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Solar cycle forecasting,  
Using a data-driven 2×2D Babcock-Leighton model

• 2×2D Babcock-Leighton model design and calibration 

• Data driving

• Predictability and calibration

• Forecasting
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Babcock-Leighton dynamo models
• Phenomenological approach: « as simple as possible, but not simpler »

• Directly based on observed solar surface features
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• 3 ~distinct mechanisms treated separately, with steady flows :

1. SFT module: MHD induction (magnetic flux "transport" ) at the surface (2D, non-axisymmetric)

2. FTD module: MHD induction (flux "transport" ) in the meridional plane (2D, axisymmetric)

3. Destabilization / ascent / emergence of magnetic flux tubes (non axisymmetric)

2×2D hybrid Babcock-Leighton dynamo model
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Ferriz-Mas et al, 1994
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2×2D hybrid Babcock-Leighton dynamo model
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Model calibration / optimization
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Model calibration / optimization
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2×2D hybrid Babcock-Leighton dynamo model
Lemerle et al, 2015

Lemerle & Charbonneau 2017
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Solar cycle forecasting,  
Using a data-driven 2×2D Babcock-Leighton model

• 2×2D Babcock-Leighton model design and calibration

• Data driving 

• Predictability and calibration

• Forecasting
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2 modes of BMR emergence

FTD emergence function             = ? ? ? =>       BMRs deposited in SFT

1. Data driven mode: deposit active regions taken from dataset on the solar 
surface while letting the internal field evolve correspondingly

OR

2. Self-emergence mode:  the model emerges its own population of active 
regions. 
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1. Datasets used for data-driving

Yeates, 2016  
dataverse.harvard.edu/dataverse/
solardynamo (maintained by Muñoz)

Yeates et al, 2007
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2. Self-emergence mode: BMR statistics

FTD emergence function                ==>          BMRs deposited in SFT

• probability of emergence proportional to Bφ strength, etc  
=> 2 ajustable parameters:   Bφ threshold   &   absolute number of emergences

• at time & latitude, directly above the source Bφ

• tilt angle, bipole separation, magnetic flux extracted from probabilistic 
distributions…
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• inherent fluctuations associated with stochastic variations in BMR properties:  
=> tilt angle, bipole separation and magnetic flux from probabilistic distributions…

• Number N(t) of emergences is  taken from a uniform distribution proportional 
to total Surface Flux

• Magnetic Flux follows a log-normal distribution

• Bipole separation follows a power law with the 3ux

• Tilt follows Joy’s law – linear increase with latitude

2. Self-emerging mode: BMR statistics

scatter  =  primary source of stochasticity in the regeneration of the surface dipole 

Simple really, but...
● Di2erences in BMR statistics

– Model calibrated on solar cycle 21 so important quantities like tilt, (angular 
separation), mean Flux follow di2erent probability functions.

BMR population mean 3ux 
comparison between AMJ 
database and BMRs 
extracted from model 
calibrated on cycle 21 from 
W&S dataset.

Factor of 1.3 between mean 
3ux of populations
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Solar cycle forecasting,  
Using a data-driven 2×2D Babcock-Leighton model

• 2×2D Babcock-Leighton model design and calibration

• Data driving

• Predictability and calibration 

• Forecasting
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• Procedure :
- Start in mode 1: deposit active regions taken from databases 
- Switch to mode 2 : the model emerge its own population of active regions

• Forecasting window:
- ~one cycle, when the emergence mode is switched at cycle minimum

Data Assimilation
The Babcock-Leighton 
mechanism assumes that 
sunspots are the source of 
the inversion and buildup of  
the internal dipole

Procedure:
- deposit active regions 
taken from dataset on the 
solar surface while letting 
the internal )eld evolve 
correspondingly

- switch mode to let 
model emerge its own 
population of active 
regions.

In a best case scenario the model has shown to 
have a memory of a cycle if the emergence mode is 
changed at minimum.

Mode 1
Mode 2

Mode 1
Mode 2

Predictability of solar activity

Dipole moment
Cycle amplitude shows good 
correlation between cycle n-1 
dipole moment strength and 
cycle n amplitude
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• But : effect of single extreme emergences (BMR) : 167 Page 6 of 22 M. Nagy et al.

Figure 1 In panel (A) the surface time-latitude magnetogram is plotted for a representative segment of a
reference simulation run. Panel (B) shows the butterfly diagram of BMR emergences, colored according to
the trailing polarity, for the same period of time. The pseudo-SSN (C) and dipole moment (D) plotted with
solid lines correspond to the data shown in panels (A) and (B). The dashed lines in panels (C) and (D) result
from artificially removing a single large BMR emergence from the simulation (see Section 3).

167 Page 6 of 22 M. Nagy et al.

Figure 1 In panel (A) the surface time-latitude magnetogram is plotted for a representative segment of a
reference simulation run. Panel (B) shows the butterfly diagram of BMR emergences, colored according to
the trailing polarity, for the same period of time. The pseudo-SSN (C) and dipole moment (D) plotted with
solid lines correspond to the data shown in panels (A) and (B). The dashed lines in panels (C) and (D) result
from artificially removing a single large BMR emergence from the simulation (see Section 3).

