to project what the system will do in the future!

Observe Spots ⇒ Infer Physics
[Only works in a “well-posed” problem]

Another Warning
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Predicting Sunspot Cycle……
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Methods 
• “Precursor” Methods

• Empirical

• Climatology

• “Recent Climatology”

• Neural Networks

• “Spectral” Methods

28 Forecasts
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The “Consensus” Forecast: Joselyn
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The Product: Joselyn Vs. Reality

2009

Amplitude: Not Bad 
Timing: Off
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Key Recommendation: Joselyn
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An Interesting “Precursor”

What do you see in this record?
[Feynman, Legrand, Mayaud, Others]
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An Interesting “Precursor”

What do you see in this record?
[Feynman, Legrand, Mayaud, Others]

Why might this be SO good? [Physics]
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Predicting Sunspot Cycle……
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Methods 
• “Precursor” Methods

• Empirical

• Climatology

• “Recent Climatology”

• Neural Networks

• “Spectral” Methods

• Dynamo Models

50+ Forecasts
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The “Consensus” Forecast: Pesnell
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The Product: Pesnell Vs. Reality
Amplitude: Not Bad 
Timing: Off
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The Poles In 
Play
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https://svs.gsfc.nasa.gov/3521

The Rise of the Physical Model
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Predicting Sunspot Cycle……
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Methods 
• “Precursor” Methods

• Empirical

• Climatology

• “Recent Climatology”

• Neural Networks / Machine 
Learning

• “Spectral” Methods

• Dynamo Models

80+ Forecasts

“Dynamo” 

• Assimilative: Polar Field -> SSN

• Surface Flux Transport

• Full MHD
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• Timing of minimum: 2019.5 - 2020.75 
• Timing of maximum: 2023 - 2026 
• Strength similar to Cycle 24 
• Range of Predicted Sunspot Maximum: 95-130

The “Consensus” Forecast 2020
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The “Consensus” Forecast 2020
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We’re caught up…… 
….or are we?
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Brightpoints Everywhere 

[McIntosh & Gurman (2005), Sol Phys, 228, 285]

SDO/AIA 193Å SDO/AIA 193Å [/w BPs]

Brightpoints: ubiquitous, concentrated, distributed, 
long-lived, bright patches of coronal emission.

http://adsabs.harvard.edu/abs/2005SoPh..228..285M


Brightpoints Everywhere 
Brightpoints: ubiquitous, concentrated, distributed, 

long-lived, bright patches of coronal emission.



BP Temporal/Spatial Variability
[McIntosh et al. (2013), ApJ, 765, 146]

Features

Significant Overlap in 
Latitude/Time

Quasi-Periodic Variability 
in Number

Anti-correlated with SSN 

SSN MAX

22/23 23/24

[2010 > 1996]

> 4 years visible

Meandering?

Linear “Migrating” Bands

http://adsabs.harvard.edu/abs/2013ApJ...765..146M


Decomposing Surface Magnetism

BPs appear to have a preferred location and formation (spatial) 
scale.

Brightpoints: ubiquitous, concentrated, distributed, 
long-lived, bright patches of coronal emission.

[McIntosh et al. 2014, ApJ, 784, 32]
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~150Mm
Giant Cells?

Coronal holes

Possibly that of the “giant” convective scale.

http://adsabs.harvard.edu/abs/2014ApJ...784L..32M


Tracking Scales in Latitude & Time
Extending the bands….to the “extended solar cycle”

[McIntosh et al. 2014, ApJ, 792, 12]

http://adsabs.harvard.edu/abs/2014ApJ...792...12M


Gaussians fitted to peaks of g-
node and BP latitudinal density 
distributions [cf. Golub et al. 
1978] permit us to track motion 
of the bands with time.

