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Outline

Part A
1. Sunspot (group) number/areas

Part B
1. Filaments/Prominences
2. Plage areas
3. Solar irradiance
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Sunspot number series
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Senthamizh Pavai et al. 2015

• Hale’s Law: the polarity of the leading spot is the same as the one of the polar fields at the start 
of the solar cycle.

• Spoerer’s Law: sunspots appear at progressively lower latitudes as the cycle evolves
• Joy’s Law: the following-polarity spot is at higher latitude than the  leading-polarity one.
• Tilt between following and leading polarity spots increases with latitude

van Driel-Gesztelyi & Owens 2020
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Monastery at Worcester, 08/12/1128

Vaquero et al. 2007

Yau & Stephenson 1988

(-165 – 1918)
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Hadden 1896

Secchi 1871

Kirch 1684 
(from Neuhäuser et al. 2018)

Since ~1609
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Since ~1612

Since ~1870

Since ~1980
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Wolf (1840)

Hoyt & Schatten (1998)
 Extended dataset back to 1610

 Filled-in 0s for many missing values

Vaquero et al. (2016)
 Corrected erroneous values

 Removed ambiguous values

 Added new observers

Vaquero et al. 2016



𝑆(𝑡): Number of individual spots
𝑘~1.15𝑆=58 𝐺=8

𝐺(𝑡): Number of groups of spots

𝑅𝑠(𝑡) = 𝑘 10𝐺(𝑡) + 𝑆(𝑡)
𝑘: scaling parameter

11

𝑅𝑠 = 1.15 80 + 58 =158.7

𝑎(𝑡): fractional area of sunspots

01/02/1872

𝑎 =
6714

2893253
= 0.0023𝑅𝛼 𝑡 = 𝑎∗(𝑡)

𝑅𝑔(𝑡) = 𝐺∗(𝑡) 𝑅𝑔 = 8

Individual observer series

Composite series



Uncalibrated

Different purpose (eclipse, meridian observations)

Different acuity thresholds (telescope, eyesight)

Observational conditions (seeing, pollution)

Different sunspot grouping

Ageing (gain of experience/eyesight deterioration)

Instrument degradation

1. Sunspots
2. Instrumental

2. Datasets of raw data
2. Raw data in Vaquero et al. (2016)
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e
Mandal et al 2020

Muñoz-Jaramillo & Vaquero 2019

Group Sunspot Number series (𝑅𝐺)

Sunspot area series (𝑅𝑎)

Sunspot Number series (𝑅𝑠) 

Usoskin et al. (2016, 2021)

Balmaceda et al. (2009)

Mandal et al. (2020)

Observers before/after 1739 completely disconnected!
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Linear scaling/daisy chaining

Linear scaling/backbones

PDF matrices/backbones

PDF matrices/Active-day fraction

Usoskin et al. (2016, 2021)

e
Mandal et al 2020

Muñoz-Jaramillo & Vaquero 2019
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Backbone

Backbone

Chatzistergos 2017

Reference
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Jungius Galileo

09/06/1612

Missing groups

Missing sunspots
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Svalgaard 2013
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Lockwood et al. 2016

Usoskin et al. 2016

C-factor = ratio of spots smaller than 
Ath to spots larger than Ath

Ath



1919

1919

Chatzistergos et al. 2017



Uncalibrated
Hoyt and Schatten 1998

Early/disconnected 
observers k=1.255

Ambiguous 0 counts for 
days without records

Horrebow

Hoyt & Schatten 1998

Linear scaling/daisy chaining

RGO
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Uncalibrated
Svalgaard and Schatten 2016

Svalgaard & Schatten 2016

“Brightest star” method

Linear scaling on annual values/non-overlapping backbones
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Chatzistergos et al. 2017

Uncalibrated
Chatzistergos et al. 2017

PDF matrices/overlapping backbones

Maunder 
minimum

Dalton 
minimum

Modern 
Maximum
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Hoyt & Schatten 1998
Svalgaard & Schatten 2016
Usoskin et al. 2016
Chatzistergos et al. 2017

Chatzistergos et al. 2017



24Nandy 2021

V1 Wolf defines the scale
V2 (2015) changed the scale to Wolfer

1700/1749/1818 for annual/monthly/daily

Change of reference

Early Wolf data

Waldmeier discontinuity

Locarno drift
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Separating groups due to evolution 
track

Sunspot weighting based on size

Waldmeier 1955
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Not clear correction
GSN 

~ 7% (Svalgaard 2016)
Not needed (Lockwood et al. 2016)

ISN
~20%  (Svalgaard 2011)
~ 10% (Lockwood et al. 2016)

Clette & Lefevre 2018

Not all observers adopted it
Unknown starting period
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Hathaway 2015

