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Abstract We introduce a new multivariate data set that utilizes multiple spacecraft collecting in-situ and
remote sensing heliospheric measurements shown to be linked to physical processes responsible for generating
solar energetic particles (SEPs). Using the Geostationary Operational Environmental Satellites (GOES) flare
event list from Solar Cycle (SC) 23 and part of SC 24 (1998-2013), we identify 252 solar events (>C-class
flares) that produce SEPs and 17,542 events that do not. For each identified event, we acquire the local plasma
properties at 1 au, such as energetic proton and electron data, upstream solar wind conditions, and the
interplanetary magnetic field vector quantities using various instruments onboard GOES and the Advanced
Composition Explorer spacecraft. We also collect remote sensing data from instruments onboard the Solar
Dynamic Observatory, Solar and Heliospheric Observatory, and the Wind solar radio instrument WAVES. The
data set is designed to allow for variations of the inputs and feature sets for machine learning (ML) in
heliophysics and has a specific purpose for forecasting the occurrence of SEP events and their subsequent
properties. This paper describes a data set created from multiple publicly available observation sources that is
validated, cleaned, and carefully curated for our ML pipeline. The data set has been used to drive the newly-
developed Multivariate Ensemble of Models for Probabilistic Forecast of SEPs (MEMPSEP; see MEMPSEP-1
(Chatterjee et al., 2024, https://doi.org/10.1029/2023SW003568) and MEMPSEP-II (Dayeh et al., 2024, https://
doi.org/10.1029/2023SW003697) for accompanying papers).

Plain Language Summary We present a new data set that uses observations from multiple
spacecraft observing the Sun and the interplanetary space around it. This data is connected to the processes that
create solar energetic particles (SEPs). SEP events pose threats to both astronauts and assets in space. The data
set contains 252 solar flare events that caused SEPs and 17,542 that do not. For each event, we gather
information about the local space environment around the sun, such as energetic protons and electrons, the
conditions of the solar wind, the magnetic field, and remote solar imaging data. We use instruments from
NOAA's Geostationary Operational Environmental Satellites (GOES) and the Advanced Composition Explorer
spacecraft, as well as data from the Solar Dynamic Observatory, the Solar and Heliospheric Observatory, and
the Wind solar radio instrument WAVES. This data set is designed to be used in machine learning (ML), with a
focus on predicting the occurrence and properties of SEP events. We detail each observation obtained from
publicly available sources, and the data treatment processes used to validate the reliability and usefulness for
ML applications.

1. Introduction

Solar energetic particles are high-energy particles associated with two main types of solar activity: solar flares
(SFs) and Coronal Mass Ejections (CMEs) (Desai & Giacalone, 2016; Reames, 2013). Solar energetic particle
(SEP) flux enhancements last from tens of minutes to days and include protons, electrons, and heavier ions. The
proton particle energies can sometimes reach giga electron volts (Reames, 2001). Particles of this energy range
can negatively affect technological assets in space, (Horne et al., 2013; Maurer et al., 2017) cause high dose
radiation exposure of astronauts and even affect passengers and crews on polar route commercial airline flights
(Chancellor et al., 2014; Onorato et al., 2020).
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Solar flares originate in the lower solar corona and chromosphere in regions of complex magnetic fields, also
known as active regions (ARs). Flares are easily recognized by their large enhancements in the Extreme Ultra-
violet (EUV) and X-ray frequency bands. X-rays occur due to collisions between decelerating closed-loop
particles and the underlying plasma (Galloway et al., 2010). The Solar Dynamics Observatory (SDO) observes
SFs at 11 passbands of differing wavelengths. The 171 A band allows for investigating the flare intensity,
location, and evolution. X-ray flares are often accompanied by Type IIl radio bursts (i.e., Figure 3). Type Il radio
bursts are radio waves associated with electrons accelerated at solar magnetic reconnection sites at or near the
flaring region that travel along open magnetic field lines through the upper corona and into interplanetary (IP)
space (Cairns et al., 2018). These electrons are remotely observed in radio spectrograms as quick radio bursts
sweeping from high to low frequencies. While single type III bursts are typically associated with impulsive flares
(that are significantly less energetic), the relationship between type III radio bursts and large SEP events is more
complex. Some SEP events are associated with multiple decametric/hectometric type III radio bursts that occur
between flare onset and flare peak, while other SEP events have a single, large metric type III radio burst (see
Klein 2021 and references therein). In addition to flares, ARs can also produce CME:s.

Some ARs develop a build-up of mass along a closed magnetic field line that eventually erupts, releasing a CME.
CME:s appear as expanding loops or bubbles and are often seen in visible light coronagraphs (e.g., Large Angle
and Spectromic Coronagraph (LASCO)). LASCO records white light images of the solar corona from 2.0 up to 30
solar radii and spectral images of the solar corona from 2.0 to 3.0 solar radii. Coronagraph images make it possible
to view the field topology of the corona and its changes, as well as the evolution of CMEs as they travel outward
from the sun. CMEs, moving much faster than the preceding material, act as the driver of IP shocks. One indicator
of a shock occurrence is a Type II radio burst (E. Cliver et al., 1986; Mikeli et al., 2011), which is generally
observed as a slower high to low frequency sweep and is associated with electrons accelerated by the outward
propagating shocks. At the time of the shock passage from the observer, the local particle flux may be enhanced
from suprathermal energies to tens of MeV/nucleon. This sudden, short-lived enhancement is known as an en-
ergetic storm particle (ESP) event and is only seen at lower energies (Dayeh et al., 2018; Desai et al., 2016;
Moreland et al., 2023). The diffusive shock acceleration (DSA) mechanism is the primary candidate for ESP
acceleration at shocks. It involves both shock-drift acceleration at quasi-perpendicular shocks (Decker, 1981) and
the first-order Fermi mechanism at quasi-parallel shocks (Lee, 1983). Ideally, DSA theory provides an expla-
nation for several aspects of ESP observations and predicts certain particle profile behaviors (e.g., spectral index).
However, numerous physical processes such as particle transport, localized turbulence, magnetic connectivity
along the shock, shock geometry, and other factors can affect particle transport and acceleration (Giacalone &
Neugebauer, 2008; Mostafavi et al., 2018; Zank et al., 2010).

