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Abstract
The forecasting of solar energetic particles (SEPs) is a prominent area of space weather
research. Numerous forecasting models exist that predict SEP event properties at pro-
ton energies <100MeV. One of these models is the SPARX system, a physics-based fore-
casting tool that calculates >10MeV and >60MeV flux profiles within minutes of a flare
being detected. This work describes SPARX−H, the extension of SPARX to forecast SEP
events above 300MeV . SPARX−H predicts fluxes in three high energy channels up to
several hundred MeV. Correlations between SEP peak flux and peak intensity of the as-
sociated solar flare are seen to be weak at high energies, but improved when events are
grouped based on the field polarity during the event. Initial results from this new high
energy forecasting tool are presented here and the applications of high energy forecasts
are discussed. Additionally, the new high energy version of SPARX is tested on a set of
historic SEP events. We see that SPARX−H performs best when predicting peak fluxes
from events with source locations in well-connected regions, where many large SEP events
tend to originate.

Plain Language Summary

High energy particles, accelerated in eruptions from the Sun, can quickly travel through-
out space. If they reach Earth, these particles pose a hazard to technology and life, dis-
rupting environments from satellites in orbit to aircrew and passengers at altitude. The
highest energy solar particles are rarer, but they can reach Earth in timescales as short
as minutes. Therefore, forecasting models are needed to evaluate their strength, dura-
tion, and other features. This work describes a new version of a solar energetic parti-
cle forecasting model. An existing model is extended to operate at high energies, pre-
dicting properties of the particle event that can be used to mitigate associated hazards.
The new model is tested against previous particle events and the outputs are compared
to observed features. The model produces a forecast for 72% of previously observed par-
ticle events.

1 Introduction

The acceleration and propagation of solar energetic particles (SEPs) throughout
interplanetary space are a significant hazard to technology and manned spaceflight. The
consequences of higher energy SEP events (up to several GeV) can have far reaching con-
sequences including significant risks to technology (e.g. satellites and avionics), as well
as biological risks to those at high altitude (aviation crew and passengers) or in space
and are therefore crucial to forecasting models. Forecasts at relativistic energies are needed
to help inform us of what steps need to be taken, e.g. when or how long to put electron-
ics into safe mode during a storm, when to bring astronauts inside during an extrave-
hicular activity (EVA), whether to divert an aeroplane, etc. With the ongoing rise in space
exploration there comes the need for more reliable forecasting models to mitigate the ra-
diation risks following a solar eruptive event. Fortunately, with this growing need there
has also been an increase in the number of SEP forecasting models developed. There are
a wide variety of existing forecasting models; some employing physics-based calculations
(e.g. Luhmann et al. (2007); Marsh et al. (2015); Wijsen (2020)), others taking an em-
pirical approach (e.g. Anastasiadis et al. (2017); Richardson et al. (2018); Bruno and Richard-
son (2021)). Additionally, some models provide forecasts of the entire flux profile of the
event, while others predict singular event properties, e.g. peak flux. An in-depth review
of 35 existing SEP forecasting models is given in Whitman et al. (2022).

Many of the forecasting models outlined in Whitman et al. (2022) predict flux prop-
erties for proton energies around 10MeV proton events and generally it is rare for fore-
casting models to consider protons at energies >100MeV. Exceptions include: Solar En-
ergetic Particle MODel (SEPMOD) (Luhmann et al., 2007), FOrecasting Solar Parti-
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cle Events and Flares (FORSPEF) (Anastasiadis et al., 2017) etc. This paper details progress
in the forecasting of relativistic protons by extending an existing SEP forecasting model,
SPARX (Solar Particle Radiation SWx, Marsh et al. (2015)), to energies above 300MeV
as part of the UK’s Space Weather Instrumentation, Measurement, Modelling and Risk
(SWIMMR) programme.

