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Theenhancedlouleheatingis globallythe
mostimportant factor producing the
thermosphericstorm.

lonosphereThermosphere couplinghe
resultingslowionizationlossby
recombination i.e. neutralatmosphere
processesncludingdynamicshavesuficient
time availableto affectthe ionized
componentsubstantially

COMPOSITION
DISTURBANCE
ZONES

s
ENERGY mJECT:&
Prolss 1995

Handbook of Atmospheric Electrodynamics



Prolssphenomenological model
> localtime dependent scenario

IONOSONDE STORM TIME » O h TRAVELING STORM TIME=1-3h
STATION ATMOSPHERIC
DISTURBANCE 1217

TheSelilo]sWky located in the

afternoon sector during the
expansion phase does not
experience the negative phase of
the ionospheric storm.

TheSEIeNE located in the early omdor ¢ e WO coudon” 0
morning sector observes well the surGE(s)
lonospheric storm. During strong RESIDUALS OF  STORM Tiue- 1o

and long storms, the negative

phase reaches lower latitudes,
trada t2y3aISNI YR
whole midlatitude area.

COMPOSITION
DISTURBANCE MIDNIGHT
fch ZONE SURGE

After Prolss 1996



Prolssphenomenological model
positive and negative storm effects

IONOSONDE STORM TIME » O h TRAVELING STORM TIME=1-3h
STATION ATMOSPHERIC
DISTURBANCE 1217

Neqgative storm effectsThe

negativephas is predominantlyan s
lonosphericesponseo the
thermospheriadisturbanceto a

changeof compositiondueto e oG ;
heatingof the thermosphere o Slrmanes  non” , SaTomance i

IONE

RESIDUALS OF STORM TIME«10h
STORM SURGE
DISTURBANCE 12

Positive storm effectsDuring the day Travelling
Atmospheric Disturbances (TADs) propagate from
auroral zone to lower latitudes. This disturbance
propagates with stormnduced meridional wind 1
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 comrdsimon

higher altitudes. At night lack of ionization After Prolss 1996
production diminishes their formation.




Capturing nightime positive storm effects

TRORS

December 15 21, 1950
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the point of FullerRowell et al. (1994) suggesting that if a positive
phase is driven by winds before dusk it will rotate into the night side.

Zone

A possible explanation for their generation may be consistent wi [y comesiten Surgets) A Oiturbance Wi
Zone urge

After Tsagouri and Belehaki, GRL 20



Energy injection in the polar cap region causes
triggers severgbhysical effectan the ionosphere:

Alonization enhancement (positive storm effect) Relevant models: IRI. SWIF
Alonization depletion (negative storm effect)

ATravelling Atmospheric Disturbances (TADS), waves in
the thermosphere which are often associated with__ | ...« Jois: TechTIDE
Travelling lonospheric Disturbances (TIDs) suite of models




IRI is an international prOJect jointly sponsored by COSPAR and URSI to dearliopproved reference model
F2NJ OKS Y2ad AYLERNIIFIYyG LIXFayYlr LINYYSOUSNER Ay GKS 91

https://irimodel.org/
Online computation and plotting at CCNICELE)IRF2020, IRF2016 IRI2012, IRF2007

IRl is an empirical (dat@ased) 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 averagethe altitude range 51500 km: 7 2001/04/03 00:00

International Re;fel ence Ionosphel e - IRI-

+ Electron density

+ Electron temperature

+ lon composition (O+, O2+, NO+, N+, He+, H+)

+ lon temperature

+ lon drift (currently only equatorial verticalrégion drift)

+ spreadF occurrence probability (currently limited to SotAimerican sector)



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

I1SIS 1 (RCA Ltd. photo)

Data Sources

Instrument| Platform Used for Comments
lonosondes Worldwide | Nfrom E Fifties to
Network to F2 now
Incoherent| Jicamarca, . Nrofile Few radars,
Scatter Arecibo, -(&alley) | many
Radar St.Santin T, T parameters
MillstoneH,
Malvern
Topside |Alouette 1, 2| Ntopside newer data
Sounder | ISIS 1, 2 profile {@mora
ISSh, 1k19
Insitu AEC;DE Nopside | many more:
AerosA,-B | profile,T,, T, DMSP, OGO
IK-24, DE2 lon comp. | Hinotori
Rocket data N-region,| sparse
compilations lon comp. data set




TR, RS~ Build-up of IRI electron density profile

Mathematical functions: [
. . < Topside (1)
Global Variations: ’
Spherical harmonics, hmF32
special functions F2 (2)
Time Variations: T e 7
Ime varia IOﬂS HST| — — Intermed. (4] — -%
Fourler, '
. ; hyr
simple sin/cos, ) ]!
. VB |- —E - Valley isl—-——’-— HBR
step-functions henE HABR
g P!
Helght Varlatlons: HA Normaliz:ed to E and F peaks
Epstein functions e NmE  NmFl  NmPF2
leg N