Activity Band Tracking

[McIntosh et al. 2014, ApJ, 792, 12]

http://adsabs.harvard.edu/abs/2014ApJ...792...12M


“Bright Points” [1996 - 2014]

A project to identify and track coronal brightpoints (BPs) started in 2002 while I was an external 
fellow for the European Space Agency at NASA/GSFC and an instrument scientist on the Solar 
and Heliospheric Observatory.

Plotting the daily distribution 
of BPs density with solar 
latitude yields a different 
kind of butterfly diagram. 



“Bright Points” [1996 - 2014]

Where and when does the next 
cycle high latitude band appear?

Sunspots erupt in a coherent 
fashion after the low latitude activity 
branches cancel each other. Hence 
the “Waldmeier Effect” of an abrupt 

sunspot onset. No flux to cancel 
with in that hemisphere.

As the next cycle high-latitude 
branch appears it begins to impact 

the activity in the lower latitude band 
establishing “the declining phase” of 

sunspot cycle.

“Solar Minimum” - when the 
high and low latitude bands 

preclude sunspot emergence 
in both hemispheres - 

subsurface cancellation?

A project to identify and track coronal brightpoints (BPs) started in 2002 while I was an external 
fellow for the European Space Agency at NASA/GSFC and an instrument scientist on the Solar 
and Heliospheric Observatory.

Plotting the daily distribution 
of BPs density with solar 
latitude yields a different 
kind of butterfly diagram. 

We ident ified that the 
landmarks of the sunspot 
cycle [minimum, maximum, 
etc] coincided with patterns 
visible in the BP variation. 



“Bright Points” [1996 - 2014]

A project to identify and track coronal brightpoints (BPs) started in 2002 while I was an external 
fellow for the European Space Agency at NASA/GSFC and an instrument scientist on the Solar 
and Heliospheric Observatory.

Plotting the daily distribution 
of BPs density with solar 
latitude yields a different 
kind of butterfly diagram. 

We ident ified that the 
landmarks of the sunspot 
cycle [minimum, maximum, 
etc] coincided with patterns 
visible in the BP variation. 

Based on 18-years of data: the sunspot cycle appears to be the 
result of an “interference pattern” - if correct there’s predictive skill.

Interact ion of the 
magnetic cycle bands 
- the Sun’s 22-year 
magnet ic po la r i t y 
c y c l e - d i c t a t e s 
sunspot behavior!



Coronal Scan [1996 - Present]
SoHO [1996 - Present] STEREO “A” [2007 - Present] STEREO “B” [2007 - 2014] SDO [2010 - Present]

Does that pattern look familiar?



The “22-year” Hale (magnetic polarity) 
Cycle of the Sun is traceable. 
The bands of the Hale Cycle have a 
definitive end, the “terminator”, at the 
equator. 
This terminator rapidly triggers growth and 
emergence of magnetism at mid (30-35°)  
and high (~55°) latitudes - within one solar 
rotation. Over the course of one/two 
rotations, at many longitudes. 
M2014 Hypothesis: the bands of the Hale 
Cycle contrive to modulate the sunspot 
pattern and amplitude. 
Terminator separation is one measure of 
the interplay of the Hale Cycle bands. 
Concept: Long terminator separations yield 
small upcoming cycles and vice versa.



“Bright Points” [FastForward] 2014



“Bright Points” [FastForward] 2017



BINGO!

Solar Minimum Now - Solar Cycle 25 is Present and Will be weak. Are we heading 
for an extended solar minimum, maybe a grand minimum?
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So, now we're caught up……
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A critical part of the scientific method is making critical 
assessments of the agreement between hypothesis, 

model and experimental observation 
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Agree: We are in sunspot/solar minimum?
How does minimum end?
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How does minimum end?
Minimum ends when a Hale magnetic cycle ends!

What is minimum?
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Minimum ends when a Hale magnetic cycle ends!
Interaction of Hale cycles shapes the sunspot cycle. 
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The magnetic environment of the Sun 
changes in a “heartbeat” 

Magnetic
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The radiative environment of the Sun 
changes in a “heartbeat” 

85% Increase
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The radiative response to 
the end of a Hale cycle 

shows a strong 
temperature 
dependence.

