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Space Weather definition (by ESA)

“Space weather refers to the environmental conditions in Earth’s
magnetosphere, ionosphere and thermosphere due to the Sun and the solar
wind that can influence the functioning and reliability of space-borne and
ground-based systems and services or endanger property or human health.
Space weather deals with phenomena involving ambient plasma, magnetic
fields, radiation, particle flows in space and how these phenomena may
influence man made systems. In addition to the Sun, non-solar sources such
as galactic cosmic rays can be considered as space weather since they alter
space environment conditions near the Earth”
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Space Weather Effects

Space Weather Effects in Geospace and Beyond
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Some Papers...
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Solar energetic particle (SEP) events are  related
to both solar fares and coromal mass ejections
{CMEs) and they present energy spectra that span
from a few keV up to several GeV. A wealth
of observations from widely distributed spacecraft
have revealed that SEPs fill very broad regions of
the heliosphers, often all around the Sun. High-
energy SEPs can sometimes be energetic enough o
penetrate all the way down to the surface of the
Farth and thus be recorded on the ground as ground
lewel enhancements (GLEs). The conditions of the
radiation environment are currently unpredictable
due to an as-yet incomplete understanding of solar
eruptions and their corresponding relation o SEP
events. This is because the complex nabure and the
interplay of the injection, acceleration and transport
processes undergone by the SFPs in the salar
corona and  the interplanctary  space  prevent  us
from establishing an accurate understanding (based
on cbservations and modelling). Tn this work, we
review the current status of knowledge on SEPs,
focusing on GLEs and multispacecraft evenks. We
extensively discuss the forecasting and nowcasting
efforts of SEPs, dividing these into three categories.
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More Definitions...

» SEP event is defined as a flux enhancement of protons with energy
>10MeV in excess of 10 protons cm?stster? (pfu)

» Single event effects (SEEs) are produced during periods of intense solar
activity and are caused by protons with energies higher than 50 MeV and
heavier ions with energies higher 10 MeV/nucleon
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Solar Circle and SEPs
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Particle Acceleration...

Consider a particle subject to external force, then the dynamics of
particle is described by

dp =
=
dt (2,%)
= Is the The change in
r = X(t) particle’s The momentum t =0

trajectory

At
Ap= / dt' F(X(t').t)
0
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Single particle motion in EM fields...

The Lorenz Force :

mj% — g[EF 1) + B ’f('ﬁ ),
VE(7,t) = 4mp(7, 1) L
VB(7,t) =0 f(ff)zéjz_l“jqj
VXE(N):_%d%:‘” NTE 4
B p(7. 1) ?;(]j
V x B(F,t) = % (7, t) + %dEg;f)
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Particle Distribution in EM fields...
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Origin of SEPs (acceleration)

[1] Flare acceleration: paice M) dm-m-%.
* reconnecting current sheet, induced E, beams *C{#\N
waves, possibly reconnection shock epa.) TAI SXR

* active region, mainly low corona W\AN\/ om-dm-

* particles reveal by radiative signatures

(gamma, HXR, radio), evidence for e (>10 ’/\dL/HJ :iRL;f

MeV), p (>300 MeV)

After K.-L. Klein., Solar Orbiter Workshop, Athens, ESA-SP

[2] CME acceleration:

* fast CME drives shock wave
* particles scatter between shock and the
upstream turbulence (diffusive shock
acceleration) or drift along shock front (shock
drift acceleration)

_ * evidencein situ (IP space, planetary bow

After Y. Liu et al., J. Geophys. Res., 111, A09108 shocks; up to which energy ?
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The Origin of SEP events
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An important parameter: No matter the causative, particles should be rooted to the s/c to
be recorded in-situ -> magnetic connection to the observer holds a significant role
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SEP Event (multi s/c observations)
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Classes of SEP events... (?)

