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Ionosphere-Thermosphere coupling: The 
resulting slow ionization loss by 
recombination, i.e. neutral atmosphere
processes including dynamics, have sufficient 
time available to affect the ionized 
component substantially.

Prölss, 1995
Handbook of Atmospheric Electrodynamics

The enhanced Joule heatingis globally the 
most important factor producing the 
thermosphericstorm. 

Ionospheric Storms Phenomenological Model (Prölss)



Prölssphenomenological model: 
local-time dependent scenario 

The station [1]located in the 
afternoon sector during the 
expansion phase does not 
experience the negative phase of 
the ionospheric storm.

The station [2]located in the early 
morning sector observes well the 
ionospheric storm. During strong 
and long storms, the negative 
phase reaches lower latitudes, 
ƭŀǎǘǎ ƭƻƴƎŜǊ ŀƴŘ Ƴŀȅ άƻŎŎǳǇȅέ ǘƘŜ 
whole midlatitude area.

After Prölss, 1996
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Prölssphenomenological model: 
positive and negative storm effects 

After Prölss, 1996
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Negative storm effects: The 
negativephase ispredominantlyan
ionosphericresponseto the 
thermosphericdisturbance, to a 
changeof compositiondueto
heatingof the thermosphere.

Positive storm effects: During the day Travelling 
Atmospheric Disturbances (TADs)  propagate from 
auroral zone to lower latitudes. This disturbance 
propagates with storm-induced meridional wind 
pushing ionization upward along geomagnetic field 
lines. It results to an increase of hmF2 and an 
increase of NmF2 due to lower electron loss rate at 
higher altitudes. At night lack of ionization 
production diminishes their formation.



A possible explanation for their generation may be consistent with 
the point of Fuller-Rowell et al. (1994) suggesting that if a positive 
phase is driven by winds before dusk it will rotate into the night side. 

Capturing night-time positive storm effects

After Tsagouri and Belehaki, GRL 2000
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In Summary, according to the Prölsstheory:

Energy injection in the polar cap region causes 
triggers several physical effects in the ionosphere:

ÅIonization enhancement (positive storm effect)

ÅIonization depletion (negative storm effect)

ÅTravelling Atmospheric Disturbances (TADs), waves in 
the thermosphere which are often associated with 
Travelling Ionospheric Disturbances (TIDs)

Relevant models: IRI, SWIF

Relevant models: TechTIDE 
suite of models



IRI is an international project jointly sponsored by COSPAR and URSI to develop an improved reference model 
ŦƻǊ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǇƭŀǎƳŀ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ LƻƴƻǎǇƘŜǊŜ

https://irimodel.org/
Online computation and plotting at CCMC(HELP): IRI-2020, IRI-2016, IRI-2012, IRI-2007

IRI is an empirical (data-based)  model representing the primary ionospheric parameters based on the long data 
record that exists from ground  and space observations of the ionosphere. 
The core model describes monthly averages in the altitude range 50-1500 km: 

+ Electron density 
+ Electron temperature
+ Ion composition (O+, O2+, NO+, N+, He+, H+) 
+ Ion temperature
+ Ion drift (currently only equatorial vertical F-region drift)
+ spread-F occurrence probability (currently limited to South-American sector)

International Reference Ionosphere - IRI

https://irimodel.org/
https://irimodel.org/iri2016_help.html
https://ccmc.gsfc.nasa.gov/models/IRI~2020/
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2012_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/iri_vitmo.php


Data Sources

Instrument    Platform        Used for             Comments

Ionosondes   Worldwide    Ne from E             Fifties to
Network           to F2                     now

Incoherent    Jicamarca,          Ne profile       Few radars,
Scatter          Arecibo,                (E- valley)      many 
Radar           St. Santin,               Te, Ti parameters

MillstoneH.,
Malvern

Topside Alouette 1, 2      Ne  topside       newer data
Sounder         ISIS 1, 2             profile             from Ohzora,

ISS-b, IK-19
Insitu            AE-C,-D,-E           Ne topside      many more:
Aeros-A,-B   profile,Te,Ti,       DMSP, OGO

IK-24, DE-2       ion comp.         Hinotori
Rocket            data                   Ne D-region,   sparse

compilations        Ion comp.       data set 



Build-up of IRI electron density profile

Mathematical functions:

Global Variations: 
Spherical harmonics, 
special functions

Time Variations:    
Fourier, 
simple sin/cos, 
step-functions

Height Variations:
Epstein functions

Global models for 
foF2/NmF2, foF1/NmF1, foE/ NmE
hmF2/M(3000)F2, hmF1 , hmE

Normalized to E and F peaks



Developments in the IRI have the goal to move from the climatological 
representation provided by the standard IRI model to a description of real-time 
or  past-time ionospheric weather conditions based on:
Åthe integration of the Empirical Ionospheric Storm-Time Correction Model
Åthe ingestion of real-time measurements - IRI-based Real-Time Assimilative 

Mapping IRTAM 

Additional IRI capabilities



Empirical Ionospheric Storm-Time Correction Model
by E. A. Araujo-Pradere, T. J. Fuller-Rowell, and M. V. Codrescu (Radio Science, 2002)

Integrated in the International Reference Ionosphere in an effort to include a 
dependence on geomagnetic activity within this climatological model. 

