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Abstract

Space environment models are imperative tools for space weather research and operational forecasting. Two major targets in the
space weather enterprise are to advance predictive modeling capabilities and to promptly transition new models to space weather oper-
ations. Model assessments are essential to build credibility for potential users, while the approach to model validation depends on user
priorities. Precise, transparent and up-to-date evaluations of strengths and limitations of space weather models provide vital guidance
toward the progress in understanding of space environment phenomena. It also demonstrates potential of new models to improve
state-of-the-art operational space weather forecasting. Therefore, a space weather capabilities assessment is one of the Overarching
Activities of the COSPAR International Space Weather Action Teams (ISWAT) initiative. ISWAT Action Teams associated with
ISWAT domain-focused (S — Space weather origins at the Sun, H — Heliosphere variability, G — coupled Geospace System, plus the
newly established cross-domain Sun-to-Geospace — S2G) Clusters, provide pivotal progress in Assessment Overarching Activity. The
ISWAT community-wide validation projects include both Modeling Challenges for historic time periods and pre-event real-time ensem-
ble predictions. At the same time, operational space weather forecasting centers perform pre-operational and operational real-time con-
tinuous model validations and provide feedback to developers. This Roadmap paper presents a comprehensive overview of successes and
lessons learned from validation projects and the transition to operations activities since the previous Space Weather Roadmap (Schrijver

et al., 2015) and outlines recommendations for moving forward.
© 2026 Published by Elsevier B.V. on behalf of COSPAR.
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1. Introduction

Space weather consists of complex physical processes
characterised by phenomena originating deep within the
Sun, traveling through the heliosphere, interacting with
the coupled geospace system, and thus impacting critical
technological infrastructure on our planet. Violent solar
eruptions, primarily manifesting as solar flares and coronal
mass ejections (CMEs), can affect the daily life of humans,
by impacting, for example, communications, navigation,
power supplies, national security, space travel, and more.
In addition, protons and heavy ions can be accelerated
by solar flares and shocks driven by CMEs to high energies
producing so-called solar energetic particles (SEPs) that
can expose astronauts and air travelers to dangerous levels
of radiation. Consideration of space weather is crucial to

the development and operations of space exploration mis-
sions, including the future Moon and Mars initiatives. In
the past decade, the difficult task of understanding, quanti-
fying and predicting these solar eruptions and their terres-
trial impacts has become a strategic national and global
priority.

The Sun-to-impact space weather flow has an intrinsi-
cally complex nature. Space weather processes cover differ-
ent space domains with underlying physical phenomena
that span a vast range of spatial and temporal scales. To
solve the Sun-to-Impact Space Weather puzzle we need
to assemble it part-by-part, simultaneously addressing
problems focused on specific physical domains, assessing
the accuracy and uncertainty of information passed
between domains, and connecting all validated solutions
from space weather origins on the Sun to their impacts.
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Fig. 1.1. Two major overlapping challenges in building predictive space
weather capabilities involve: 1) developing new capabilities based on
science, and 2) transitioning them to operations. Progress on both
challenges can be supported through ongoing validation activities.

Advancing space weather predictive capabilities should
address two major overlapping challenges (see Fig. 1.1):

1. First, any new predictive capabilities should be based on
newly developed or improved scientific understanding
and should demonstrate improvements to the current
state-of-the-art in operational forecasting.

2. Second, the new capabilities should be transitioned to
operational use (Research to Operations), and a feed-
back loop should be established (Operations to
Research).

Progress on both challenges can only be achieved
through ongoing validation activities during both the
development and transition of new capabilities at multiple
stages, as well as during ongoing operational use of such
capabilities, once they are implemented.

Advances from the current state-of-the-art in space
weather prediction through new scientific understanding,
models, and data must be quantitatively assessed and
tracked through community-coordinated assessment
strategies. The importance of coordinated assessment has
been emphasized in the original 2015-2025 Space Weather
Roadmap commissioned by the Committee on Space
Research (COSPAR) and the International Living With a
Star (ILWS) (Schrijver et al., 2015). An International
Forum on Space Weather Capabilities Assessment
(IFSWCA') was established during the International Com-
munity Coordinated Modeling Center (CCMC) — Living
With a Star (LWS) Workshop in 2017 to address the need
to quantify and track progress in space weather modeling
and to establish internationally standardized metrics for
meaningful model assessment. Outcomes of IFSWCA
activities have been summarized in a special issue of the
AGU 2018 Space Weather Journal titled “Space Weather
Capabilities Assessment®” (see, Rastitter et al., 2019;
Zheng et al., 2019; Choudhary, 2019; Scherliess et al.,
2019; Verbeke et al., 2019; Kalafatoglu Eyiguler et al.,
2019; Robinson et al., 2019; Bruinsma et al., 2018;

! https://ceme. gsfe.nasa.gov/iswat/TESWCA/.
2 https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1542-
7390.SW_CASS.
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Tsagouri et al.,, 2018; Roberts et al., 2018; Liemohn
et al., 2018; Meier et al., 2018; Hill, 2018; MacNeice,
2018; MacNeice et al., 2018; Tobiska et al., 2018; Welling
et al., 2018; Murray, 2018; Richardson et al., 2018; Shim
et al., 2018; Wintoft and Wik, 2018). The IFSWCA is a
precursor to the COSPAR International Space Weather
Action Teams (ISWAT?®) initiative established in 2018.
All active IFSWCA working teams were migrated to
ISWAT, and most of the assessment topics introduced by
the IFSWCA were adopted by ISWAT action teams. A his-
tory of ISWAT and overview of ISWAT activities are
included in this special issue (Kuznetsova et al., 2026).

ISWAT action teams work via self-guided topical col-
laborations on different aspects of space weather. As shown
in Figure 1.2, ISWAT action teams are organised into
Clusters by domain, phenomena, or overarching activity.
Space Weather Capabilities Assessment is an ISWAT
Overarching Activity involving teams across all domains.
Results achieved by ISWAT action teams focused on the
assessment of space weather capabilities are published in
the COSPAR Space Weather Roadmap Special Issue 1
“Science and Applications” (Bisi and Shea, 2023). High-
lights of validation studies from Roadmap Special Issue 1
are presented in §4.2.

There is a clear need to enhance operational space weather
forecasting to achieve an outcome similar to modern terrestrial
weather forecasting that provides predictions up to several
days in advance (Bauer et al., 2015). For clarity, we emphasize
here that the term “operations” (and variants thereof appear-
ing throughout this text) generally refers to the specific role of
space weather forecast service providers (e.g., NOAA’s Space
Weather Prediction Center in the USA, and equivalents in
other countries) and the capabilities which they maintain
and critically depend on, 24 h per day, in their missions sup-
porting safety and prosperity (see detailed description in
Appendix B). Transitioning scientific advancements into oper-
ational use, is commonly referred to as R20 (Research to
Operations). R20 is a multi-step, multifaceted process that
begins in the initial stages of model development and includes
assessment through all phases of transition to operations.
Demonstration on how new understanding, models, and data
can improve operational space weather predictions is a crucial
part of the R20 process. Equally important is the feedback
from Operations to Research (O2R), which ensures that expe-
rience from forecasters and operational users reaches model
developers and closes the Research-to-Operations-to-Research
(R202R) loop. A successful R202R process (frequently
referred to as R202R platforms, frameworks, or pipelines)
requires collaboration among all space weather participants,
including domain scientists, modelers, software developers,
system engineers, instrument designers, space weather service
providers, and expert users.

This paper examines different components of both chal-
lenges (see Fig. 1.1) related to model validation. These

3 https://iswat-cospar.org.
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Fig. 1.2. Organization of the COSPAR ISWAT Initiative as of December 2025 (taken from the COSPAR ISWAT home page). The domains are listed in
the top row and each domain consists of numbered “Clusters,” which are research focus areas within each domain. Each of almost 100 teams has a unique
identifier composed of the cluster number and the team number (for instance, H1-01). More information on ISWAT and their individual teams can be

found online® and in Kuznetsova et al. (2026, this issue).

components include the following topics: intended uses of
validation (§2), elements of validation studies (§3), valida-
tion across individual domains (§4), how to validate mod-
eling of physical phenomena (§5), demonstration of
operational potential through pre-event forecasting activi-
ties (§6), tracking frameworks (§7), R202R pipelines (§8),
real-time validation strategies (§9). In §10, we identify gaps
and provide recommendations to address them.

Appendix A lists acronyms used throughout, and
Appendix B explains terminology such as “‘space weather
enterprise”, ‘“‘quality assessment”, ‘“‘ensemble”, and
“users”, as well as the definitions of “validation” and ““‘ver-
ification” which swap meanings between the terrestrial and
space weather conventions. Where the terrestrial weather
convention is unavoidably used in the text, the space
weather convention is indicated in brackets thereafter.
Appendix C provides tables defining levels for the various
model maturity tracking frameworks used across the
enterprise.

2. Model validation and intended use

Model validation is a process of quantifying and build-
ing credibility in numerical models from the perspective of
the intended uses of the model. As shown in Fig. 2.1, scien-
tists (researchers) primarily want the quantities derived
from models to be scientifically meaningful, while space
weather forecasters (operators) want them to be reliable,

robust, and produced quickly enough to be useful in oper-
ational forecasting. Therefore, the goals of validation stud-
ies are divided into quantitatively assessing:

1. Model ability to reproduce observed signatures and
physical phenomena (science); and

2. Model usefulness for space weather operations and
addressing space weather user needs (applications).

The science of space weather is multi-disciplinary. It
comprises physics, chemistry and mathematics, including
statistics, programming, and data analysis. Scientists use
models to advance the understanding of physical processes
and study physical phenomena. The purpose of science val-
idation is to demonstrate what physical phenomena are
consistently modeled correctly and what are consistently
modeled wrongly. Evaluating the science quality and appli-
cability of modeling approaches is critical for ensuring that
conclusions derived from model outputs are scientifically
sound and simulated features are not caused by numerical
artifacts. Validating the science quality of physics-based
models should include testing and verifying consistency
of simulation results with used modeling approximation,
initial assumptions, and known analytical solutions, where
possible. It is extremely important to analyze and deter-
mine why different models, versions of the same model,
or configurations of the same model give different results.
In most cases, a standard suite of idealized boundary con-
ditions would be instrumental for evaluating the science
quality of models.
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Fig. 2.1. What needs to be validated? Models are used to advance understanding of phenomena and processes and to produce inputs to products and
services tailored to address user requirements. Improved understanding triggers development of new models with potential to improve products and
services. The white-orange colormap illustrates low (white) and high (orange) levels of interest by researchers (R) and operators (O). Here ‘operators’
refers primarily to operational agency forecasters, but can also represent expert users.

In scientific validation, identifying and quantifying
physical phenomena in data and models, as well as defining
an approach to measure model-data and model-model
agreements, is a very challenging research project (see §5
for examples). These challenges include sensitivity of model
outputs to data that drives them and internal model
parameters and assumptions. Even if a scientific model is
self-consistent and reproduces available analytical solu-
tions, it still may be unacceptable from the viewpoint of
its predictive capabilities.

Unfortunately, so far, there has been only limited
engagement from users in advancing scientific understand-
ing, while scientists have not always been guided by opera-
tional usage of their models. To achieve progress, there
should be mutual exchange, with both parties sharing
responsibility. Scientists and the scientific enterprise gain
from involvement in the successful transition of models
to operations. These successes demonstrate to stakeholders
the societal benefits of basic and applied research and allow
the body of scientific knowledge to influence user decisions.
End-users, similarly, benefit from understanding both the
limitations and potential of the models their success
depends on. Close collaboration, especially focusing on
comprehensive and standardized validation, can help close
this gap. Meaningful validation at every stage of the devel-
opment of predictive capabilities ensures that our opera-
tional forecasting models are not only of a high scientific
standard but also useful, usable, and used! Key to this is
that validation criteria, including metrics, reflect end-user
needs and are not only tailored to highlight new scientific
developments.