\\ Flares CME Shocks

Since the 90s:

* distinction of 2 classes of events:
-Impulsive (small, frequent, presumably
flare related)

- Gradual (large, rare, presumably fast
CME related)

T
" (B) Gradual
- (E10 CME W35 CME
Shock Shock

% 102 » 0.2-2MeV e 1
>
c . % 10° \\
urrent wfew. | | 1 - ey
* observational evidence point to the Tt | B ov ]
existence of mixed or hybrid events, i.e., m e R
ugus 89 ober
both flares and CMEs are the drivers of = S
SEP events Fe/O ~ 1 Fe/O ~ 0.1

3He/4He ~ 0.1 - 1 SHe/*He <0.01
QF:;': ~ 20 QI’--:?. ~10-14

Reames Space Scie. Rev.. 2013 Narrow injection cone |Broad injection cone
’ ’ " Radio type Il Radio type Il & IV
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Acceleration, Transport, Prediction

» Global magnetic field |[@— — =— =— — —

y
Turbulence »| Transport model |
measurements ‘ l | A —1

—— |

Diffusion coefficients J | Prediction
| Remote sensing  [— 1 |

observation

¥ I
—»| Acceleration model [€¢— — —

f
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Papaioannou et.al. Space Sci. Rev. submitted
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Heliospheric Magnetic Field

» trace of magnetic fied spectral matrix
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Single Particle Trajectory

—— Particle trajectory

------- Instataneous guiding centre —— Particle trajectory
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-=== (Guiding centre over gyration
0.50¢
125
0.25¢
- 20
@ 0.oof
(15 = =
<
— -0.25¢
N
10
050+
"5
—0.75¢

2 o
—0.5( 75 -050 -0.25 000 025 050 075 100 125
Q’-Zé.qu 2 @.29-5‘9 X Rug]
295
\
il L

.0
6]%'751-001_25 —0.750'5-@'23,\[)‘ 0

. The 5th Summer School of Hel.A.S.

September 2024, Ioannina

IAASARS o— < HELLENIC ASTRONOMICAL SOCIETY




Heliosphere (numerical simulation)
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PARADISE...

11 Oct 2021, 18:24:50 1.1-1.9 MeV Solar Orbiter
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The PARADISE model is probably the best example of the state-of-the-art when it
comes to particle transport; Whitman et al. (2023)

However, this is far from the complete picture: Coefficients and seed-particles are
ad-hoc, SEP source probably not resolved... Predictive simulations not yet possible



SEP Event (12 July 2012)

! I |
10* S 1ovev flare shock ejecta
3 10° >50MeV S N
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Scales...

Arrival of "hard®

Arrival of first flare-

Solar Flare (X, y)-ray photons accelerated particles

CME arrival

»

tﬂ t,+ 8.3 min ~1,+20 min
1AL
Sourte | upersank:-| Space Weather Forecasting: A
T : problem spanning 8 orders of
SEPs soremt | |Magnitude in space and time
Irmpulsive componant !

ICMEs - |

|

Lol solar corona :

e
N}
1
1

e e el wr pe

~t,+2-4days

! 10° 10’ 10° 10'
Length Scale (Mm)
Flare
Georgoulis et.al. Adv. Space Res.., 2024
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Observations...

Ha - Line

Gamma - Rays

_K___Hard X-Rays
—H/\_ﬂﬂ X-Rays

Radio Micro-Waves
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Increasingly rare events
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Anastasiadis et al., RSTA, (2019)
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Observations...
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General Concept for SW forecasting

l Theory

|
Fomcast Verification
model

/ B incentive, or "theory” \

- Infrastructure modules

Verification modules
- Performed once, initially

- Performed once, for each model

\! Performed after each run /

For Data For Model har
l l l Performance \

Georgoulis et.al. Adv. Space Res.., 2024




SEP Forecasting Models...

