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Why is predicting solar activity important?

Forecasts of solar activity drive the models that protect lives and assets in space and 
utilities on the ground? If those forecasts are wrong…

….it is our mission to have high a “skill” as possible to protect these assets.
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We are dependent on it for almost everything…

we are also increasingly vulnerable to it…

Because, we live in the atmosphere of our Star! 
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Galileo Galilei
1613 A.D.

Needless to say there were
some pretty wild ideas
pushed out there to ‘explain’
what was being observed……

In the (very) early years of
telescopic astronomy
observers tracked dark
features crossing the solar
disk……

Keep observing (and counting) for many
decades….

Rewind: Spots On The Sun
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Sunspots……

“Cyclic” Sunspot Evolution : Average period of about 11-Years

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

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

Schwabe - 1844

Rewind: Spots On The Sun
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Breakthrough: “Butterfly”

Maunder - 1904
Rewind: Spots On The Sun



Scott W McIntosh [mscott@ucar.edu] @swmcintoshhttp://solarcyclescience.com/index.html

Breakthrough: “Magnetic Butterfly”

Hale - 1913-1919: Sunspots are magnetic objects
Hale - 1925: Sunspots obey a 22-year magnetic polarity law

22 Years22 Years

Rewind: Spots On The Sun
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SUNSPOT CYCLES ARE NOT SINUSOIDAL

HEMISPHERIC ACTIVITY NOT SYMMETRIC
CYLES MORE OFTEN THAN NOT DOUBLE PEAKED

Fast-Forward: Spots On The Sun
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The Sun also has periods of enhanced spot formation on shorter timescales
[although maybe not enough time in these talks to discuss in detail :-( ]

Fast-Forward: Spots On The Sun

The strongest space weather events occur during these “surges”
of sunspot production.
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?

?
400+ years of measured sunspot number?

! potential solutions to the puzzle
250+ ‘predictions’ of sunspot cycle 25….. what is the Sun doing?

100+ years of the measured magnetic data
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2020: NO Spots 2024: Beaucoup Spots
“Solar” / “Sunspot” Minimum “Solar” / “Sunspot” Maximum

Jump Forward…..Stark Contrasts in Activity Levels
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Jump Forward…..Stark Contrasts in Activity Levels
• The Sun has an 11(-ish) year sunspot cycle. 

• Sunspots appear first at mid-solar 
latitudes and migrate to the equator - 
never crossing. 

• This forms a butterfly pattern. 
• The Sun has a 22(-ish) year magnetic 

polarity cycle. 
• The wings of the sunspot butterfly 

alternate in dominant polarity. 
• For reference the Earth’s magnetic poles 

reverse every 200,000 years… 
• The Sun experiences extended periods 

where the number of spots can be very 
large and times when there are almost no 
spots! 

• It is our job to explain all of these features 
self-consistently……. [and then predict the 
future….]
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Driving Questions
How does the Sun’s internal 
magnetic machine produce the 
variability observed?

Do models permit a reliable “forecast” of activity over hours, 
days, weeks, months, years, decades (and centuries)?

Can the magnetic machine be 
observed? 

What are the impacts of varying solar activity in deep space and  
the near-Earth environment (and in the troposphere)?
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How does the Sun’s magnetic 
machine work?
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How do we think that the Sun’s 
magnetic machine works?
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A magnetic kraken lurks beneath the surface!
We imply what It looks like through observation of its 

tentacles. 
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The Sun’s massive internal magnetic field dictates the time & location of magnetic 
field eruption and hence sunspot production. 

Tentacles…..
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A magnetic kraken lurks beneath the surface!
We imply what It looks like through observation of its 

tentacles. 

How do we think that the Sun’s 
magnetic machine works?
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How do we think that the Sun’s 
magnetic machine works?

A) Heat derived from nuclear fusion in the core heats the surrounding 
hydrogen ‘ocean’. The outer portions of the hydrogen ocean convects.

B) The Sun rotates. The rotational forces create circulation and impact 
the convection. The hydrogen ocean experiences ‘weather’ 
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How do we think that the Sun’s 
magnetic machine works?

…..the convection, circulation and rotation intact to generate magnetic 
fields. The magnetic fields strengthen and become buoyant, piercing the 
Sun’s surface… appearing as sunspots and active regions (bipolar pairs 
of spots) 
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How do we think that the Sun’s 
magnetic machine works?

A beautiful animation
[but is it correct?]
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A Warning………
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A Warning………
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Forecasting Goal: Understand the underlying physics well enough
to project what the system will do in the future……

Observe Spots⇒ Infer Physics

Another Warning

“Ideas” “Observations”

[many “ideas” can produce the same “observations”]
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Over the last three decades 
our community has engaged in 
the ultimate pursuit - to predict 

what comes next!