Global models for
foF2/NmF2, foF1/NmFifoE NmE
hmF2/M(3000)F2, hmF1hmE



Additional IRI capabillities

Developments in the IRI have the goal to méwen the climatological
representation provided by the standard IRl motbe& description of reaktime
or pasttime ionospheric weather condition®ased on:

A the integration of theEmpirical lonospheric Storfime Correction Model
A the ingestion of reatime measurements IRtbased Realime Assimilative

Mapping IRTAM




Empirical lonospheric StorAiime Correction Model

by E. A. AraujePradere T. J. FulleRowell, and M. V. Codrescu (Radio Science, 200
Integrated in the International Reference lonosphere in an effort to include a
dependence on geomagnetic activity within this climatological model.

D

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

guiet time Fregion peak critical
frequency due to the storm.

Input: 36 hour filtered ap (based on

ap, global ionospheric foF2, Many
years of storrrtiime intervals)

Output: lonospheric foF2 correction

Lead time: depends on ap lead time

STORM output

i1 .

GM Lat= +80
N
- .-4

Lo

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



The concept:

'4S & ARNAYGSNE (GUKS a2tlF N gAYR YIFIYSGAO FAS
the high latitude Joule heating at leaste hour in advance

1.5%10%m

Byorbiting 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.




ACE
Realtime data

TSARalgorithm
Time Series
AutoRegressive
(Koutroumbas et
al., 2009

Historicalandreal
time datafrom
lonosphericStation

SWIFmodel

Alert DetectionAlgorithm (ADA)

l

NoAlert
(QuietCondition3

|

ShortTermPredictions
issuedby:
TSAR

(Forthcomingstorm conditiong

Alert

|

ShortTermPredictiongssued
by:

TSAR (hour after the ADA)
STIM fore than 1 hour after
the ADAuntil 24 hr after the end
of storm disturbance

l

SWIFShort TermPredictions

STIMalgorithm
Empirical&orm Time
lonospheridModel
that formulates the
ionosphericstorm
time response
(Tsagourand

Belehal4 2009

LocalTimein the
stationlocation




SWIF modet Alert detection criteria

The criteria were determined through empirical tests (superimposed epoch

analysis) and literature investigation. In principle, they are set up to predict t
lonospheric storm time response during intense storm events (min EQ06NT)

(i) The IMEB should record either a rapid increase denoted by
time derivative values greater than 3:8/h or absolute values
greater than 13nT.

(i) The IMIEBzcomponent should be southward directed either
simultaneously or a few hours latemténsestorm conditions
(Bzx-10nT for at least 3h)

(e.g. Gonzalez antburutanj 1987;Tsurutaniand Gonzalez, 1995)

Dst development: Superposed epoch study
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SWIF modet Formulation of storm time ionospheric response

- 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 storr
onset at L1 point:

ATwo latitudinal zones (greater or less than4s

AFour local time sectors: Morning (@6 LT); Prenoon (0612 LT); Afternoon (1218 LT);
Evening (1& 00 LT)

LT at onset: prenoon

LT at onset: evening/midnight

¥ = -5E-06x* + 0.0003¢ - 0.004x% - 0.0044x + 1.0867 y = -2E-07xct - 2E-056% + 00023 - 0.047%¢ + 0.09514
A2 = 0.0861 A2 = 08113

1.2 1.2

| - . 1
GE a““h"lﬂ—_....u. o W ....... foF2MoF2mad e e T ——— e S I LELLLEY foF2MaF2mad
0.6 [ =] () 0.6 foF2MoF20
0.4 e Pl IR T2 04 — POy (OF2TGF2MR)
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LT at onset: aftemoon = -7E-0fx* + 0.0004x° - 0.0074: + 0.0134x + 1.0022 LT at onset: morning y - gE.07x¢* - 4E-05x% + 0.001 7@ - 0.032x + 1.024
R? =0.0388 R® = 0.6383
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SWIF modet Verification

Chilton Juliusruh

50 50

40 40

& 30 & 30
z i

=20 =20

10 10

0

Pre-storm Storm Post-storm Pre-storm Storm Post-storm

—=— TSAR 1h —&— TSAR 3h —p— TSAR 6h —#— TSAR 12h —%— TSAR 24h —@— STIM

Rome Athens
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0

Pre-storm Storm Post-storm Pre-storm Storm Post-storm

¢KS YSIyYy | 06az2ftdziS NBtFIGADBS SNNBN aw90o 2F ¢{! wQa |
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)