Understanding the physical processes behind SEPs and predicting SEP events as well as their properties (i.e.,
peak flux, energies, onset, duration, etc.) using true probabilities is becoming exceedingly important. Fortu-
nately, the heliophysics and space weather communities now benefit from large amounts of free and publicly
available remote sensing and in situ observations collected over decades. To a greater extent, we can take
advantage of the significant advances in computing power, open-source software, and validated algorithms that
make for a perfect combination for ML applications (Camporeale, 2019). There are a variety of available data
sets in the community such as Space-Weather Helioseismic and Magnetic Imager (HMI) Active Region
Patches (SHARPs) and Space-Weather Michelson Doppler Imager (MDI) Active Region Patches (SMARPs)
(Bobra et al., 2021), which are derived from MDI and Solar and Heliospheric Observatory (SoHO) solar
surface magnetic field maps to provide a seamless set of maps and keywords describing each AR observed
since 1996; a multivariate time series data set available via a web API, extracted from SHARPs data and cross-
checked with the NOAA SF catalog that includes 51 SF predictive parameters spanning from 2010 to 2018
(Angryk et al., 2020); and a multitude of SEP event lists (i.e., Crosby et al., 2015; Gopalswamy et al., 2014;
Kahler et al., 2017; Papaioannou et al., 2016; Rotti et al., 2022). The data set described in this paper consists of
a multitude of both remote and in situ measurements that, as we describe in the sections below, are linked to
various SEP properties. Developing such a comprehensive data set enables us to investigate numerous SEP
properties and their pre-flare conditions. As a result, we are able to ingest our data set into a newly developed
model for forecasting both the occurrence of SEP events as well as their properties. We refer to this model as
the “Multivariate Ensemble of Models for Probabilistic Forecast of SEPs” (MEMPSEP; see MEMPSEP-1
(Chatterjee et al., 2024) and MEMPSEP-II (Dayeh et al., 2024) for papers).
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Figure 1. The complete data set flowchart shows all incorporated observations from remote imaging to in-situ measurements. Each section relates to a time frame in the
event series: Solar images (pre-flare, flare), solar wind conditions (pre-flare), X-ray properties, and time series (flare). Post-flare properties for the SEP event,
Interplanetary Coronal Mass Ejection (ICME) parameters with Wind WAVES radio spectrogram, Interplanetary (IP) shock properties, and published shock lists. We

note the observation (italics) and the instrumentation (underlined) used to obtain in-situ data along with each parameter observed or calculated parameter.

When assembling this data set, we consider each physical process independently and select observations that are

associated with those processes. To ensure that the data set can be used in forecasting and now-casting, we
prioritize data that is made available in near real-time or data that will be available in real-time on future missions.
Figure 1 shows the complete set of inputs for the data set, including any calculated parameters and the use of
various event lists (see Section 3 for details on event lists). By considering all the solar processes that can
potentially alter SEP properties in interplanetary space (i.e., acceleration, transport, diffusion, among others), we
create a whole-picture data set that captures each observation's role in determining the occurrence probability and

corresponding properties of the resulting SEP events.

2. Instrumentation

Overall, we accumulated data from 13 different instruments over five separate missions. Table 1 summarizes the

spacecraft, instrument, measured observations, energy range, and time cadence.

Table 1

Complete Instrumentation Table

Mission Instrument Measurement Energy range Resolution

SOHO LASCO Solar Corona (C2,C3) 1 hr
MDI Line of Sight Solar Magnetic Field 6 hr
EIT Solar Extreme UV Emissions 171 A 12 hr

SDO HMI Line of Sight Solar Magnetic Field 6 hr
AIA Solar Extreme UV Emissions 171 A 12 hr

Wind WAVES Solar Radio Emissions 10 kHz-10 MHz 0.1's

GOES EPS H* and e 0.6-500 MeV 5 min
XRS X-Ray 0.5-8.0 A 3s

ACE EPAM H* 0.05-5 MeV 12s

e 0.0535-0.2325 MeV 12s
ULEIS 3 He, 4 He, O, Fe 0.04-10 MeV 1 hr
SIS 3 He, 4 He, O, Fe 3-170 MeV 1 hr
SWEPAM Solar Wind Protons 0.4—4 keV 1 min
MAG Local Magnetic Field 16 s
MORELAND ET AL. 3of 18



ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003765

EUV

Magnetograms LASCO C2 LASCO C3

Figure 2. Imaging data is downloaded, and the sequence of images creates a stack that is ingested into the ML model. In this data set, we use a time window beginning at
the flare onset to 3 days prior. (a) The EUV stack contains seven images. (b) Magnetogram stack contains 13 images (c), (d) LASCO C2 and C3 stacks contain 73 images

each.

