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Why is predicting solar activity important?
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RECALL: 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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Rogue Forecast: Testing A Hypothesis In Real Time

Monitor for yourself: https://helioforecast.space/solarcycle

Observed sunspot number (SIDC, daily)
350 — Observed sunspot number (SIDC, monthly mean)
- Solar Cycle Prediction Panel (NOAA, NASA, ISES)
- Mcintosh et al. (2020)
- Mean solar cycle since 1750
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In 2019 we were wondering about the connection of Hale Cycles and Sunspot
Cycles to the point where we thought we could forecast what came next. It
caused quite a stir.

This lecture concerns the origins of that forecast and where it stands RIGHT
NOW!
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In addition to sunspots we use space telescopes to identify and track
small ubiquitous features in the solar corona called 'EUV Bright Points’

“....you might find something interesting” they said.... in 2002.
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The EUV BrlghtPomt Record

Merged SOHO/EIT 195A and SDO/AIA 193;& Euv Brlghtpomts
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In late 2011 - after counting and cataloging 10s of millions of EUV BPs - we noticed a few
things upon considering their ‘butterfly’ diagram:
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The EUV BrlghtPomt Record

Merged SOHO/EIT 195A cmd SDO/AIA 193;& Euv Brlghtpomts
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In late 2011 - after counting and cataloging 10s of millions of EUV BPs - we noticed a few
things upon considering their ‘butterfly’ diagram:
- At times there are CLEARLY FOUR ‘bands’ of EUV BPs.

— ' NCAR Scott W Mclntosh [mscott@ucar.edu] X @swmcintosh




The EUV BrlghtPomt Record

Merged SOHO/EIT 195A and SDO/AIA 193;& Euv Brlghtpomts
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In late 2011 - after counting and cataloging 10s of millions of EUV BPs - we noticed a few
things upon considering their ‘butterfly’ diagram:

« At times there are CLEARLY FOUR ‘bands’ of EUV BPs.
- The lowest latitude bands come to a VERY abrupt end at the equator.
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The EUV BrlghtPomt Record

Latitude [Degrees]

Merged SOHO/EIT 195A and SDO/AIA 193;& Euv Brlghtpomts
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In late 2011 - after counting and cataloging 10s of millions of EUV BPs - we noticed a few
things upon considering their ‘butterfly’ diagram:

- At times there are CLEARLY FOUR ‘bands’ of EUV BPs.

* The lowest latitude bands come to a VERY abrupt end at the equator.

« Activity significantly increases on the remaining (mid-latitude) bands.
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EUV BP Record - In Context With The Sunspot Number
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~ - T y—— — v T P—— W—p—— T T -
g N | A I ]
. 200 (— f f | Total Sunspot Number —
2 r I LA I Northern Hemisphere B
E [ I WEETAY I Southern Hemisphere =
| |

< = Nl LV Y -
B 150 [ : | ;)V"; 1"‘ \ : “ral
8' B | ' v | | ‘ ]
S I | . | e PN M ]
2 568l AT PO L v AN A [ N .
>100 — [ W | WaiWimRvA I M \ ]
P - | f [ gi\Ww LY \ I L™ ]
8 P AN PN BT \ ARV T v ‘L' ' | -

-  J | W s \ ) (LN I/ v " -1
uo) = ‘ W WV R L Y v % T W ]
= 50— L/ AU y A% ‘ b
0 : ’ : '_,"\ "1 j“ 1 . i | .
8 = ,q W VA w“ b "{‘vv"* “ , 4"?..' .,H,‘ -
7} 0 o b W y 1 o N 1 i h : rqgi _." l 1 ~~ N Dy Y

B) EUV BP Dlstrlbutlon

)
o
©
g
=)
®
°
3
~
>
©
-

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

What IS solar minimum?

