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Fundamentals and Background

IRI model (Dieter Bilitza), NeQuick (Bruno Nava and Yenca Migoya-Orue), 
Ionosondes (Ivan Galkin),  Radio Occultation (Bruno Nava), ISR (Shunrong Zhang),
 GIMs for TEC (Andrzej Krankowski), Machine Learning (Yenca Migoya-Orue), ionospheric
Variability (Lucilla Alfonsi)…



Fundamentally: this involves representation of an ionospheric (in our context) 

parameter (Ne) in 3 dimensions of space, time and altitude: and can be 
broadly done through three main approaches;

1. Theoretical: Solve the necessary hydrodynamic equations with some initial 
conditions. Requires experimental data for validation and usually 

computationally intensive

2. Empirical: Relies only on data to generate expected behaviour of any 
parameter under investigation. The output is as accurate as the what was 
used to develop the models.

3. Mixture of theoretical and empirical approaches sometimes known as semi-

empirical, etc and this would cater for some data assimilation techniques

Define 3D reconstruction



Challenges with ionospheric 3-D reconstruction

• Not many instruments are dedicated to this at all required altitudes, 

although most applications require reconstruction within 50-1000 km 
(ionosphere)

• Traditionally, ionospheric instrumentation include ionosondes and 
incoherent scatters (Figure used from Lei et al., 2005: Radio Science)



Currently operational ISRs? May be not a complete picture

Refer to the
complete
picture by
Shunrong Zhang
 



Global ionosonde network: slightly biased!

Malindi

The ionosonde data we use in our reconstruction work comes from digisondes



Among commonly used empirical models are IRI (Dieter’s talk) 
and NeQuick (Bruno’s and Yenca’s talks)



● Spatial distribution of satellite data is usually not enough for 
accurately reconstructing electron density in 3-dimensions 
especially if the ground receivers are sparse.

● Difficult inverse problem and in most cases requires iterative solving 
starting with an initial guess. Results may be sensitive to the 
assumed initial guesses

●   Reference: Chen et al., (2016): doi:10.1186/s40623-016-0412-6

●           Results at 136oE (a-c) and altitude of 300 km (d-f)

Ionospheric tomography



Very sparse ground-based sensors in some regions

Ionospheric tomography 

simply not possible over 
the African region



This led us to Radio Occultation sources



What has been chosen and why?

Habarulema and Cerelse 

(2016, GRL, 
doi:10.1002/2016GL068944
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Data availability (2006-2019)

Yue et al., (2013): GNSS radio occultation (RO) derived electron density quality in high latitude 

and polar region: NCAR-TIEGCM simulation and real data evaluation; JASTP

COSMIC data used in this work consist of the second level data provided by the 
COSMIC Data Analysis and Archive Centre. These are the “ ionprf” files that contain

 information about ionospheric electron density profiles.
http://cosmicio.cosmic.ucar.edu/cdaac/index.html



Model is built solely using artificial neural 

networks with the following physical 
and geophysical inputs

• Diurnal variation
• Seasonal variation

• Solar activity (F10.7)
• Geomagnetic activity (Kp index)

• Latitude and longitude values at the point 
• of the electron density value (this is important)
• Height/altitude corresponding to the electron density observation== this is 

what makes it 3-dimensional reconstruction model

The model and driving inputs

The goal: To be able to nowcast and forecast at-

least 1 day in advance as long as predicted F10.7 
and Kp indices are available



During the electron density retrieval process, some 

profiles exhibit errors mainly related to negative values. To 

minimise such errors, we

1. Removed negative Ne values from all profiles

2. Eliminated entire profiles if negative Ne value 
appeared at altitudes greater than or equal to 100 km

3. All profiles with hmF2 outside the range of 200-550 km 

were removed

Data Quality Control and Model setup

This process resulted into a database of global Ne profiles 

from 2006-2019 which is a huge dataset (2Bn data points) 

for computational purposes.

Divide data into spatial resolutions of 5 (latitude) by 15 

(longitude) resulting into 864 sub-models which are 

combined to form one global model

Habarulema et al., (2021); A global 3-D electron density 

reconstruction model based on radio occultation data and neural 
networks; https://doi.org/10.1016/j.jastp.2021.105702 

Data reduction by 34%



Brief introduction to neural networks



The overall aim is to minimize the cost function





Results; “spatial validation” with independent data source

3D-NN model electron density simulations 

compared to the TEC from Global Ionospheric Maps.