Available onfine at www sciencedirect com
ScienceDirect

Advanoes in Space Resmerch xxa (30 oo
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Review

BT SO R S Summarize 35 SEP models in the community
Kathryn Whitman ™, Ricky Egeland “, lan G. Richardson *, Clayton Allison', W|t h over 100 coaut h ors
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Tamas Gombosi®, Zhenguang Huang?, Lulu Zhao, Nicolas Wijsen ™, Angels Aran ™", .. . .
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Anatoly Belov ™', Eugenia A, Eroshenko®!, Maria A. Abunina™, Artem A. Abunin ™,
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Johannes Labrenz ™, Patrick Kithl1™, Alexander G. Kosovichev ™, Vincent Oria ™, m Od e I S
Gelu M. Nita ™, Egor llarionov ™™™, Patrick M. O'Keele ™, Yucheng Jiang ™,
Sheldon H. Fereira®, Aatiya Ali" Lvimgc.lus Pauuris Vo
Sigiava hmmalragu -Giamini “™*, Piers Jlggens . Meng Jin ®®, Christina O. Lee',
Erika Palmerio ™, Alessandro Brurlo Sy S[[l)m:lon Ka:upism. Xiantong Wamg‘;: . . .
Yang Chen ) Blai S:mzlhuja T David Lario®, Carla Jacobs ™, Du Toit Strauss ™,
Ruhann Steyn ™, Jabus van den Berg ™7, Bill Swalwell !, Charlotte Waterfall !, U n d e rSta n d fO reca Stl n g covera ge an d I d e nt Ify
Mohamed Nedal”, Rositsa Miteva ¥, Momchil Dechev ", Pietro Zuc::a b5 Alec Engell““,
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SEP Forecasting Models...

Table 1
Solar energelic particle models. For any models withoul an entry in the Access column, we encourage i 1 readers Lo contact the model developer.
RoR stands for Runs on Reguest available through CCMC. *Deployment to CCMC in progress, **Will be available on SEP Scorcboard and RoR.
Model Model Type Access to Model Reference
ADEPT Empirical - Kahler and Ling (2017)
AFRL PPS Empirical - Smart et al, (1979, 1989, 1992) N
r\mir:cll.lerla.gia—(]iamini ML - Aminalragia-Giamini et al. {ElIZI/ 3 5 m Od e I S Of m a ny d |ffe re nt

mi
AMPS Physics-based CCMC RoR Tenishev et al. (2021) p p h .
Boubrahimi model ML - Roubrahimi et al. (2017) a ro a C e S *
COMESEP Empirical & Physics- Web Dierckxsens et al. (2015), Marsh et al. (2015)

SEPForecast based N N P
EPREM Physics-based - Schwadron et al. {2010) e Statlstlca | a nd empl r|Ca I
ESPERTA Empirical & ML - Laurenza et al. (2009, 2018), Stumpo et al. (2021) . .
FORSPEF Fepisical Web Anastisiadis cl al. (2017) gummmm— re | ations h | p S ( 11 )
Georgia Stale ML Web I et al. (2020.)

University . .
iPATII Physics-based CCMC RoR** Hu et al, (2017) ° h h
Lo Mok . : e ot (1) e Machine Learning approaches
MAG4 Empirical Web, CCMC RoR, SEP Ialconer et al. (2011, 2014) 8

Scoreboard ( )
MagPy Empirical b Tadesse, T., Fernandes, 1., Kadadi, Y., Lee, K, T,, and Falconer,
D, .
MEMPSEP ML : Moreland et al. 2022, Chatterjee et al. 2022, Dayeh et al. 2022l =~ ® P hys|cs_based models (13)
in preparation)

M-FLAMPA Physics-based CCMC RoR* Sokolov et al. (2004), Borovikov et al. (2015)
PARADISE Physics-based Web Wijsen (2020, 2022) C b H H h 3
PCA (Papaioannou) Empirical - Papaioannou et al. (2018) 4/ e O m I n at I O n a p p roa C e S

model
PHSVM ML = Pouya Hosseinzadeh, Soukaina Filali Boubrahimi N t . t
PROTONS Empirical - Balch (1999, 2008) L] k f | k d f
RERASE Empirical Web, SEP Scorcboard Posner, 2007; Malandraki et al., 2020 e WO r S O I n e O re Ca S