The corona, in response 
to the magnetic 

environment beneath, 
undergoes a rapid 
metamorphosis.
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Rearranging the SDO/EVE data by a rotational period of 28 
days to mimic longitudinal behavior, here is what Lyman Alpha 

and the Fe XIV 335Å look like. Can you spot Feb 11, 2011?

Almost immediately after 
Feb 11, 2011 there is a 

strong longitudinal 
“switch on” of activity.
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Cycles 23 and 24 are NOT distinct
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Neither are 22, 21, 20 and 19….. 
Step-functions in f10.7 coincident with 100μH transition

Magnetic
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Going back 140 years one notices 
something odd when you look at filaments.
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Going back 140 years one notices 
something odd when you look at filaments.
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The end of Hale cycles occurs in (very) close conjunction 
with the emergence of the sunspot pattern at mid-latitudes 

AND the start of the polar reversal process (~55°).
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14 Hale Cycle Terminations - 14 cycles of 
information - 14 coincidences

Three things to establish: 
SUBJECTIVE: Is there an algorithmic approach to 
terminator detection? 
When will the next termination occur? 
Does the separation of the termination points give a 
sense of Hale cycle interaction and predictability of 
cycle strength?

Terminators
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The Hilbert Transform is an excellent tool for diagnosing phase transitions in timeseries. 
Terminators present a unique signature!  

H(t) Expresses time series in terms of time dependent amplitude and phase functions
F1

0.
7

SS
N

F1
0.

7
hS

SN

Hilbert Transforms To The Rescue

HT-based methodology validates earlier “ad-hoc“ determination of 
terminator times based on sunspot area with accuracy of ~3 months.

https://arxiv.org/abs/1909.06603
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Statistics - Damn Statistics
Apply H(t) to longest baseline data - what pattern do you see?

MONTHLY  
SUNSPOT 
NUMBER

[TREND]

DETRENDED 
MONTHLY  
SUNSPOT 
NUMBER

H(t)  
Amplitude

H(t)  
Phase

Terminator
Offsetting phase function by π such that the 

terminators are now zero-crossings
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From the 24 sunspot cycles since 1750 look at relationships:  
1) terminator separation and INTERMEDIATE cycle strength 
2) terminator separation and UPCOMING cycle strength 
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Terminator separation Vs. INTERMEDIATE cycle strength 
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Terminator separation Vs. UPCOMING cycle strength 

Projected amplitude of sunspot cycle 25 
@ 68% confidence: 233 spots (211 - 257)
@ 95% confidence: 233 spots (159 - 310) 
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Hale cycles end - the end is a “trigger”
Death of one cycle and VERY rapid growth of activity on the 

bands of the upcoming cycle  

Hilbert Transforms verify observational analysis 1860 - Present

Hale cycles overlap and interfere

The corona responds almost instantly to the ramp up in 
global flux emergence

+4.0 months
-1.5 monthsHale Cycle End is Pending - May 2020
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Projected amplitude of sunspot cycle 25 
@ 68% confidence: 233 spots (211 - 257)
@ 95% confidence: 233 spots (159 - 310) 

PSP will fly through the next terminator - if things pan out - at 
perihelion, what will it see/feel? 

Are we ready for a large sunspot cycle?

As the cycle grows rapidly - the coronal WILL respond as will other 
things modulated by the Sun’s magnetism. Significant ramp up! 

How will the Earth’s atmosphere respond?

Hindcast 
Maxima
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Comparing “Forecasts” 

Contrast could not be greater?
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Comparing “Forecasts” 

Contrast could not be greater?
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“Clocking The Sun”
Now that I have terminators what else might I be able to do?