2.1. Remote Sensing Observations

To capture the evolution and dynamics of ARs and to help inform ML models, we input remote observations of
the solar atmosphere 3 days before the flare onset. We use the Michelson Doppler Imager (MDI; Scherrer
et al., 1995) on board SoHO and the HMI (Schou et al., 2012) on board SDO to obtain full line-of-sight mag-
netograms to investigate the topology of the solar surface and solar atmosphere. Considering the possible memory
limitation of graphics processing units (GPUs), we downgrade the resolution of magnetograms to 256
pixels X 256 pixels and collect one magnetogram every 6 hr over 3 days before a flare onset. As a result of variable
cadence and the instrument degradation to two images per day in the Extreme Ultraviolet Imaging Telescope
(EIT; Delaboudiniere et al., 1995) on board the (SoHO; Domingo et al., 1995), we use half-day (12 hr) resolution
EUV data from 1996 onward. Starting in 2010, we used EUV data from the Atmospheric Imaging Assembly
(AIA; Lemen et al., 2012) on board the SDO (Pesnell et al., 2012) fixed at the same time cadence. To obtain radio
observations, we make use of the WAVES instrument Radio Receiver Bands 1 and 2 (RADI1: 20-1,040 kHz,
RAD2: 1.075-13.825 MHz) on board Wind (Bougeret et al., 1995) stationed at Lagrange Point 1 (L1). Using the
20 channels from RAD]1 that contain observed data only (vs. interpolated) and a reduced set of 60 channels from
RAD?2 with observed data (80 total frequency channels used to reduce data input size) at a down-sampled time of
10 minutes using an anti-aliasing approach (low-pass filtering plus re-sampling), we create a single image of the
logarithm of the intensities (see Figure 3). Finally, to observe the changes in the IP space as solar features such as
CME:s streaming away from the sun, we obtain hourly images of the solar corona using the LASCO (Brueckner
et al., 1995) on board SoHO. Note that we do not fit the CME parameters such as width, propagation speed,
duration, etc. In this work, we identify and connect the event parameters to known CME:s via published event lists.
An image stack consists of various images corresponding to the instruments' cadence for each remote sensing
source. See Section 2 and Figure 2 for more details. HMI, AIA, and MDI data are publicly available via JSOC web
portals (http://jsoc.stanford.edu/), and LASCO coronagraph data is obtained using the related SunPy package.
Solar imaging offers a large amount of information well-suited to ML algorithms. Keeping in mind data size, we
implement data reduction techniques such as under-sampling both in space and time to avoid memory burden and
prevent model-crashing.

2.1.1. EUV

We choose the EUV band at 171 A, which is a wavelength of a strong iron line (Fe IX) at approximately
600,000 K and observes changes in the corona and transition region boundary. This makes it ideal for
studying the quiet corona and coronal loops, including fine plasma strands. To create a continuous data set
of EUV images (using SoHO and SDO) we download images of overlapping date and time, for example,
EIT 171°A and AIA 171°A at a cadence of 12 hr over 3 days before flare onset. We filter out the bad
images using a “QUALITY” keyword and normalize the images with exposure time. Using the SunPy
library, aiapy (Barnes, Bobra, et al., 2020; Barnes, Cheung, et al., 2020), we fetch the correction table to
correct for the known SDO/AIA EUV image degradation as described in Galvez et al. (2019). We also
perform degridding of the EIT/171 images. We then perform re-projection to homogenize images in terms

MORELAND ET AL.

4 of 18


http://jsoc.stanford.edu/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003765

13375

8375

3375

900
N
L
é
>
2 608
[}
o |
(o
(9]
&
352

168

56

Figure 3. Wind WAVES sample event image showing a Type III solar radio burst, evidence of flare accelerated electrons.

of pixel scale, field of view, and point of view. The full-disc images are divided into patches, and the
patches are aligned using a template-matching method described in Chatterjee et al. (2023). Finally, we use
a low-resolution patch and limb darkening profile (encoding position of the patch pixels w.r.t. disc center)
as input and the corresponding high-resolution patch as the output of a Deep Learning (DL) model pre-
sented in Chatterjee et al. (2023). We use low-resolution versions (256 pixels X 256 pixels) of the ho-
mogenized images (DL model outcome) and, when 50% or more of the images are available in the queried
time frame, interpolate for missing frames, creating the EUV data cube of size 256[pixels] X 256
[pixels] X 7T[frames] for each flare event. Figure 2a shows a sample EUV image and its corresponding
stack size.

2.1.2. Magnetograms

Magnetograms capture the evolution of sunspots and spatial variations in the solar magnetic field properties,
especially the surface distribution and polarity of those magnetic fields. SOHO/MDI and SDO/HMI full-disc line-
of-sight magnetograms are another imaging input feature of our data set, and a sample event is shown in
Figure 2b. Keeping in mind the memory limitation of most GPUs we downgrade the resolution of magnetograms
to 256 pixels X 256 pixels. In order to adequately sample the related emergences (i.e., Kutsenko et al., 2019,
2021), we collect one magnetogram every 6 hr over 3 days before the flare onset. This creates a data cube of size
256[pixels] X 256[pixels] X 13[frames]. Note the original size is 1024 X 1024 for MDI and 4096 X 4096 for HMI,
with a cadence of 96 min and 45 s, respectively. This image downsampling reduces the computer's memory
burden without losing information about the AR evolution. Convolutional Neural Networks (CNN; LeCun
et al., 2015), are a specific type of DL algorithm specifically designed for images and uses layers of neurons to
identify certain features in images. Despite CNNs being insensitive to timestamps, we maintain regularity by
filling 6-hr gaps with nearest-neighbor interpolated magnetograms for each pixel. To homogenize MDI and HMI
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magnetograms, we use a conversion factor of 1.3 (MDI = 1.3*HMI) and clip the field strength within (—1,000,
1,000 G). This creates a continuous data set for longer observation periods than a single instrument would
provide. Finally, we normalize the field strength (F) using the transformation %(1 + Wi)o)' So, a pixel value of 0,
0.5, and 1 in the normalized magnetograms represent —1,000, 0, and 1,000 G.