3. Elements of validation studies

This section discusses elements of coordinated valida-
tion studies to track improvement of space weather model-
ing capabilities, including:

e Parameters for validation derived from model outputs
and observations

e High-quality observational data

e Algorithms for model-data comparisons (metrics)

e Reference models used as benchmarks

e Repositories and metadata for observational and simu-
lated time series

e Tools for validation

3.1. Selecting parameters for validation

Validation projects for space weather models underpin-
ning applications may see substantial benefit from a focus
on key parameters that serve as inputs for multiple space
weather products and/or are used by forecasters to issue
reports, alerts and warnings that facilitate decision making.
These parameters (Essential Space Environment Quantities
— ESEQs) can also serve as inputs for models of impacts
producing impact quantities (see Fig. 3.1).

Impact-driven validations are a high priority in assess-
ing products provided to end users. However, impact infor-
mation may not be openly accessible to enable validation
without a dedicated agreement between the service devel-
oper/provider and the end user. Quantifying space weather
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Fig. 3.1. Example flow of space weather information. Essential Space Environment Quantities (ESEQs) and Impact Quantities (ImpQs) are derived from
observations and nowcasting / forecasting modeling systems. ESEQs serve as inputs for models of impacts and various space environment products and
applications, used by service providers (forecasters, analysts) as a basis for interpretations, alerts, and warnings. To aid decision-making, global and
regional products are tailored for user groups, while local and custom products are tailored for specific expert users.

impacts accurately fundamentally requires addressing the
tensions involved with sensitivities in commercial or secu-
rity settings (e.g., Eastwood et al., 2017). Existing space
weather impacts quantities and related datasets are oppor-
tunistic data, that is, information not originally collected
for space weather science but that can nevertheless be used
for space weather validation. These opportunistic datasets
are valuable due their proximity to operational needs, and
they often have the advantage of extensive temporal and
spatial coverage. Coupling of the space environment with
models of impact introduces additional sources of uncer-
tainties for validation of space environment models.
Approaches to move forward include:

e Collaborating with the broader space weather communi-
ties and decision-makers to improve the availability and
quality of impact information.

e Identifying ESEQs closely linked to impacts that can be
derived from simulation outputs and accessible
observations.

e Partnership between scientific and commercial sectors in
sharing proprietary data.

Identifying ESEQs indicative of impacts is a challenging
task that involves communication with users and conduct-
ing quantity-impact correlation studies. In addition to
space environment conditions, impacts can be influenced
by other factors. For example, the time derivative of the
ground magnetic field (referred to as “dB/dt”) can serve
as an indicator for the level of geomagnetically induced
electric field that is the primary physical quantity driving
Geomagnetically Induced Currents (GICs). Consequently,
although numerous additional complexities such as ground
conductivity, conductor system configuration, and engi-
neering details such as high-voltage power transformer
design are critical for a detailed threat assessment, dB/dt
can indicate a potential GIC hazard (Viljanen et al.,
2001; Pulkkinen et al., 2013).

Table 3.1 shows examples of user groups, impacts and
corresponding ESEQs linked to impacts. More details on
identifying ESEQs for specific impacts can be found in
domain-focused reviews in this Special Issue including

Boyd et al. (2026), Bruinsma et al. (2026), Tsagouri et al.
(2026a,b), Jun et al. (2026), Zheng et al. (2026), Minow
et al. (2026), Opgenoorth et al. (2026), Guo et al. (2026),
and Ishii et al. (2026a), this issue.

Impacts of the near-Earth radiation environment on
satellite functionality and humans in space include surface
charging, internal charging, total dose, single event effects,
radiation effects for aviation, and radiation impacts on
crewed missions. Efforts have been made by the Near-
Earth Space Radiation and Plasma Environment ISWAT
cluster (G34) to define measurable ESEQs that are directly
related to corresponding impact-driven anomalies (Zheng
et al., 2026, Table 11, this issue).

Another important group of ESEQs are parameters that
are passed between domains and serve as inputs (drivers)
for space environment modeling systems. These ESEQs
are also used by forecasters in alerts and warnings that
facilitate decision making. Examples of drivers are listed
in Table 3.2.

Model validation based on ESEQs is the first step in
demonstrating the operational potential of a model. Note
that Tables 3.1 and 3.2 are not intended to be an all-
inclusive list of space weather information used in space
weather operations. The focus is on ESEQs that can be
derived from modern space weather models to set the scene
for discussion on community validation efforts to demon-
strate potential of new modeling capabilities.

3.2. Addressing the need for validation-ready observational
datasets

An important element of successful space weather model
validation is establishing validation-ready observational
datasets. Observational datasets agreed upon by the com-
munity can be selected based on important geomagnetic
events or defined time periods with start and end dates, pro-
viding a common ground for comparisons. Future valida-
tion studies gain significantly in credibility and usefulness
by using such community-agreed datasets instead of individ-

4 https://iswat-cospar.org/g3.
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Table 3.1

Examples of ImpQs and ESEQs indicative to impacts.

User Groups

Impact Quantities (ImpQs)

Essential Space Environment Quantities (ESEQs)

References and
Relevant Sections in this paper

Electric power systems

Geomagnetically Induced Current (GICs,
Geoelectric field at selected locations/regions)

Ground magnetic perturbationsDelta-B, dB/dt,
Geomagnetic indices (Kp, Ap, Dst, Hpo)

Viljanen et al. (2001); Pulkkinen et al. (2013);
Opgenoorth et al. (2026)
6.7, 9.1

Navigation,
Communications

GNSS positioning quality, signal availability.
Difference between predicted and actual radio
signal propagation.

Degradation of radio wave propagation in different
frequency ranges.

Maximum useable frequency (MUF), Lowest
usable frequency (LUF)

TEC (Total Electron Content), STEC (Slant TEC),
ROT (Rate of TEC),

ROTI (ROT Index),

Plasma density along high frequency (HF) signal
propagation,

Critical frequency foF2,

Peak density NmF2 of F2 layer,

Height of peak density hmF2,

Phase and amplitude of scintillations,
Scintillation index S4,

Ionospheric absorption

Tsagouri et al. (2026a,b); Ishii et al. (2026a), this issue;

Forte et al. (2026); Fiori et al. (2022)
3.24,325,3.2.6,4.1.7,9.1,9.4

Satellite Drag

Difference between predicted and actual satellite
location

Neutral density along satellite orbit.*

Bruinsma et al. (2026)
3.2.7,4.1.6, 9.1

(Aero)space Assets functions

Surface charging
Internal charging

Single Event Effects
Total Dose in Orbit

Dose rate in aircrafts (D-index)

> 10 keV electron flux

> 1 MeV, > 2 MeV electron fluence (over 24-hour,
or 48-hour,or 72-hour periods)

> 30 MeV proton flux

30-50 MeV proton fluence,

>1.5 MeV electron fluence(over mission duration)
> 300 MeV proton flux

Jun et al. (2026); Zheng et al. (2026); Minow et al.

(2026); Boyd et al. (2026)
323,418

Human Exploration’™

Radiation exposure

>10 MeV, > 100 MeV, > 500 Mev solar proton flux/

sk

s
fluence

Whitman et al. (2023); Guo et al. (2026)
4.1.5,8.2,9.1,9.3

Requires a debiasing procedure to take differences in aerodynamic coefficient models into account.

v 12 paosiuzny W W

™ Given the complexity of various impacts on aerospace assets, we focus on the most relevant ESEQs that can be measured/derived from both observations and models, acknowledging some
simplifications. Ideally, accurate assessments require energy (or linear-energy-transfer spectra for single event effects — SEEs) across the appropriate energy ranges for each impact. These effects occur on
different timescales: surface charging within seconds to minutes, SEEs in microseconds to milliseconds, internal charging over hours, and total dose across the mission duration. Fluence is flux integrated
over time.
™ Solar proton flux is also important for ionosphere absorption especially in polar regions.

"™ For assessing human radiation exposure, both flux and fluence are relevant. Fluence (integrated over time) determines the total dose that was received, while flux (per unit time) determines the dose
rate. Total dose is the main driver of long-term risks like cancer, and dose rate is critical for short-term effects and operational safety.

XXX (XXXX) XXX Y24D2$2Y 2ovdS Ul $aounapy
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Examples of ESEQs that serve as drivers for space environment modeling systems.

ESEQs / Drivers

Space Weather Significance

Relevant Sections

Solar X-ray flux and solar flare forecasts

Inputs for ionospheric absorption models. Important for CME

4.14,62,9.2

and SEP forecasts

Solar indices
— F10.7: solar radio flux at 10.7 cm
— F30: solar radio flux at 30 cm
— S10: integrated 26-34 nm EUV irradiance
— M10: derived from FUV at 160 nm
— Mg II: core-to-wing irradiance ratio

Used as proxies for EUV (extreme ultraviolet) and FUV (far 6.4
ultraviolet) solar irradiance in thermosphere models

Solar wind and interplanetary magnetic field (IMF) parameters
at Lagrange Point 1 (L1) and other locations

Inputs to geospace models

3.2.2,4.1.1,6.5, 6.6,
9.1

Coronal Mass Ejections (CME) kinematic parameters (e.g.,
speed, direction)

Inputs to CME propagation models and Solar Energetic Particles 4.1.2,4.1.3,9.2,9.3
(SEP) models

CME Time of Arrival (ToA) at L1 Timing of storm onset, timing of impacts 32.2,4.1.2,4.1.3,
6.1,9.2,9.2,9.3
Geomagnetic activity indices Inputs to ionosphere-thermosphere models 6.7,9.1,9.4

— Kp: quasi-logarithmic 3-hour geomagnetic activity index
(0-9 range)

— Ap: linear (nanotesla) daily index derived from Kp (0-400
range)

— Dst: Disturbance storm time index

— AU, AL, AE: Auroral indices

— High resolution counterparts to traditional indices*

Characterize geomagnetic storm strength

* The newer indices such as open-ended Hpo® (Hp30/Hp60) and SuperMAG?" indices (SYM-H, SME=SMU-SML) use data from numerous obser-
vatories and provide faster, more spatially detailed views of magnetic disturbances than older, slower indices like Kp (based on the data of 13 mid-latitude
geomagnetic observatories), Dst (based on four near-equatorial observatories), and AE = AU-AL (based on 12-13 magnetometers in the northern auroral

zone). https://kp.gfz.de/en/hp30-hp60. ° https://supermag jhuapl.edu/info/.

ually selected subsets, which make comparisons to past and
future studies challenging, or even impossible. Validation-
ready datasets ensure a level playing field and support rigor-
ous model validation, particularly for data-driven predictive
models of space weather phenomena, such as the ambient
solar wind, coronal mass ejections (CMEs), and solar flares.
For validation based on historic time periods (see §4), it is
important that the observational dataset is accurately
selected and prepared with quality control applied. Develop-
ing and curating such datasets is complex and requires spe-
cial consideration. Note that for real-time validations data
are not necessarily accurately selected and prepared with
quality control. The following sections provide examples
of efforts to create datasets prepared for validation.