SPARX is a physics-based solar energetic particle (SEP) forecasting model that pro-
duces SEP time-flux profiles following a solar eruptive event. It is capable of producing
a forecast SEP profile within minutes of being triggered by the observation of a solar flare.
The model is based upon results of a 3D test particle code and includes drift effects in
a unipolar magnetic field due to the curvature and gradient of the Parker spiral. These
drift effects are especially important for high energy particles, as their propagation can
be strongly affected by the interplanetary magnetic field polarity (Dalla et al., 2013, 2020).
The particles are injected instantaneously at 2R⊙ (delta function in time) at a broad source
region centered on the flare location, representing a CME-driven coronal shock, and al-
lowed to propagate through the heliosphere in a Parker spiral magnetic field. No secondary
injection, i.e. from a shock at interplanetary locations, is modelled. The acceleration mech-
anism, e.g. magnetic reconnection in solar flares or shocks driven by coronal mass ejec-
tions (CMEs) (Klecker et al., 2006), is also not modelled.

Originally, SPARX was designed to forecast protons with energies of >10MeV and
>60MeV. This paper presents an extension of SPARX to forecast higher energy (above
300MeV) SEP profiles in what will be called SPARX−H here. The methodology used
and the first results from the new high energy version are discussed. There are several
similarities and differences between the two versions of SPARX which will be highlighted
in this paper. A full description of the original version of SPARX and of the forecast-
ing approach can be found in the previous work by Marsh et al. (2015). SPARX−H is
being developed as part of the SWIMMR Aviation Risk Modelling (SWARM) project
and is motivated by the need to forecast radiation during ground level enhancements (GLEs),
the largest SEP events.

Section 2 outlines how SPARX has been modified to forecast >300MeV protons
whilst still maintaining the original functionality. This includes a new analysis of high
energy SEP events as observed by High Energy Proton and Alpha Detector (HEPAD)
onboard the Geostationary Operational Environmental Satellites (GOES) between 1984−2017.
Section 3 provides an example output from SPARX−H, as well as an analysis of the pre-
dicted properties of a selection of historic test events. Comparisons with SPARX are also
made and SPARX−H’s relative strengths and weaknesses are outlined.

2 Extending SPARX to >300MeV

The SPARX system is comprised of two primary elements; a pre-generated database
of test particle model runs and the real-time SPARX tool that forecasts flux profiles fol-
lowing the detection of an >M1.0 flare. A detailed description of the 3D test particle code
that is used to generate the database is given in Marsh et al. (2013). Each run in the
database describes an injection of protons at a different location near the Sun. When
a flare is detected in real-time, its location and magnitude are input into SPARX which
pulls the relevant test particle runs from the database to build a flux profile. CME pa-
rameters are not used since they are not currently available in real-time. Using a pre-
generated database allows for the computation time from triggering to output to be only
a few minutes, compared to typical run times of the 3D test particle code of several hours.
However, in order for this rapid computation time the database is generated for a fixed
set of parameters. For example, a pitch angle scattering mean free path of λ=0.3AU is
assumed, representative of values derived from relativistic proton event data (Bieber et
al., 2002, 2004) (and also used in the original SPARX).
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Table 1. Proton energy channels of the re-calibrated GOES dataset (Raukunen et al.,

2020)[cm−2s−1sr−1MeV−1].

Channel Central energy [MeV] Energy range [MeV]

Ch12 347.8 289.2–418.3
Ch13 503.0 418.3–604.9
Ch14 727.4 604.9–874.7

One of the parameters kept constant in the database is the energy range of the in-
jected protons. In SPARX, protons are injected according to a power law in energy with
a spectral index of γ=1.1. For the original SPARX, the proton energy range covered is
10−400MeV. As this maximum energy is too low for our intended high energy version,
the entire database was regenerated for particle energies up to 1200MeV. As SPARX−H
is designed as an extension to SPARX rather than an entirely new model, every other
parameter was kept the same. Further details on the specific parameters can be found
in the original paper (Marsh et al., 2015).