2.1.3. LASCO C2 and C3

Coronographs block the solar disk using an external occulter, revealing coronal features such as coronal
streamers and CMEs and their propagation into the interplanetary medium. SOHO has two onboard co-
ronagraphs, C2, which has a 3-degree field of view (1.5-6 solar radii), and C3, which has a 16-degree field of
view (3.7-30 solar radii). Sample event images for the LASCO C2 and C3 images can be seen in Figures 2c
and 2d, respectively. We download level 0.5 LASCO - C2 and C3 images using JSOC at a cadence of 1 hr over
a period of 3 days before flare onset. We apply the SSWIDL (SolarSoft) package to convert level 0.5 to level 1
and apply a normalizing radial graded filter to equalize the contrast of coronal structures with respect to the
background at different radial distances. Finally, we down-sample those images to a fixed size of 256 pixels X
256 pixels and perform a nearest neighbor interpolation for each pixel of down-sampled images over the time
axis to fill missing frames. This generates a C2 and C3 data cube of size 256[pixels] X 256[pixels] X 73[frames]
for each flare event.

2.1.4. Wind WAVES

Radio burst signatures have been shown to correlate with SEP events (Cane et al., 2002; Gopalswamy
et al., 2008). Type II radio bursts can indicate particle acceleration from CME-driven shocks, while Type III
radio bursts are associated with accelerated electrons leaving the sun along open magnetic field lines. The
Wind Radio and Plasma Wave Experiment (WAVES) instrument provides comprehensive coverage of radio
and plasma wave phenomena in the frequency range of 20 kHz up to 13.825 MHz. We can identify radio
burst signatures of accelerated particles using Radio Receiver Bands 1 and 2 (RAD1: 20-1,040 kHz; RAD2:
1.075-13.825 MHz). Only 20 channels of RAD1 contain observed data (the remaining channels are inter-
polated), and all 256 channels of RAD2 contain observed data; however, to reduce the data input, we use a
total of 80 frequency channels from RAD1 and RAD2. In order to prevent CNNs from being driven by outlier
pixels, we downsample the time axis to a cadence of 10 min, take the logarithm of the intensities, and clip
them within the range (—1, 1). This process creates a single image of WAVES data 3-days before the flare
onset in the form of a 432 time-frequency radio image. Figure 3 shows a 2D histogram of frequency ob-
servations from Wind between 20 Jan. 2005, and 23 Jan. 2005. At the beginning of the time interval, there is a
clear type III radio burst.

2.2. In Situ Observations

In addition to remote observations, we provide a wide variety of near-Earth in-situ plasma measurements before,
during, and after each observed flare event. We complement the Geostationary Operational Environmental
Satellites (GOES) Flare Event List by measuring the integrated high-energy protons (>5, >10, >30, >60,
>100 MeV) using the GOES Energetic Particle Sensor (EPS; Sellers & Hanser, 1996), after 2017 the Solar and
Galactic Proton Sensor on the Space Environment In Situ Suite. In addition to high-energy protons, we include the
proton, alpha, and heavy ion fluxes in the suprathermal energy range (0.05-5.0 MeV). We measure the low-
energy proton fluxes every 12 s with the Energetic Proton and Alpha Monitor (EPAM; Gold et al., 1998), and
we measure the hourly-averaged alpha and heavy ion fluxes using the Ultra-Low Energy Ion Spectrometer
(ULEIS; Mason et al., 1998) and the Solar Isotope Spectrometer (SIS; Stone et al., 1998). These instruments are
part of a suite on board the Advanced Composition Explorer (ACE) (Stone et al., 1998), also stationed at L1. We
also obtain the electron time series data at energies of 0.038-0.315 MeV from EPAM. For solar wind properties
(i.e., velocity, temperature, density, magnetic field configuration), we utilize two instruments on board ACE; the
local particle population data is from the Solar Wind Electron, Proton, and Alpha Monitor (McComas et al., 1998)
with a 64-second time cadence, and local magnetic field vector properties from the Magnetic Field Experiment
(MAG; Smith et al., 1998) with a 16-second time cadence.
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2.2.1. Solar Wind

Solar wind conditions arrive at Earth sometimes delayed by several days after energetic solar events; however, in-
situ measurements are critical to gauging the conditions of the solar atmosphere and interplanetary medium
associated with these events. We include the first three solar wind moments (i.e., density, velocity, and tem-
perature) and the vector components and magnitude of the interplanetary magnetic field. Disturbances within the
already turbulent interplanetary medium can arise from CMEs and IP shocks, which are observed in the solar
wind measurements taken at 1 au. These phenomena have the potential to modify particle acceleration and
transportation during SEP events. Thus, the 24-hr averaged solar wind conditions provide insight into pre-flare
solar activity, Solar Cycle (SC) phase, and expected route to 1 au. Figure 4, panels (e and f) show the solar
wind speed, density, and temperature. The shaded region shows the time window used for parameter calculations.
Panel (g) shows the magnetic field magnitude and vector quantities. The pre-flare conditions (shaded area), and
the ICME signature is shown in the hatched, shaded area.

2.2.2. Suprathermal Population

Suprathermal particles are an extension of the solar wind tail at higher energies. These particles have energies
ranging from a few keV to a few MeV. The origin of this population of particles is presently debatable (Cane
et al., 2006; Mason & Sanderson, 1999; Tylka et al., 2005). They could be scattered remnants of large-scale
transient events (Dayeh et al., 2009, 2017), or they could be accelerated stochastically in the solar atmosphere
or in localized regions of high density in the solar wind (Fisk & Gloeckler, 2006). Nevertheless, they are nearly
permanently present in the inner heliosphere, and they play an important role in post-flare SEP enhancement.