3.2.1. Coronal hole dataset

Reiss et al. (2024) discuss the efforts of the Coronal Hole
Boundary Working Team® (S2-01) in the “Ambient solar
magnetic field, heating, and spectral irradiance” S2 cluster
within the COSPAR ISWAT initiative. Coronal holes are
dark regions in extreme ultraviolet (EUV) observations
of the Sun due to their lower density and temperature com-
pared to the surrounding coronal plasma. They play an
important role in space weather research because they are
associated with the origin of fast solar wind streams that
continually interact with planetary environments, causing

5 https://iswat-cospar.org/s2-01.

geomagnetic disturbances (Krieger et al., 1973; Tsurutani
et al., 2006). Furthermore, they influence the ambient solar
wind conditions through which interplanetary coronal
mass ejections (ICMEs), the driver of the most severe
forms of space weather, propagate. These large-scale struc-
tures in ambient solar wind can distort and deflect ICMEs,
affecting their geomagnetic effects (Riley et al., 1997;
Odstreil and Pizzo, 1999b; Zhou and Feng, 2017).
Comparative studies show that there is a need to
enhance our capabilities for automatically locating and
assessing coronal holes (Linker et al., 2021; Reiss et al.,
2021a). The S2-01 team collaborated to create a dataset
of selected Solar Dynamics Observatory (SDO) observa-
tions to test future solar feature detection schemes. The
authors identified the need for a standardized dataset for
developing, testing, and improving automated coronal hole
detection schemes. This community dataset comprises 29
manually selected SDO images, accompanied by the coro-
nal hole detection results from widely-applied automated
detection schemes. The SDO images were observed
between 2014 and 2019, spanning the time from maximum
solar activity to the subsequent minimum. The dataset
includes all seven EUV wavebands ranging from 9.4 nm
to 33.5 nm captured by the Atmospheric Imaging Assem-
bly (AIA) instrument and the line-of-sight measurements
of the photospheric magnetic field from the Helioseismic
and Magnetic Imager (HMI) instrument for each date.
The images capture a wide range of appearances of coro-
nal holes and other solar features, and were selected to chal-
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lenge automated detection schemes. Each image in the data-
set is accompanied by coronal hole labels manually assigned
by an experienced observer (see, Reiss et al., 2024). These
labels serve as the ground truth for evaluating the accuracy
of automated detection schemes in terms of an event-based
validation. After performing basic preprocessing steps on
level 1.0 data from the SDO data platform, the data was
provided as input to the 14 participating research teams.
All the collected coronal hole detection results from these
research teams are publicly available for future assessment
and comparison as part of this community dataset.®

3.2.2. Interplanetary scintillation/inner heliosphere data

For the heliosphere, there are several radio techniques
available for gleaning the information needed for possible
identification of ESEQs in the future. The main foci, cur-
rently, are on a scientifically well-validated technique of
Interplanetary Scintillation (IPS) (Clarke, 1964; Hewish
et al., 1964; Fallows et al., 2023 and references therein)
and that of Faraday rotation. IPS can provide velocity
information (e.g., Bisi et al., 2010), density proxies (e.g.,
Gapper et al., 1982), and inclinations of magnetic-field ori-
entation (Fallows et al., 2023) but not magnetic-field direc-
tion (as yet). For the latter part as the second of the two
main foci, Faraday rotation; this is being explored in coro-
nal regions (e.g., Kooi et al., 2022) at high radio frequen-
cies, with modelling across the heliosphere (e.g., Jensen
et al., 2010), and with experiments underway to test Fara-
day rotation capabilities in the heliosphere using the LOw
Frequency ARray (LOFAR, e.g., Bisi et al., 2016) and
Murchison Widefield Array (MWA) radio-telescope
systems.

On the IPS side, where verification and validation work
beyond just the science is being undertaken, the first major
step was to unify a usable dataset and data format for the
IPS data taken from multiple IPS-capable radio observato-
ries around the globe. This was accomplished through: 1)
setting up of the Worldwide IPS Stations (WIPSS) Net-
work (Bisi et al., 2016; 2017); and 2) implementing the
IPS Common Data Format (IPSCDFv1.0 and
IPSCDFvI1.1) which all IPS data providers have agreed
to adhere to when sharing their data.

The end IPS data products include the essential velocity
determinations and a normalised scintillation level, known
as g-level, that is used as a proxy for density. To demon-
strate the value of radio data to improve heliospheric mod-
eling these IPS data are included in the University of
California, San Diego, three-dimensional (3D) Helio-
spheric Tomography model (e.g., Jackson et al., 2023) that
is used to drive the 3D Magnetohydrodynamics (MHD)
heliosphere Enlil model (for more details on the IPS-Enlil
see Jackson et al., 2015; 2020 and references therein). A
separate avenue of using IPS data with MHD simulations

6 https://figshare.com/articles/dataset/Coronal_Hole Detection Com-
parison_Dataset/23997993/3.
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is described in Iwai et al. (2023). It is from determining
improvements in tomographic and MHD forecast simula-
tions that a true assessment of the IPS capability can be
ascertained. IPS also has the added advantage that it is
capable of detecting all heliospheric structures, including
CMEs, so it does not need the addition of a CME to be
introduced when using MHD simulations with IPS data
driving them at the inner boundaries.

An alternative approach, which has not yet been imple-
mented, uses observations of IPS as “ground truth” mea-
surements against which space-weather forecast ensemble
runs can be compared and pruned to improve the forecast.
This approach would integrate IPS lines of sight through
the modelled heliospheric structure to produce modelled
IPS results for direct comparison with raw observations.
A similar approach when modelling a CME that occurred
in May 2005 (Bisi et al., 2010) used 3-D tomography to
constrain the location of the CME in an IPS line of sight,
improving the modelling of single IPS measurement to
determine the CME speed, and speed and direction of both
perturbed and unperturbed fast solar wind streams in the
line of sight (Breen et al., 2008), demonstrating the poten-
tial value of this approach.

Thus, the IPS observing technique (as applied to the
heliosphere) holds great potential to establish a systematic
link between observations across the inner heliosphere and
the response of the magnetosphere-ionosphere system to
different space-weather conditions. The technique now ben-
efits from the possibility of using a higher number of radio
sources which can be observed from different radio-
telescope systems around the world. This capability helps
refine tomographic reconstruction of the plasma density
and velocity of structures in the heliosphere (and MHD
simulations also), estimation of which is crucial to the
improvement of space-weather forecasts. As part of the
UK Research and Innovation (UKRI) Natural Environ-
ment Research Council (NERC) Radio Investigations for
Space Environment Research (RISER) project (e.g., Bisi
et al., 2023)” this validation work is being undertaken via
a R202R process in conjunction with the UK Met Office.
A future challenge related to this type of approach is
whether a similar attempt can be expanded to estimate
both the magnitude and direction of the magnetic field in
the heliosphere.

3.2.3. Near-earth space radiation and plasma environment
data

For the near-Earth space radiation and plasma environ-
ment, data scarcity remains one challenge. In general, we
need more flux measurements for different energy ranges,
for different species, and at different orbits. This is particu-
larly true of highly elliptical orbits which are becoming
increasingly important for Earth observation, as these

7 https://gotw.nerc.ac.uk/list_full.asp?pcode=NE%https://gotw.nerc.ac.
uk/list_full.asp?pcode=NE%2FX019004%2F1.
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satellites travel through the Earth’s radiation belts. For
radiation effects at aviation altitudes, we need high quality
dose measurements (e.g., Meier et al., 2018), especially on
north — south and cross-polar flight paths, and especially
during SEP events. This is particularly relevant now, as
the International Civil Aviation Organization (ICAO) has
recently acknowledged the need for operational space
weather services for aviation with impacts to both humans
and avionics due to radiation (e.g., [CAO, 2019).

While performing model validation under the ISWAT
internal charging effort, we have found that, even with
the same instrument on the same mission, data from differ-
ent user groups exhibit some subtle differences (different
interpolation schemes could be one of the contributing fac-
tors). Cross-calibration of similar measurements (e.g., ener-
getic electron data from multiple satellites) over a long
period of time from different missions/sources is often
time-consuming and nontrivial. Results from such efforts
should be shared as community resources. Turning mea-
surements into useful and meaningful quality data
(whether for science or space weather operations) is also
challenging. A prime example is mutual contamination of
energetic electrons and protons during interesting space
weather intervals. Preparation of data (that are relevant
for aurora, ring current, radiation belts, and SEP studies)
are often cleaned by different groups in different ways,
sometimes incompatible with each other.

For impact- or anomaly-driven validation, the situation
is even worse due to restricted access to critical informa-
tion, often caused by inherent limitations (e.g., spacecraft
lacking diagnostic information) or commercial sensitivities.
As a result, validation studies require considerable effort,
including remote root-cause analyses that attribute reac-
tion wheel failures to space weather-induced discharges
rather than lubricant issues (e.g., Bialke and Hansell,
2017; Bialke, 2018), rigorous statistical correlations
between space environment conditions and publicly
reported anomalies on government-funded satellites like
GOES (e.g., Kress et al., 2024; Rodriguez et al., 2025),
and creative approaches for commercial fleets, such as
inferring anomalies from financial filings — a method that
remains contentious due to the risk of causal misattribu-
tion (Choi et al., 2011; Mazur and O’Brien, 2012).

Opportunities exist to broaden the effects considered in
impact-based validation. Satellite lubricants, for example,
are susceptible to ionizing radiation (e.g., Fusaro, 1994;
Jones and Jansen, 2006; Macha et al., 2025), yet remain lar-
gely unexplored compared to well-documented radiation
impacts on electronics and solar cells (e.g., Hands et al.,
2018). Investigating lubricant degradation—through
cumulative exposure to radiation belt enhancements, galac-
tic cosmic rays, or SEP events—could enable short- to
medium-term  forecasting.  Longer-term  statistical
approaches, extending to space climate timescales, may fur-
ther provide actionable insights via scoreboards (§6.9).

Observational limitations discussed in this section
should not prevent the community from moving the valida-
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tion efforts forward by leveraging whatever is currently
available. To the contrary, the ongoing validation initia-
tives and progress made will hopefully drive improvements
and can substantiate the case for crucial observational
needs in future mission planning.

3.2.4. Ionosonde foF2 and hmF2 measurements

The success of Ionosphere-Thermosphere-Mesosphere
(ITM) model validation activities highly relies on the avail-
ability and readiness of high-quality long-term observa-
tional datasets. Ideally those data span over more than
one solar cycle, cover numerous geomagnetic storms, and
are distributed spatially so as to sample globally across
multiple scales. In addition, the validation-ready data
should be easy to access, calibrated, and have detailed doc-
umentation with metadata. In identifying potential valida-
tion datasets, there is typically a trade-off between dataset
quality and comprehensive spatial and temporal distribu-
tion, with opportunistic data, including impact data, being
vastly more extensive but often much noisier and lacking in
details that are required for high confidence in individual
data sources. Impact data and other opportunistic data
additionally requires processing of model output using
tools such as ray tracing or orbit propagation. These tools
have their own assumptions that should be recorded in val-
idation documentation. For these reasons, opportunistic
data sources are promising but cannot be used in isolation,
and although limited in data volume, high-quality data
sources are crucial. Here we introduce the datasets that
are commonly used for the ionosphere and thermosphere
model validation.

