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Mechanisms driving solar cycle variability 
Paul Charbonneau

Département de Physique, Université de Montréal

1. Dynamos 
2. Cycle prediction with dynamo models
3. Stochastic forcing and nonlinearities
4. Modulation on long time scale
5. Where do we go from here ?
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Deniz Ölçek, Melinda Nagy, François Labonville, Kristof Petrovay, 
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Cycle prediction with dynamos (1) 

The solar cycle/dynamo as a 2-steps process:

…      T(+)      P(+)      T(-)      P(-)      T(+)     …
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Dynamo = kinetic to magnetic energy
Magnetohydrodynamical induction: flow of electrically conducting 
fluid across magnetic fields, in collisionnally-dominated plasma regime:

Poynting flux Lorentz force

Form magnetic energy equation by dotting B into above, and integrating
over volume of the sun/star:

Current density
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Cycle prediction with dynamos
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Dynamo logic: a cartoon 

Schatten et al 1978 GRL

The solar cycle/dynamo as a 2-steps process:

…      T(+)      P(+)      T(-)      P(-)      T(+)     …
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[ Schatten et al. 1978, GRL, 5, 411 ]
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Cycle precursors 

…      T(+)      P(+)      T(-)      P(-)      T(+)      …

DeterministicFluctuating/Stochastic

Dipole is a good precursor of SSNSSN is not a good precursor of dipole

Plots from AMJ 2013 (?)

[ Munoz-Jaramillo et al. 2013 ApJ 767, L25 ]
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Choosing a dynamo model (1)

Basic cycle model

Saturation mechanism(s)

Fluctuation mechanism(s)

Quenching of turbulent emf
Changes in large-scale flows
Changes in active region properties
MHD Instabilities
…

Turbulent effects
Fluctuations in large-scale flows
Stochasticity in active region properties 
External forcing
Deterministic chaos

Differential rotation
Turbulent emf
Active region decay
Turbulent dissipation
Flux Transport mechanisms
…
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Choosing a dynamo model (2)
[ Lemerle & Charbonneau 2017 ApJ 834, id133 ]

In similar vein see also: Yeates & Munoz-Jaramillo et al. 2013, MNRAS 
436, 3366;  Miesch & Dikpati 2014, ApJ, 785, L8; Miesch & Teweldebirhan
2016, Adv. Sp. Res. 58, 1571.

Hybrid 2X2D kinematic Babcock-Leighton dynamo model,  combining 
a 2D surface flux transport (SFT) simulation  and a 2D mean-field-like 
flux transport dynamo (FTD) model;

Use genetic algorithm to fit model parameter to cycle 21 magnetogram
and active region emergence data (courtesy Wang & Sheeley);

FTD simulation generates active region emergences into SFT model, 
which in turn provides surface boundary condition for axisymmetric 
poloidal magnetic field for FTD;

Average cycle period set by (steady) meridional flow speed.
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Choosing a dynamo model (3)
[ Lemerle & Charbonneau 2017 ApJ 834, id133 ]

Movie surface flux
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Choosing a dynamo model (4)

Time-latitude of surface Br and Emergences

Years
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Surface dipole as precursor (1)

Polar cap flux = unsigned flux of one large BMR; dipole
buildup sensitive to specifics of active region emergences
[ See Cameron & Schüssler 2015, JGR 119, 680 ]

Dipole is a good precursor of SSN SSN is not a good precursor of dipole
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Choosing a dynamo model (4)

Time-latitude of surface Br and Emergences

Years
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« Rogue » active regions (1)

One large anti-Joy BMR
emerging close to equator

SSN

Dipole [ Nagy et al. 2017, SolP 292:167 ]
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« Rogue » active regions (2)

[ Jiang et al. 2015, ApJL 808:L28 ]
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Surface dipole as precursor (3)
Experiment: reset random number generator setting properties 
of emerging bipolar active regions.  

At activity maximum, fate of subsequent SSN cycle is not set;
At activity minimum, fate of subsequent  SSN cycle is set .
[ Ongoing M.Sc. by  F. Labonville, UdeM ]
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Nonlinear cycle amplitude saturation 
A « textbook » model:
kinematic mean-field 
dynamo  with  simple 
« quenching » of the  
turbulent EMF:

Both the  linear 
growth rate and 
saturated  amplitude 
increase with the
dynamo number. 

Typical of many
classes of dynamos

Magnetic energy vs time 
starting from weak seed field
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Stochasticity + Nonlinearities (1) 

If dynamo is operating
close to criticality,  
small fluctuation in 
dynamo number can
drive:

Large cycle amplitude
fluctuations, 

and even intermittency
( Grand Minima )
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Stochasticity + Nonlinearities (2) 

If dynamo is operating
close to criticality,  
small fluctuation in 
dynamo number can
drive:

Large cycle amplitude
fluctuations, 

and even intermittency
( Grand Minima )
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Stochasticity + Nonlinearities (3) 
Threshold on magnetic  field 
strength + stochasticity + 
nonlinear modulation 
= intermittency 

An additional inductive 
mechanism needed to push 
dynamo back onto the 
attractor characterizing 
« normal » cyclic behavior.

