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The SAPPHIRE Model - Overview
• The SAPPHIRE SEP model provides for:

 TID, TNID (incl. solar cell and thin layers)
 SEEs: Upsets, Latch-up and Burnout
 Sensor interference
 Effects on astronauts

• To achieve this SAPPHIRE includes models for:
 Severe environments (either peak flux or worst

week equivalent)
 Cumulative mission fluence environments
 Extrapolations from 0.1 MeV/nuc to 1 GeV/nuc

Solar Minimum

25 outputs

Prediction periods 
(0.5 – 55 years)

[5 full cycles for 
statistically sensible 

implementation]

Solar Maximum

21 outputs

Prediction periods 
(0.5 – 35 years)

[5 cycles with 7 
active years per 

cycle]

Ch.
Energy (MeV/nuc)

Lower Upper Mean

1 5.00 7.23 6.01

2 7.23 10.46 8.70

3 10.46 15.12 12.58

4 15.12 21.87 18.18

5 21.87 31.62 26.30

6 31.62 45.73 38.02

7 45.73 66.13 54.99

8 66.13 95.64 79.53

9 95.64 138.3 115.0

10 138.3 200.0 166.3

11 200.0 289.2 240.5

SEP species
p+, alphas, ext. to U

Particle Energies
Core Model: 5-300 MeV (11 

logarithmically-spaced channels)
Extrapolation/Interpolation:

0.1 MeV – 1 GeV (81 Energies)

Confidence Levels
53 outputs

from 50 – 99.9%

• All outputs are probabilistic in nature with a basis of protons and helium and extensions to Heavy Ions (HIs)
Model Overview: Jiggens et al. 2017a Model Statistics: Jiggens et al. 2017b

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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Current SAPPHIRE Model - Data

• Model uses RDS v2.1: background-subtracted & including solar helium for timespan 1974-2015

 Based on GOES(SMS)/SEM/EPS/EPEAD
data corrected in energy using IMP8/GME

[above from Sandberg et al. 2014]

Ch. Energy 
(MeV/nuc)

2 8.70
4 18.18
6 38.02
8 79.53

10 166.3

• Underlying Data is available at:
http://sepem.eu/help/SEPEM_RDS_v2-01.zip

• ACE/SIS Heavy Ion data processed per SEP
event to derive average abundance ratios to
helium as function of energy

• Abundances are later applied uniformly on all
SAPPHIRE model outputs

 ACE/SIS Analysis for Fe to derive
final abundance ratios (black lines)

[below from A. Varotsou]

 Proton fluxes show high-energy impact
(Blue: CREME96; Red: PSYCHIC) [right]

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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• SAPPHIRE follows the virtual
timelines method with interspersed
SEP events and waiting times

Current SAPPHIRE Model – Distributions & Results

• Each event is randomly sampled
from the exponential cut-off power
law distribution

• Channel outputs are given as
functions of confidence and duration

• Spectral outputs are derived
for all outputs with careful
min/max combination

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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Comparisons to other Models/Standards

[right] Shielded LET fluence comparison to CREME96 (1 g.cm-2)

1-in-n-year SAPPHIRE Protons (solid
lines) and alphas (dashed) for event
fluence [top] and peak flux [below]

[below] 95% Fluence and dose comparisons to PSYCHIC and JPL

• SAPPHIRE outputs agree reasonably with JPL (and ESP-PSYCHIC) at low
energies for short durations and moderate confidence (interpolation regime)
 Less severe for longer durations/higher confidence (extrapolation regime)
 High energy differences due to data treatment (see Sandberg et al. 2014)

• Method to transform results into 1-in-n-year SPEs (severe environments)
• New helium-to-heavy ion abundances allows derivation of flux/fluence spectra as

function of particle Linear Energy Transfer (LET)

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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Work on Error Propagation – NSREC 2018

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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• HIERRAS is built using docker
containers has been designed to be
able to communicate with other
environment tools via ESA’s
Network of Models

High-Energy eXtension (SAPPHIRE-HEX) - Context
• In the context of human spaceflight end user needs ESA

issued a contract to develop a Human Interplanetary
Exploration Radiation Risk Assessment System (HIERRAS)

ESA Contract No. 4000127129/19/NL/HK

• For such applications, spectral resolutions
at high energies are important due to
heavily-shielded environments and the
impact of induced secondary particles

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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High-Energy eXtension (SAPPHIRE-HEX) - Data
• Detailed processing of GOES/HEPAD data carried out
• The response functions are energy dependent inside the nominal

HEPAD channels (colored areas in the figures)
• Some channels have significant response outside nominal range
• Geometric means and nominal channel ranges are not suitable to

describe the channels in SEP measurements
• Bow-tie analysis gives better effective channel energy estimates
• The resulting data is the basis for SEPEM RDSv3

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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High-Energy eXtension (SAPPHIRE-HEX) - Data

RDSv3 above 200 MeV. This is a frequently observed situation.