The most readily available and low latency ionosphere
data is the ionosonde foF2 and hmF2 measurements pro-
vided by the Global Ionosphere Radio Observatory
(GIRO) portal8 (Reinisch and Galkin, 2011). More than
17 million ionograms and ionospheric characteristics such
as foF2 and hmF2 and vertical electron density profiles
are publicly accessible. The critical frequency of the F2
layer, foF2, indicates the highest frequency the ionosphere
can reflect. hmF?2 is the height of the peak density NmF2 of
the F2 layer, affecting the ray path of radio wave signals
through the ionosphere. The automatic real-time ionogram
scaling with true-height, or automatic scaling system is
used by GIRO (Huang and Reinisch, 1982; Reinisch and
Huang, 1983). This enables the mass processing of iono-
sonde data. There are limitations, for example, during
active ionospheric conditions and during severe geomag-
netic storms. During active ionospheric conditions, spread
F can occur limiting the ability to retrieve information
about peak parameters. On the other hand, during severe
geomagnetic storms, the auto scaling software leads to
errors including sporadic E layer misidentified as F2, F1,
or E layer; second reflection scaled instead of first reflection
(frequency might be correct but not the virtual height); F1

8 https://giro.uml.edu/.
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layer misidentified as F2 layer, etc (Stankov et al., 2012,
2023). As a result, manual scaling is necessary to retrieve
the correct electron density profiles and foF2/NmF2 during
disturbed periods. Additionally, the absorption and black-
out of radio waves due to solar flares and particle precipi-
tation can lead to the absence of echoes in ionosondes. The
limitation of manual scaling data and the absence of iono-
sonde echoes make the storm time model foF2 and hmF2
validation challenging. The limitation of ionosonde data
used as validation datasets is due to its limited spatial cov-
erage, in particular, over the ocean and polar regions.
High-latitude data sets, which are increasingly in demand,
such as the Canadian High Arctic Ionospheric Network
(CHAIN), are notably missing from GIRO.

There are on-going efforts to improve the gaps in data
coverage and data quality through the Global Ionosonde
Observation/Operation Network (GION), established as
the global comprehensive representative of ionosonde
operators and users. This is a joint project of the Interna-
tional Space Weather Coordination Forum®’ (ISWCF)
facilitated by the WMO-ISES-COSPAR Coordination
Team'® (WICCT). This coordinates between the World
Meteorological Organisation (WMO), the International
Space Environment Services (ISES), and COSPAR. Dis-
cussions of the ISWCF and WICCT initiatives are pre-
sented in Ishii et al. (2026b, Section 4.2, this issue). The
purpose of GION is to improve communication among
ionosonde and observation data users and also to serve
as the representative of the global ionosonde community
within the ISWCF. As its first initiative, GION is engaging
in discussions to raise the visibility of ionosonde observa-
tions through WMO Integrated Global Observing System
(WIGOS) and WMO Observing Systems Capability Anal-
ysis and Review Tool (OSCAR).

3.2.5. Global Navigation Satellite System (GNSS) for
ionospheric monitoring

Global Navigation Satellite Systems (GNSS) provide
another popular dataset that can be utilised for ionospheric
monitoring and, hence, for the validation of ionospheric
models. From various networks of ground-based GNSS
receivers, it is possible to estimate the TEC. TEC is the inte-
gration of the ionospheric electron density along the ray path
between a GNSS satellite and a receiver. By combining
GNSS observations from different frequencies (e.g., code,
phase) it is possible to deduce an estimate for TEC along
the lines of sight of each satellite in view from a given ground
receiver. Slant TEC (STEC) estimates can be calibrated and
combined to provide an indication of the ionospheric verti-
cal TEC at the zenith of each ground receiver. The GNSS
data in Receiver INdependent EXchange (RINEX) format
is provided by several centers at the International GNSS Ser-
vice (IGS), University NAVSTAR Consortium, and other

® https://www.iswat-cospar.org/iswe-forum.
19 https://iswat-cospar.org/wicct.
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various regional networks. Madrigal TEC developed by
the Massachusetts Institute of Technology Haystack Obser-
vatory is publicly accessible' ' to evaluate the performance of
ionosphere models on 2D maps (e.g., Chou et al., 2023). The
Madrigal TEC has standard spatial and temporal resolu-
tions of 1° latitude by 1° longitude with 5 min cadence.
The limitation of TEC data is the lack of data over oceans
and some continents such as Africa, Antarctica.

In addition, GNSS RINEX data allow the estimate of
temporal and spatial variations in the background ionisa-
tion, through the calculation of spatial and temporal gradi-
ents in TEC (Forte et al., 2026, this issue; Jakowski and
Hoque, 2019). Dedicated GNSS networks also provide
scintillation information at both equatorial and high lati-
tudes: the data can be retrieved from institutes and obser-
vatories that operate these networks (in various latitude
and longitude sectors). For example, CHAIN use special-
ized Ionospheric Scintillation Monitoring Receivers that
are capable of collecting high-rate raw GNSS data (e.g.,
at 50 or 100 Hz), which is necessary to resolve the rapid sig-
nal fluctuations associated with scintillation. A comprehen-
sive review of ground-based networks including
scintillation monitoring available world-wide is presented
in Ishii et al. (2026a,b,c) in this special issue.

3.2.6. GNSS radio occultation (RO) foF2 and hmF2
measurements

The spaceborne GNSS radio occultation (RO) foF2 and
hmF2 measurements provide global data coverage without
continental limitations, e.g., (Lin et al., 2007a,b). The RO
remote sensing technique uses low-earth orbit (LEO) satellites
to track radio signals from GNSS transmitters. The radio
wave passing through the ionosphere can provide TEC mea-
surements and vertical profiles of electron density through the
Abel inversion (Schreiner et al., 1999, 2007; Syndergaard,
2002; Leiet al., 2007) or one-dimensional variational retrieval
methods (Culverwell et al., 2024; Elvidge et al., 2024). Several
RO missions have been launched, including GPS/Meteorol-
ogy (GPS/MET), CHAMP, FORMOSAT-3/COSMIC,
FORMOSAT-7/COSMIC2, MetOp, GRACE-FO, Korean
Multi-Purpose  Satellite (KOMPSAT-5) (e.g., Hajj and
Romans, 1998; Jakowski et al., 2002; Schreiner et al., 2020;
Hoque et al., 2023) and commercial RO missions from
GeoOptics Inc. and Spire Global Inc (e.g., Angling et al.,
2021; Chang et al., 2025; Zakharenkova et al., 2025). The
RO-derived foF2 and hmF2 have been proven to provide reli-
able and high-quality data for global ionospheric specifica-
tion (e.g., Kelley et al., 2009; Cherniak et al., 2021; Lin
et al., 2020). One caveat is that the spherical symmetry
assumption of the Abel inversion can lead to significant retrie-
val errors to the ionospheric E region and equatorial iono-
sphere (Yue et al., 2010; Chou et al., 2017). RO missions
can also provide information about scintillation on occulta-
tion links (e.g., Wu, 2020).

" https://cedar.openmadrigal.org/index.html.
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3.2.7. Neutral density

The most reliable data to validate against thermosphere
models is the in-situ accelerometer-inferred neutral density
onboard satellites including CHAMP, GRACE, GOCE,
GRACE-FO and Swarm. The variations in density depend
on position, season, and the level of solar and geomagnetic
activity. These instruments provide precise measurements
from pole to pole and are also appropriate for storm-
time model evaluation.

Neutral density can also be derived from GPS tracking
by means of a Precise Orbit Determination (POD) process,
which offers an alternative yet reliable approach for estima-
tion of in-situ thermospheric density (van den IJssel and
Visser, 2007; Siemes et al., 2016) and validation of thermo-
spheric models (Waldron et al., 2024).

Accelerometer or POD-derived densities have different
merits. The accelerometer inferred densities have a resolu-
tion of about 80 km along the orbit, whereas the resolution
of a POD-derived dataset is much coarser. Presently, only
two accelerometer satellite missions are in operation,
GRACE-FO and Swarm while there are more satellites
providing the POD densities.

However, each density dataset derived from accelera-
tion or orbit data relies on assumptions about drag coeffi-
cients, which remain the largest source of uncertainty in
retrieved neutral density. The choice of drag coefficient
can result in substantial differences (10-20%) in density
estimates at ~500 km altitude during periods of low solar
activity (Mehta et al., 2023, Bruinsma et al., 2023). Deter-
mining which drag coefficient model best represents phys-
ical reality remains an open question. These in-situ
measurements inherently provide poor spatial and tempo-
ral distribution. Because measurements are only available
along the orbit, they are limited at the altitude of the satel-
lite, and the local times of ascending and descending pass
for a given day.

3.2.8. Neutral temperature

Neutral temperature disturbances in the lower thermo-
sphere can have a notable impact on density at higher alti-
tudes (e.g., Laskar et al., 2023). A 1 K temperature
perturbation over a 10 km height range around 100 km
can cause about 1% density change at higher levels due
to hydrostatic adjustment (Bruinsma et al., 2023). Thus,
improved representation of temperature in a modeled
lower atmosphere can lead to a more accurate density at
higher altitudes. However, neutral temperature in the mod-
eled lower thermosphere has not yet been systematically
validated against long-term space-based observations.
The recent launch of the Global-scale Observations of the
Limb and Disk (GOLD) mission provides the first full-
disk retrieval of thermospheric temperature (Eastes et al.,
2017, 2020; Evans et al., 2024), presenting a unique and
indispensable opportunity to rigorously assess and improve
model representations of neutral temperature dynamics in
the lower thermosphere (e.g., Liu et al., 2023).
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3.3. Selecting metrics

Measures that quantify the difference between a specific
physical quantity simulated by a model and observations of
this quantity are often called 'metrics’. Fig. 3.2 illustrates
three broad categories of metrics for time series of physical
quantities: point-to-point comparison metrics, threshold-
based metrics, and event-based metrics.

Point-to-point metrics are widely-applied for model-data
time series comparisons which directly compare a collec-
tion of paired values, where one value in each pair is mea-
sured, and the other is modelled at the same time and
location (see vertical arrows in Fig. 3.2a).

e Metrics such as mean error (ME), mean absolute error
(MAE), mean squared error (MSE), root mean square
error (RMSE), mean relative error (MRE), mean ratio,
standard deviation (STD) quantify the magnitude of the
error, and are used to quantify model accuracy.

e Metrics such as correlation coefficients (e.g., Pearson
correlation coefficient), R, and the coefficient of determi-
nation, (R2 or R? / R-squared), measure the linear rela-
tionship between modeled and observed quantities.

Threshold-based metrics quantify how well a model cap-
tures occurrences in the time series where a physical quan-
tity exceeds (or falls below) a defined threshold value
(Owens, 2018). Owens (2018) argues that labeling each time
step as an event or non-event based on a threshold value
and computing binary metrics from it offers two main
advantages. First, binary metrics can assess the ability of
a model to produce actionable predictions, an aspect that
point-to-point metrics lack. Secondly, error functions and
correlation coefficients are more sensitive to outliers than
binary metrics. In this way, we can validate a model based
on the number of correctly predicted events (true positives,
TPs), forecasted events that are not observed (false alarms,
FPs), observed events that are not predicted (misses, FNs),
and correctly predicted non-events (true negatives, TNs). A
contingency table summarizes these numbers, which allows
for the computation of various skill measures afterwards.
For example, Reiss et al. (2023) outlines a range of such
skill measures, one of them being the True Skill Statistic
(TSS) which is defined on a scale of [1, —1]. According to
TSS, a perfect forecast model would score 1 while a model
without skill would score 0. A perfect inverse forecast, on
the other hand, would score —1. The TSS is popular in
the validation community because it uses all entries in the
contingency table and is not biased by the ratio between
observed and forecasted events. We refer the reader to
(Pulkkinen et al., 2013; Verbeke et al., 2019, Kahler and
Darsey, 2021; Reiss et al., 2023) for a more thorough
review of scores that are associated with the usage of con-
tingency tables, such as the Probability of Detection, the
False Alarm Rate (FAR), the Success Ratio, the Bias
Score, the Heidke Skill Score (HSS), the Critical Success
Index (CSI), and the TSS.
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Fig. 3.2. Three categories of metrics commonly used for time series comparisons of physical quantities such as solar wind speed at L1: a) Observed (black)
and modeled (red) solar wind speed as a function of time, compared through point-to-point (blue arrows) and event-based metrics (orange arrows). The
blue line shows the climatological mean as a benchmark. b) Threshold-based metrics (pink box) defined through a user-defined event threshold, 500 km/s
in this case as indicated by the horizontal black dashed line in Panel (a). Modified from Owens (2018) and Reiss et al. (2023).