Alert results with respect to the storm intensity

Evaluation of SWIF performance

100
L :° Considering the Akasofu epsilon parameter, the possible effect of thislBy
component is considered for future upgrade of the SWIF Alert criteria
60
g 2 4 8 2
40} 1 e(erg/s) = vB sin 3 Iy
20| iy o B True 5 Mis CME-related cases) 50 . Miss (non CME related cases)
LIS 15 Tt 150
0 — s © 10 il 10 | e = i 10 Lt
All Intense Moderate § 5F | 5 [ i | 5 [FUE s
(|) Probab”'ty Of Detecuon (POD) as T/(T + M) %0 0 10 20 30 40 50 60 70 80 9 %0 0 10 20 30 40 50 60 70 80 90 %0 0 10 20 30 40 50 60 70 80 90
10 10— 10
(i) False Alarm Rate (FAR) as F/(T + F) S 'k z
(i) Success Ratio (SR) as T/(T + F) 5

T: True alertg F: False alarmsM: Misses

KS {2LCQ&a It SNI SYOAS
/| Hn® ¢KS LINBRAOUAZ2Y S fo
AAIAYAUOlLYyGfe LIR22NBN F2NJ é 2N
moderate storm events, POD is reduced up to more than 50%.

"<
=< O(

¢
!

Time (hours)

%‘W 20
20 30 50760 70 80 02 0 40750 7080‘%“

Y
80 [, A

Time (hours) Time (hours)

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

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



Some examples on the performance of
lonospheric prediction models during storms
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=RoRS~  Travelling lonospheric 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 distance
as Travelling lonospheric Disturbances.

Direct Gravity Wave

At z=300km UT=0620:00 10292003 UT=07:20:00 10-29-2003

v (x,z,1)vs t

x =1500km

80m/sec

Ding et al., 2007

TIME (hours)
Hunsucker1982



Travelling donoesphericiDisturbances (T1Ds)

Quietpool drregularitieg  theyool ¢ NJi itérpre@edion)

Courtesy: David Altadill, Ebro Observatory



What happened on 17 March 20157

a 0000UT 2015-03-15 b 0148UT 2015-03-15 ¢ 0200UT 2015-03-15 d 0212UT 2015-03-15

This is the St Patrick storm 2015, the
first super-geomagnetic storm of the
24" solar cycle.

A CME observed by LASCO on 15
March 2015.

Coronal images recorded by SOHO/LASCO C2 during@8:0® UT
Wu et al., 2016



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

-3 CME Naming Tool

B

y

AR 12297 CME 15-Mar-2015 WSA/Enlil Run shows only “glancing blow” at Earth

NOAA, National Weather Services



The CME produced a deformation of the Earth magnetosphere with
impact in the geomagnetic field and the ionosphere
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Borries et al., 2016
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The large scale effects in the ionospherenization enhancement and depletion
depending on the location
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DIAS products



Detection of aurora generated Travelling lonospheric Disturbances
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Methodologies for Large Scale Travelling lonospheric Disturbances detection

P
Vi TechTIDE portal http://teetide.eu/
%/ / also through the PITHMRF escience center

/ TechTIDE A vove Sari- @ inowvsensors (O INpicaTors [ orivers [ acTivity @) asout
>

TID - Activity Reports

Warning and Mitigation Technologies for Travelling lonospheric Disturbances Effects — TechTIDE

Most recent conditions: Conditions tend to be median @ 2024-02-05T19:30:00 UTC

View TID Activity | Reference Date: 2024-02-05T20:27:00 UTC

"

Current value of critical Activity

LSTID Detection Date Critical Characteristic . ) ACVICO
characteristics evel
2024-02- AATR at polar, high, medium and low
AATR 0.101 Low B8
05T20:20:00 latitudes
2024-02-
GNSS TEC Gradient TEC gradient amplitude in high latitudes 1.468 MEDIUM B
05T20:15:30 )
HF Interferometry (HF- 2024-02- o
Spectral Energy Contribution 0.1 LOW %
INT) 05720:20:00
2024-02- _
LSTID, Relative Std Dev of Ne 0 Low B8
05T19:55:00
2024-02-
HF TID Amplitude (in situ) 184 STRONG m

05720:27:00



LS TID Detection products with good time coverage In
TechTIDE database

A HF Interferometry:The disturbance potentially associated to TID in the ldsirerval can be
related to the detrended ionospheric characteristics after removing the main daily harmonics.
The dominant period of oscillation and amplitude of the LSTID are obtained by spectral analysis.

A GNSS TEC gradiefihe 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 [
precursors of LSTID activity. Significant TEC gradients at high latitudes are indicative of strong
lonospherethermosphere perturbations, which are in turn considered to be sources of LSTIDs.



