
Forecasting and Analysis of 

Solar Energetic Particle 

Radiation Storms
Olga E. Malandraki1, Michalis 

Karavolos1, Arik Posner2, Kostas 

Tziotziou1, Henrik Droege3, Bernd 

Heber3, Patrick Kuehl3

1National Observatory of Athens, IAASARS, Athens, Greece, 
2NASA Headquarters, USA, 3Christian-Albrechts-Universität 

zu Kiel, Germany

United Nations/Germany Workshop on the International 
Space Weather Initiative: Preparing for Solar Maximum



Solar Energetic Particles, (SEPs)



Malandraki et al. 2005, JGROctober/November 2003 SEP events

Malandraki et al., J. Geophys. Res, 2005



Malandraki & Crosby, 2018, 
Springer Astrophysics and Space Science Library (ASSL) series: ‘Solar Particle Radiation 

Storm Forecasting and Analysis, The HESPERIA HORIZON 2020 Project and beyond’
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SPACE WEATHER IMPACT AND EFFECTS
Near-Earth environment – Interplanetary Space

Malandraki and Crosby, Springer Book, ASSL, 2018

SEP effects on Technology

SEPs can penetrate Earth's magnetic field and 
enter the ionosphere, especially near the poles 

where magnetic field lines are open. 

This renders the highly-inclined LEO satellites 
and the International Space Station (with a 

51.64° orbital inclination) vulnerable to SEPs.

SEPs affect signal propagation between Earth 
and satellites, primarily due to protons with 
energies between 1 to 100 MeV (30-80 km 

altitude), leading to increased ionization that 
absorbs HF and VHF radio waves. This causes 

communication issues and navigation 
problems, especially in the polar regions.



SEP effects on Human Health

Protons with high energies (>30 MeV) are a health risk 
for astronauts. The effects are sub-classed into two 
categories:

Deterministic (early) Effects: Due to exposure to a large 
dose of radiation for a limited time (ranges from hair 
loss, nausea, acute sickness, death).

Stochastic (late) Effects: Due to random radiation-
induced changes at the deoxyribonucleic acid (DNA) 
molecule level (cancer).

SEP events reach aviation altitudes and they become 
also a concern for human health as the radiation dose 
received can increase. This specifically applies to high-
latitude flights (> 50°N) and polar routes (> 78°N). For 
commercial aviation can be a risk for frequent flyers 
and particularly for aircrew.

Malandraki and Crosby, Springer Book, ASSL, 2018

SPACE WEATHER IMPACT AND EFFECTS
Near-Earth environment - IP Space



International Space Weather Action Team -
ISWAT Cluster

"H3: Radiation Environment in the Heliosphere"

https://www.iswat-cospar.org/h3

• Limitations in knowledge and 
open questions on SEP science

• Recommendations related
to the improvement of 
both observational
and modeling capabilities

https://www.iswat-cospar.org/h3


Guo,…,Malandraki et al., 2024, Advances in Space Research, in press



Multi-view real-time forecasting 
capabilities are crucial

• ESA approved mission Vigil: s/c deployed at the L5 point 
of the Sun-Earth system to enable remote sensing of 
the Sun and IP space and in situ measurements of solar 
wind plasma and high-energy solar particle events

• Chinese scientists have proposed the Solar Ring 
mission: includes 3 s/c at positions somewhat shifted 
from the L3, L4, and L5 points to observe the Sun and 
carry out in situ observations

Guo,…,Malandraki et al., 2024, ASR, in press



SEP forecasting 
models

Whitman,…,Malandraki et al., 
2023, Advances in Space 
Research

v 36 SEP models ranging from physics-based to 
empirical to ML approaches

v 5 Operational SEP Models



HESPERIA REleASE

This tool implemented and evaluated a real-time SEP predictor by 
using the REleASE scheme (Posner, 2007)

The implemented model infers the maximum proton intensity and onset 
at 30-50 MeV based on near relativistic and relativistic electron 
intensity time profiles measured by SOHO/EPHIN and ACE/EPAM

The tool provides advanced forecasting methods 

Validation: POD, FAR, and average warning time.

Predicting 30-50 MeV SEP events by using 
the Relativistic Electron Alert System for 

Exploration (REleASE) scheme



HESPERIA REleASE

The REleASE scheme (Posner 2007)

Near relativistic 
electrons travel 

faster than ions
and are present in 
SEP events. The 

faster electrons 

arrive at L1 30-90 

min before the 

slower protons

The REleASE 
scheme uses this 
effect to predict 

the proton flux by 
utilizing:

1) The actual 

electron flux

2) The increase of 

the electron flux in 

the last 60 minutes 



HESPERIA REleASE

• REleASE utilizes an empirical matrix to predict the proton intensity (30, 60, 90 min)

• Real-time SOHO/EPHIN electron data (0.25-1.0 MeV) are available:

Advantage

– 1-min resolution

Disadvantages

– limited time data coverage (less than 4 hours per day)

– if no real-time data are available → no forecast produced

• HESPERIA Innovation: Real-time electron intensities by ACE/EPAM in a comparable

energy range (0.175-0.315 MeV) adapted to the existing REleASE forecasting matrix.

Advantage

– Very good data coverage

Disadvantages

– 5-min resolution

Development



HESPERIA REleASE

Validation

• The largest time interval possible with EPHIN was selected (2009-2016)

to calculate POD, FAR, and AWT.

– The obtained POD using both data sources (EPHIN/EPAM) was 63.2%.
– The FAR using EPHIN and EPAM were 29.4%, and 35.1% , respectively.
– The AWT (Advanced Warning Time) using EPHIN and EPAM

was 107 and 123 min, respectively.