It is theorized that the highest energy particles in any given event already have suprathermal energies before the
event. They are then re-accelerated by turbulence at the flare site or by propagating shocks (Desai et al., 2007,
Fermi, 1949; Giacalone, 2005; Reames, 2017). Because of this phenomenon, we believe the >10 MeV time
profiles strongly depend on the suprathermal seed population just before the flare onset (Cliver, 2006; Kah-
ler, 2001). Therefore, we include the average pre-flare fluxes and abundance ratios of three of the most abundant
energetic particle species (H, O, and Fe), which, to date, are not typically used in ML models. For all species, the
lowest energy included is ~1 MeV. The highest energy for H is 4.90 MeV, 8.50 MeV/nucleon for O, and
13.0 MeV/nucleon for Fe. The Fe/O Lo ratio energy is calculated at ~1.13 eMeV/nucleon, and the Hi ratio energy
is determined at ~46 MeV/nucleon. Panel (d), Figure 4 shows the Oxygen (O) particle flux during a sample event,
and the shaded area shows the sampling window used to calculate the parameters (i.e., Fe/O ratio) that are saved
to the data set. The Hydrogen (H), Iron (Fe) abundances and ratios are done using the same sampling window.

2.2.3. X-Rays

Magnetic reconnection converts magnetic energy into particle kinetic energy. Particles accelerated down closed
loops collide with the chromosphere and decelerate, producing large amounts of X-rays via Bremsstrahlung
collisions (Galloway et al., 2010). X-rays can cause issues such as radio blackout or increased satellite drag
(Xiong et al., 2014; Yasyukevich et al., 2018). X-rays are observed in the 0.05-0.4 and 0.1-0.8 nm wavelength
bands by a primary and a secondary GOES satellite at a cadence of 60 s. We use the 0.1-0.8 nm wavelength band
(also known as XL, the red line in Figure 4, panel a) to calculate the starting flux, peak flux (marked by the black X
in Figure 4, panel a), rise time, fluence, and duration for each flare event. X-rays have been used in many SEP
models including the Space Weather Prediction Center (SWPC), Air Force Research Laboratory, etc.
(Balch, 2008; Kahler & Ling, 2015). Flare class prediction has been used in Support Vector Machines (Bobra &
Couvidat, 2015; Choi et al., 2012; Nishizuka et al., 2018) and was used as a predictive output of one of the first
attempts in neural networks by Fozzard (1989). There has been success using Long Short-Term Memory to
predict X-ray time profiles (Li et al., 2020), and we find adding the X-ray time series beneficial to the ML model
(shaded area of Figure 4, panel a).

2.2.4. High-Energy Protons and Electrons

Isotropic and permanently present high-energy protons in the heliosphere at energies above 10 MeV typically
originate beyond the heliosphere as low-energy cosmic rays and their fluxes are too low to be considered a serious
threat. However, strong X-ray flares on the Sun are associated with CMEs and shocks that efficiently accelerate
protons to high energies and significantly increase radiation levels (Reames, 2013; Shea & Smart, 2012). This
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Figure 4. This plot is a sample of an SEP-positive event in the data set. Each panel pertains to a different instrument or
observation. Panel (a) contains the X-ray flux, (b) shows the corrected integrated flux from GOES used to determine if a SEP
event occurs and its subsequent properties, (c) at L1, we use proton flux from ACE to calculate properties during the shock,
(d) including H, O, and Fe in low and high energies and ratios allows for observations of the suprathermal ion population
before the event, (e, f) the pre-flare solar wind data is calculated in the pre-flare time window shown in the shaded area,
(g) the magnitude and vectors of the interplanetary magnetic field are averaged and ICME (shaded, hatched area) properties
are shown.

type of particulate radiation is of paramount concern and is consequently our primary measurement in deter-
mining event observations (see Section 4: SEP Event Detection). High energy electrons, though not energetic
enough to seriously threaten human health, can cause spacecraft charging and damage electronics. Because of a
significant speed difference, these relativistic electrons always arrive before the protons and are a strong predictor
of the subsequent proton enhancement (Posner, 2007). Posner also notes that a SEP event has not been reported
where the protons arrive at 1 au before the electrons, and 100 MeV ions arrive at a minimum of 13 min after the
electrons. We, therefore, include electron measurements taken at L1 on ACE EPAM in the form of a time series at
four energies (0.0535-0.2325 MeV) from the onset of the flare until the end of the flare event.
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Figure 5.

Sample X-ray time series from GOES flare event list with flare onset time marked by the dashed black vertical line and flare class identifier.

3. Event Lists

The National Oceanic and Atmospheric Administration (NOAA) began operating the GOES satellites with on-
board X-ray and energetic particle detectors in 1975. Since then, all detected SFs have been cataloged by NOAA
and are publicly available through the Heliophysics Events Knowledgebase (HEK). This list contains the GOES
flare classification (e.g., X, M, C, B, A) and the flare properties such as start time, peak, and end time. When
available, the list provides the flare location (latitude, longitude) and the corresponding AR (AR) number; flare
events that happen beyond the solar limbs may not contain location or AR information. We obtain this list using
SunPy's pre-built query of the GOES flare event list through the HEK (Barnes, Bobra, et al., 2020; Barnes,
Cheung, et al., 2020). As of this publishing, the re-calibration of the GOES SF class data detailed in Cliver
et al. (2022) has not been incorporated into our data set. Re-calibrated science-quality data from the National
Centers for Environmental Information has been published to their website for GOES 13-15 but not for any other
GOES spacecraft and is not yet ingested by the HEK database. Figure 5 shows a sample time series of the long
(1.0-8.0°A) and short (0.5-3.0°A) X-ray bands observed by GOES with flares identified from the list. An
explanation of the GOES event list flare detection algorithm is detailed in Ryan et al. (2016).