Saﬂ;!:::;;clul.[wﬂ] ML Z Sadykov et al. (2021) — mOdU|eS (4) (COM ESEP’
3 2 ARPIR P cb, SEP Score astasiadis et al, 7. G s et al, (2 T
SAWS-ASPECS Empirical Web, SEP Scoreboard ‘:n;?![.:.;;;il}a et al. (2017), Georgoulis et al. (2021), Papaicannou F O RS P E F’ G S U , SAWS_AS P E CS )

SEPCaster Physics-based - Li et al. {2021)

SEPMOD Physics-based CCMC RoR, SEP Scoreboard  Luhmann et al. (2007) t . t
SEPSTER Empirical SEP Scoreboard Richardson et al. (2018) e C g m h
SEPSTER2D Empirical SEP Scoreboard Bruno and Richardson (2021) a e O rl e S S O eW a
SMARFP Model ML - Kasapis et al. (2022) b H _ I | m d I
SOLPENCO(2) Physics-based Z Aran et al. (2006), Aran et al. (2011}, Aran et al. (2017) a r It ra ry a O e S a re
South African model Physics-based Web Strauss and Fichtner (2015) . k h .
SPARX Physics-based Web Marsh et al. (2015) Ca pt u rl ng ey p yS I CS
SPREAdFAST Physics-based Web Kozarev et al. (2017}, Kozarev et al. (2022)

SPRINTS ML SEP Scoreboard Engell et al. (2017)

STAT Physics-based CCMC RoR Linker et al. (2019)

UMASEP Empirical & ML Web, SEP Scorcboard Niificz (2011, 2015), Nifiez et al. (2017), Malandraki et al. (2020)

Zhang model Physics-based - Zhang and Zhao (2017)
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SEP Forecasting Models...

2 g
s 338 pp,.is
ENBERENEE
Model Proton Energy [MeV] PPt |2 E ES L 28 EE S8
ADEPT =10, =30, =50, >100 Post o B
AFRL PPS =5, =10, =50 Post X x|[x|x| x
Aminalragia-Giamini model | =5 Post x| x
AMPS eV to GeV Post x| x|[x|x|x|x|x|x
Boubrahimi model =100 Post X
COMESEP SEPForecast =10, =60 Post X x| x
EPREM 5 - 1000+ Post rlx|x|x|x]|x
ESPERTA =10 Post X
FORSPEF =10, =30, =60, >100 Pre/Post ‘ | x \ x[x[x|x ‘ x \ \ ‘
GSU =10 Pre x | x
| iPATH | 100 keV - GeV | Post | = | o = i [ B
Lavasa Model =10 J Pre X
MAGY =10 Pre x| =
MagPy =10 \ Pre K| x [
MEMPSEP 49-15, =5, >10, =30, >60, =100 Post X ol e P
M-FLAMPA 10 keV - 1 GeV Post x| x[x|x]x|x|x]|x
PARADISE keV - GeV Post xlx|lx|lx|x|x|x]x
PCA model = 10 Post X
PROTONS =10 Post X x| x
REleASE 4-9: 9-15.8; 15.8-39.8; 28.2- Post x | x
50.1
Sadykov et al. =10 Pre 52
SAWS-ASPECS =10 to =300 ‘ Pre/Post ‘ X | X x | x ‘ X | X ‘ x \ X \ ‘
SEPCaster 100 keV - GeV Post X x x a2l x fxx
SEPMOD 1 - 1000 Post X | x| x x| x| x
SEPSTER 14 - 24; =10, =30, =50, =100 Post x| x X
SEPSTERZD 10 - 130; =130 Post x| x[x|=x X
SMARP Model | >10 | Pre [x|x [ [ | | | |
SOLPENCO(2) 0.125 - 64; 5 - 300 Post x| x|x x| x|x
South African model keV - GeV Post xlx|x|x|x|x|x]|x
SPARX =10, =60, =300 Post x| x[x|x|{x]|x|x|x
SPREAJFAST 2.115 Post x| x| x x| x|x
SPRINTS | 1.5, 10,30, 50,100 | Pre/Post | x | x et fr I 1
STAT 1 - 1000 Post x|x|x x|x|x
UMASEP =10, =30, =50, =100, =500 Post X x|x|x|x x
Zhang model MeV - GeV Post x|x|x]|x|x
& \>0-Knm .
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Forecasted Quantities:
Pre/Post Eruption

* Most pre-eruption forecasts are for
>10 MeV (6/9 models);

* Forecasting Gap: >100 MeV is also
important for human space
exploration

* Most models (26/35) make post-
eruption forecasts




SEP Forecasting Models...