Event-based metrics identify discrete events in a time
series. These events are typically defined by an
increase/decrease in a physical quantity within a given
time interval. When such a criterion is applied to both
model and observation, a statistical analysis of errors
in event timing, amplitude, and duration can provide
valuable insights. For example, even when the temporal
evolution of solar wind properties is captured reason-
ably well, differences may still arise between the pre-
dicted and observed arrival times. Several studies have
proposed a strategy involving three steps to address this
problem (Owens et al., 2005; MacNeice, 2009a,b; Reiss
et al., 2016). This includes detecting abrupt changes
from slow to fast solar wind speed, associating these
“events” in measurements and forecasts, and computing
binary metrics (Fig. 3.2). We refer the interested reader
to Reiss et al. (2023) for more details on event-based
metrics.

Exact definitions of events and thresholds for threshold-
based and event-based metrics are domain-specific. For
instance, in magnetospheric research, a ground magnetic
perturbation is defined by |dB/dt| exceeding a certain
threshold (e.g., Welling et al., 2018). In solar-heliospheric
research, a high-speed enhancement is defined by how
abruptly the solar wind bulk speed changes from slow to
fast (e.g., Owens et al., 2005).

Fig. 3.2 illustrates these three types of metrics commonly
used in model-data comparisons on the example of solar
wind bulk speed at L1. However, many more metrics are
used by the space weather community. For instance,
probabilistic-based metrics, such as the Brier Skill Score
and Relative Operating Characteristics Skill Score, are
often used for solar flare forecasts (see § 4.1.4). Other
examples, inspired by terrestrial weather, include studying
the probabilistic information from creating large ensembles
of model solutions. Here, a so-called “cost-loss analysis”
provides valuable insights for users with different risk toler-
ances (Owens and Riley, 2017; Henley and Pope, 2017).
Another technique that quantifies timing and amplitude
errors is Dynamic Time Warping (DTW, Samara et al.,
2022). DTW is particularly effective when comparing time
series with similar patterns but temporal offsets, which is
sometimes the case between solar wind observations and
model solutions. The assessment is conducted point-by-
point between the time series, considering not only points
at the same timestamp but also neighboring points. In this
way, dynamic time warping can assess both amplitude and
time differences between two time series. Furthermore, sta-
tistical approaches to model validation, which study the
overall behavior of a system, are discussed in Section 4.3.
Liemohn et al. (2021, 2025) provide a comprehensive
summary of key metrics used for magnetosphere model
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validation, that are applicable to other heliophysics
domains as well.

Although a wide variety of metrics exist in the literature,
it is important to recognize that each metric focuses on dif-
ferent aspects of model performance. The relative impor-
tance of metrics depends on the specific application.
Consequently, model ranking significantly depends on the
selected metrics. Models that rank highly for metrics
selected for one specific ESEQ may perform poorly when
evaluated with a different metric or when a different phys-
ical quantity is studied.

It is important that validation studies for space weather
applications produce scores and model rankings that are
understandable to forecasters and users of specific applica-
tions. On the other hand, narrowly defined parameters
required for operational space weather forecasting cannot
be used to rank the overall capabilities of a model. More-
over, narrowly defined parameters cannot assess the qual-
ity of advanced physics-based models and their ability to
provide insight into underlying physical processes. Debates
on approaches to standardizing metrics started more than
15 years ago. Defining metrics standards was one of the
major discussion topics in the IFSWCA. A big part of
the space weather modeling community has now realized
that no single metric can quantify the performance of a
model, but a combination of them is necessary for a com-
plete and comprehensive assessment. But how many of
those metrics are enough?

Various research teams and authors around the world
apply metrics that they are the most familiar with, or prefer
in terms of easier applicability, serving specific purposes, or
convenience of clarity of results. The question remains:
which subset of those metrics is the most adequate for
the specific phenomenon of interest that will provide the
most complete evaluation and can be adopted by the com-
munity for scientific research and publications? A recently
formed overarching activity O1-03 under COSPAR
ISWAT “Toward a community consensus for metrics in
solar physics and space weather” is addressing this
question.

To facilitate space weather community validation stud-
ies and enable flexibility in metric selection, the CCMC cre-
ated an open-source software that includes community-
developed algorithms for model-data comparisons (Valida-
tion Skill Score Library'?). The Validation Skill Score
Library is used in the backend of a web-based automated
assessment system CAMEL (Comprehensive Assessment
of Models and Events Using Library Tools) but can also
function as a stand-alone tool (see §3.6.1).

To facilitate coordinated validation activities within
ESA’s Space Weather Service Network of more than 50
participating expert groups, a set of validation guidelines
has been developed which includes a comprehensive set
of metrics along with guidelines for their use in validation

12 https://github.com/nasa/camel.
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studies. These are used as the basis for all network related
developments and are made available online to support
wider community initiatives and collaborations.'> Ongoing
developments are currently working to implement these as
the basis of an online validation platform geared towards
supporting further validation initiatives.

The space weather community can also take advantage
of comprehensive libraries of metrics in Model Evaluation
Tools (MET'#) developed for evaluating the performance
of forecasts from numerical weather models used by the
terrestrial weather community. MET includes

e standard verification scores comparing gridded model
data to point-based observations

e spatial verification methods comparing gridded model
data to gridded observations using neighborhood,
object-based, and intensity-scale = decomposition
approaches

e ensemble and probabilistic verification methods com-
paring gridded model data to point-based or gridded
observations

3.4. Reference models

Reference models serve as valuable benchmarks for put-
ting new model development into context. These reference
models can be commonly accepted or current state-of-the-
art. Using operationally-implemented models as reference
can be useful for assessing the potential of new models with
enhanced capabilities. Alternatively, it is often helpful to
consider much simpler models, typically defined by
straightforward mathematical or empirical relationships.
Simple reference models are useful as they provide a mini-
mum threshold that more sophisticated models should sur-
pass, but can often be irritatingly difficult to beat. By
comparing newly developed models to reference models,
scientists can determine whether new developments offer
meaningful improvements.

In validation studies of solar wind models, for instance,
a commonly used reference model is the climatological
mean, defined as the mean value of observations (sece,
e.g., Owens, 2018). Another reference is the recurrence
model, which assumes that solar wind conditions at Earth
will repeat after each Carrington rotation due to coronal
holes often only evolving slowly relative to the 27-day solar
rotation timescales. A variant of this is the persistence
model, which assumes that solar wind conditions will
remain the same as they were a defined number of days
ago, e.g., due to similar solar wind conditions from coronal
holes (Owens et al., 2013; Reiss et al., 2016). Sometimes the
recurrence model is referred to as the “27-day persistence
model”, as the conceptual difference between recurrence

3 . A

13 https://swe.ssa.esa.int/documents/d/guest/ssa_swe_escdef validation_
guidelines.

14 https://dtcenter.org/community-code/model-evaluation-tools-met.
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and 27-day persistence is frame-dependent (from the per-
spective of the Earth having similar conditions re-occur
when re-encountering the same solar wind stream, or a
given location on the solar corona having similar condi-
tions persist). A more sophisticated yet still physically-
trivial reference model which can also be hard-to-beat is
the “analogue” or “similar day” model, which simply per-
forms pattern-matching of current conditions against the
past (e.g., Owens et al., 2017, and references therein to ter-
restrial heritage, and other space weather uses). Using such
reference models in validation studies provides a consistent
benchmark that enables future research to track progress
over time.

An advantage of reference models is that they allow for
the calculation of metrics that show relative improvements
of new developments. One approach for comparing a new
model to a reference model is using the so-called skill score,
which compares the MSE of the forecast to the MSE of the
reference model. A model that is less skillful, similar, or
better than the reference model results in a negative, zero,
or positive (between 0 and 1, with 1 being the best possible
forecast of the model) skill score value, respectively (see
e.g., Owens et al., 2005; 2008).

3.5. Repositories and metadata for observational and
simulated timelines

Validation projects involving comparisons of time series
for selected parameters use data obtained from different
resources (models and observations) for the same locations
and time periods. Summarising results of model-data com-
parison in publication and presentation, however, is not
sufficient for coordinated community-wide validation stud-
ies and tracking progress over time. All observational and
simulated timelines (time series) with comprehensive meta-
data should be stored in open repositories preferably in
standard format with an Application Programming Inter-
face (API) access. The ILWS-COSPAR Roadmap
(Schrijver et al., 2015) has recommended standardizing
metadata and harmonizing access to observational data
and model outputarchives including repositories of time
series for validation projects.

3.5.1. SPASE and HAPI standards

Over the past two decades, the heliophysics community
developed the Space Physics Archive Search and Extract
(SPASE) metadata model for recording descriptive infor-
mation about observational data products (Roberts et al.,
2018). Today, SPASE is maintained by the international
SPASE working group.'”® For a detailed discussion on
SPASE metadata, we refer to Fung et al. (2023; Roadmap
Special Issue 1) and Masson et al. (2026; Roadmap Special
Issue 2, this issue). Modeling centers such as the Virtual
Space Weather Modeling Center (VSWMC) in Europe

15 https://spase-group.org/.
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and the CCMC in the US use SPASE metadata to describe
models. Implementation of SPASE for derived space
weather products (including timelines for validation) is an
on-going effort at the CCMC.

The Heliophysics Application Programmer’s Interface
(HAPI]G) is a standard developed by the heliophysics com-
munity for accessing distributed time series data to increase
interoperability (Weigel et al., 2021). HAPI specification
allows data providers to use a standard set of conventions
for returning data in response to a URL based request.
HAPI metadata includes less details than SPASE meta-
data. However, in contrast to HAPI, SPASE does not
include a specification for the access of data. HAPI meta-
data can reference any existing SPASE record. All HAPI
metadata uses JSON (JavaScript Object Notation), which
has near-universal support in modern scientific program-
ming languages. COSPAR Panel on Space Weather
(PSW) 2018 Resolutions recommended SPASE be the
metadata standard and HAPI be the common data access
API for space science and space weather data.

The CCMC Integrated Space Weather Analysis
(ISWA'7) system supports the HAPI Data Access Specifi-
cation'® (Version 2.0) for delivery of time series data. A
HAPI compliant ISWA-HAPI server catalog'® lists all reg-
istered datasets with unique identifiers (IDs) and descrip-
tions of all parameters in every dataset record. Currently
ISWA — HAPI includes all data resources/parameters that
are shown in ISWA'’s timeline. More timelines are planned
to be available via ISWA-HAPI in the future.

