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Main Goal

» Observed manifestation of solar magnetism
and dynamo

* Prototype of stellar variability, limiting
detection of extrasolar planets
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 Impacts Earth and near-Earth space
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& swon€  Extreme Solar Particles Events: =4

http://lwww2.mps.mpg.de/projects/sun-climate/

Evidence from radionuclide archi
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Extreme Solar Particles Events:

http://www2.mps.mpg.de/projects/sun-climate/
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) sovanc®  Extreme Solar Particles Events:
http://www2.mps.mpg.de/projects/sun-climate/ Evi d e n ce fro m ra d i O n u cI i d“e a rc h ™
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swn-amrc®@  Extreme Solar Particles Events:
e Evidence from radionuclide archi
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) svcne®  Extreme Solar Particles Events:
™ Evidence from radionuclide archi
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swn-amre®  Extreme Solar Particles Events:
e Evidence from radionuclide archi
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o sw-aw=€ Mechanisms of Solar Influence on

Modulation of the Cllmate
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o sw-aw=€ Mechanisms of Solar Influence on
R Total Solar Climate
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%>99.96% of energy . #* Solar radiation impinging on
comes from Sun: | Earth within 1 hour covers our
(Kren et al. 2016) N yearly needs (grow with time)




http://www2.mps.mpg.de/projects/sun-climate/
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Almost uninterrupted
since 1978

Limited length

Multiple (>10)
instruments
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challenging
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o sw-aw=€ Mechanisms of Solar Influence on
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http://www2.mps.mpg.de/projects/sun-climate/ At m o S p h e re

Andrews 2000, Haigh 2007

Chemistry in the Stratosphere
Ozone balance

S Absorption of Solar Radiation in the

200-242 nm:
Oxygen Herzberg continuum

200-350 nm:
Ozone Hartley-Huggins bands




http://lwww2.mps.mpg.de/projects/sun-climate/

Darkening due
to sunspots

Brightening
due to faculae

]
=
-]
=
-

sw-cn:®  Surface Magnetic Field as Driver of

Solar Irradiance Variabilit _

. Fligge (2000)
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The Sun’s surface magnetic field is
the dominant cause of irradiance
variability on timescales from days
to centuries and beyond




SUN_cuMATE@? Mode"ing Irradiance VariatiOnS

http://lwww2.mps.mpg.de/projects/sun-climate/
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w@ Secular Variability is Highly
Uncertain

2000
Chatzistergos et al. 2023
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SUN—cuMATE@?

Secular Variability is Highly
Uncertain

http://lwww2.mps.mpg.de/projects/sun-climate/
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Chatzistergos et al. 2023



0 sww-cms=®  Main Problem: Missing Proxy of i
Facular Evolution in the Pas =alll

http://www2.mps.mpg.de/projects/sun-climate/

o Need: sunspot darkening & facular brightening
o Available: sunspot observations
» Sunspots are used to describe facular evolution
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Main problem: proxy of facular evolution in thepast
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Ca ll K Photographic Archives

SDO/HMI Chatzi gos et al. (2018,2019,
magnetogram P20, 2021,2022,2023,2024).

" Uncalibrated CLV:jCZmpen- l\/llaskS/: > N_ovel_ superior mgthod to process
sate plage historical Ca Il K images
calibrated _
] | » > 300 000 full-disc Ca Il K
enwy . D _ observations from 43 archives

» Most comprehensive plage area

composite since 1892 with daily
Rome/PSPT coverage of 88% before 1907 &
Call Kimage I | 98% after 1907

» Strong relationship between Ca I
K brightness and the magnetic
field strength allows
reconstruction of magnetograms
back to late 19t century

» Use magnetograms to
reconstruct irradiance




Solar irradiance from Ca ll K archives

Chatzistergos et al. 2024

Mt Wilson

SDO/HMI

SFO CallK

Magnetograms

Call K archives

Magnetograms recovered
from Ca Il K images allow
nearly as accurate
irradiance reconstructions
as actual direct
magnetograms
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Courtesy of T. Chatzistergos
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Secular Variability is Highly
Uncertain

http://lwww2.mps.mpg.de/projects/sun-climate/
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L sn-amec® Call K Archives for Reconstructions of Past
http://www2.mps.mpg.de/projects/sun-climate/ M a g n e ti c Acti V ity

Chatzistergos et al. 2024

Wavelength offset from Ca Il K core [A]

0 Cross-calibration of
' historical photographic
archives

> Individual archives taken
in various passbands

Normalised intensity

» Trace different
atmospheric layers

HEREEIAL » Need careful cross-
calibration to avoid
artifact trends




o sov-amc®@ Call K Archives for Reconstructions of Past .o
http://www2.mps.mpg.de/projects/sun-climate/ M a gn eti c A ctivi ty -

Chatzistergos et al. 2024
Wavelength offset from Ca Il K core [A]

2 0 Cross-calibration of
' historical photographic
archives

> Individual archives taken
in various passbands

Normalised intensity
o
»

Trace different
atmospheric layers
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HEREEIAL » Need careful cross-
calibration to avoid
artifact trends

> Use Sunrise-Ill data!