Interplanetary shock data is integrated from the Database of Heliospheric Shockwaves maintained at the Uni-
versity of Helsinki (Kilpua et al., 2015), which identifies over 2,600 shocks detected at ACE, WIND, and
STEREO from 1975 to the present. The bolder, pink line expanded to all panels in Figure 4 marks an IP shock
arrival during a sample event from the data set. CME parameters compiled since 1996 by Cane and Richard-
son (2003) are also ingested into the data set, and an example CME event is highlighted in the hatched shaded area
in Figure 4, panel (g). For events after 2010, we can incorporate the Community Coordinated Modeling Center
(CCMC) Space Weather Database of Notifications, Knowledge, Information (DONKI) web service to determine
and verify linked events.

4. SEP Event Detection

We start the SEP event identification process by identifying a single flare in the NOAA/GOES flare event list
discussed in Section 3. For each flare, we look for an enhancement in the >10 MeV corrected integrated flux
within 6 hr of the flare onset. If an event were to originate from the Eastern limb, we estimate that it would take no
longer than 6 hr for the >10 MeV SEPs to be observed. This estimate is based on an average time calculation from
parent flare to SEP that is supported by other published SEP lists (e.g., Papaioannou et al., 2016; Rotti
et al., 2022). If the flux of the proton enhancement exceeds 5 pfu (1 pfu = 1 proton cm™2 s~ sr™") for 15 min
(three consecutive data points) and the maximum pre-flare background flux (maximum flux value in the
>10 MeV over a 3-hr time window before flare onset shown in the red highlight of Figure 5), then the event is
considered a SEP-positive event. Checking the >10 MeV flux in the previous 3 hr is important for intervals of
high activity; verifying the particle flux has become enhanced above the previous background, even when it is
already over the 5 pfu threshold, is an important aspect of identifying new particle injection. If the flux has
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Figure 6. GOES X-ray and proton time series during a flare event marked as SEP-positive. The vertical black line marks the X7.1 flare onset, and the blue shaded area
highlights the associated SEP event duration, the time frame the fluence is calculated over. The black X marks the peak flux value in the >10 MeV energy, and the 5 pfu
threshold is marked by the horizontal dotted black line. The pink shaded area shows the 3-hr time window used to calculate the pre-flare flux values. To be positive, the
SEP enhancement must also be larger than the max flux value pre-flare.

exceeded the threshold but is not greater than the flux in the previous 3-hr window, the event is marked as SEP-
negative. We choose a conservative value of 5 pfu as the threshold energy instead of the typical 10 pfu, given by
the NOAA SWPC definition for a proton event, because we are aiming for a conservative flux value that opti-
mizes the number of positive events while still lying well above the instrument's background signal (Rodriguez
et al., 2017). Figure 6 shows the profile of the flare and the SEP event for an event marked as SEP-positive.

In the event of multiple flares in a short time frame, the proton enhancement is attributed to the flare with the
largest peak X-ray flux (Kahler, 1982). In the case of multiple flares (e.g., the event seen in 6, we set a flag in the
data set (column “other flare”=1) that indicates this SEP event occurs in a time interval where other flares are
present within a given time frame and may be contributing factors. Any flare events where the peak X-ray flux
data is unavailable are removed from the data set.

For SEP-positive events, the start and stop time of the SEP are determined by the time the >10 MeV flux rises
above the threshold for three consecutive points (15 min) and then falls below the threshold for three consecutive
points (15 min). We then use the SEP start and stop time to calculate the duration of the SEP event and the time
from flare onset to SEP onset. The proton flux is considered a SEP-negative event if it does not rise above the
5 pfu threshold. For SEP-negative events (Figure 7), parameters such as the start and stop time are filled with
—9,999. The peak flux and fluence at five different energy ranges (>5, >10, >30, >60, >100 MeV) are calculated
for SEP-positive events over the duration of the event; for SEP-negative events, these values are calculated over a
pre-determined time window of 6 hr (shown in the green highlight area of Figure 7. Note: the peak flux calculation
may include the ESP enhancement due to associated IP shocks such as the one shown in Figure 6.

5. Data Validation and Limitations

Visualizing the SEP-positive and SEP-negative events allows us to compare our findings with those of previous
studies, further validating our classification process. Of the 131 X-class flares, 41 are SEP-positive (31.3%). 71
out of 1649 M-class flares are SEP-positive (4.3%), and 140 out of 16014 C-class flares are SEP-positive (0.87%).
Note the SEP-positive percentage rate increases with increasing flare class, as shown in Figure 8. This trend is
consistent with the known correlations between flare strength and SEP enhancement (Kahler & Ling, 2018).
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Figure 8. Class distribution of all GOES solar flare events (orange) by flare
class from 1998 to 2013. The subset of SEP-positive flare events is shown in
green, and their percentage with respect to all flares is noted in the respective
bar. While the total number of SEP-positive flare events decreases with
increasing flare class, the percentage of SEP-positive flare events with

The distribution of SEP-positive events across flare classes exhibits a similar trend to those reported by NOAA
SWPC within the same time frame (refer to the SPE.txt file available at ftp://ftp.swpc.noaa.gov/pub/indices/SPE.
txt). In the SWPC list, C-class flares account for 13% of SEP-positive events, M-class flares for 51%, and X-class

[ All Flares
Flares
(SEP Event Positive)

C M X
Flare Class

respect to the total number of flares in each class increases.

flares for 25%. Similarly, Papaioannou et al. (2016) identified 174 SEP-
positive events spanning 1997-2013, with 17% from C-class flares, 43%
from M-class flares, and 28% from X-class flares. The MEMPSEP data set
includes a total of 252 SEP-positive events, with 50% attributed to C-class
flares, 28% to M-class flares, and 16% to X-class flares. Notably, the pro-
portion of SEP-positive events appears higher in the MEMPSEP data set for
C-class flares; however, this is consistent with expectations given the con-
servative threshold of 5 p.f.u. employed in MEMPSEP data processing.