3.5.2. Time periods

Validation studies for time series are typically focused
on a set of time periods (sometimes referred to as events).
Time periods used for community-wide studies should have
IDs for easy references. To facilitate community-wide val-
idation projects, the CCMC initiated a database of Time
Periods of space weather phenomena. Currently there are
more than 150 Geospace Storm Time Periods in the
CCMC Metadata Registry’® (CMR). Start/end times for
geospace storm time periods are selected to include all
storm phases including a relatively quiet pre-storm phase.
Metadata for geospace storm time periods includes global
storm characteristics (e.g., max Kp, min Dst, number of
consecutive storms), drivers of geospace (solar wind
parameters at L1, solar indices), run IDs for all simulations
in the CCMC database with links to results, and related
publications. Time Period Identifiers include year and
month of the Time Period start time and a unique number
to distinguish time periods with the same start year/month.
Subsets of time periods used in publications and/or com-
munity validation campaigns are tagged to facilitate track-

® https://hapi-server.org/.

https://ccme.gsfe.nasa.gov/tools/ISWA/.
https://github.com/hapi-server/data-specification
https://iswa.ccme.gsfc.nasa.gov/IswaSystemWebApp/hapi/catalog.
https://kauai.ccme.gsfc.nasa.gov/CMR /Timelnterval/viewAllTI.

-

8

woo—=
S ©



move_fn16
move_fn17
move_fn18
move_fn19
move_fn20
move_fn21
https://spase-group.org/
https://hapi-server.org/
https://ccmc.gsfc.nasa.gov/tools/ISWA/
https://github.com/hapi-server/data-specification
https://iswa.ccmc.gsfc.nasa.gov/IswaSystemWebApp/hapi/catalog
https://kauai.ccmc.gsfc.nasa.gov/CMR/TimeInterval/viewAllTI

M. M. Kuznetsova et al.

ing progress over time by modeling the same set of time
periods with upgraded or new models.

3.5.3. Timelines for validation studies: quantities, locations,
resources

Timelines for time series validation studies can be
described by quantities, locations, and resources. Each of
these timeline characteristics need to have an ID and
metadata.

3.5.3.1. Quantities. A basic challenge in space weather
validation is the difficulty in associating nominally equiva-
lent quantities between models and observations, due to
the comparative lack of standards, notably for metadata
on quantities. It is typical that the same physical quantity
(e.g., proton density) has different names in different space
weather data sets even at the same data center. This arises
as space weather lacks a holistic equivalent or support for
the standard_name quantities descriptor metadata of the
Climate and Forecast (CF) Metadata Conventions”'
adopted in terrestrial weather, typically within files in
NetCDF (Network Common Data Form) file format
(Rew et al., 1989; Hassell et al., 2017). In terrestrial
weather, this standard_name identifier enables powerful
automated identification of equivalent observed or mod-
elled variables (terrestrial equivalents of ESEQs) across
all the relevant terrestrial spheres (cryosphere, hydro-
sphere, biosphere, atmosphere), providing a unified solu-
tion useful for comparisons of multiple models and
multiple data sets of the coupled Earth system, despite
the inherent heterogeneity of the component spheres and
the variables concerned, to good effect (Henley and
Andries, 2025).

A similar effort in the astronomy community, has taken
a slightly different approach, providing unification where
feasible (e.g., the International Virtual Observatory Alli-
ance controlled vocabulary®?), while also maintaining a list
of vocabularies,”> to allow for multiple overlapping pre-
existing vocabularies, and avoiding incurring the time
and effort to create a single consensus vocabulary. Both
approaches have their merits; here we concentrate on the
CF approach.

The CF conventions include a standard name table,””
which defines strings that identify physical quantities. The
CF conventions include guidelines’> on how standard
names should be constructed, allowing embedding of
“qualifications” giving richer information. Example
standard names from the table range from the simple
(e.g., ““air_temperature”) to the more qualified (e.g., “air_

2! https://cfconventions.org/.

2 https://www.ivoa.net/documents/UCD1+.

2 https://www.ivoa.net/documents/latest/Vocabularies.html.

2 https://cfconventions.org/Data/cf-standard-names/current/build/cf-
standard-name-table.html.

2 https://cfconventions.org/Data/cf-standard-names/docs/guidelines.
html.
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temperature_at_effective_cloud_top_defined_by_infrared
radiation™).

Further coordination work is needed to examine the
interplay of existing enterprise metadata standards, nota-
bly International Solar-Terrestrial Physics (ISTP) dic-
tionary keyword guidelines, SPASE vocabulary (see Fung
et al., 2023; Masson et al., 2026), and terrestrial compatibil-
ity considerations for operational space weather actors
(e.g., with systems based on the CF conventions), to see
what-if-any unification is desirable and achievable (see also
discussion in Corti et al., 2026). Implementing NetCDF file
format and CF convention specifically is not a requirement
for space weather. Rather, the important action is to reach
an agreement on naming convention and unique IDs for
physical quantities in space weather (including ESEQs) as
a necessary step for harmonising model-data comparisons
for the same quantity from different simulations and obser-
vational datasets. Databases of quantities (parameters,
variables) and lookup tables linking alternative names
and identifiers for the same quantity would be helpful for
interconnecting different repositories and to ensure that
we are comparing the same quantities (parameters,
variables).

3.5.3.2. Locations. Parameters derived from observations
and model outputs are compared at the same location.
Examples of locations are ground stations (e.g., magne-
tometer or ionosonde) or orbits (e.g., GOES). For global
parameters (such as global indices) or other integrated
quantities location is not applicable. Metadata for most
orbits are available at Heliophysics Data Portal.”® Other
valuable resources include the WMO OSCAR database:
its queryable satellites table’’ in the space-based capabili-
ties section provides useful locations on many other
(mainly operational) environmental satellites worldwide.
For example, space weather monitoring payloads are
carried by spacecraft such as the Korean GEO-
KOMPSAT-2A,”® for which the longitude in geostationary
orbit is relevant, and the sun-synchronous polar-orbiting
Europe’s Meteorological Satellite Agency (EUMETSAT)
Metop-B,>’ for which the equatorial crossing time is
key. Pilot projects on space weather uses of the WMO
Information System (WIS2.0) for global data sharing
(discovery and transport) are ongoing,”’ in the space-
based case for GEO-KOMPSAT-2A magnetometer data
by ESA; in the ground-based case for ionosonde data by
Brazil’s National Institute for Space Research (INPE).
The WMO Core Metadata Profile Version 2 (WCMP2)

26 https://heliophysicsdata.gsfc.nasa.gov/websearch/dispatcher.

27 https://space.oscar.wmo.int/satellites.

2 https://space.oscar.wmo.int/satellites/view/geo_kompsat_2a.

2 https://space.oscar.wmo.int/satellites/view/metop_b.

30 https://community.wmo.int/en/meetings/5th-meeting-expert-team-
space-weather-30-october-1-november-2024.
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Fig. 3.3. Simulation Run is a resource for Simulated Data. Run metadata should include Time Period ID and Simulation Settings ID. Run ID and Post-
processing tools metadata should be included in Simulated data metadata. Validation studies are usually test simulation settings and how changes in
simulation settings are affecting model performance. The same simulation settings can be applied to different time periods to generate run series for a

specific simulation setting.

discovery metadata®!' underpinning WIS2.0 includes spa-
tial extent information>? (in the Earth coordinate reference
system, i.e. GEO), which promises powerful discovery-by-
location of relevant observations which can be bounded
in this way (e.g., those from ground stations), provided
data providers populate this metadata appropriately.

3.5.3.3. Resources. Resources for observational timelines
are datasets corresponding to an instrument (on a space-
craft or on the ground) and data processing techniques.
SPASE metadata and identifiers are available for most
observational datasets.There are on-going community
efforts to harmonize access for ground observatory net-
works. Observations may not be available for all resources
for all time periods. Inventory tables for data availability
are important.

Resources for simulated timelines (solutions) are simula-
tion runs that frequently include multiple modeling compo-
nents, pre-processing (preparation of model-input-ready
data from observations) and post-processing (deriving
timeline solutions from model outputs) tools. Simulation
runs should have comprehensive metadata with unique
run identifiers. Simulation settings include the version of
the modeling system and a broad range of internal param-
eters. Applying the SPASE metadata schema to complex
multi-component simulation runs is challenging and may
be not practical. Complexity of run metadata is discussed
in detail in Corti et al. (2026).

Validation studies usually use run series for multiple
time periods (events) with the same internal simulation set-
tings. Relations between Simulation Run, Time Period,
Simulation Setting, and Simulated Data are illustrated in
Fig. 3.3. Parent run and simulation settings IDs should
be included in metadata for all simulated data (timelines
/ solutions) used in validation studies. Tracking and tag-
ging changes in simulation settings (including minor/major
model upgrades, and how input data are pre-processed and
how timelines of simulated ESEQs are derived) are impor-
tant for tracking progress and to avoid confusion with
interpretation of metrics studies. Note that timelines for

3 https://docs.wis2box.wis.wmo.int/en/1.0.0/reference/running/discov-
ery-metadata.html.

2 https://wmo-im.github.io/wecmp2/standard/wemp2-STABLE.html#
1_11_geospatial_and temporal_extents.

validation can be derived from run outputs using different
post-processing tools that may produce different solutions.

3.5.4. Metadata for community validation campaigns

Efforts to provide metadata for community validation
campaigns are important because they describe how mod-
els are configured, executed, and compared to observa-
tions. As an example, Reiss et al. (2023) outlines a
comprehensive metadata description for the entire valida-
tion campaign of large-scale models of the solar corona
and solar wind. The authors propose eight types of meta-
data needed to register a model into their validation effort
as part of the ISWAT Team H1-01.% This includes all nec-
essary metadata components of the validation study, such
as metadata about observations, data preprocessing, model
description, model settings, model output, model solutions,
and the model chain, focusing on how models from each
domain are coupled. Providing this complete metadata
description is an important component of the capability
to track progress over time.

3.6. Tools for community validations

Establishing validation standards in the community,
including the selection of events or time periods, metrics,
file formats and metadata, is an important foundation.
An equally important step is to use these agreed-upon stan-
dards to continuously examine model performance and
track progress over time. To draw robust initial conclu-
sions, which can be critically re-examined by others, and
stratified to check for potential pitfalls, the validation
framework needs to be flexible and easily accessible to
the community.

This can be achieved with open tools and interactive
archives that support the assessment of space weather mod-
els. As discussed in MacNeice (2018), it is recommended
that community-agreed-upon validation procedures are
automated as much as possible because quality assessment
1) is labor-intensive, 2) suffers from inconsistencies, and 3)
requires an infrastructure that can keep up with the pace of
new model developments. Here, interactive web-based sys-
tems can support the community in meaningful quality
assessment efforts. Ideally, such web-based systems have

3 https://iswat-cospar.org/h1-01.
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standardized formats for model solutions that are
uploaded, and compute reports showing the abilities of
the model under scrutiny.

Adoption of a common validation tool across the space
weather enterprise is likely to show “network effects”: once
a few in the space weather enterprise adopt a given tool,
and do some hard work writing Input/Output modules
which can be reused by others (for same use-case, or to
serve as examples for other use-cases), the ease-of-use
and benefits to them and others accrue. As such, it is worth
having wider discussions going forward, and experimenta-
tion, to see if this is true.

In this section, we discuss examples of currently avail-
able tools and frameworks for community validations.

3.6.1. CAMEL

The CAMEL tool (Rastétter et al., 2019) is a web-based
framework developed and maintained at the CCMC to
introduce transparency to space weather validation activi-
ties and to support community-wide validation projects.
The backend of CAMEL leverages CCMC services and
infrastructure such as Run-on-Request and CMR. The
CAMEL web application is built on the Plotly Dash frame-
work and makes heavy use of Pandas DataFrames, NumPy
and other Python modules.