Poster by Ajay Yadav
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http://lwww2.mps.mpg.de/projects/sun-climate/

Accounting for small magnetic

regions not represented by the
Sunspot Number

> MF emergence is described
by a single power law as
observed by Thornton &
Parnell (2011)
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Par Piim
~ Active regions

~ with sunspots
> | :

20
Flux (10Ax Mx)
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http://www2.mps.mpg.de/projects/sun-climate/ reg i o n s n Ot re p res e n te d by t

> MF emergence is described
by a single power law as
observed by Thornton &
Parnell (2011)

> Slope varies with activity (that
is spot/fac ratio grows with
activity), in agreement wit
various observations

%) o cummre @ Accounting for small magnetic

Frequency (x 10°Mx"cm*day™”)

Sunspot Numbe
Oiim

Active regions

~ with sunspots
> | :

-2.595

Exponent: -
maximum

activity

minimum
-2.785

16 20

A
Krivova et al. 2021 Flux (10"x Mx)



&) sun-cumare & Accounting for small magnetic
http://lwww2.mps.mpg.de/projects/sun-climate/ regions not represented by t
Sunspot Number

Oiim
Active regions

> MF emergence is described
with sunspots

by a single power law as
observed by Thornton &
Parnell (2011)

> Slope varies with activity (that
is spot/fac ratio grows with
activity), in agreement wit
various observations

>

-2.595

Exponent: -
maximum

Frequency (x 10°Mx"cm*day™”)

activity

minimum
-2.785

> Accounts for small#fegions not
captured by spet data

> Important#or extended minima
but alsg*for high cycles (e.qg.,

cycle’19) ‘

l 16 20
A

Krivova et al. 2021 Flux (10*x Mx)




s & Reconstruction of the total ~.g8

vg ./ SUN-CLIMATE

http:/iwww2.mps.mpg.de/projects/sun-climate/ a n d O pe n M F

Observed or alternative reconstruction/ Liee?

Hofer et al. 2024 Total flux ' ' Open flux Temaj et al., in prep.
1.2

sobrnﬂmmum R D D Lo P Yeoetal2014 .
1.0 - solar maximum (KPVTMDI HMI) GSN (Chatzistergos 2017)

AR,

AMR —_

020 kMo N YN N Y A . — Lockwood, 2024
' : ! : | : f : '\ : : : : : : Y : _Thls Work
1880 1900 1920 1940 1960 1980 2000 1940
year Time [Year]

This reconstructed magnetic flux can be used to also | e
compute irradiance variability— Poster by Duresa Temaj '
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Open flux modulates production Thus, solar activity kg -
. . modulates the
of cosmogenic isotopes cosmio-ray fx = -

Sun’s and Earth’s magnetic field protect
Earth from cong]ic rays .' In the atmosphere,
: ' — — cosmic rays produce
cosmogenic
isotopes, e.g. 1*C
and °Be

IMB -0 m

m] |sotopes
B reside in
terrestrial
archives
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We can invert this to get sunspot = Thus solaractivity -

modulates the

number from cosmogenic data! cosmic-ray flux

Sun’s and Earth’s magnetic field protect
Earth from cosmic rays

In the atmosphere,
cosmic rays produce
cosmogenic
isotopes, e.g. 1*C
and °Be

e [sotopes
8N reside in
terrestrial
| archives




B sun-cumare & Cosmogenic data with yearly resolution S
http:/iwww2.mps.mpg.de/projects/sun-climate/ give the Sunspot Num ber With yearl
resolution for the last 1000 rs

Usoskin et al. (2021; 2025):
» use “C from Brehm et al. (2021; 2025) - Open solar flux
» invert the model by Krivova et al. (2021) - Sunspot Number
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Reconstruction of the
annual sunspot number

= AN
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Sunspot numbers
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A) — This work Wu18’
Us16~ - - ISN —-- GSN’

« Comparison to other (decadal) isotope data:

decadal averages agree with earlier decadal
14C and '°Be-based reconstructions

"

) ] C) — This work
generally_ good agreement with telescopic ~_ISN --- GSN' c17"
observations;

» Telescope era:

low-activity periods are less certain (low
signal-to-noise ratio)

'

Usoskin et al. 2021




SUN - CLIMATE

http://www2.mps.mpg.de/projects/sun-climate/ I r ra d i a n c e

TSI(Wm~2)

TSIH(Wm™2)

& Reconstruction of the annual Solar

FEMAX PLANCK INSTITUTE
FOR SOLAR SYSTEM RESEARCH

—— Montillet et al., 2022
Rc = 0.79 —— Reconstruction from ISNv2
1362.04 ——— Reconstruction from annual cosmpgenic-based SN
1361.5
1361.0
ELER Poster by Duresa Temaj
1360.0 T T T T T
1000 1200 1400 1600 1800 2000 —— Montillet et al., 2022
Time [Year] —— Reconstruction from ISNv2
~—— Reconstruction from annual cosmogenic-based SN
—— Same as red but with decadal resolution
1362.0 , ] ul — Wu et al, 2018b
[ I | | | |
| i i '
1361.5 I i ‘h \W ‘H I K‘f |
| ! It I 1
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Summary

v~ On time scales of days to millennia, the solar magnetic
field is the main driver of solar variability

v To reconstruct solar activity, we use
» magnetograms — ~50 years

» sunspot observations — ~300-

+ Ca Il K archives — ~13

» cosmogenic isotope

ives 4C and "'Be —

Holocene
Cross-calibrafion of historical Ca Il K observations
pending <ey to reliable assessment of secular

variabili

yet further back in time ?
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