Does solar minimum just END?
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EUV BP Record - In Context With The Sunspot Butterfly

2020 Content A) SIDC/SILSO Daily Hemispheric Sunspot Number
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EUV BP Record - In Context With The Sunspot Butterfly
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What IS solar minimum?
Does solar minimum just END?
Are we observing the Hale Cycle? | otoucaredu
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EUV BP Record - In Context With The Sunspot Butterfly
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What IS solar minimum?
Does solar minimum just END?
We ARE observing the Hale Cycle! . .otaucared
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EUV BP Record - In Context With The Sunspot Butterfly
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There are almost always TWO Hale Cycles manifesting at the SAME time!
Hale Cycles - END!

When Hale Cycles end solar activity springs to life!

mscortt@ucar.edu

The Sunspot Cycle is derivative of, and dependent on, the Hale Cycle
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The Sunspot Cycle is derivative of, and dependent on, the Hale Cycle

Hypothesis: The interaction of Hale Cycles shapes the Sunspot Cycle
and sets its amplitude!
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Hypothesis: The interaction of Hale :
Cycles shapes the Sunspot Cycle 2
and sets its amplitude! %
The end of the Hale Cycle IS SO 1996 1998 2000 200 2004 ..2006 %ﬁ?uﬁ‘ilf] 20122014 266 2018 2020 202
important to the process it got its T
own name...... P o N

---------------
. . ol

A L R 1 TR L I T T BT i L T o N G A LR
L T S I T R A S R A N AR SR ST S A PTG B S S|

B S T A 35 e R OB R R e e G S E T B TR I B SO Pt S

L S RS N 23 0 T T B R R T AR AT 20 2 L Ak T 7 O R W o TR T T T B T A BT TR B T ML S TR o A T AT AR

-------------------------------------------------------------------------

B T G M ST L TR NS S U I SO e I AN I R RO TR RE LR T

P T S P U Pt Ly S At L T TR S

2

O perat

@
NCAR Scott W Mclntosh [mscott@ucar.edu] @swmcintosh



Time: 2021-11-=27
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Hypothesis: The overlap of Hale

Cycles sets sunspot cycle amplitude!
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2020 Content B) USAF Sunspot Dvstnbutlon
] e e e e . A, B 0 P Syt 1 4 o

45—
301

ll»il&-lllllll

Latitude [Degrees]
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Looking at historical data. The EUV BP terminators are not isolated.
This pattern repeats. We noticed a relationship between the separation of
the Terminator events and the amplitude of the upcoming sunspot cycle.
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SIDC Daily Sunspot Number [50—day Running Average]
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ASIDE: 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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2020 Content Statistics - Damn Statistics
Apply H(t) to longest baseline data - what pattern do you see?
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How many Terminators can we identify?
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2020 Content SIDC/SILSO Daily Hemispheric Sunspot Number
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From the 24 sunspot cycles since 1750 look at relationships:
A 1) terminator separation and INTERMEDIATE cycle strength
2) terminator separation and UPCOMING cycle strength
mscott@ucar.edu

Next we conduct an experiment........
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2020 Content
Terminator separation Vs. UPCOMING cycle strength
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Looking at historical data we noticed a relationship between the separation
of the terminator events and the amplitude of the upcoming sunspot cycle.

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



2020 Content SIDC Monthly Sunspot Number [12—month Running Average]
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2020 Terminator: Projected amplitude of sunspot cycle 25
@ 68% confidence: 233 spots (211 - 257)
@ 95% confidence: 233 spots (159 - 310)

2021 Terminator: Numbers dropping by 15 - 25
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?

mscott@Qucar.edu

In early 2021 we were still waiting for the Terminator and with every month
that passed the forecast sunspot number was dropping.......
But we still believed that the relationship was strong.

ENCAR Scott W MclIntosh [mscott@ucar.edu] @swmcintosh
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Terminator Watch: 2020 - 2024

SDO/AIA 193A EUV Brightpoints — Observe End of SC 24
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The Hale Cycle Terminator FINALLY arrived in December of 2021
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Terminator Watch: 2010 - 2024

AlA 193 EUV BF Butterfly D|ogrum — Daily
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The Hale Cycle Terminator FINALLY arrived in December of 2021
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Terminator Watch: 1996 - 2024

Merged SOHO/EIT 1954 and SDAO/AlA 193A EUV Brightpaints
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The Hale Cycle Terminator FINALLY arrived in December of 2021
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OLS regression

Predicted cycle 24 terminator
Observed cycle 24 terminator
68% confidence interval

68% prediction interval

95% prediction interval
NOAA/NASA prediction panel

SSN Maximum

10 11 12 13 14 15
Preceeding Terminator Delta [yr]
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Oulu Neutron Monitor
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SDO/EVE 335A Line Irradiance
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The radiative environment of the Sun
changes in a “heartbeat”

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.

mscott@ucar.edu
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When the terminator happens the Sun’s
magnetism springs to life.......
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Solar coronal emission just takes off....
.. the 10.7cm solar radio flux that bakes the ionosphere!