The other key element that required modification was the scaling of the model count
rates into physical flux units. In SPARX this was done by utilising relationships between
peak GOES soft X-ray fluxes (i.e. flare magnitudes) and peak proton fluxes observed dur-
ing SEP events. These relationships were obtained from a prior study of SEP events and
their associated flare and CME parameters by Dierckxsens et al. (2015). In SPARX, the
average proton peak flux in five different flare intensity bins from M1.0 to >X5.0 is taken
from Dierckxsens et al. (2015) and used to scale the simulated fluxes. This was done for
the integral energy channels >10 and >60MeV in order to compare with standard GOES
SEP data. As we are considering energies corresponding to the largest SEP events (i.e.
over several hundred MeV), a new analysis of high energy SEP events was required to
acquire the relevant scaling.

In order to extend SPARX we had to first perform an analysis of >300MeV pro-
ton events. The data used was obtained from observations by the GOES series of space-
crafts between 1984−2017, which include high energy particle events detected by HEPAD.
The GOES−HEPAD dataset remains the most comprehensive high energy dataset that
has the least data gaps and covers the largest time period. We used a newly calibrated,
background subtracted and cleaned version of this dataset, developed as part of the ESA
HIERRAS project. The dataset is based on the SEPEM reference data set (version 2;
RDS v2) (Jiggens et al., 2012, 2018), extended in energy with re-calibrated HEPAD data
(Raukunen et al., 2020). The new nominal high energy channels are listed in Table 1.
42 SEP events from this dataset were identified that were associated with a solar erup-
tion between longitude E90 and W90. The number of SEP events are far fewer in num-
ber than those studied by Dierckxsens et al. (2015), a consequence of the relative rar-
ity of >300MeV events compared to their lower energy counterparts. A full table of events
and an in-depth analysis of these high energy events can be found in Waterfall et al. (2023).

As in Dierckxsens et al. (2015), Waterfall et al. (2023) examined correlations of the
peak flux of these events with the flare magnitude and CME speeds. Dierckxsens et al.
(2015) found values of the Pearson correlation coefficient of 0.55 and 0.63 between the
peak flux and flare magnitude for >10MeV and >60MeV. Correlation coefficients with
flare SXR peak intensity for Ch 12, 13 and 14 events are 0.55, 0.39 and 0.28 respectively.
The relationships are poor, becoming weaker with increasing energy. There is no depen-
dence on the longitude of the source region associated with these events. However, when
the events are divided according to the polarity of the interplanetary magnetic field (IMF)
at the time of the event these correlations improve across all energies, as shown in Fig-
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Figure 1. Plot of the logarithm of the flare intensity versus logarithm of the proton peak flux

for the three high energy GOES channels. The y-axes span equal orders of magnitude. A+ and

A− events are shown as filled and empty circles respectively. Black, blue and red circles corre-

spond to events in Ch12, 13 and 14 respectively (left to right panels). Correlation coefficients, r,

for each group are labelled.

ure 1. An A+ (A−) polarity describes a magnetic field configuration where open field
lines mostly point outwards (inwards) in the northern hemisphere and inwards (outwards)
in the southern hemisphere. The orientation is determined via lookup tables defining the
A+ and A− date ranges derived from manual analysis of synoptic source surface maps
(SSMs) provided by the Wilcox Solar Observatory (WSO) at: http://wso.stanford
.edu). These maps are created from potential field modelling using photospheric mag-
netogram data. For an A− polarity the correlations are 0.56± 0.042, 0.48± 0.049 and
0.42± 0.062 (Ch12, 13, 14). For an A+ polarity the corresponding coefficients are 0.80± 0.020,
0.80± 0.050 and 0.64± 0.087. The errors are determined via bootstrapping and calcu-
lating the standard deviation from the re-sampled correlation coefficients. This group-
ing reveals the tendency for A+ events to have smaller peak fluxes for a given flare in-
tensity, as well as more high energy events associated with an A− polarity. The depen-
dence of the relativistic proton transport on the polarity was discussed by Dalla et al.
(2020) and Waterfall et al. (2022). While the relationship between peak flux and flare
intensity for A+ events is generally strong, it should be noted that the number of A+
events is less A− events over all energies. For Ch12, 13 and 14 respectively the number
of A+ (A−) events is: 16 (26), 9 (21) and 9 (17). Owens et al. (2022) reported that more
GLE activity occurs during the early phase in even solar cycles and during the late phase
in odd cycles: these two phases correspond to times of A− polarity and thus their re-
sults confirm the polarity dependence of relativistic SEP events that we observed.