CAMEL is designed for on-the-fly skill score calculation
with minimal pre-calculation caching. This allows the user
to apply any combination of interpolation types, gap filter-
ing, binning, algorithms for score calculations, etc. Simu-
lated timelines are tagged by simulation setting IDs that
indicate the selected data from each category. This enables
comparisons for different simulation settings (including dif-
ferent model versions, resolutions, type of drivers, etc) for
the same model. An inventory of available timelines can be
reviewed before configuring or submitting skill score gener-
ation requests. Time periods, simulation settings, and loca-
tions (stations/orbits) for score calculations can be
assembled manually or tagged subsets linked to publica-
tions/campaigns can be selected. Skill scores can be calcu-
lated for specific phases of the phenomena (e.g., storm
growth phase), a given parameter requirement (e.g., filtered
by Kp index), or for a subset of locations (e.g., based on
latitude).

Scorecards can be generated for a single simulation set-
ting or for multiple models/settings. Any metrics (algo-
rithm for timeline comparisons) available in the
Validation Skill Score Library can be used for ranking.
Scorecard designs are specified by the community (e.g.,
ISWAT team leading a campaign).

Currently most of the simulated timelines for CAMEL
are derived from runs generated at the CCMC. Timelines
generated outside of CCMC can also be added if simula-
tion settings are registered in the CMR. This enables mod-
elers to check how new developments compare to other
solutions across the many different metrics.

In addition to using the CAMEL interactive web analy-
sis tool, the CAMEL framework provides an API allowing
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users to download approved timelines available on the
CAMEL backend database into their own environment.
“Approved timelines” refer to data sets (observations or
simulations) for which the original owner/creator gives full
permission to the CCMC to share and redistribute the data
set. Moreover, the API allows users to access the full list
of ground stations, satellites, model settings, and parame-
ters that are available for each study.

Validation campaigns and ISWAT validation projects
currently supported by CAMEL include:

e Thermosphere Neutral Density (ISWAT Team G2A-01)

e Assessing Thermospheric Neutral Density Models using
GEODYN’s Precision Orbit Determination (ISWAT
Team G2A-04)

e lonosphere Plasma Density (ISWAT Team G2B-05)

e Internal Charging Effects (ISWAT Team G3-04)

e Ambient Solar Wind (ISWAT Team H1-01)

e Ground Magnetic Perturbations (Operational Geospace
Model Selection Campaign, GEM Geomagnetic Distur-
bance Modelling Challenge, ISWAT Team G1-08)

3.6.2. NSF NCAR METplus tool

METplus34 (Jensen et al., 2024; Jensen, 2023) is a frame-
work of verification (validation) and diagnostic tools cen-
tered on Model Evaluation Tools (MET) that has a
broad user-base in the terrestrial weather community. In
addition to the MET core component (see §3.3), METplus
includes.

e Python wrappers to provide low-level automation and
time-looping of MET tools

e METplus use cases: configuration files and sample data
to show how to invoke METplus wrappers to build
workflows ranging from simple to complex

e METcalcpy: calculates statistical output that can be
used by other METplus components for analysis

e METplotpy: plots verification (validation) results

e METdataio: reads METplus output and can load them
into a database for storing results

e METviewer: web-based interface for deep analysis and
display of results (note: this can also be run on the com-
mand line for plotting in batch mode)

e METexpress: a display system for quick analysis via pre-
defined queries

METplus has good potential for use in the space weather
domain. It can be used for private validation in-house, and
for open community validation on the web. This adaptabil-
ity stems from it having a nicely-decoupled set of compo-
nent tools to support the complete analysis end of the full
validation chain, allowing web-based exposure and explo-
ration of results in automated validation pipelines.

3 https://metplus.readthedocs.io and https://dtcenter.org/community-
code/metplus.
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METplus validation tools go beyond timeline compar-
isons. METplus has already been used by NOAA’s Space
Weather Prediction Center (SWPC) for two-dimensional
validations of ionosphere and for evaluation and quality
monitoring of commercial space weather RO providers.
Some key adaptations to the space weather domain include
stratification of results based on a time-dependent quality
flag (e.g., the number of RO rays in a voxel) and the addi-
tion of time-dependent masking capabilities for solar azi-
muthal and Local Solar Time. Approximately 25 space
weather use cases have been created so far, including grid-
ded comparisons, point-based validation, validation of
human forecasts, and object-based verification. A key
innovation has been to develop a containerized system cap-
able of running all of these use cases for retrospective and
real-time evaluation of SWPC’s space weather models and
forecasts. Good presentations (recordings and slides) on
this can be found in Vigh et al. (2020, 2021) and Vigh
(2023). CCMC has started a collaboration with NSF
NCAR to incorporate components of METplus into the
CAMEL framework to support community validation
studies focusing on comparison observations from two-
dimensional images with gridded model outputs.

METplus support for advanced validation capabilities
include ““object-based validation”, useful for validating
physical phenomena (see §5). For example one could in
principle use METplus to isolate an object such as a 3D
CME in model output, and compare this to reconstructed
3D equivalents derived from tomographic reconstructions
of IPS or heliospheric imagery (HI) observations, and val-
idate the equivalence over a time sequence covering an
event. Additionally, METplus could scale the preceding
analysis over multiple events and multiple models to eval-
uate how well various heliospheric models perform at fore-
casting CME dynamics. This direct approach can be
challenging (Barnes et al., 2025). Alternatively, a common
strategy to compare model and observations for validation
or assimilation purposes would be to “forward model” the
numerical output to cast it into observation space — e.g.,
“synthetic white light” equivalents of HI observations,
explored for various models (e.g., Odstrcil et al., 2005;
Odstreil, 2023; Chen et al., 2024; this may be challenging
in reduced-physics contexts, but workarounds can be
found — e.g., Barnard et al., 2023), or equivalents for IPS
(e.g., Morgan et al., 2023; Waszewski et al., 2023). Note
forward modelling is a core component of terrestrial
weather forecasting — see e.g., Saunders et al. (2018) for
forward modelling of radiances from Earth-pointing satel-
lite radiometers, a key component of observations assimi-
lated into terrestrial weather models to improve their
forecasts (for more details, see Henley et al., 2026, this
issue).

Another advanced validation capability available in
METplus is “stratification”, to perform more nuanced con-
ditional validation, isolating to given conditions — “how do
the models perform in this observed regime” (e.g., slow
solar wind, during substorms, or complex combinations
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of these). Advanced terrestrial weather examples of the lat-
ter include “flow-dependent verification (validation)”, e.g.,
Ferranti et al. (2015), Rodwell et al. (2018). An equivalent
familiar to space weather would include superposed-epoch
analyses (examples from various domains include (Carter
et al., 2014; Manu et al., 2023; Owens, 2020; Prikryl
et al., 2014; Rasca et al., 2021) and tools to aid this, e.g.,
AMDA (Génot et al., 2021) or SpacePy (Niehof et al.,
2022).

While the optimum tool for community validation
projects remains to be determined, METplus is a compet-
itive candidate. Any alternatives would need similar fea-
tures, support, and governance characteristics. For
instance, the UK Met Office is exploring avenues for their
near-real-time validation strategy (Henley et al., 2024).
To move forward, initiate discussions on whether a com-
mon validation framework has merit, identify any block-
ers to collaboration, and explore pathways for advancing.
Adoption of METplus by the space weather enterprise
has been limited to date. However, there is a strong
potential here, and further exploration is warranted.
Opportunities and challenges in implementation of tools
and practices from terrestrial weather for space weather
are discussed in the paper by Henley et al. (2026) in this
issue.

3.6.3. ESA’s space weather service network online validation
platform

To support the increasing need for coordinated valida-
tion activities both within the ESA Space Weather (SWE)
Service Network and in the wider community, a new
online validation platform known as SWEVEn (SWE Ser-
vice Network Validation Environment) is expected to be
deployed in 2026. This platform will provide a flexible
framework allowing model developers and service provi-
ders to compare both model and service product outputs
with reference datasets and/or models. Building on the
SWE Service Network validation guidelines]3 , it will pro-
vide access to an extensive validation toolkit to support
online analysis, visualisation and sharing of results.

The framework will interface with existing applications
and databases hosted within the ESA Space Weather Data
Centre to support analysis. Product verification within the
ESA SWE Network is ensured during the preparation
phase of product integration in the portal. As part of the
verification process, all products are formally undergoing
a live acceptance test procedure. This testing verifies the
correct functioning of the products and their compliance
with the ESA SWE requirements baseline including stan-
dards from the European Cooperation for Space Standard-
ization (ECSS). Product integration activities that envisage
major software development follow the ECSS protocols
according to document ECSS-E-ST-40C.>°

35 https://ecss.nl/standard/ecss-e-st-40c-rev-1-software-30-april-2025/.
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4. Validations based on historic time periods

Model validation for a set of historical time periods or
events is currently the most popular approach in the space
weather community for evaluations of current capabilities
and tracking progress over time. Getting rich insights
requires going beyond the typical case of single model val-
idation, using bespoke metrics or sets of historic events.
Such efforts can be a first step, but to provide insights
which are truly useful to the modeller and the wider com-
munity, it is vital to go beyond and robustly situate a given
model’s performance with respect to others. Having
“apples-to-apples” comparisons between models, using
equivalent metrics and equivalent comparison periods gives
modellers insights into which approaches are effective;
operations insights into how operationally-implemented
models compare, and potential pre-operational models to
consider further; and end users insights into model reliabil-
ity, helping them judge how to weight any model forecasts
or derived products they may include as one of the inputs
into their decision processes.

Community-wide validation studies based on historical
time periods are frequently called “Community Modeling
Challenges”. Community Challenges tie the domain-
specific research communities together and thereby create
a shared vision for assessment strategies. Community Chal-
lenges have been initiated by the Geospace Environment
Modeling (GEM) program (see Liemohn et al., 2025 for
an overview) and are now regularly organized by GEM,
Coupling Energetics and Dynamics of Atmospheric
Regions (CEDAR), Solar Heliospheric and Interplanetary
Environment (SHINE), and by ISWAT Action Teams.

GEM Challenges not only improved our fundamental
understanding of space weather but also helped identify
models with the potential for operational space weather
prediction. An example is the study by Pulkkinen et al.
(2013), which led to selection of the Space Weather Model-
ing Framework (SWMF) developed at the University of
Michigan (T6th et al., 2005, 2012) for operational deploy-
ment at NOAA SWPC. Another GEM Challenge has
focused on comparing MHD and empirical magnetic field
models (Gordeev et al., 2015). A joint GEM-CEDAR
Challenge organized an effort to focus on high-latitude
ionospheric data-model comparison (Rastitter et al.,
2016) and, later, on global ionospheric state data-model
comparison (Shim et al., 2017, 2018, 2023; Ozturk et al.,
2020). As summarized in Liemohn et al., 2025, other
GEM organized Challenges have focused on spacecraft
surface charging (Yu et al., 2019), inner magnetosphere
cross energy-population interactions (Yu et al., 2019), radi-
ation belt modeling (Tu et al., 2019), dayside kinetic pro-
cesses (Dimmock et al., 2020; Hietala et al., 2020), and
the magnetotail at lunar distances (Runov et al., 2023).
Even after such community Challenges end, the shared
vision on standards will continue to exist in the future val-
idation approaches of participating groups, which is valu-
able in itself.
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4.1. Examples of on-going community validation studies

“How well does it work?” “Can we trust the predic-
tions?” These are fundamental questions to which signifi-
cant effort has been spent, and yet, for which significant
effort is still needed. The different phenomena relevant to
space weather forecasting require different approaches
and validation methodologies, as discussed below. Overall,
more focus on validation is needed to improve benchmarks
and develop new metrics that accurately represent perfor-
mance, enabling improvement and meeting the needs of
end users.