Scott W Mcintosh [mscott@ucar.edu] x @swmcintosh




How It Started....
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How It’s Going....
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How It Started....
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Revising Our Forecast for a December 2021 Terminator

Sunspot Cycle 25 should be about the historical average

X @swmcintosh




How It’s Going....
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3)12 (¢ GeoSphere Observed sunspot number (SIDC, daily)
(7= Austria Observed sunspot number (SIDC, daily, estimated)
Observed sunspot number (SIDC, monthly mean)
- Prediction NOAA/NASA/ISES
Prediction NOAA/NASA/ISES shifted -6 months
Mcintosh, Leamon, Egeland 2023 = 1o
Mean solar cycle since 1750

(-

-

o
|

-
O
Ko!
=
-
G
4
O
Q
n
=
=
0

Ul
o
|

7 - i
v
O Av";', latest data: '2024-05-08

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Austrian Space Weather Office GeoSphere Austria helioforecast.space/solarcycle

X @swmcintosh




How It’s Going....
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: Time: 2024—11-19
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Pause....

It’s time to consult out crystal ball!!

’

X @swmcintosh



school is in session: Superposed Epoch Analysis
Forecasting SSN - The Sunspot Number
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school is in session: Superposed Epoch Analysis
Forecasting SSN - The Sunspot Number

Statistical
averages
versus the
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school is in session: Superposed Epoch Analysis
Forecasting SSN - The Sunspot Number

Progress of Sunspot Cycle 25

[against the #Terminator separation mSEA mean]
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Conclusions: What Have We Learned?
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Scott Mclntosh — mscott@ucar.edu

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.

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




Conclusions: What Have We Learned?
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Scott Mclntosh — mscott@ucar.edu

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.

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




Conclusions: What Have We Learned?
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Long terminator separations yield small upcoming cycles and vice versa.
Our forecast is on target!

Solar maximum is here!

Watch Out! Solar Activity picks up in the year following solar maximum...

Scott W Mclntosh [mscott@ucar.edu] @swmcintosh
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What comes next?

h NCAR Scott W Mclntosh [mscott@ucar.edu] @swmcintosh
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What comes next?
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?
What comes next* Follow Along......

https://helioforecast.space/solarcycle
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RECALL: Are there [real world] risks associated with adopting
this model for Sunspot Cycle 25?

5 00 Je-12 Orbit-Average Atmospheric Density at 500 km, 45 deg
' —— Raw Obs Density
—— 81-Day Avg Obs Density
—— Mcintosh/Leamon 2022 Nom + 1o
—— Marshall Nom * 10
1751 —— STK SolFIx_CSSl.dat Nom + 10
—— NASA/NOAA/ISES Panel Nom + 1o
1.50
/ ——
1.25 1
w ll & 2-3x density
“g. Short-term peak expected,
g M density much higher ‘
2 8 g _
3 \
075 I
0.50 4 ./ | o — ';.-_' e =
A f-”/! el
1. r'—/_.-f =
0.25 - 4 =
~2.5x density observed
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Figure 7: Density estimates for Solar Cycle 25 for a 500 km circular orbit at i = 45° inclination,
with predictions from Table 1 sources circa April 2022. Where applicable, confidence intervals
were converted to 1o values using a normality assumption.

Shambaugh et al. (2024)
The answer is very definitely yes!!!

NCAR
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We need to observe the entire Sun to make progress!

Observing from the Sun-Earth line alone is not enough.
Even adding L4 and L5 leaves out the majority of the far-side hemisphere.