Dual-dynamo systems !

A zoo of possible fluctuation
patterns on long timescales
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Grand Minima (1) 
[ Ölçek et al. SolP, in prep. ]
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Grand Minima (2) 

[ Olemskoy & Kitchatinov 2013   ]

A mean-field dynamo model with a stochastic noise model for 
the turbulent alpha-effect: strong hemispheric asymetries going
in and out of Grand Minima
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Grand Minima (3) 
[ Passos et al. 2012, SolP 279:1-22 ]

[ Karak & Choudhuri 2013, RAA 13, 1339 ]

Two flux transport
dynamo models
with variations in the
meridional flow
(forced vs dynamical)
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Grand Minima (4) 
[ Simard et al. 2018, SolP, in prep. ]

[ Bushby 2006, MNRAS 371:772 ]
Two mean-field dynamo
models with nonlinear
backreaction of the
large-scale magnetic
field on differential
rotation [A. Ruzmaikin’s talk]
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Grand Minima (5) 
[ Augustson et al. 2015, ApJ 809, id149 ]

[ Käpylä et al. 2016, A&A 589, A56 ]
Global MHD
simulations :
parity modulation
and/or mode
interactions
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A few take-home items 
Next-cycle prediction going beyond « dipole-as-precursor »
must account for stochasticity of active region emergence
(dynamo models + data assimilation)

Finding precursor patterns for Grand Minima may be possible
if nature of dynamo saturation mechanism(s) is understood

In some classes of dynamo models, useful predictions on
timescales centennial or even longer may be possible;
interesting for climate !

We currently do not have a « concensus » basic dynamo 
model for the sun, not for the physical mechanism(s)
regulating cycle amplitude and driving cycle variability.
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FIN

Collaborators: Piotr Smolarkiewicz, Dario Passos, Antoine Strugarek, 
Alexandre Lemerle, Patrice Beaudoin, Corinne Simard, Deniz Ölçek,
François Labonville, Melinda Nagy
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Surface dipole as precursor (4)
Consider the following two kinematic axisymmetric mean-field like dynamo 
models, using a  solar-like differential rotation and quadrupolar meridional 
flow, and a simple algebraic quenching nonlinearity.

T > P : alpha-effect T > P : Babcock-Leighton
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Surface dipole as precursor (5)
In itself, does not 
imply that the sun is 
necessarily
a Babcock-Leighton 
dynamo !

What it does imply
is that the surface
magnetic field feeds
back into the
dynamo loop
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Magnetic cycles (1)

Despite strongly turbulent nature of induction, simulation develops a strong
and spatially well-organized axisymmetric magnetic field, antisymmetric about
equatorial plane and undergoing regular and hemispherically synchronized 
polarity reversals.

EULAG-MHD solves anelastic MHD 
equations in a thick, rotating stratified 
fluid shell; includes stable fluid layer
underneath convectively unstable layer.
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Magnetic cycles (1)
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Magnetic cycles (1)Zonally-averaged Bphi at r/R =0.718

Zonally-averaged Bphi at -58o latitude

[ See also poster by Stejko et al. ]
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MHD: extracting the turbulent EMF
[ Simard et al., Adv. Sp. Res. 58, 1522 (2016) ]

Get these from simulation

Compute this

Get these by least-squares fit

See also Augustson et al. 2015, 
ApJ 809, id149; Warnecke et al.
2016, on ArXiv
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The « millenium simulation »
[ Passos & Charbonneau 2014, Astron. & Ap., 568, 113 ] 

Define a SSN proxy, measure cycle characteristics (period, 
amplitude…) and compare to observational record.
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MHD: alpha vs kinetic helicity
[ Simard et al., Adv. Sp. Res. 58, 1522 (2016) ]
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MHD: beta vs turbulent intensity
[ Simard et al., Adv. Sp. Res. 58, 1522 (2016) ]
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Solar cycle prediction
Predicting what ?

Over what time frame ?

With what accuracy ?

Individual geoeffective events
Characteristics of next cycle
Supra-cycle timescales
Grand Minima/Maxima

The proverbial factor of 2
1 % … 10 % … 
False Alarms vs Misses

Sunspot number
Interplanetary magnetic field
Radiative variability, SEP events
Flare/CME frequency/characteristics
…
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Magnetic cycle = pulse of solar activity

[ ~10-100% ]

[ ~0.1% ]
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Can the solar cycle be predicted ? 

Yes !!

( … but your should not be too greedy … )