Comparing electron density profiles over Hermanus

Courtesy of John Kappenm



 IL008 (1.8oS, geomagnetic latitude)



GR13L (42.0oS, geomagnetic latitude)



AS00Q (12.3oS, geomagnetic latitude)

Summary of RMSEs

3D Reconstruction:

0.52–1.18 MHz (2009)
 0.83–1.14 MHz (2013) 

IRI 2016 model

0.65–1.27 MHz (2009) 

 0.87–1.36 MHz (2013)



Results over ISR locations: TromsØ (69.6oN, 19.2oE)

Notice the IRI’s 
Performance at lower
altitudes



Results over JRO (11.8oS, 77.2oW), an equatorial location



Millstone Hill (42.6oN, 71.5oW) results: storm conditions



3D-reconstruction background model in real time



The 3D-NN model (developed based only on radio occultation data; 

COSMIC) reproduces expected ionospheric features

The 3D-NN model's performance during storm conditions is significantly 

degraded (an expected result) and requires an improvement.

Need to understand the problems of the first 
model and work towards the solution===which is 
the next step

Summary of what has been done so far…



Problem with storm time modelling: Amount of quiet and 
storm time data within the database: Data imbalance 
that Yenca talked about

During the 3D-NN model 

development, only 4.4% 
accounted for the storm-

time dataset
based on storm criterion 
of Kp ≥ 4.



Development of a storm-time model



==The storm time model is 

developed based on 
COSMIC and ionosonde 

data (up to hmF2 peak).

==Validation is done on ISR dataset which is 

completely independent

Storm-time data base: Ionosonde and COSMIC datasets



Physical mechanisms with respect to different time delays

where x is the storm index indicator

Formulation of inputs representing effects of AGWs and neutral composition

 changes were based on: Araujo-Pradere et al., (2002), STORM: 
An empirical storm-time ionospheric correction model 1. 

Model description, https://doi.org/10.1029/2002RS002467.

Input space for the storm-time model



Habarulema et al., (2025): A storm-time global electron density 

reconstruction model in three-dimensions based on artificial neural 
networks, https://doi.org/10.1016/j.asr.2024.02.014





Ne profiles over Jicamarca

Habarulema J. B.,, D. Okoh, D. Buresova, B. Rabiu, D. Scipion, I. Haggstrom, P. 
J. Erickson,  and M. Milla (2025): A storm-time global electron density 

reconstruction model in three-dimensions based on artificial neural networks, 

https://doi.org/10.1016/j.asr.2024.02.014



● A quiet time model constructed based on radio occultation data (2006-2019)

● A disturbed time model (developed using a combination of ionosonde (2000-2020) and radio 
occultation (2006-2021)

                                            AND Many thanks to (for making science research possible)

1. COSMIC science and Data teams for making data available 
(https://data.cosmic.ucar.edu/gnss-ro/)

2. Ionosonde data providers to the GIRO Database (https://giro.uml.edu/)

3. IRI Model developers (http://irimodel.org/)

4. ISR data providers: http://landau.geo. cornell.edu/madrigal/index.html/; 
http://portal.eiscat.se/madrigal/cgi-bin/gSimpleUIAccessData.py

5. Other historical ionosonde dataset:  National Geophysical Data Center 
(https://catalog.data.gov/dataset/ionospheric-digitaldatabase)

6. Kp and Dst indices were obtained from https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html

7. F10.7 data obtained from https://omniweb.gsfc.nasa.gov/form/dx1.html

8. Other data sources that may have been unintentionally omitted (apologies)

Summary

https://data.cosmic.ucar.edu/gnss-ro/
https://data.cosmic.ucar.edu/gnss-ro/
https://data.cosmic.ucar.edu/gnss-ro/
http://irimodel.org/
http://portal.eiscat.se/madrigal/cgi-bin/gSimpleUIAccessData.py
http://portal.eiscat.se/madrigal/cgi-bin/gSimpleUIAccessData.py
http://portal.eiscat.se/madrigal/cgi-bin/gSimpleUIAccessData.py
https://catalog.data.gov/dataset/ionospheric-digitaldatabase
https://catalog.data.gov/dataset/ionospheric-digitaldatabase
https://catalog.data.gov/dataset/ionospheric-digitaldatabase
https://omniweb.gsfc.nasa.gov/form/dx1.html
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