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Background

Solar cycle prediction is vital for space mission planning. Solar Cycles are
complex and unique (Fig. 1 & 2). There are difficulties using dynamo
models to forecast the solar maximum; they require unphysical transport
coefficients to make accurate predictions. Data-driven methods are thus
necessary, but they should be statistically rigorous and incorporate
physical understanding. We present one such method, involving the

Solar Cycle Progression

500 -

400 1

300 ‘
N F

/\/ \ / W N M&-’I 1’\'

—— Daily Sy
Monthly Sy
—— 13-Month Smoothed Sy

o | (i

il ’r
L AN i ‘N !

NIRRT TR | NPT | T G

/
dal W ‘\\1

W

1760 1800 1840

1880 1920 1960 2000
Date

assembling of a large suite of physics-motivated Solar Cycle (SC) statistical
features which are down-selected based on information content, and the
selected features are fed to Generalized Additive Models that predict the
behavior of future Solar Cycles as nonlinear functions of the features.

Overlaid Solar Cycles
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Figure 1: Historical Solar Cycles, plotted on top of each other. Features were
extracted from each of these cycles. Each cycle is therefore one sample.

Methodology

Our method proceeds in five steps in two categories:

Feature Selection

1. Assemble physics-motivated features from the Sunspot record.

2. Compute all possible products of the features.

3. Scale the features to the magnitudes of (a) the maximum Sunspot
Number in each Solar Cycle (A,.x) and (b) the time in days from the
start of a Solar Cycle to its future maximum (T;ax)-

4. Use ‘Feature Ordering by Conditional Independence’ to downselect the
scaled features to the top N most relevant for predicting A,,,xand

Tmax ‘

Model Fitting
5. Use the downselected features as inputs to Generalized Additive
Models for predicting A axand Tiyax-

Figure 2: Historical sunspot number (daily, monthly, and 13-monthed smoothed), available from the Royal Observatory of Belgium (https://www.sidc.be/SILSO/datafiles).

Feature Selection

We assemble 9 features from past cycles, each with an important

physical basis:

 SC max amplitude (reversal of poloidal field polarity [1])

 SC min amplitude at SC start (max strength of poloidal field [1])

* SCrise time (fluctuations in meridional circulation [3])

 SC duration (meridional flow speed [2])

* SCrise rate (fluctuations in meridional circulation [3])

* SC descent rate (stochastic fluctuations in poloidal field generation
and meridional circulation [4])

 Ratio between rise and descent rate (relative strength of stochastic
fluctuations in poloidal field)

* Area-under-the-SC-curve (poloidal field evolution [5])

 E-folding time for descending phase (decay of photospheric field|[6])

We additionally compute all mutual products and use an affine

transformation to scale the features to the domains of A,,,;x and T,

Feature Ordering by Conditional Independence

* Select the drivers most-correlated to A, and Tyy4x iN tWO steps;
downselect all features down to 10, then from 10 down to 7. Use the
coefficient from FOCI [7] to perform selection:

T, ZIX0 = [ REgedv(®

e FOCI is a nonlinear generalization of the partial R*and has no
tuning parameters.

Generalized Additive Models

Generalized Additive Models (GAMs) represent the expected value of a
response variable as a sum of nonlinear functions of input variables [8]:

N
[yIX] = Bo+ ) filX)
=1

We build the f; from penalized splines, and use our downselected
features for X = (X4, X5, ..., Xn ). The GAM automatically provides
confidence intervals for the estimates of A,,xand Ty ax-

Prediction Results
FOCI+GAMs predict T / |
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the peak of SC25 to :
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occur between Jan
2024 and Dec 2024
with a maximum of
153i26 with 95% 4 + \
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confidence. Current
sunspot data suggests
the forecast results are
reasonable. Major .
issues remain regarding
the timing of the SC
maximum.
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FOCI identified the top 3 following
features as most relevant for forecasting:
A« (1) E-folding time, (2) product of
Rise Time, Descent Time, and Ratio
between the two, and (3) product of Rise
Time and Descent Time.

Tmax: (2) Product of SC min amplitude,
Rise Time, Descent Rate, and E-folding
Time, (2) product of Rise Time, Descent

Time, Rise Rate and E-folding Time, and Figure 3: SC25 forecasts generated by FOCI+GAM,
(3) the SC duration. NOAA, WDC-SILSO, and [9].

Implications: A,,.x :Photospheric field decay more important than meridional circulation. T,.:
Joint behavior of poloidal field, meridional circulation, and photospheric field most important to
forecast timing of maximum; requires better understanding of how rotational shear suppression
enables high turbulent diffusion necessary to produce observations ([1], [11]).
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