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“Die Physik ist für die Physiker

eigentlich viel zu schwer.”

-David Hilbert



The Big Challenge: Complexity & Data_

• The system is highly complex: driven by the sun from above and the lower 

atmosphere from below.

• Traditional models are physics-based or empirical (e.g. GITM, SAMI3, IRI, NeQuick). 

• The Data Surge: millions of data from satellites, ground-based radars, and GPS 

receivers.

The Problem: How do we make sense of all this data for ionospheric studies? 

This is where ML shines!



Why ML is a Perfect Fit for Ionospheric Studies?_

Big Data handling

Learns non-linearity

Speed

Complementary Tool



Rudiments of Machine Learning_



Categories of ML_



Fit a model’s predictions to reality



Popular ML techniques_



Neural Networks (NN)_



Let’s see who you really are, ML?



Neural Networks (NN)_



Neural Networks (NN)_



Case Studies

Mao, S., Hernández-Pajares, M., & Soja, B. (2025). A Review of Machine Learning-Based Ionospheric Spatial and Temporal Modeling. 

Journal of Geophysical Research: Machine Learning and Computation, 2(3), e2024JH000555. https://doi.org/10.1029/2024JH000555



The AfriTEC model

The AfriTEC model is the first ionospheric TEC model over the entire
African region (25° degree West to 60° East, 40° latitude South to
40° North). It was built with an ANN trained with GNSS and COSMIC
data.
The model can be used to obtain the ionospheric GNSS TEC at all
locations over the African continent.

Okoh et al, 2019, https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019JA027065



3D NN Model

ANN, RO COSMIC (2006-2019) data

• 3D-NN model (Habarulema et al, 
2021)

Data availability before and after data QC NN architecture for one sub-model

DOY and HH cyclic components

3D NN Model 

Habarulema, J. B., Okoh, D., Burešová, D., Rabiu, B., et al, (2021). A global 3-D 

electron density reconstruction model based on radio occultation data and neural 

networks. Journal of Atmospheric and Solar-Terrestrial Physics, 221, 105702.



Comparison 3D NN, IRI 2020, NeQuick 2

Monthly mean SWARM measurements vs IRI, NeQuick and 3D-NN model predictions. 
Error bars on SWARM indicate the standard deviations of the averaged values for each 1° latitude bin. 
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201403 -180 16 3.32 2.28 1.77

201606 -135 14 0.76 0.50 0.53

201909 -90 03 0.46 0.47 0.47

202212 -45 05 0.70 1.03 1.23

S
a
t 

B

201403 0 15 3.90 2.95 1.57

201606 45 17 0.27 0.51 0.23

201909 90 00 0.82 0.73 0.86

202212 135 19 0.91 0.67 1.83

- Okoh D., Cesaroni C., Habarulema, J., Migoya-Orué Y., et al. (2024).

Investigation of the global climatologic performance of ionospheric models

utilizing in-situ Swarm satellite electron density measurements, Advances in

Space Research, 2024, https://doi.org/10.1016/j.asr.2024.08.052

https://doi.org/10.1016/j.asr.2024.08.052
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Comparison 3D NN, IRI 2020, NeQuick 2



ML: Challenges & Pitfalls_

“Black box” nature (XAI, SHAP)

Extrapolation issue 

Data Availability



ML: Challenges & Data_

Data Scarcity/ Quality

Data Imbalance

Data labeling 



UN/COSTA RICA Workshop on ML for SW & GNSS

Deadline: 30/09

https://www.unoosa.org/oosa/en/ourwork/
psa/schedule/2026/united-nations-costa-
rica-workshop-2026.html



Quick Demo_

https://tinyurl.com/yenkML
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