Input: 36 hour filtered ap (based on 
ap, global ionospheric foF2, Many 
years of storm-time intervals)

Output: Ionospheric foF2 correction 

Lead time: depends on ap lead time

A new index was developed to 
characterize the intensity of the storm by 
integrating the previous 33 hours of ap,
weighted by a filter. The output of the 
model provides a simple correction to the 
quiet time F-region peak critical
frequency due to the storm.

The model validation study indicates that a significant 
improvement is provided in equinox and summer, but in 
winter no quantitative improvement can be demonstrated.



Solar wind ςdriven Ionospheric Forecasts: the SWIF model

The concept:

¦ǎŜ ŀǎ άŘǊƛǾŜǊέ ǘƘŜ ǎƻƭŀǊ ǿƛƴŘ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀǘ [м ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜ ŦƻǊŜŎŀǎǘ ƻŦ 
the high latitude Joule heating at least one hour in advance.

By orbiting the L1 point, 
ACE/DSCOVR satellites will 
stay in a relatively constant 
position with respect to the 
Earth as the Earth revolves 
around the sun. 



SWIF model

Alert Detection Algorithm (ADA)ACE 
Real-time data

No Alert
(Quiet Conditions)

Alert
(Forthcoming storm conditions)

Short Term Predictions 
issued by:

 TSAR

TSAR algorithm
Time Series 

AutoRegressive
(Koutroumbas et 

al., 2008)

Short Term Predictions issued 
by:
TSAR (1 hour after the ADA)
STIM (more than 1 hour after 
the ADA until 24 hr after the end 
of storm disturbance)

STIM algorithm
Empirical Storm Time 
IonosphericModel
that formulates the 
ionosphericstorm 

time response  
(Tsagouriand 

Belehaki, 2008)

SWIF Short Term Predictions
Historical and real-

time data from 
Ionospheric Station

Local Time in the 
station location



SWIF model ςAlert detection criteria

(i) The IMFςB should record either a rapid increase denoted by 

time derivative values greater than 3.8 nT/h or absolute values 

greater than 13nT.

(ii) The IMFςBzcomponent should be southward directed either 

simultaneously or a few hours later. Intensestorm conditions 

(Bz<-10nT for at least 3h)

(e.g. Gonzalez and Tsurutani, 1987; Tsurutaniand Gonzalez, 1995) 

The criteria were determined through empirical tests (superimposed epoch 
analysis) and literature investigation. In principle, they are set up to predict the 
ionospheric storm time response during intense storm events (min Dst < -100nT)  



The STIM formulation of based on empirical expressions to provide a correction factor to the 
reference variation based on the latitude of the observation point and its local time at the storm 
onset at L1 point:
ÅTwo latitudinal zones (greater or less than 45Á)
ÅFour local time sectors: Morning (00 ς06 LT); Prenoon (06 ς12 LT); Afternoon (12 ς18 LT); 
Evening (18 ς00 LT)

SWIF model ςFormulation of storm time ionospheric response



¢ƘŜ ƳŜŀƴ ŀōǎƻƭǳǘŜ ǊŜƭŀǘƛǾŜ ŜǊǊƻǊ όaw9ύ ƻŦ ¢{!wΩǎ ŀƴŘ {¢LaΩǎ ǇǊŜŘƛŎǘƛƻƴǎ ŦǊƻƳ ŀŎǘǳŀƭ ƻōǎŜǊǾŀǘƛƻƴǎ ƛƴ ǊŜǎǇŜŎǘ 
to the storm development for each ionospheric station. The results are obtained over 12 storms occurred 
from 1998 to 2005. 
(Tsagouri, Koutroumbas and Belehaki, Radio Science doi:10.1029/2008RS004112, 2009)

SWIF model ςVerification



Evaluation of SWIF performance

¢ƘŜ {²LCΩǎ ŀƭŜǊǘ ŜŶŎƛŜƴŎȅ ŦƻǊ по ǎǘƻǊƳǎ ƻŎŎǳǊǊŜŘ ƛƴ {/ но ŀƴŘ 
{/ нпΦ ¢ƘŜ ǇǊŜŘƛŎǘƛƻƴ ŜŶŎƛŜƴŎȅ ƛǎ ƘƛƎƘŜǊ ŦƻǊ ƛƴǘŜƴǎŜ ǎǘƻǊƳǎΣ ōǳǘ 
ǎƛƎƴƛŬŎŀƴǘƭȅ ǇƻƻǊŜǊ ŦƻǊ ǎǘƻǊƳǎ ƻŦ ƳƻŘŜǊŀǘŜ ƛƴǘŜƴǎƛǘȅΦ CƻǊ 
moderate storm events, POD is reduced up to more than 50%. 