ISNv1

Carrasco & Vaquero 2021

ISNv2



28Usoskin et al. 2021

Waldmeier rule: cycle’s magnitude anti-correlated to rise time (minimum to maximum)

Dikpati et al. 2008

r=-0.68
p<0.001

r=-0.73
p<0.001

r=-0.44
p=0.015

r=-0.54
p=0.009

ISNv1
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All data
After 1818

ISNv1

Hathaway 2015

ISNv1

Solanki et al. 2002

Cycle amplitude relationship or 
simplified/(n+1) Waldmeier rule



30Usoskin et al. 2021

Gnevyshev–Ohl Rule: When solar cycles are arranged in pairs with an even-
numbered cycle and the following odd-numbered cycle then the sum of the 
sunspot numbers in the odd cycle is higher than in the even cycle.

Lost cycle
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Veronig et al. 2021

Hemispheric asymmetry

No clear pattern in N-S predominance
Strongest asymmetry for cycle 19 (42%N)
N reaches cycle maximum before S most of the times
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Ravindra et al. 2021

North

South

Solar cycle 21

Kodaikanal sunspot areas

Solar cycle 19

Solar cycle 21

Norton & Gallagher 2009

RGO sunspot areas

North (solid)
South (dotted)

Gnevyshev gap
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Wu et al. 2018
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Wu et al. 2018

Usoskin 2017

Grand minima

~75% moderate activity levels
~15% grand minimum
~10% grand maximum
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Wu et al. 2018

Usoskin 2017

Grand maxima

~75% moderate activity levels
~15% grand minimum
~10% grand maximum
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Gleissberg cycle 60-120 yrs
Suess/de Vries cycle 205-210 yrs
Eddy cycle 600-700 or 1000-1200 yrs
Hallstatt cycle 2000-2400 yrs

Ma 2009
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Asvestari, 2016

Asvestari et al., 2017

Wu et al., 2018

Comparing Sunspot series to cosmogenic isotope data

Cosmogenic radioisotopes favor sunspot number series 
closer to the one by Chatzistergos et al. 2017
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Faculae/plage area series

Solar Maximum Solar Minimum
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Arcetri

Kodaikanal

McMath-Hulbert

Mt Wilson

Rome/PSPT

Sacramento Peak

Kodaikanal

Mt Wilson

San Fernando

Kuriyan et al., 1982

Foukal 1996

Worden et al., 1998

Preminger et al., 2001

Ermolli et al., 2009a

Ermolli et al., 2009b

Tlatov et al., 2009

Chatterjee et al., 2016

Priyal et al., 2017

Singh et al., 2018

NSGD

Available plage area series

Most studies:
• Use of single archive
• No photometric calibration
• Different processing techniques
• Segmentation manually adapted
• No accuracy estimation of processing
• ….
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Mauna Loa

Mees

PICARD/SODISM

McMath-Hulbert

Mt Wilson Sacramento Peak
San Fernando Teide

CataniaMeudon
Wendelstein

Arcetri Rome
Schauinsland

Coimbra
Pic du Midi

Brussels
Calern Kanzelhöhe Upice

Valašské Meziříčí

Kharkiv

Kislovodsk

Baikal

Kodaikanal

Manila

Kyoto
MitakaBig Bear

                    
                     

Yerkes
                    
                     

Kenwood

Annual coverage

Chatzistergos et al., 2019a, A&A 625
Chatzistergos et al., 2019b, Sol. Phys.  294 10
Chatzistergos et al., 2019c, Il Nuovo Cimento 42C
Chatzistergos et al., 2020a, Journal of Physics: Conference Series
Chatzistergos et al., 2020b A&A 639

38 datasets
>300,000 images

98% coverage since 1907

                    
                     

                    
                     

                    
                     

                    
                     

                    
                     

                    
                                         

                     

                    
                     

                    
                     

Abustumani

Anacapri
Cambridge

CrimeaMadrid Ebro
KandilliLocarno

Huairu

Hamburg
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Characteristic curve 

(CC)
Linear part

Underexposure

Overexposure

Fog level

Solarisation

=
lo
g
1
0

1 𝑇

= log10(𝐼𝑡)

Depends on:

• Plate’s emulsion

• Observation 

conditions

• Development

• Storage

• Digitization

Photographic plates ≠ linear detectors

Chatzistergos et al., 2018
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Chatzistergos et al. 2018 Priyal et al., 2017
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Ca II K observations

Coimbra K3

Meudon K3

Bandwidths change among archives

Meudon SFO

MLSO/PSPT K

MLSO/PSPT NW

SFO

Chatzistergos et al., 2020b A&A 639
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15/03/192119/04/1969 19/04/1969 16/11/1990