When calculating the new flare intensity bins needed for SPARX−H, the events
are first divided based on the IMF polarity, following the stronger correlations seen be-
tween A+ and A− evens. As there are fewer >300MeV events compared to low ener-
gies, the number of flare intensity bins that SPARX uses is reduced from 5 down to 3
for Channel 12, to ensure each bin contains a sufficient (and similar) number of events.
Channels 13 and 14 have no events in the <X2 flare magnitude bin of the A+ group. For
verification and validation purposes later (see Section 3), ∼30% of the events are ran-
domly selected from each group and removed before each bin is calculated. These ‘test
events’ are later used in Section 3 for testing. The correlation coefficients are not affected
(within ±0.03) by this. Table 2 shows the average of the logarithm of the peak fluxes
in the three bins (and two polarity groups) for Ch 12, 13 and 14. Bootstrapping is again
performed to find an error, randomly re-sampling and removing ∼30% of the events 10
times to find the standard deviation, given as the error in Table 2. The average peak fluxes
are now used in SPARX−H to normalise the model count rates generated by the test
particle code into physical flux units.
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Table 2. Mean of the logarithm of the proton peak flux (log [cm−2 s−1 sr−1 MeV−1]) for each

of the high energy channels in the three flare intensity bins used by SPARX−H.

Flare intensity Ch12 Ch13 Ch14
A+ A- A+ A- A+ A-

<X2 -2.68± 0.06 -2.16± 0.08 -2.56± 0.04 -2.84±0.06
X2−X7 -2.43± 0.05 -1.80± 0.13 -2.57± 0.11 -2.19± 0.16 -3.06± 0.09 -2.60± 0.19
>X7 -1.69± 0.09 -1.05± 0.09 -2.08± 0.10 -1.40± 0.11 -2.73± 0.15 -1.96± 0.12

The inputs of SPARX−H remain the same as for SPARX: flare latitude, longitude
and magnitude determined from GOES soft X-ray measurements. An additional input
for SPARX−H is added where the user specifies the date, from which the polarity of the
interplanetary magnetic field is determined and used to dictate which scaling is required.
The user can also manually input the polarity. The trigger for the operation of SPARX−H
is increased from >M1.0 to >M7.0 as the majority of these higher energy events are as-
sociated with larger flares. In this event set, the median flare size is X3.6 with 86% of
events associated with flares of X1.0 or higher. The outputs of SPARX−H are still 10
minute averaged proton flux profiles (where the averaging period can be altered within
SPARX). However, the outputs are now three differential proton flux profiles correspond-
ing to Ch 12, 13 and 14 from Table 1. SPARX also outputs information on the peak time,
event duration and peak flux values. The following section shows some an example out-
put from SPARX−H, as well as an analysis of how well SPARX−H performs. It is im-
portant to note that the SPARX−H flux profiles are generated in differential energy chan-
nels rather than the integral channels used in the original SPARX.

3 SPARX−H outputs and testing

SPARX and SPARX−H predict event properties including the peak flux values,
time of peak flux and onset time. Another benefit of the SPARX system is its ability to
provide information on the evolution of the flux and fluences in different energy chan-
nels. To test how SPARX−H performs, we have run SPARX−H for the test events ran-
domly excluded in Section 2. Figure 2 shows both the observations and SPARX−H out-
put profiles for one of the test events: GLE 67 on 2 November 2003. This event had an
associated solar flare of magnitude X8.3 located at S14W56. Both plots show three dis-
tinct impulsive profiles that decay over several hours in all three high energy channels
from Table 1, where the predicted flux profiles are computed by integrating the counts
at a specified 1AU observer location. As expected, the Ch12 profiles have the highest
peak flux. When events with more eastern longitudes are modelled, the peak flux be-
comes progressively lower, with extreme eastern events producing no SEP forecast at Earth.
This supports the reduced occurrence of eastern high energy SEP events observed in Waterfall
et al. (2023), where only 7 of the 42 events had an eastern longitude, none greater than
E64. As such, another feature of SPARX is the ability to reproduce the East-West asym-
metry seen in SEP flux profiles (Marsh et al., 2015). Eastern events typically display a
much more gradual rise phase, with the zone of good magnetic connectivity in the West
producing more impulsive profiles. This effect is also seen in SPARX−H.