Part Deux:

Developing Climatology
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The end of Hale cycles occurs in (very) close conjunction 
with the emergence of the sunspot pattern at mid-latitudes 

AND the start of the polar reversal process (~55°).
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Corona: Intensity Maximum Distribution Interior: “Torsional Oscillation”
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Superposed Epoch Analysis: 24 Years of SOHO/EUV

Terminator Key Time
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Superposed Epoch Analysis: 70 Years of Green Line

Terminator Key Time
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Superposed Epoch Analysis: 140 Years of Filaments

Terminator Key Time
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Superposed Epoch Analysis: 140 Years of Sunspots

Terminator Key Time
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This Hale cycle pattern is recurrent throughout the entire record 
since photographic observations were available, ~1860. The sunspot 

“butterfly” is only a subset of that recurrent pattern.
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2016 2017
Time
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Lyman alpha 1216Å �  [Log10 Te = 4.40]   

HeII 304Å �  [Log10 Te = 4.70]   

FeIX 171Å�  [Log10 Te = 5.81]   

FeXVI 335Å �  [Log10 Te = 6.43]   

Curious-ER

Comparing 2011 and 2016 in SDO/EVE

“Clocking the Solar Cycle II” 
Leamon et al. (2020).
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More Curious-ER
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Where are we now?
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Recalling!!

Magnetic
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Activity  
is 

Longitudinal 
Mapping Longitude  

Vs 
 Time @ Fixed Latitude

The #terminator washes 
AROUND the Sun
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Activity  
is 

Longitudinal 
Mapping Longitude  

Vs 
 Time @ Fixed Latitude

The #terminator washes 
AROUND the Sun
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The #terminator washes 
AROUND the Sun

Late 2020: We saw growth at mid-latitudes [ESPECIALLY 
IN THE SOUTH] but not the drop at the equator. 

The #terminator is not here yet! 
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The #terminator washes 
AROUND the Sun

April 2021: We see growth at mid-latitudes but not the 
drop [YET] at the equator. 

The #terminator is not here yet! 
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The #terminator washes 
AROUND the Sun

May 2021: We see growth at mid-latitudes but not the 
drop [YET] at the equator. 

The #terminator is not here yet! 
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BP Density Slices through latitude over time

Allows: Track the migrating bands. 
Shows: Strong growth in the South 
Shows: Asymmetry across equator

Allows: Track the migrating bands. 
Shows: Strong growth in the South 
Shows: Asymmetry across equator
Allows: Track the migrating bands. 
Shows: Strong growth in the South 
Shows: Asymmetry across equator
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Allows: Track the migrating bands. 
Shows: Strong growth in the South 
Shows: Asymmetry across equator

mailto:mscott@ucar.edu


mscott@ucar.edu

Allows: Track the migrating bands. 
Shows: Strong growth in the South 
Shows: Asymmetry across equator

SOHO/EIT

SDO/AIA
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Conclusions
The “22-year” Hale (magnetic polarity) 
Cycle of the Sun is recurrent and robust. 
The bands of the Hale Cycle have a 
definitive end, the “terminator”, at the 
equator. 
This terminator rapidly triggers growth and 
emergence of magnetism at mid (30-35°)  
and high (~55°) latitudes - within one solar 
rotation. Over the course of one/two 
rotations, at many longitudes. 
The terminator sees a rapid jump in solar 
proxies throughout the upper atmosphere - 
most profound changes in corona. 
M2014 Hypothesis: the bands of the Hale 
Cycle contrive to modulate the sunspot 
pattern and amplitude. 
Terminator separation is one measure of 
the interplay of the Hale Cycle bands. 
Long terminator separations yield small 
upcoming cycles and vice versa.
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Conclusions

#Terminator separation at 10.25 years 

If #Terminator occurs - SC25 will be of 
significant amplitude based on this 
relationship spanning 24 cycles. Possibly in 
the top 5 since the record began. 

The derived relationship under-estimates big 
cycles. 

Terminators, as much as possible, provide a 
robust fiducial to study the recurrence of a 
host of phenomenology. 

What comes next? 

Are we ready?
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