Archives’ inconsistencies

Kodaikanal

Chatzistergos et al., 2019a, A&A 629

Change of grating on 21/08/1923

Mt Wilson

16/05/1951 16/05/1951

Off-band observations?
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Chatzistergos et al., 2020, A&A 639

Plage coverage over the 20th century 

Meudon

0.015nm

Kodaikanal

0.05nm
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Plage coverage over the 20th century 

Chatzistergos et al., 2020, A&A 639

Plage fractional areas

Sunspot fractional areas
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Chatterjee et al., 2016
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Solar Irradiance
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Solar Constant
• Claude Poullet (1837) 1227 W m-2

• John Hershel (1837)
• Sam Langley (1881) 2903 W m-2

• Charles Abbot (1958) 1465 W m-2 (±0.1%)
• Labs and Neckel (1971) 1360 W m-2 (±1%)

Kren et al. 2017

Ermolli et al. 2013



52Zharkova 2021

Lean et al. 1995 TSI

Soon 2005

Hoyt & Schatten 1993 TSI

Connolly et al. 2021
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Yeo et al. 2015

Ermolli et al. 2013

Ermolli et al. 2013
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Space-based measurements of TSI

https://spot.colorado.edu/~koppg/TSI/

ACRIM gap
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Space-based measurements of TSI

https://spot.colorado.edu/~koppg/TSI/

ACRIM gap
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Space-based measurements of TSI

https://spot.colorado.edu/~koppg/TSI/

ACRIM gap
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-0.0065 Wm−2 y−1

0.0024 Wm−2 y−1

0.0076 Wm−2 y−1

Composites show different long-term trends

ACRIM gap
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Surface-coverage-weighted Intensity spectra (𝐼) computed from corresponding model atmospheres 
and radiative transfer codes

𝑆 𝑡 = න 

𝑖,𝑗

𝑎𝑠 𝑖, 𝑗, 𝑡 𝐼𝑠 𝑖, 𝑗, 𝜆 + 𝑎𝑓 𝑖, 𝑗, 𝑡 𝐼𝑓 𝑖, 𝑗, 𝜆 +𝑎𝑄𝑆 𝑖, 𝑗, 𝑡 𝐼𝑄𝑆 𝑖, 𝑗, 𝜆 𝑑𝜆

Sunspots Quiet SunFaculae

Semi-empirical 

• Spectral And Total Irradiance Reconstruction (SATIRE) (Krivova et al. 2003 A&A 399)
• Solar Radiation Physical Modelling (SRPM) (Ermolli et al. 2013)

Empirical 

Regressions between facular/sunspot and irradiance data
• Naval Research Laboratory Total Solar Irradiance (NRLTSI) (lean 2018), 
• EMPirical Irradiance REconstruction (EMPIRE) (Yeo et al. 2017)
• Photometric Sums (Chapman et al. 2013, Chatzistergos et al. 2020)
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PMOD
SATIRE-CaIIK
Facular contribution
Spot contribution
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SATIRE-S
VIRGO/PREMOS

TSI
Facular
Sunspot

Shapiro et al. 2017
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Magnetograms / MHD simulations
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Disc-integrated indices 
F10.7 / Mg II / Lyα

Yeo et al. 2020
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Ca II K observations
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Sunspot data



Use 3D simulations of the solar atmosphere to produce TSI variations.

• Solar magnetic field maintained by global and local dynamo action.
• Sunspot records indicate global dynamo is weak during grand minima.
• Recent studies suggest local dynamo is not coupled to the global dynamo and 

invariant with time (Lites, 2011; Rempel, 2014).

Minimum TSI at grand minima emerges from the model by considering scenario
where entire solar surface resembles simulation of local dynamo.

SATIRE-3D

Yeo et al. 2020
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Minimum TSI at grand minima = 2.0±0.7 Wm-2 below 2019 level.

• ΔTSI since Maunder Minimum cannot be greater than 2.0±0.7 Wm-2

• Restricts role by solar forcing in driving global warming.
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Cosmogenic radioisotopes: 10Be, 14C



Thank You!
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Filaments/Prominences

Solar Maximum Solar Minimum
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Carrasco et al., 2021

Chatterjee et al., 2020

McIntosh et al., 2019

Arcetri

Meudon

Kislovodsk
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Xu et al. 2021 Diercke et al. 2019
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Active day fraction (ADF) = monthly 
ratio of days with spots to spotless 
days.

For each observer cumulative PDF 
of ADF

Calibration curve is determined by 
comparing ADF PDF to those from 
RGO synthetic data

Bias for observers that did not 
leave records for spotless days. Usoskin et al.  2016
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Svalgaard & Schatten 2016

Year

G
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𝐺2 − 𝐺1 = 𝑅0 + 𝐵𝑒−𝑎𝐺1

Number of daysProbability density

Synthetic data