There are several quantitative features of these profiles which can be extracted for
the event of Figure 2, and the other test events, to gauge how well SPARX−H forecasts
these historic events.
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Figure 2. Comparison of the forecast flux profile in Ch 12, 13 and 14 from SPARX−H (right)

and the calibrated and background subtracted dataset from GOES observations (left) for the

GLE event of 2 November 2003. Both observed and forecast profiles are shown for a period of

100 hours following the flare.

3.1 Testing with historic SEP events: profile parameters

We define a flux threshold for the SPARX−H forecasts in each channel, e.g. 1×10−4

[cm−2s−1 sr−1MeV−1] in Channel 12, based on observed event fluxes. Any forecasts which
predict peak fluxes lower than this (or are poorly defined with no continuous counts last-
ing >3 hours) are not accepted as a positive SEP forecast. With this threshold set, 3 of
the 13 test events do not forecast SEPs at Earth. The 3 events that fell below the thresh-
old had longitudes >W75 (2 events) or had an associated A+ polarity (1 event). The
remaining 10 events had clearly defined flux profiles well above the threshold. Features
of the forecasts produced by SPARX−H for these events are now examined and com-
pared with actual GOES measurements. A full description of how features such as event
onset, duration and rise time are calculated from the calibrated dataset is given in Waterfall
et al. (2023).

3.1.1 Peak flux

Figure 3 shows the predicted peak fluxes from the historic test events across the
3 high energy channels. Generally SPARX−H has a tendency to under-predict the peak
flux. The events which lie closest to and above the 1:1 line have well-connected source
longitudes between W25−75 (shown as unfilled circles). The events furthest below the
line have either eastern longitudes or longitudes >W80. The two events which fail to match
observations by several orders of magnitude are the 15 April 2001 event with source lon-
gitude W85 (from Waterfall et al. (2023)) and 24 September 2001 with source longitude
E23.

3.1.2 Event duration

Figure 4 compares the observed and predicted event durations in the three high
energy channels. Generally SPARX−H over-predicts the durations of the historic events.
This pattern remains the same over all three channels. The calibrated dataset observa-
tions are primarily obtained from HEPAD data, which is known to have a high background
(which the model does not have). The strong background subtraction applied to this dataset
will therefore affect the event duration calculation, removing the lower fluxes towards
the end of the event. Additionally, there are two events which are part of a sequence of
SEP events separated by less than 3 days. In this case, the end time of the observed event
is taken to be the start of the secondary event. For example, GLE 65 (28 October 2003)
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Figure 3. The observed and SPARX−H predicted logarithm of the peak fluxes for the historic

test SEP events over the three high energy channels. Unfilled circles show events with associated

flare longitudes between W25 and W75. The blue line is the 1:1 line.

Figure 4. The observed and SPARX−H predicted event durations, from start to end in min-

utes, for the historic test SEP events over the three high energy channels. The blue line is the

1:1 line. The upper limit from the predicted values originates from the simulation period of 100

hours. Unfilled circles show events with associated flare longitudes between W25 and W75.

is one of the test events, but it was followed by another GLE only a day later. SPARX−H
currently only forecasts single events so there is no limit to the event duration from this.
The time when the flux passes the event threshold in each channel is taken as the start
of the event. There is an upper limit to the event durations predicted by SPARX−H due
to the test particle runs having a simulation period of 100 hours, however, none of the
test events considered here have an observed event duration greater than 100 hours.

The unfilled circles denote those events with associated flare longitudes between
W25−W75, as in Figure 3. There is less dependency on the source location here, with
the events that are the least well predicted having the smallest associated flare magni-
tudes, <M7.

