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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”



Space Weather Effects

https://science.nasa.gov/science-pink/s3fs-public/atoms/files/GapAnalysisReport_full_final.pdf



Some Papers…



More Definitions…

• SEP event is defined as a flux enhancement of protons with energy 
>10MeV in excess of 10 protons cm-2 s-1 ster-1 (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



Solar Circle and SEPs 

Papaioannou et.al. Space Sci. Rev. submitted



Particle Acceleration…

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

Is the 
particle’s 
trajectory

The change in 
The momentum 



Single particle motion in EM fields…

The Lorenz Force :



Particle Distribution in EM fields…



Origin of SEPs (acceleration)
[1] Flare acceleration: 
• reconnecting current sheet, induced E, 
waves, possibly reconnection shock
• active region, mainly low corona
• particles reveal by radiative signatures 
(gamma, HXR, radio), evidence for e (>10 
MeV), p (>300 MeV)



The Origin of SEP events 

Luhm
an

etal,Space
Sci.Rev,2008

Cane and Lario, Space Sci. Rev, 2006

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



SEP Event (multi s/c observations)

Kouloumvakos et.al. ApJ, 2024



Classes of SEP events… (?) 

Since the 90s: 
• distinction of 2 classes of events: 
-Impulsive (small, frequent, presumably 
flare related)
- Gradual (large, rare, presumably fast 
CME related) 

Current view: 
• observational evidence point to the 
existence of mixed or hybrid events, i.e., 
both flares and CMEs are the drivers of 
SEP events

Reames, Space Scie. Rev., 2013



Acceleration, Transport, Prediction

Papaioannou et.al. Space Sci. Rev. submitted



Heliospheric Magnetic Field

Bruno & Carbone (2005)



Single Particle Trajectory

van den Berg et al. (2020)



Heliosphere (numerical simulation)



PARADISE…

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)

Papaioannou et.al. Space Sci. Rev. submitted



Scales… 

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



Observations… 
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Observations…



General Concept for SW forecasting



SEP Forecasting Models… 

Summarize 35 SEP models in the community 
with over 100 coauthors

Inputs/Outputs
Caveats
Validation

Critical observations to run and validate SEP 
models

Understand forecasting coverage and identify 
gaps

https://doi.org/10.1016/j.asr.2022.08.006



SEP Forecasting Models… 

35 models of many different 
approaches:
• Statistical and empirical 

relationships (11)
• Machine Learning approaches 

(8)
• Physics-based models (13)
• Combination approaches (3)
• Networks of linked forecast 

modules (4)  (COMESEP, 
FORSPEF, GSU, SAWS-ASPECS)

• Categories somewhat 
arbitrary – all models are 
capturing key physics



Forecasted Quantities:
Pre/Post Eruption

 9/35 models make pre-eruption 
forecasts (highlighted)

• Nearly every pre-eruption model 
applies machine learning

• 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… 



SEP Forecasting Models… 



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



SAWS-ASPECS: Advanced Solar Particle Events Casting System

ESA Contract No. 4000120480/17/NL/LF/hh



http://tromos.space.noa.gr/aspecs
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The SAWS-ASPECS system
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The SAWS-ASPECS database
SHARPs

Data at a glance:
• 2,313 data-filled 
calendar days
• 811 different ARs
• ~64,000 magnetograms



~ 4 Solar Cycles1976-2018

Data at a glance:
• 49,546 Soft X-ray solar 
flares (≥ C1.0)
• 23,152 Coronal Mass 
Ejections (CMEs)
• Cleaned GOES differential 
Proton Fluxes (SEPEM RDS)
• 314 SEP events

The SAWS-ASPECS database
Database of SFs, (I)CMEs, radio & SEP events



The SAWS-ASPECS database
@ a glance

Flares

CMEs

SEPs



Core of the 
Forecasting 
Mode (SFs)

Probs.

CME vel. 
estimation

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).

A range of time windows

The SAWS-ASPECS system
Forecasting mode | Solar Flares



The SAWS-ASPECS system
Forecasting mode | SEP events

Probability 
of SEP 

Occurrence

PT

Anastasiadis et al., 
Sol. Phys., 2017

Papaioannou et al., J. Phys.: 
Conf. Ser., 2015



CME SF
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The SAWS-ASPECS system
Nowcasting mode | SEP events



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 LevelsIpeak

Expected 
Peak Flux 



The SAWS-ASPECS system
SEP event time profiles

Time profile
SEP time 
profile
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> Select reference cases considering the 
heliolongitude of their solar origin to better 
describe the shape of the intensity-time 
profiles.

> Generate synthetic time profiles for a 
number of scenarios using  MHD transport 
codes and store them in a database.

The SAWS-ASPECS system
SEP event time profiles
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The SAWS-ASPECS system
SEP event time profiles

Mock-up based on actual data (SEP events)

> Data
> KL fit 

> Data
> SOLPENCO-2  



The SAWS-ASPECS system
In a nutshell

SEP time 
profile
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The SAWS-ASPECS system
Outputs | SEP time profile

Nowcasting

Flare: X5.7 @ N22W07
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Time evolution…..Outputs | SEP time profile



The SAWS-ASPECS system
Outputs | SEP time profile

Nowcasting

Flare: X5.7 @ N22W07
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SPEARHEAD Project 
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