LSTIDeccurrencechain of events: aaxample

Geomagnetidield

Detection of LSTIDs by
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LSTIDeccurrencechain of events: aaxample

Energy injection @ highatitude

inducingJouleheating

Geomagnetidield
disturbancesletected
alonga meridionalchain
of magnetometer@
ground

Equatorward

Propagatiorof LSTIDs
from aurorallatitudes

Detection of LSTIDs by
HF Interferometry
applied over Digisonde
characteristics

| 4 N’ i 30 40 ) &
Select: 3
75
ALL °
PPN-SOR
[ ]
PPN-NAL
| Svalbard
Lat 66-71
Clear all
N —

IL and IU

500

-500

-1000

-1500

IL and IU indices 2023-03-23 00 - 24 UT

10 second averages

T T T T T l T T T T T I T T T T T l T T T T T

IIIIIIIIIIIIIIIIIIII]IIII

o
o

Tot,
-30°

+60°

+30°

al Electron Content (TEC) Gradients
-10°

) Jf e\

06 12 18
Hour (UT)

2023-03-23T19:20:00 UT

+10° +30° +50°
——

........

RO~

RN NS I 2 S e
haiidy - p K, A T

ot na §

bl
DR L O
Y Ly
MR
N -

AR L)

rrrrrrrrr

N\

,,,,,,,,,,,

T e v N

e, RS~ R

[ SRR . o o T
NN XNX N R SR

NN L F TR § s GRS LS N
RSN RS S S eI I N

L RN AL GRS N
[ SRR 4T il S

S [ e\
[0 IR NG N, R SR At S R N
ROSIVREN >SS R I Sl aniaim 88 N
N

e ) e\

NN N

-

+60°

+50°

+40°

S ——
-10° +10° +30° +50°

Arrow length scale

> »1000m’s

(L
=

> <100mfs

100-299 m/s

Arrow colour scale

[ Ingignificant
5% Weak
Moderate
Strong
Very Strong

+55°

Latitude
-+
=

+45°

+40°

35"

Vector velocities estimated on 23 March 2023 at 19:25 UT

¥

(!

YT

<

ST DL

Longitude

+20°

125"




Dst index (nT)

AATR index (TECUs/min)

1.2

TechTIDE products :

Results for a moderate geomagnetic
storm occurred on 5 August 2019
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Belehaki et al., 2020, JISWSC
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Amplitude (dB)

TechTIDE: LSTID identificatio

Results for a moderate geomagnetic
storm occurred on 5 August 2019
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How to get access to data and models

AIRI¢ no input data are required

ASWIF¢ input data are automatically provided by the backdDataBase
ATechTIDEinput data are automatically provided by the backend Database
AData for comparison/validation: ARInostream_noa& SWIMAGD_|IONO Workflow



PITHIA-NRF HOME  SEARCH & BROWSE ~ ADMIN ~

e-Science Centre

Home / Browse Metadata / Data Collection-related Metadata / Data Collections / IRI: International Reference lonosphere version 2001

IRI: International Reference lonosphere  identifier properties
version 2001

Local ID DataCollection_IR
1-2001
The International Reference lonosphere (IRI) is an international project sponsored by the

N ithi
Committee on Space Research (COSPAR) and the International Union of Radio Science (URSI). amespace pithis

These organizations formed a Working Group (members list) in the late sixties to produce an Version 1
gmplrlcal standar.d model of the ionosphere, based on all ava|la.b|e. data sourcets _(Charter), IRI 2001 Created Monday 28th
is one of the earliest stable releases of the model. Several steadily improved editions of the model Feb. 2022,
have been released since 2001. For given location, time and date, IRl provides monthly averages 01:30:00
of the electron density, electron temperature, ion temperature, and ion composition in the Last Wednesday 22nd
ionospheric altitude range. Modified Feb. 2023,
10:00:00
Interact
Interaction
Method Description Data Format Link
Direct Link to Data  The IRl home page has the list of text/html Open Latest IRI
Collection resources (numerical data, display/plot (click the link to show Landing_Page in
products, FORTRAN code) and information on this new tab @
documentation for operating the latest ~ ontology term)
IRl release.
Direct Link to Data  The IRI landing page at CCMC has the text/html Open IRI Landing
Collection list of data resources (numerical, display) (click the link to show Page at NASA
for operating several versions of IRI. information on this CCMC in new tab

ontology term) )



@ CCMC Instant Run System

Date Time

[11/02/2012 10:00 ]

— Coordinate

Coordinate Type
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Latitude (-90° to 90°)
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B | \

— Profile 2 0.59
Profile Type ﬂz .
[Height [0 to 1000 km] v & 0
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Step Size -
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View Raw Output

Height (km)
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Curator: Tyler Schiewe
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NASA Official: Dr. Masha Kuznetsova

Privacy and Security Notices CCMC DATA Collection Consent Agreement
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https://electron.space.noa.gr/swif/api/v2/docs#/idb