• The results are satisfactory (low FAR, high POD, high AWT).

• We conclude that the REleASE forecasting scheme can be used with

ACE/EPAM data, and can probably be used with other near relativistic

electron flux measurements.



Real-time SEP 

predictions are 

available via the 

HESPERIA Products 

website through 

ESA's SWE

HESPERIA REleASE
ESA SWE Network (SWESNET) – ESA Space Safety Programme

https://swe.ssa.esa.int/noa-hesperia-federated



HESPERIA REleASE Alert

2022-03-28 12:00:00 UTC 

E-mail: REleASE
Alert system | Risk 
level: ALERT FOR 
"EPHIN"

E-mail: REleASE
Alert system | Risk 
level: ALERT FOR 
“EPAM"



HESPERIA REleASE

iSWA – CCMC/M2M



Assets of HESPERIA REleASE

• No need for any prior solar flare 

(soft X-ray observations) to issue 

forecasts

• Providing forecasts also in the 

case of backside flares which most 

other schemes cannot provide 

• 25% of the SEP events observed at 

Earth’s orbit are due to backside 

solar events (Richardson et al., 

2014)



Electron event

Onset Time [in UT]

Proton flux

threshold crossing [in UT]

Proton Alert Time (PA)

[in UT]
Advance 

Warning 

Time (min)A/A Date EPHIN EPAM P3 P4 EPHIN EPAM

1 28/10/2021 15:54 16:24 18:08 17:55 16:08 17:20 107

2 20/01/2022 06:06 8:07 7:47 06:19 88

3
28/03/202

2
11:53 11:50 13:44 13:53 11:59 12:00 105

4
02/04/202

2
13:39 14:38 14:39 14:03 13:39 35

5
09/07/202

2
13:51 14:04 15:22 15:23 14:15 67

6 27/08/2022 03:20 10:32 13:52 10:30 2

7 13/01/2023 00:13 04:36 -

8 25/02/2023 19:50 21:26 21:29 19:58 20:00 88

9 13/03/2023 04:28 11:19 14:04 -

10 14/03/2023 08:30 10:44 15:13 09:48 10:24 56

11
23/04/202

3
16:58 17:05 17:28 17:44 17:02 26

12
08/05/202

3
09:05 13:12 7:23 -

13
09/05/202

3
22:15 20:00 22:24 22:52 22:17 22:24 7

14 17/07/2023
18/07/2023 

00:00
23:40

18/07/2023 

1:06

18/07/2023 

1:12

18/7/2023 

00:06
23:54 60

15 28/07/2023 16:24 16:19 18:58 19:23 17:07 17:09 111

16
05/08/202

3
07:42 07:40 10:03 10:14 09:59 4

17
05/08/202

3
22:27 22:25 23:34 23:34 22:34 60

18
07/08/202

3
21:32 21:00 22:09 22:19 21:33 36

10 01/09/2023 03:31 03:30 05:05 05:05 03:33 03:34 92

20 15/12/2023 15:09 15:09 11:07 242

Significant SPEs and relevant HESPERIA REleASE Alerts
September 2021 –December 2023

20 significant proton events (P3/P4 proton 
flux exceeding 0.1 cm-2 s-1 sr-1 MeV-1) during 
the period Sep 2021 – Dec 2023 with: 

• derived threshold-crossing and proton 
alert times

• associated electron event onsets
• Advance Warning Time



Advance Warning Time
for September 2021 –December 2023 significantSPE events

Mean AWT: ~ 70 min



HESPERIA 
REleASE 

Hit: 28-Oct-2021

• Electron event 

occurred at 28-Oct-

2021 17:54 

• Proton Alert 

generated via the 

HESPERIA REleASE 

system at 28-Oct-

2021 16:08

• SEP event occurred at 

28-Oct-2021 17:55

• AWT: 107 minutes



HESPERIA 
REleASE

Hit: 28-Oct-2021

• Electron event 

occurred at 28-Mar-

2022 11:53 

• Proton Alert 

generated via the 

HESPERIA REleASE 

system at 28-Mar-

2022 11:59 

• SEP event occurred at 

28-Oct-2021 13:44

• AWT: 105 minutes



REleASE forecast improvement with evidence of 
particle escape from the Sun: HESPERIA 

REleASE+

Interplanerary type III radio 
bursts are a timely and reliable 

proxy of particle escape from the 
Sun onto open field lines

The emission is observed to drift 
to lower frequencies as the 
energetic electrons travel away 
from the Sun in the solar corona 
and the interplanetary medium 
(Lin et al., 1990; Lin, 2006)

For the first time, we paired REleASE with 
evidence of particle escape from the Sun 

which substantially eliminates false alarms

Electron beams accelerated in 
solar eruptive events travelling 

outward through the corona 
along open magnetic flux tubes



HESPERIA REleASE+ False Alarm Elimination

Proton Alert Generated via the 
HESPERIA REleASE at:
03-Nov-2021 20:18:59

Neither GAP before Proton Alert
Nor SEP productive type III detected

No SEP Event Occurred



HESPERIA REleASE+ status

Relevant paper 
Submitted to 

Space Weather 
Journal (AGU)

HESPERIA 
REleASE+ 

system publicly 
available on 

NOA premises 
soon

Stay 
Tuned!



HESPERIA REleASE+

Hit: 8 June 2024



New REleASE products

STEREO REleASE

STEREO REleASE+ based on the experience of the developed
HESPERIA REleASE+
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