Finalised version of SEPEM 
RDSv3 will include 3 sub versions:

 RDSv3.0
Caveats removed and stamped
with effective energies

 RDSv3.1
Signal Extracted/Background
subtracted 

 RDSv3.2
Re-binned into reference
energies with integral (see 
image) and helium extension

There will be a new accompanying 
event list

Should be released soon

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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High-Energy eXtension (SAPPHIRE-HEX) - Outputs
• In general the results compare very well to the existing SAPPHIRE model outputs

 Fluence model agrees very well with the UTU NM + S/C-based GLE + sub-GLE model
• Better confidence of fluence results at high energies

 Broader spread of model outputs (duration/confidence) at higher energies
 Very little extrapolation needed to reach 1 GeV (low energy extrapolation validated)

• Peak flux model problem as January 2005 event is an order of magnitude above others at high energy
 For HEX this event is excluded from the peak flux model because distribution fits are not reasonable
 Low energy extrapolation is still erroneous but there is no established use case (applies only to peak flux)

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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SAPPHIRE-2S – Rational

• Existing SEP specification models give the following outputs at a range of energies:
Peak Flux - Largest Event Fluence - Mission Cumulative Fluence

• However, proper assessment of Single Event Effects (SEEs) and sensor interference requires time series.
• Presently, coarse data-driven CREME96 (peak 5-min, worst day, worst week) outputs based on October

1989 SPE widely used
 For future operational missions this is not sufficient [below] Composite time series produced for Lagrange 

based on October 2003 and January 2005 SPEs 
scaled to match SAPPHIRE statistical outputs• Such missions include (but are not limited to)

Space Weather Missions such as ESA’s
planned L5 mission Vigil

• In the context of collaboration on the
International Radiation Environment Near-
Earth (IRENE), ESA issued a contract to
develop new radiation models and tools
including a new SEP model

ESA Contract No. 4000127282/19/NL/IB/gg

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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SAPPHIRE-2S – Context and Data
• The next generation of the model or version 2, named SAPPHIRE-2S

[S: Space Applications & Research Consultancy (SPARC), Greece]
• SEPEM RDSv3 includes helium extension (see right)
• With complete flux time series SAPPHIRE is extended to derive

complete model output time series in addition to synoptic results of
peak flux and fluence

• This model is expanded to heavy ions and to helioradial distances
other than 1 AU

[right] RDSv3 proton fluxes (top), RDSv3 He fluxes and 
extrapolated high-energy channels (middle), ratio of helium to 

proton flux (lower)

[left] Correlation map of proton peaks vs helium peaks for all 
available channels indicating trend for higher-energy protons 
to be related to lower-energy helium.

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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SAPPHIRE-2S - Methodology
• SAPPHIRE-2S continues in following the virtual timelines

approach but with notable upgrades:
 Flux time series are provided as output
 Outputs are derived for all channels simultaneously
 Via re-scaling of historical enhancements

• Reference channel peak and
fluence randomly sampled

• Model selects appropriate
(historical) seed event based
on flux/fluence

• Time series are scaled in flux
to match the peak and time to
match fluence

• All channels scaled; spectral
coherence preserved

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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SAPPHIRE-2S – Preliminary Results
• Model matches event data spectral parameters whilst filling in the grid.
• Synoptic proton outputs for SAPPHIRE-2S agree closely with SAPPHIRE
• Proton model is no longer extrapolating to high-energy protons but using RDSv3
• Note that the Jan 2005 event is captured but high-energy protons channels are

not used as references (no distribution fits need to be applied to these channels)
• He model is using extrapolated fluxes (but is not extrapolating results)
• In extrapolation regime there is strong divergence in (especially fluence) results
• We are checking the underlying data and routines before finalisation

Solar 
protons

Solar 
helium

Solar helium:
Event flux-
fluence fit 
parameters

Black dashed 
lines show 
SAPPHIRE 
extrapolation

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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How will SAPPHIRE-2S run?
The model takes a JSON file as input:
"mission_params": [mission start date, duration 
(in years), logical flag for offset from solar max., 
years (of offset)]
“Z_Var_E_Q": A list of desired time series 
[Z(atomic number) basis, variable (Peak 
Flux/Fluence), Energy (MeV/nuc), Confidence 
Level]
"conf_levels": List of confidence levels (applied 
only to mission for derivation of Fluence and Peak 
flux confidence spectra)
"scenario": a seed for random variable extraction, 
if left empty takes fixed seed from hidden_vars file 
– should be integer but will be rounded if not
"MSM": Logical flag for magnetospheric shielding 
model MSM (currently only placeholder)

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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What will SAPPHIRE-2S give the user?

Two types of results.
Type 1 is the synoptic results
• Mission Fluence and Peak Flux at

a user specified (set of) confidence
level(s)

• 92 Species
• 14 energies from 5 – 900 MeV/nuc

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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What will SAPPHIRE-2S give the user?

Two types of results.
Type 2 is the time series results
• Time series is defined by

confidence level defined
• It is assessed based on the

species and energy specified
• Protons and Alpha particles always

output
• If specified species is >Z=2 then

that output is also given
• 14 energies from 5 – 900 MeV/nuc

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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Example: Peak Flux Fe @ 50 MeV & 99.9% (6 years)

Approved for public release, distribution is unlimited. Public Affairs release approval #AFRL-2023-1275
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Where Next For SAPPHIRE-2S

Near Future
 Update the model to the final version of the SEPEM

RDSv3.2
 Hopefully update the model to use the newer version of

the SEPEM Reference Event List (REL)
 Incorporate the first version of the model dealing with

helio-radial variations
 Connect the model with the MSM code to treat

geomagnetic shielding
Not-too-distant Future
 Include solar electrons in the model
 Extend the low-energy limit down to plasma energies for

material damage/erosion
 Include an updated version of the model dealing with

helio-radial variations ti
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