The association between sunspot number and SEP events has been well studied
(e.g., Barnard & Lockwood, 2011; Birch & Bromage, 2022; Marroquin
et al., 2023). Our data set shows a similar correlation between the number of
SEP-positive events and the sunspot numbers reported by NOAA SWPC
during SC 23 and SC 24. When considering larger SEP events (>10 MeV
particle flux exceeds the 10 pfu threshold), the pattern continues as shown in
Figure 9. These findings reinforce the influence of solar activity, indicated by
sunspot numbers, on the occurrence and magnitude of SEP events.

Flares originating from ARs west of the solar disk's central meridian are more
likely to produce impactful SEPs near the Earth owing to Earth's magnetic
connectivity to the CME-driven shock in or just beyond the solar corona (i.e.,
Ding et al., 2023; Kahler & Ling, 2018; Yashiro & Gopalswamy, 2008).
Figure 10 illustrates the flare location on the solar disk compared with the
logarithmic intensity of the >10 MeV particle energies using our data set.

Building accurate and reliable ML models hinges on the quality of the data
fed into them. We address this challenge by rigorously validating our data set,
ensuring it's free from instrument biases, errors, and inconsistencies.
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positive events where the >10 MeV protons cross the 10 pfu threshold (filled
pink bins). Monthly sunspot numbers are over-plotted in black. We find that
the number of SEP-positive events and the subset of strong SEP-positive

events follow the sunspot cycle.

For GOES data, the first step is verifying primary and secondary GOES
satellites. Using the dates found on the NOAA documentation website
(https://ngdc.noaa.gov/stp/satellite/goes/documentation.html), we create a
file specifying which spacecraft is the primary or secondary for each in-
strument. Preference is given to data from the primary spacecraft. In the
future, the data gathering routine will use the NOAA JSON data stream
(https://services.swpc.noaa.gov/json/goes/instrument-sources.json) to deter-
mine the primary/secondary spacecraft. For GOES EPEAD, we pull the
orientation flag file, which allows us to determine the correct variable name to
use and the proper fill and max flux values. The max flux values allow us to
check for bad data. Second, we identify and fill non-valid data for each in-
strument and set these values to —9,999. In cases where the missing data is
used for calculating a vital parameter (e.g., the peak X-ray flux), the event is
removed from the data set.

It is well known that the GOES particle sensors have high background levels
due to the use of passive shielding (i.e., Hu & Semones, 2022; Kress
et al., 2021; Rodriguez et al., 2017). As a result, particles can pass into the
detectors from various locations and not just via the collimator and be
counted. During SEP events, the low-energy passbands detect particles at the
same time as the high-energy passbands, even though this is physically
impossible. We do not subtract the background from the particle data. Instead,
this data set uses the corrected integral proton data from GOES described in
Rodriguez et al. (2017) when determining the SEP event properties such as
onset time, peak flux, etc.

Data reduction techniques used in imaging, such as under-sampling, could impact forecasting in that small-scale

transients might remain undetected. Using nearest-neighbor interpolation allows for straightforward identifica-

tion of interpolated data based on the count of unique images in the stack. Therefore, we add a flag to any imaging
data stacks where this interpolation technique has been used.

The in-situ data is labeled according to each process it belongs to (flare, pre-flare, SEP, etc.), saved, and

made available in formats easily readable by ML algorithms. In situations where there is insufficient data to

determine a property, such as the Fe/O ratio for a particular event, a fill value of —9,999 is assigned.

However, it's important to note that fill values can potentially allow certain machine learning models to
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Figure 10. The solar disk location of each SEP-positive flare. The color and
size indicate the logarithm of the >10 MeV proton intensity, indicated by the
color bar. SEP-positive events tend to occur when the flare originates west of
the central meridian, and the average intensity of the SEP-positive events is
greater in the western hemisphere compared with the eastern hemisphere.

produce inaccurate results. Thus, the user may choose to exclude an event
if a property is assigned a fill value. This will help ensure the accuracy
and reliability of the data. Appendix A contains a table with the name and
description of the data columns for the in-situ data that is available on
Zenodo via the .csv file.

We recognize that different approaches can be taken for certain selections, like
determining proton threshold values and associating parent flares. In a future
release we will include a user-defined script, accessible via the Zenodo re-
pository, that enables customization of these choices during data set genera-
tion. Using this script, the user can:

¢ Adjust the GOES proton threshold to a value of their choosing, that is,
>10 MeV at 10 pfu.

e The averaging window for solar wind properties can be modified from
24 hr to user-defined time window.

¢ Refine flare association by checking for the flare with the best Earth
connectivity within a specified time window, provided all flares in that
window have valid location data.

¢ The option to remove events where the SEP end time is the same (i.e.,
events that might occur at the tail of a previous event) or to connect the
event to a parent flare based on criteria such as first flare or largest flare.
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6. Future Work

Events from SC 24 and 25, spanning the years 2013-2022, are being added to the next iteration of the data set.
Parameters from the lists described in Section 3 will be carefully linked to their parent events.

The inclusion of the associated CMEs, IP Shocks, and ESP events will allow for a more complete data set as well
as the ability to set flags to notify the user of the data set about possible issues with the data values (e.g., if an
associated ESP causes a proton enhancement in the GOES data, a flag to notify the user that the peak flux during
that event includes the ESP would be set).