(i) Probability of Detection (POD) as T/(T + M)
(ii) False Alarm Rate (FAR) as F/(T + F)
(iii) Success Ratio (SR) as T/(T + F)
T: True alerts ςF: False alarms ςM: Misses

Considering the Akasofu epsilon parameter, the possible effect of the By-IMF 
component is considered for future upgrade of the SWIF Alert criteria

Tsagouri and Belehaki, ASR, 2022, https://doi.org/10.1016/j.asr.2022.06.047

Å High forecasting ability for intense storms usually driven by coronal mass ejections
Å Limited forecasting ability mainly for storms not related to coronal mass ejections which are usually of moderate intensity.



Some examples on the performance of 
ionospheric prediction models during storms



"id": "504aa380-9e8f-587e-821e-2a73726554b4",
"onset": "2023-03-23T14:00:00",
"offset": "2023-03-24T08:00:00",
"status": "closed",
"id": "22f086eb-c756-590c-a7ef-6c6e5ae698b4",
"onset": "2023-04-23T17:00:00",
"offset": "2023-04-23T20:00:00",
"status": "closed"

Start: 23 March 2023



"id": "22f086eb-c756-590c-a7ef-6c6e5ae698b4",
"onset": "2023-04-23T17:00:00",
"offset": "2023-04-23T20:00:00",
"status": "closed",
"id": "3739dbd9-c0c8-538f-bdb5-3583be8216c6",
"onset": "2023-04-24T00:00:00",
"offset": "2023-04-нп¢млΥллΥллά
"status": "closed"

Start: 23 April 2023



Travelling Ionospheric Disturbances 

Francis' theoretical development shows that the average fluctuations of the auroral electrojet are 
sufficient to generate freely propagating neutral waves which should be detectable at large distances 
as Travelling Ionospheric Disturbances.

Ding et al., 2007

Hunsucker, 1982



άIrregularitiesέ ƛƴ the pool (ŀǊǘƛǎǘΩǎinterpretation)Quietpool

Travelling Ionospheric Disturbances (TIDs)

Courtesy: David Altadill, Ebro Observatory



What happened on 17 March 2015? 

This is the St Patrick storm 2015, the 
first super-geomagnetic storm of the 

24th solar cycle.

A CME observed by LASCO on 15 
March 2015.

Coronal images recorded by SOHO/LASCO C2 during 00:00ς03:12 UT

Wu et al., 2016



The CME propagated in the interplanetary medium reached the Earth 2 days after its ejection

NOAA, National Weather Services



The CME produced a deformation of the Earth magnetosphere with 
impact in the geomagnetic field and the ionosphere

Borries et al., 2016



The large scale effects in the ionosphere ςionization enhancement and depletion 
depending on the location

Great Britain Germany

Spain Greece

DIAS products



Detection of aurora generated Travelling Ionospheric Disturbances

Borries et al., 2016



Methodologies for Large Scale Travelling Ionospheric Disturbances detection: 
TechTIDE portal http://tech-tide.eu/

also through the PITHIA-NRF e-science center



LS TID Detection products with good time coverage in 
TechTIDE database

ÅHF Interferometry: The disturbance potentially associated to TID in the last 6-h interval can be 
related to the de-trended ionospheric characteristics after removing the main daily harmonics. 
The dominant period of oscillation and amplitude of the LSTID are obtained by spectral analysis.

ÅGNSS TEC gradient: The method calculates temporal and spatial TEC gradients based on TEC 
maps. TEC gradients are not a direct signature of TIDs. Instead, TEC gradients are considered to be 
precursors of LSTID activity. Significant TEC gradients at high latitudes are indicative of strong 
ionosphere-thermosphere perturbations, which are in turn considered to be sources of LSTIDs. 



Energy injection @ high latitude
inducingJoule heating

Geomagneticfield 
disturbancesdetected

alonga meridionalchain 
of magnetometer@ 

ground

Equatorward
Propagationof LSTIDs
from auroral latitudes

Detection of LSTIDs by 
HF Interferometry 

applied over Digisonde 
characteristics

LSTIDsoccurrencechain of events: an example



Energy injection @ high latitude
inducingJoule heating

Geomagneticfield 
disturbancesdetected
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from auroral latitudes

Detection of LSTIDs by 
HF Interferometry 
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TechTIDE products : indicators 

Belehaki et al., 2020, JSWSC

Results for a moderate geomagnetic 
storm occurred on 5 August 2019

Pre-storm day Storm day

Along the Arc TEC Rate indicator 

GNSS TEC gradients method



TechTIDE: LSTID identification
Results for a moderate geomagnetic 
storm occurred on 5 August 2019

HF Interferometry results  over Dourbes

Digisonde-to-Digisonde TID detection method (HF-TID)



How to get access to data and models

ÅIRI ςno input data are required

ÅSWIF ςinput data are automatically provided by the backend DataBase

ÅTechTIDE ςinput data are automatically provided by the backend Database

ÅData for comparison/validation: API ionostream_noa& SWIMAGD_IONO Workflow







https://electron.space.noa.gr/swif/api/v2/docs#/idb