With every iteration since our 
understanding has improved and the 

range of viable mechanisms have 
reduced……

It has become the World Cup of 
solar (and space weather) science. 
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19 20 21 22 23?

Forecasting Sunspot Cycle 23
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Predictive Methods Employed: 
" “Precursor” Methods
" Empirical
" Climatology
" “Recent Climatology”
" Neural Networks
" “Spectral” Methods

28 Forecasts Submitted



Scott W McIntosh [mscott@ucar.edu] @swmcintosh

The Precursor Method

Joan Feynman [name sound familiar?] and others in the 1980s noticed a relationship
between the geomagnetic index at Earth at solar minimum and the magnitude of the

UPCOMING sunspot cycle at maximum.
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The Precursor Method

Joan Feynman [name sound familiar?] and others in the 1980s noticed a relationship
between the geomagnetic index at Earth at solar minimum and the magnitude of the

UPCOMING sunspot cycle at maximum.
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The SC23 “Consensus” Forecast: Joselyn
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The SC23 “Consensus” Forecast: Joselyn
Amplitude: Not Bad 
Timing: O"
Shape: O"

2009



Scott W McIntosh [mscott@ucar.edu] @swmcintosh

Key Recommendation: Joselyn
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There’s something to 
the precursor 

method…. store this 
for later. Is it more 
than just chance?
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19 20 21 22 24?

Forecasting Sunspot Cycle 24

23
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Methods 
" “Precursor” Methods
" Empirical
" Climatology
" “Recent Climatology”
" Neural Networks
" “Spectral” Methods
" Dynamo Models

50+ Forecasts
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Methods 
" “Precursor” Methods
" Empirical
" Climatology
" “Recent Climatology”
" Neural Networks
" “Spectral” Methods
" Dynamo Models

50+ Forecasts
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The SC24 “Consensus” Forecast: Pesnell
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The SC24 “Consensus” Forecast: Pesnell
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The SC24 “Consensus” Forecast: Pesnell
Amplitude: Not Bad 
Timing: O"
Shape: O"

Ask me later: 
Something took 
a bite out of the 
early growth of 

SC24? 
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19 20 21 22 24

Forecasting Sunspot Cycle 25

23

25?
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The Rise of the Physical Model

https://svs.gsfc.nasa.gov/3521

Incorporating the polar magnetic field variation and lessons learned for the SC25 World Cup, 
new improved ‘physical’ numerical simulations are ready to show their predictive skill…..

…. and beautiful animation.
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Methods 
" “Precursor” Methods
" Empirical
" Climatology
" “Recent Climatology”
" Neural Networks / Machine 

Learning
" “Spectral” Methods
" Dynamo ‘Physical’ Models

80+ Forecasts
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80+ Forecasts

Methods 
" Dynamo ‘Physical’ Models
In Three Classes:
" Assimilative: Incorporating Polar 

Field 
" Surface Flux Transport
" Full MagnetoHydroDynamics (MHD)
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Consensus 
115

Historical Avg Max
175
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https://www.swpc.noaa.gov/products/solar-cycle-progression

Nandy et al. consensus prediction

The SC25 “Consensus” Forecast (2020)

• !"#"$%&'(&#"$"#)#*&+,-./0&1&+,+,/20
• !"#"$%&'(&#34"#)#*&+,+5&1&+,+6
• 789:$%8;&<"#"=39&8'&>?@=:&+A
• B3$%:&'(&C9:D"@8:D&7)$<E'8&F34"#)#*&.01-5,
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Lecture 1 Recap

• The Sun has an 11(-ish) year sunspot cycle. 
• Sunspots appear first at mid-solar 

latitudes and migrate to the equator - 
never crossing. 

• This forms a butterfly pattern. 
• The Sun has a 22(-ish) year magnetic 

polarity cycle. 
• The wings of the sunspot butterfly 

alternate in dominant polarity. 
• For reference the Earth’s magnetic poles 

reverse every 200,000 years… 
• The Sun experiences extended periods 

where the number of spots can be very 
large and times when there are almost no 
spots! 

• Surges of sunspot production give rise to 
the strongest space weather events.

• Predicting the sunspot cycle amplitude, 
timing and shape is not easy. 

• Those predictions drive a host of other 
operational forecasts so this really is not an 
academic game. 

• Precursor methods seem to be more robust 
than ‘physical’ models in predicting sunspot 
cycles 23 and 24 amplitude. 

• Reproducing the shape and timing of 
the sunspot cycles are not great! 

• “Sunspot Cycle 25 will have the same (or 
smaller) magnitude as Sunspot Cycle 24 and 
reach maximum in July of 2025.” 

• Now for some coffee….
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?

Do we (think we) know 
enough to forecast 

what the Sun is going 
to do?

1988: 1996: 2009: 2019: 