Nagy et al, 2017

Predictability of solar activity
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Data assimilation / calibration over cycle 24
• Adjust strength of initial condition (dipole) to reproduce end of cycle 23

• Adjust last model parameter (dynamo number « K ») to reproduce cycle 24
   82 Page 6 of 14 F. Labonville et al.

Figure 1 Reproduction of Cycle 24 after data-driving over Cycle 23. On the top panel, the thick dashed
line is the 13-month smoothed monthly unsigned surface magnetic flux time series for the solution whose
peak value ranks as the median of the ranked peak values for the 100-member ensemble. The other individual
ensemble members are plotted as semi-transparent gray lines. The solid line is the time series of surface
magnetic flux directly constructed from the Yeates, Mackay, and van Ballegooijen (2007) database. In the
middle panel, we plot the time series of the surface dipole moment for all 100 members of our ensemble.
The bottom panel shows a time-latitude “butterfly diagram” of emerging active regions for the median-peak
ensemble member (dashed line on top panel). All solutions use an emergence threshold B∗ = 20 and dynamo
number K = 1.7, fluctuations being entirely due to stochasticity in emerging active region properties (see
text).

The semi-transparent gray lines on Figure 2 are again the 13-month smoothed unsigned sur-
face magnetic flux time series for our 100 ensemble members, and the thick dashed line is
the member ranked as the median for the peak value of the unsigned surface magnetic flux
reached at any time in the course of the cycle. Note also how the surface dipole strength
in the late descending phase of Cycle 24 (1.7 G) is now much closer to the observed value
(≈ 2.0 G, from Wilcox Solar Observatory data3) than in the case of the simulated Cycle 24
on Figure 1. This confirms that the active regions having contributed most importantly to the
polar field buildup in the descending phase of Cycle 24 are present in the Yeates, Mackay,
and van Ballegooijen (2007) database.

Our ensemble of simulated Cycle 25 points towards a cycle slightly weaker than Cycle
24, of relatively short duration, and with a long rising phase peaking in the first half of 2025.
Because our forecast model incorporates a full latitude–longitude representation of the solar
photosphere, it is also possible to forecast quantities often not accessible to schemes oper-
ating only on global time series, most notably related to hemispheric asymmetries. Figure 3
replots the Cycle 25 forecast for surface magnetic flux, taken from Figure 2, this time sep-
arating the contributions of the two solar hemispheres. Once again significant variability is
present across ensemble members, but overall amplitudes are lower by some 20 percent in

3These data are available at http://wso.stanford.edu.

23 24
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Solar cycle forecasting,  
Using a data-driven 2×2D Babcock-Leighton model

• 2×2D Babcock-Leighton model design and calibration

• Data driving

• Predictability and calibration

• Forecasting
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• Ensemble forecast, with statistically independent realizations of active region parameters :
- 1D+time: Sunspot number (SSN)

- 1D+time: Axial dipole moment

- 2D+time: Sunspot emergence lat-time map

Forecasting cycle 25

Dynamo Forecast of Cycle 25 Page 7 of 14    82 

Figure 2 Similar to Figure 1 but
now driving the model with
active region data for Cycle 23
and 24, and switching to dynamo
mode on 5 November 2017 (thick
vertical line). The format of the
three panels is the same as on
Figure 1.

Figure 3 Hemispheric unsigned
flux time series corresponding to
the ensemble forecast of
Figure 2. The southern
hemisphere time series is
assigned negative values strictly
for plotting purposes. Significant
variability across ensemble
member notwithstanding, one
can still pick out overall lower
amplitudes in the southern
hemisphere for Cycle 25, and
slightly delayed cycle onset of
the northern hemisphere.

the southern hemisphere. Harder to pick out visually on Figure 3 but emerging from the
quantitative analysis to be discussed presently, cycle onset in the northern hemisphere is
also delayed by nearly 6 months with respect to onset in the southern hemisphere. This level
of hemispheric asymmetry is well within the range typically produced by the LC17 model
operating in dynamo mode (for more on this see Nagy, Lemerle, and Charbonneau, 2019).

Table 1 collects a number of metrics that can be extracted from our ensemble forecasts,
namely: amplitude and date of peak ISSN in Cycle 25; date for onset of Cycle 25; and

23 24 25
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• Ensemble forecast, with statistically independent realizations of active region parameters :
- 1D+time: Sunspot number (SSN)

- 1D+time: Axial dipole moment

- 2D+time: Hemispheric asymmetries

Forecasting cycle 25
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Forecasting cycle 25
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Summary
• A 2×2D hybrid SFT-FTD dynamo model right in the spirit of Babcock & Leighton ideas , 

« as simple as possible, but not simpler » (for the moment…)

• Doubly-calibrated on the Sun:
- surface flux transport vs   magnetograms

- emergence function vs   observed butterfly diagram

• Ready for real-time calibration through data assimilation

• A forecasted cycle 25 :
- rather short (~10 years)

- slightly weaker than cycle 24

• long rising phase

• weaker Southern hemisphere

• delayed Northern hemisphere

• room for a strong cycle 26