. T T -
Firefly mission concept #Solar Polar constellation: two S/C

In high inclination polar orbit
(~70°) SMA ~1 AU

i
Vi
/
/
'y

Solar Quad"?ature constellation:
two S/C in ecliptic at 90°-120°
from Sun-Earth Line

A~ ~ Tom Berger [thomas.berger@colorado.edu]
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The Sun & Solar A
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R This material is based upon work supported by the National Center for Atmospheric Research, which is a major facility
—r sponsored by the National Science Foundation under Cooperative Agreement No. 1852977.
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school is in session: Superposed Epoch Analysis
Forecasting f10.7cm - The Solar Radio Flux

DRAD — Monthly Averages
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Superposed Epoch Analysis

« Develop a statistical average
‘unit cycle’ 10.7cm model

« Use the SSN terminator
separation amplitude
relationship

3

+ Use the relationship between
SSN and f10.7cm for the SC25
Amplitude to project an scaled
f10.7cm model for
#SunspotCycle25

5
o
Qo
®
i
T
O
&
&
O
™~
=
Q
<
o«
G

10 100
Monthly Sunspot Number

X @swmcintosh




Superposed Epoch Analysis

Scaled f10.7cm mSEA model for #SunspotCycle25
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Superposed Epoch Analysis

Scaled f10.7cm mSEA model for #SunspotCycle25
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Superposed Epoch Analysis

Scaled f10.7cm mSEA model for #SunspotCycle25
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Superposed Epoch Analysis

Scaled f10.7cm mSEA model for #SunspotCyvcle25
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Are sunspots the right things to count?

Until the recent explosion of activity from AR 13664, the number of sunspots on the Sun did not seem
to correlate to past levels of eruptive activity:

Sunspot Number and Activity on Earth during Solar Cycles 23, 24, 25
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Question: is the level of eruptive activity really low or is it just that the eruptions are
taking place off the Sun-Earth line?

A ~ Tom Berger [thomas.berger@colorado.edu]
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Is the solar dynamo doing something strange?

Fact: the level of solar irradiance, particularly in Mg Il lines is as high as Solar Cycle 23 and

significantly higher than SC24 for the same level of sunspots.

https://lasp.colorado.edu/lisird/

__  SILSO International Sunspot Number - Daily

= O Sunspot Number ~

2007-10-08T00:00:00 UTC - 2007-10-14T00:00:00 UTC @ Sunspot Number(count): 0 - 12

200

100

0 | A i
1996-01-01 1998-01-01 2000-01-01 2002-01-01 2004-01-01 2006-01-01 2008-01-01 2010-01-01 2012-01-01 2014-01-01 2016-01-01 2018-01-01 2020-01-01 2022-01-01 2024-01-01

00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00
% pe s g

__  Bremen Composite Magnesium Il Index Composite Solar Lyman-alpha

O Magnesium Il Index + © lrradiance ~

2007-10-08T00:00:00 UTC - 2007-10-14T00:00:00 UTC @ Magnesium Il Index: 0.1504 - 0.15081 @ Irradiance(W/mA2): 0.00610177 - 0.00616963

0.176

|

0.168 W|r ] 1['! 1 ITlM W’ M ' 0.009
) ’ (R 2L
0.16 ! Ll | F L 0.0075
'S | ¥
‘ ! | Ll
o i W gl g gy
0.152 M RIS . M1 by . iy WA 0.006
0.144 0.0045
1996-01-01 1998-01-01 2000-01-01 2002-01-01 2004-01-01 2006-01-01 2008-01-01 2010-01-01 2012-01-01 2014-01-01 2016-01-01 2018-01-01 2020-01-01 2022-01-01 2024-01-01
00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00
e e i ey e E————— - e — = e e R = = =
£

0.0105

Mg Il and Lyman-a
brightness are
correlated with
“plage” magnetic
fields, i.e, small-
scale magnetic
structure.

Question: is the solar dynamo producing lots of smaller, simpler, spot groups such
that the sunspot count is high but energy is not able to build up for eruptions?

A ~ Tom Berger [thomas.berger@colorado.edu]
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