
ALPACA Workshop 22-11-2023

Prominence of data preparation

in geomagnetic storm prediction

using deep learning*

Marco Cristoforetti

*MC, R. Battiston, A. Gobbi, R. Iuppa, M. Piersanti, Scientific Reports (2022) 12:7631



ALPACA Workshop 22-11-2023

Geomagnetic storms

Coronal Mass Ejections (CMEs) can eject billions of tons of coronal 

material and carry an embedded magnetic field, frozen in flux, that is 

stronger than the background solar wind interplanetary magnetic field 

(IMF) strength.
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Geomagnetic storms
1989 Geomagnetic storm caused a nine-hour outage of Hydro-Québec's electricity transmission system

National Oceanic and Atmospheric Administration
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ML - definitions

Domain set:

𝒳 Usually, you have vectors         of features പ𝑥

Label set:

𝒴 for example [0,1]

There is a “correct” labeling function 𝑓:𝒳 → 𝒴 

𝑦𝑖 = 𝑓 𝑥𝑖 ∀𝑖

Learner output: a function    𝒉:𝓧 → 𝓨

We want the machine to LEARN a PREDICTOR
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ML - definitions

We define the error of a predictor rule ℎ to be:

𝐿𝒟,𝑓 ℎ ≝ ℙ𝑥∼𝒟 ℎ 𝑥 ≠ 𝑓 𝑥 ≝ 𝒟 𝑥: ℎ 𝑥 ≠ 𝑓 𝑥

The probability of randomly choosing an example 𝑥 for which ℎ 𝑥 ≠ 𝑓 𝑥

The learner is blind to the underlying 𝓓 and the function 𝒇 

Training set: 𝑆 = ( 𝑥1, 𝑦1 , … , 𝑥𝑁, 𝑦𝑁 )
Sequence of pairs 𝒳 ×𝒴

What the learner can use to determine 

the values of the predictor’s parameters

𝑆 elements extracted using 𝓓, a probability distribution over the domain set 𝓧
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Empirical Risk Minimization

𝐿𝒟,𝑓 ℎ , the true error, is not directly available because we do not know 𝒟 and 𝑓

TRAINING ERROR: error of the predictor on the training samples

𝐿𝑆 ℎ ≝
𝑖∈ 𝑁 :ℎ 𝑥𝑖 ≠𝑦𝑖

𝑁
𝑁 = {1, … , 𝑁}

EMPIRICAL RISK/ERROR

HOW WE USE THE AVAILABLE DATA IS CRUCIAL
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The Disturbance Storm Time Index

The Dst index is an index of magnetic activity derived from a network of near-equatorial geomagnetic 

observatories that measures the intensity of the globally symmetrical equatorial electrojet.

Dst is maintained at NGDC and is available via FTP from 1957 to the present.

DST > -20 nT

-20 nT ≥ DST > -50 nT

-50 nT ≥ DST > -100 nT

DST ≤ -100 nT

→ low

→ medium

→ high

→ intense

Forecast with Deep Learning

ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC_DATA/INDICES/DST/
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DST and geomagnetic storms

Storm 1 Storm 2

DST > -20 nT

-20 nT ≥ DST > -50 nT

-50 nT ≥ DST > -100 nT

DST ≤ -100 nT

→ low

→ medium

→ high

→ intense
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Machine Learning for DST forecast

DST
BX, BY, BZ 

FLOW_SPEED 

PROTON_DENSITY

TEMPERATURE 

PRESSURE 

ELECTRIC FIELD

Input

Output

PRESSURE = α * PROTON_DENSITY*FLOW_SPEED2

ELECTRIC = β * BZ * FLOW_SPEED
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Input – output of the model

12 points (hours) to forecast the next 12 points (hours)

DST

BX

BY

BZ 

FLOW_SPEED 

PROTON_DENSITY

TEMPERATURE 

PRESSION 
ELETTRIC FIELD

… t -4 t -3 t -2  t -1   t0

t+1     t+2   t+3    t +4 …

DATASET

186534 samples
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Machine Learning for DST forecast

DST
BX, BY, BZ 

FLOW_SPEED 

PROTON_DENSITY

TEMPERATURE 

PRESSURE 

ELECTRIC FIELD

Input

Output



ALPACA Workshop 22-11-2023

Periodicity and arrow of time. If data are periodic, it is safe to

train the model considering at least one complete period and test

it on different periods. being the arrow of time fixed and the future

unknown, the training operation that make use of points that follow

the data used in the test can introduce bias

Forecast of rare events (storms). Training supervised DL

model requires a balanced sampling of data referring to quiet

and storm periods and proper metrics to measure the

performances.

Dealing with time series and rare events 
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Dataset preparation: solar activity
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Dataset preparation
Random sampling and reweighting
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Persistence model

Storm 1 Storm 2

Looks good, 

reproduce perfectly the shape, 

but the algorithm 

does not really learn
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Results

Adopted metric:

Using the weighted dataset the performances 

on the storms improvePerformance on the full dataset
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Persistence by Dynamic Time Warping

Dynamic Time Warping as a New Evaluation for Dst Forecast With Machine Learning, 

B. Laperre, J.A. and G. Lapenta, Front. Astron. Space Sci., 22 July 2020

Persistent

Nominal Weighted
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Predicted class

Confusion matrix

Full dataset
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Predicted class

Confusion matrix

Data with input 

DST > -50nT
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Predicted class

Confusion matrix

Data with input 

DST > -20nT
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Thank you
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