3.1.3 Rise time

Finally, the observed and predicted rise times are shown in Figure 5. For all three
energy channels there are two distinct groups. Those with short predicted rise times (e.g.
less than 100 minutes, as marked by the dashed line) are all well-connected events with
longitudes between W25 and W75 (denoted by the unfilled circles). The filled circle with
a rise time less than 100 minutes is the 13 December 2006 SEP event which had a source
longitude of W23 (from Waterfall et al. (2023)). Above the dashed line, with predicted
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Figure 5. The observed and SPARX−H predicted rise times in minutes for the historic test

SEP events over the three high energy channels. The blue line is the 1:1 line, the dashed line

indicates a predicted rise time of 100 minutes, below which are all well-connected Western events.

Unfilled circles show events with associated flare longitudes between W25 and W75.

Table 3. Contingency table for >M7 flares with source longitudes between E90 and W90.

Observed
Forecast Yes No

Yes 28 95
No 11 250

rise times much greater than 100 minutes are events with source longitudes <W23 or
>W75. Of these events, the worst SPARX−H predictions are for those with the least
well-connected longitudes, i.e. Eastern or >W80. This feature of long rise times for fore-
cast eastern events reflects the gradual nature of observed eastern flux profiles.

3.2 Contingency table and metrics

SPARX−H was also tested through a contingency table using all 384 >M7-class
flares that occurred in our event time period (up to 2017) with source longitudes between
E90 and W90. The SPARX−H forecasts from Ch12 are compared to the high energy Ch12
SEP events from Waterfall et al. (2023) to determine which flares are associated with
SEPs. This results in the contingency table shown in Table 3, where there are 39 observed
>300MeV SEP events with associated flares >M7. We have excluded the 3 SEP events
with associated flares <M7 from this study, and the 7 observed SEP events associated
with behind limb flares from Table 3 of Waterfall et al. (2023). Due to the large uncer-
tainties associated with source locations and flare magnitudes of behind limb events, SPARX-
H does not forecast these events. From the contingency table, the probability of detec-
tion (POD), bias, false alarm ratio (FAR), accuracy and probability of false detection
(POFD) are calculated, as defined in Wilks (2011), and listed in Table 4. The perfect
POFD and FAR scores have a value of 0, whereas the others have a perfect value of 1.
From the bias score it is clear that SPARX−H over predicts (>1) SEP events for >M7
class flares.

4 Discussion and conclusions

Despite the rarity of >300MeV SEP events, they are a considerable hazard to air
and space travel as well as technology. The forecasting of these higher energy SEP events
and reducing their potential consequences is recently becoming more necessary as space
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Table 4. Values determined from contingency table

Metric Value

POD 0.72
Bias 3.15
FAR 0.77

Accuracy 0.72
POFD 0.28

exploration and global reliance on technology increase. This is the motivation for this
work, performed under the SWIMMR programme which aims to improve space weather
monitoring and prediction in the UK. We have therefore extended the SEP forecasting
model SPARX to proton energies above 300MeV. The high energy version of SPARX,
called SPARX−H, has the capability to forecast proton fluxes in the near-Earth envi-
ronment following a solar flare. The proton fluxes are calculated in 3 differential energy
channels listed in Table 1, corresponding to new calibrations of GOES−HEPAD obser-
vations between 1984−2017. The availability of information on the event fluences as well
as the peak fluxes provided by SPARX−H is valuable in understanding how long pre-
cautions need to be in place during these events. Conversely, the ability to forecast ‘all-
clear’ periods is also important.