The addition of meaningful parameters will continue, and their data description will be added as the data set
matures. Currently, we are incorporating post-flare EPAM proton data in addition to EPAM electron data.
Important observables such as the strength and direction of the magnetic field, magnetic field fluctuations, and
turbulence, which can play a role in particle transport, are being considered. With the anticipated launches of the
Interstellar Mapping and Acceleration Probe (IMAP; McComas et al., 2018) and the Space Weather Follow-On—
Lagrange 1 (SWFO-L1), high-resolution near real-time measurements and unprecedented insights into the dy-
namics of the solar wind and interplanetary medium will become available, offering opportunities to expand and
enrich the ML data set established in this study and its applications.

7. Conclusions

In this study, we have created a meticulously selected data set of SEP-positive and SEP-negative events that took
place between 1998 and 2013. We have included in-situ and remote observations associated with these events for
the purpose of using them in machine learning models. To ensure the accuracy of our data set, we have cross-
checked it with other published lists and verified known trends of SEP events. From 1998 to 2013, over
19,000 flare events were classified as C-class or higher. Among these, 252 flares were associated with a proton
event where the >10 MeV integrated flux crosses a threshold of 5 pfu.

We used coding procedures that utilized established parameters to categorize events as SEP-positive or SEP-
negative. This approach minimizes human bias in identifying SEP events and ensures consistent and scalable
analysis. For each event, a set of in-situ data is obtained, and relevant properties are derived. Additionally, im-
aging stacks and time series are generated for each event. The data is packaged and will be fully available via the
public Zenodo link. The data set, in this current form, served as input for a machine-learning ensemble model,
MEMPSEP, used to predict SEP onset times and other properties such as peak flux.

Our data set aims to minimize the time researchers spend on data curation, allowing them to focus on the scientific
aspects of SEPs. We provide a comprehensive list of parameters that correspond to each time step of the SEP
events process, including both in-situ and remote imaging data. Additionally, we plan to collect data from up-
coming missions to ensure that a wide range of information is available for machine learning models.

Appendix A
Column name Description Time window
FlrOnset Date and time of the flare start
Rise Time Time from flare start to flare peak (in fractional hours)
Starting Flux X-ray flux value at start of flare
Peak Flux X-ray flux value at peak of flare
Duration Time from flare onset to flare end
Fluence Fluence of the flare from start to end
SW Temp Temperature of the solar wind (K) 24 hr average
SW Velocity Velocity of the solar wind (km/s) 24 hr average
SW Density Density of the solar wind (cm™) 24 hr average
IMF B Magnitude of the magnetic field at 1 au 24 hr average
IMF Bx X-component of the magnetic field at 1 au 24 hr average

MORELAND ET AL.

13 of 18



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather

10.1029/2023SW003765

Continued

Column name

Description

Time window

IMF By

IMF Bz

Fe/O Lo
Fe/O Hi

HLo

H Hi

O Lo

O Hi

Fe Lo

Fe Hi

Fe/O 1 MeV
event date
start time
peak time

end time
Xrsclass

goes _location
noaa active region
Flrmaxtime
Flrendtime
goes _major class

SEP-Server Association

FlrLon

FlrLat

event type
other flare
peak 1

sep fluence _1
sep peak 2
sep fluence _2
sep peak 3
sep fluence _3
sep peak 4
sep fluence _4
sep peak 5
sep fluence _5
sep start

sep end

sep rise

sep duration

Y-component of the magnetic field at 1 au
Z-component of the magnetic field at 1 au
Iron to Oxygen ratio (~0.11 MeV)

Iron to Oxy gen ratio (~46 MeV)
Hydrogen (~1 MeV)

Hydrogen (4.90 MeV)

Oxygen (~1 MeV)

Oxygen (8.50 MeV)

Iron (~1 MeV)

Iron (13.0 MeV)

Iron to Oxygen ratio (~1 MeV)

Date of the flare

Start time of flare

Peak time of flare

End time of flare

Major class of flare

Longitude and Latitude of flare (if available)

NOAA SWPCs Active Region Number (if available)

Time of flare peak
Time of flare end

GOES Flare Classification

24 hr average
24 hr average
24 hr average
24 hr average
24 hr average
24 hr average
24 hr average
24 hr average
24 hr average
24 hr average

24 hr average

if = “ProtonFlare” event is marked as SEP-positive from PSEP

list Papaioannou et al. (2016)

Flare longitude (parsed from goes location, if available)

Flare latitude (passed from goes location, if available)

SEP-positive = 1, SEP-negative = 0

if = 1 other flares present within 2-hour time window sep

Peak flux of SEP event (=5 MeV)
Fluence of SEP event (>5 MeV)
Peak flux of SEP event (>10 MeV)
Fluence of SEP event (>10 MeV)
Peak flux of SEP event (>30 MeV)
Fluence of SEP event (>30 MeV)
Peak flux of SEP event (=50 MeV)
Fluence of SEP event (>50 MeV)
Peak flux of SEP event (=100 MeV)
Fluence of SEP event (>100 MeV)
Start of SEP event (onset)

End of SEP event

Time from start of SEP to peak (fractional hours)

Time from start of SEP to end (fractional hours)
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resources will be provided through the Zenodo repository.

Software: This data set used version 4.0 of SunPy open source software package (Barnes, Bobra, et al., 2020;
Barnes, Cheung, et al., 2020), version 3.5.1 matplotlib (Hunter, 2007), version 1.21.2 NumPy (Harris et al., 2020),
version 1.4.1 pandas (pandas development team, 2020), version 1.7.2 SciPy (Virtanen et al., 2020), version 0.11.2
seaborn (Waskom, 2021), and customized download scripts written by Samuel Hart.
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