Table 10 Observational measurements used as inputs into SEP models.

o
8 z 4
. il
ST Y
» 3 3 = £ 8 £ 5
' FEREEEEREE
- 83 % g E & = b a z
.E §J 8 = L B 8 =2 u = w & _g E E e d
SERERERERR ) 193 1ig ks
- g g g A - g 3 ) ‘N
a = E
Model Type 'REREREERERE Model Proton Energy [MeV] Pre/Post | % Eigiiziiio
ADEPT Empirical X ADEPT >10, >30, >50, >100 Post x|x|x]|x]x
AFRL PPS Empirical X x| x AFRL PPS >5, >10, >50 Post x| x|x|x|x|x
Aminalragia-Giamini model ML x| x Aminalragia-Giamini model | 25 Post X
AMPS Physics-based X X X AMPS eV to GeV Post
Boubrahimi model ML X X Boubrahimi model >100 Post
COMESEP SEPForecast Emp. & Physics X X X X COMESEP SEPForecast >10, >60 Post
EFREM Physics-based X T X X EPREM 5. 1000** Post
ESPERTA Emp. & ML X X X X ESPERTA 510 Post
FORSPEF Empirical x| x X x| x FORSPEF >10, >30, >60, >100 Pre/Post
Gsu ML x GSU >10 Pre
iPATH Physics-based | x X 2| (.20 s iPATH 100 keV - GeV Post
Lavasa Model ML X x x Lavasa Model >10 Pre
MAG4 Empirical X x MAG4 >10 Pre
MagPy Empirical x| x X MagPy 10 Pre
MEMPSEP ML X x| ox X | xfx)x|x|X MEMPSEP 9.15, 55, >10, 30, 560,>100 |  Post
M-FLAMPA Physu:s-hased X X X M-FLAMPA 10keV -1 GEV Post
PARADISE Physics-hased X X X PARADISE keV - GeV Post
PCA model Empirical X x PCA model >10 Post
PROTONS Empirical x | x PROTONS 510 Post
REIEASE Empirical x - -
RElASE 49; 9-15.8; 15.8.39.8; 28.2. | Post
Sadykov's Model ML X x| x X ¢ 50.1
SAWS-ASPECS Empirical X | x X X x| x|=x Sadykov etal 10 e
WEECamire Physischaied - [k : e SAWS-ASPECS >1010 >300 PrefPost | x x [ x
2B KOD Fhyricrheal. | x = - SEPCaster 100 keV - GeV Post x | x x
D o . 2 i SEPMOD 1- 1000 Post x [ x x
ekl ST = M i SEPSTER 14-24;>10,>30,5>50, 5100 | Post x| x X
iy ; X SEPSTER2D 10- 130; >130 Post x| x x
SOLPENCO Physics-based X X
_ : SMARP Model >10 Pre
SOLPENCO(2) Physics-based X x | x X e
. . SOLPENCO(2) 0.125-64;5-300 Post X|x|x X |x
South African model Physics-based x| x x y
. South African model keV - GeV Post X|[x[x x|x
SPARX Physics-based x | x
- SPARX >10, >60, >300 Post X|x|x X |x
SPREAdFAST Physics-based X X X X
- SPREAdFAST 2-115 Post x|x|x x|x
L = - > 2 x SPRINTS 510,30, 50, 100 Pre
STAT Physics-based X X X x 1,5, 10,30, 50, /Post
UMASEP Empirical x | x x SO ""mu L X ligie
Zhang model Physics-based - - s ;thASH;d . ;'l(.:}ﬂ .Csu‘ >100, >500 !;osl X X
Total 196211843 2175 1032 B mode EVi=Ce ost
= = DO1 C BLA