The two major changes to the new SPARX−H model are the regeneration of the
test particle database that feeds into SPARX (modified for higher energies), and the im-
plementation of a new scaling for the peak fluxes using analysis of observations of higher
energy SEP events. The full analysis of this dataset is given in Waterfall et al. (2023).
We find improved correlations between the peak flux and flare magnitude when the events
are separated according to the polarity of the IMF (i.e. A+ or A−). The highest cor-
relations are seen for A+ events (0.8), however the number of high energy SEP events
associated with an A+ polarity is significantly less than A− events. For example, in Ch12
there are 26 A− events and only 16 A+ events, dropping further for higher energy chan-
nels. Additionally, the peak flux for A− events for a given flare magnitude is generally
larger across all energies. The correlations are nearly all comparable to those obtained
in lower energy work by Dierckxsens et al. (2015). However, the relationships between
peak flux and flare intensity for A− events is weaker for the highest energies. We note
the smaller sample size in this work due to the less frequent occurrence of high energy
events. More time (and thus more events) will enable us to further improve and refine
these high energy forecasting models. However, to do so requires the availability of high
energy SEP data. There are currently few instruments capable of detecting >300MeV
protons and GOES−HEPAD provides the only long-term dataset with minimal data-
gaps. The current high energy particle instrument onboard GOES-R is the Space En-
vironment In-Situ Suite (SEISS)/Solar and Galactic Proton Sensor (SGPS) covering ten
differential energy channels up to 500MeV and one integral >500MeV channel.

SPARX−H uses the same trigger and input parameters as SPARX: the flare loca-
tion (longitude and latitude) and magnitude. New to SPARX−H is the requirement of
the polarity of the interplanetary magnetic field as an input. Despite only having four
inputs we have seen that SPARX−H can reasonably predict the peak flux from historic
well-connected events. SPARX−H predicted fluxes tend to be smaller than observed for
Eastern or near-limb events. This may be due to the fact that some processes that may
help SEPs from a distant active region source reach Earth, such as transport along the
HCS (Waterfall et al., 2022), or perpendicular transport (Laitinen et al., 2016), are not
currently included in SPARX-H. It is hoped that the latter processes will be included
in future forecasting models.
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SPARX−H provides information on the time evolution of the flux, event duration,
onset and fluence and is not limited to only predicting the peak flux. SPARX−H was
tested on a set of historic events, where the predicted and observed event durations, rise
times and peak fluxes were compared. Additionally, a contingency table (Table 3) was
generated based on all >M7 flares and >300MeV SEP events that occurred during the
observed period. The probability of detection (POD) is reasonable (0.72), with SPARX−H
able to predict the majority of observed SEP events associated with >M7 flares between
E90 and W90, and all SEP events with associated flare locations between W25−W75
(POD, 1.0). However, there is also a high false alarm (FAR, 0.77) with the majority of
well-connected source regions with >M7 flares returning a positive forecast. Generally,
the majority of observed SEP events are predicted by SPARX−H, and the observed event
parameters are most closely reproduced for events with source longitudes between W25−W75.
Consistent verification and validation methods for SEP forecast models is a general con-
cern, however, we have provided testing on the outputs we have available.

SPARX−H currently uses one pre-generated database to produce its flux profiles.
This enables a fast computation time, crucial in forecasting models. However, in future
iterations of this model we hope to include other input parameters to further refine the
model. For example, information on the solar wind speed or the heliospheric current sheet
configuration at the time of the event may be used in future improved versions. The lo-
cation of the heliospheric current sheet during high energy events has been explored by
Waterfall et al. (2022) and is suggested to be relevant in many large SEP and GLE events.
As SEP events are also commonly associated with large CMEs, this model would ide-
ally include information on CME speeds or width in the flux scalings as well. However,
as is seen in (Waterfall et al., 2023), the correlations between CME speeds and SEP peak
fluxes at high energies are very poor. Additionally, unlike for solar flares, there is cur-
rently no real-time information on CME properties available. Future iterations of this
model will benefit from the inclusion of information on accompanying CMEs.

Data availability statement

This manuscript has used the SEPEM reference dataset version 3 (Heynderickx et
al., 2021), which has been extended to high energies using re-calibrated HEPAD data
(Raukunen et al., 2020). Information on the polarity of the interplanetary magnetic field
was obtained from the Wilcox Solar Observatory (WSO), currently operated by Stan-
ford University with funding provided by the National Science Foundation. WSO data
is accessible from Murdin (2000). Figures were created using Matplotlib version 3.3.2
(Hunter, 2007).
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