&

7
N o
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SEP Forecasting Models - Summary

* 35 models in different stages of development using many approaches and a wide
variety of observational inputs
— 1/3 models are currently running in a real time environment (11/35)
— 1/3 models are primarily research-focused (12/35)
— 1/3 models have been recently developed (13/35)
— 1/2 models can make forecasts with near real time data sources (17/35)

— 2/3 models require data sources that have low cadence, high latency, and that are not
operationally supported (22/35)

 Models that address these questions can have a role in forecasting:
— Will an event occur? How intense will it be? How long will it last?

* The variety of models, their capabilities, and predicted quantities is of value to the
forecasting community — ensemble
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SAWS-ASPECS: Advanced Solar Particle Events Casting System

ASPECS

Advanced Solar Particle Events Casting System
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http://tromos.space.noa.gr/aspecs
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The SAWS-ASPECS system

Probability
of SEP
Occurrence

Expected
Peak Flux

SEP time
profile
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The SAWS-ASPECS database
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The SAWS-ASPECS database

Database of SFs, (I)CMEs, radio & SEP events

1976-2018 ~ 4 Solar Cycles

10° 250

6.01
—— 8.70
—— 12.58
— 18.18
— 26.30
— 38.03 10%
— 54.99
— 79.53
—— 115.01
—— 166.31

240.50

104 |

Data at a glance:

t200 * 49,546 Soft X-ray solar
flares (=2 C1.0)

e 23,152 Coronal Mass
Ejections (CMEs)

e Cleaned GOES differential
Proton Fluxes (SEPEM RDS)

e 314 SEP events

102 —

=
w
(=]

Smoothed sunspot number

101

loﬁ g

=
(=]

|
=
[=]
(=}

Peak Flux (cmm~2s~ ! sr1 Mev-1)

._.
9
18

50

H
S
&

-
9

1073

The 5th Summer School of Hel.A.S.

‘?XU:K_U”.E} L
& D, E
a3 § ’S»
5 A4 ()/ . o7 3& September 2024, Ioannlna
| B iy .
2\ it _-‘.|" - = - " X ALY
———— S . L4 4 !""if;-v ,@‘g‘ ) g | t
T .
“ Ong; Rvﬂo -




The SAWS-ASPECS database

@ a glance
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The SAWS-ASPECS system

Forecasting mode | Solar Flares
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The SAWS-ASPECS system

Forecasting mode | Solar Flares

> Final Output:

Flare & (Projected) CME
prob.

A pictorial output of the range
of probabilities for different
flare classes (magenta
histogram). Also shown is the
respective CME likelihood
curve (orange histogram).
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The SAWS-ASPECS system
Forecasting mode | SEP events
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The SAWS-ASPECS system

Nowcasting mode | SEP events
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The SAWS-ASPECS system

Nowcasting mode | SEP events
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The SAWS-ASPECS system

SEP event time profiles

/ Expected Peak Flux @ Different Confidence Levels

if an event reaches E>10 MeV
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The SAWS-ASPECS system
SEP event time profiles

Time profile

0 = 13 (5)" e (- (59"

-« data points and quadratic fit / data points and quadratic fit
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The SAWS-ASPECS system
SEP event time profiles

Time profile

SEP time
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© . .
o > Select reference cases considering the > Generate synthetic time profiles for a
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© describe the shape of the intensity-time number of scenarios using MHD transport
| S . .
< profiles. codes and store them in a database.
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The SAWS-ASPECS system
SEP event time profiles

Mock-up based on actual data (SEP events)

MNOAA event # 044 (>10 MeV protons) and profile forecast (in biua) NOAA event # (044 (=10 MeV protens) and profile forecast (in blue)
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The SAWS-ASPECS system
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The SAWS-ASPECS system

Run On Demand (Nowcasting)
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The SAWS-ASPECS system
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