4.1.1. Ambient solar wind

At any given time, the heliosphere is filled by ICMEs
that interact with the ambient solar wind. Research shows
that understanding the prevailing ambient solar wind con-
ditions is essential for predicting when ICMEs will reach
any location of interest within the heliosphere such as
Earth (see, e.g., Cash et al., 2015; Riley and Ben-Nun,
2021). Over the past few decades, solar wind research has
made significant progress enabled by physics-based models
such as MAS (Linker et al., 1999; Mikic¢ et al., 1999), MS-
FLUKSS (Hegde et al., 2025), and AWSoM (T6th et al.,
2005; van der Holst et al., 2014), and operational models
such as Enlil (Odstrcil and Pizzo, 1999a; 1999b; Odstrcil
2003), the Wang-Sheeley-Arge (WSA) model (Arge and
Pizzo 2000; Arge et al., 2003), EUHFORIA (Pomoell and
Poedts, 2018), and others. Despite these advancements,
questions such as “How well does a model perform over
a given time period?” and “How much has a model
improved over the past decade?”, remain. In recent years,
action teams have formed within the frame of the
COSPAR ISWAT initiative through a bottom-up
approach from the space weather community to foster col-
laboration and develop standardized strategies for model
validation.

4.1.1.1. Ambient solar wind validation campaign. The
Ambient Solar Wind Validation Team (HI1-01) in the
“Heliospheric Magnetic Field and Solar Wind” H1 cluster
under the COSPAR ISWAT initiative constitutes an exam-
ple of community validation studies. This team was formed
to assess the state-of-the-art in solar wind modeling. To
achieve this objective, the ISWAT H1-01 team united solar
and heliospheric domain experts, model and application
developers, data providers, forecasters, and end-users of
space weather products with the following objectives:

e Develop a comprehensive metadata architecture, includ-
ing metrics, to enable validation of the state-of-the-art
modeling and progress assessment over time

e Implement an open online platform in collaboration
with the CCMC to automatically assess the solar wind
models with community-agreed metrics and validation
procedures
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e Quantitatively assesses the state-of-the-art in forecasting
the solar wind conditions at Earth

e Use the developed infrastructure to generate ‘““Solar
Wind Scorecards” for a single or multiple models

During numerous sessions at international workshops
and conferences, the H1-01 action team gathered feedback
from the space weather community. As discussed in Reiss
et al. (2023), this enabled the team to achieve consensus
from a large part of the community on forecasting goals,
metrics, and metadata infrastructure.

Forecasting goals are essential because they define the
physical properties modeling assets should accurately
reproduce. Two forecasting goals that almost all models
produce are: 1) the ability to forecast the temporal evolu-
tion of the solar wind speed, as well as abrupt changes from
slow to fast solar wind and 2) the ability to forecast the
magnetic polarity and magnetic sector boundary crossings.
These essential solar wind properties are measured by mis-
sions such as NASA’s Advanced Composition Explorer
(ACE; Stone et al., 1998), the Wind spacecraft (Ogilvie
and Desch, 1997) and the Deep Space Climate Observatory
(DSCOVR; Burt and Smith, 2012) positioned near the L1
point. Moreover, solar wind properties are also measured
by missions like the Solar TErrestrial RElations Observa-
tory (STEREO; Kaiser 2005), Parker Solar Probe (PSP;
Fox et al., 2016) and Solar Orbiter (SolO; Miiller et al.,
2020). The locations of current spacecraft missions can be
found at the Austrian Space Weather Office (ASWO) web-
site’® and at the CCMC ISWA system (ASWO-
Heliocentric Plots of Satellite Positions Cygnet.>”).

The team agreed to focus on three types of metrics
shown in Fig. 3.2 and discussed in Section 3.3.: point-to-
point metrics, binary metrics, and event-based validation,
which are widely applied for assessing solar wind models
(MacNeice 2009a,b; Owens et al.,, 2005; Reiss et al.,
2016). To validate ambient solar wind models, regardless
of the type of metric, an added complexity is distinguishing
the ambient solar wind from solar transients. Typically,
when assessing the accuracy of ambient solar wind models,
periods with ICMEs are excluded based on existing ICME
event lists (see, for instance, Reiss et al., 2016, Samara
et al., 2025).

Interpreting results with complementary types of metrics
is crucial for meaningful model validation. Working
together with the community on a unified vision for vali-
dating solar wind models, the H1-01 Ambient Solar Wind
Validation Team developed an open-access tool as a part of
the CCMC CAMEL framework for validating ambient
solar wind models by comparing their solutions with
in situ measurements at L1.>® This online tool allows the
space weather community to test the abilities of solar wind

36 https://helioforecast.space/now.

3 https://iswa.ccme.gsfe.nasa.gov/app/info2cygnetld=743&datald=
2824.

3 https://ceme.gsfe.nasa.gov/tools/ CAMEL/.
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models with the metrics highlighted above (§3.6.1). By
doing so, we aim to create an infrastructure that provides
an unbiased assessment of progress in solar wind modeling
over time.

4.1.1.2. Quantifying uncertainty in solar wind model-
ing. Efforts to quantify and reduce uncertainties in solar
wind forecasts must begin at the Sun. The solar magnetic
field, observed through photospheric magnetograms, pro-
vides the fundamental boundary condition for coronal
and heliospheric simulations and therefore plays a central
role in determining solar wind structure. However, current
observations, such as those from HMI (Schou et al., 2012)
onboard the SDO (Pesnell et al., 2012), the Vector Spectro-
magnetograph (VSM) (Keller et al., 2003), part of National
Solar Observatory/Synoptic Optical Long-term Investiga-
tions of the Sun (NSO/SOLIS) (Keller et al., 2003) and
the NSO Global Oscillation Network Group (GONG) net-
work (Hill, 2018) are restricted to the Earth-facing hemi-
sphere, leaving the far-side and polar regions unobserved.
To compensate for these gaps, data-assimilative and sur-
face flux transport models (DeVore et al., 1984;
Hathaway et al., 2022; Roudier et al., 2009; Schrijver and
De Rosa, 2003; Sheeley et al, 1985; Upton and
Hathaway, 2014; Vogler et al., 2005; Wang et al., 1989),
including ADAPT (Arge et al, 2013) and the Open-
source Flux Transport (OFT) framework (Pogorelov
et al., 2024), are employed to reconstruct the global mag-
netic field and enhance full-Sun coverage. Despite these
advances, incomplete or imperfect magnetic field observa-
tions remain one of the primary sources of uncertainty in
solar wind models. The resulting uncertainties in boundary
maps propagate through flux-transport, coronal, and helio-
spheric domains, ultimately influencing the fidelity of sim-
ulated solar wind conditions throughout the inner
heliosphere.

To evaluate the impact of uncertainties due to incom-
plete boundary conditions, Hegde et al. (2025) conducted
a comprehensive validation study using ensemble time-
dependent simulations of the ADAPT-WSA-MS-
FLUKSS solar-wind model chain, based on publicly avail-
able multiple realizations of HMI-ADAPT maps. The
analysis focused on the rising phase of Solar Cycle 25
and examined six intervals (P4-P9), each spanning approx-
imately one solar rotation and corresponding to the fourth
through ninth PSP perihelia. This period provided favor-
able conditions for validation through multi-point observa-
tions from PSP, Earth, STEREO-A, and Solar Orbiter,
distributed across a broad range of radial distances, helio-
longitudes, and heliolatitudes. The ensemble simulations
revealed that uncertainties introduced at the photospheric
boundary produce spatially and temporally variable uncer-
tainty levels within the inner heliosphere. While the model
successfully reproduced major global solar-wind features,
including the heliospheric current sheet and high-speed
streams, it also produced unobserved structures during cer-
tain intervals, with performance varying across spacecraft
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locations. These discrepancies and the uncertainty propa-
gation study underscore the sensitivity of inner heliospheric
simulations to uncertain boundary conditions. Systematic
uncertainty assessment is therefore essential for establish-
ing the reliability of solar wind modeling and for guiding
future developments in data assimilation, model refine-
ment, and operational solar wind forecasting.

Studies on how uncertainties in the ambient solar wind
affect CME arrival time forecasts are discussed in Sec-
tion 4.1.2 below.

4.1.2. CME arrival time

To provide forecast or hindcast arrival times for CMEs,
forecasting agencies and researchers use CME propagation
models. There are three main components that influence
the predicted arrival times: (1) the ambient solar wind
through which the CME is traveling in the heliosphere
(see section 4.1.1), (2) the kinematics and inferred magnetic
structure of the observed CME, which translate to input
parameters for the propagation models, and (3) the CME
model that is chosen to simulate the CME and its
propagation.

Over the past decades, different models for the propaga-
tion of CMEs in the inner heliosphere have been devel-
oped. These models span a wide variety of different types
ranging from computationally inexpensive models such as
empirical models (Paouris and Mavromichalaki; 2017)
and drag based models (Nunez et al., 2016, Vrsnak et al.,
2013, Dumbovi¢ et al., 2018, Amerstorfer et al., 2018) to
computationally expensive models, typically physics-
based, 3D MHD models (Odstrcil et al., 2004; Pomoell
and Poedts, 2018; van der Holst et al., 2014; Shiota and
Kataoka, 2016; Verbeke et al., 2022). The constant devel-
opment of new models and the upgrading of existing mod-
els has created a need within the community to effectively
track progress over the years. The ISWAT CME Arrival
and Impact team H2-01 has been active since April 2017.
Its main goal is to evaluate how well different models and
techniques can predict CME arrival time for a set of prede-
termined events, based on an agreed-upon time period,
with open communication with the community.

It is important to distinguish three categories of fore-
casts: (1) event based forecast, where a forecast is made
on whether the CME arrives at a given location or not (bi-
nary yes/no arrival forecast), (2) prediction of arrival time
and associated parameters such as the CME arrival peak
speed, and (3) prediction of the observed solar wind profile
over time (point-based measurements). This is analogous
to a weather forecast: (1) will it rain (yes/no) (2) what time
will the rain start and how much rain will fall, and (3) how
does the rainfall forecast vary over time.

Firstly, when a newly erupted CME is observed in coro-
nagraph imagery, a forecast may be made. Subsequently, a
CME may be observed to arrive (or not) at the location of
interest such as Earth. The final result categorizes into four
options: predicted and observed arrival (hit), predicted but
no arrival (false alarm), no predicted arrival and no arrival
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(correct rejection) or no predicted arrival and unexpected
arrival (miss) occurs. As this is a categorical forecast, we
can therefore create a contingency table. One important
key detail here is that one needs to define what is consid-
ered to be a “hit”. This definition highly depends on the
users and any validation study should be able to consider
different contingency tables for different arrival time error
thresholds used to define a hit (e.g., 3 h, 6 h, 12 h, 24 h,
etc.). Skill scores and references that are related to contin-
gency tables are presented in section 3.3.

Secondly, once hit events have been determined, we can
also compute metrics related to the predicted CME arrival
time and other parameters of importance. Determining the
time error as the difference between the forecasted and the
observed arrival time, we are able to determine associated
metrics, such as ME or MAE (Verbeke et al., 2019;
Jolliffe and Stephenson, 2011).

Several large scale validation studies have been per-
formed over the past years, where the above mentioned
metrics track CME arrival time forecast accuracy over
time. Wold et al. (2018) found a MAE in arrival time of
10.4 £ 0.9 h for 273 CME:s predicted and observed to arrive
at Earth, STEREO A, or STEREO B. These results com-
pare well with Riley et al. (2018), who studied 32 models
from 2013 through mid-2018. Focusing on 28 events in
the CME Arrival Time Scoreboard (see section 6.1), which
were forecasted by 6 models, the authors found that the
models could predict CME-shock arrival times within
10 h, but with STD often larger than 20 h. Kay et al.
(2024) revisited the analysis of the CME Arrival Time
Scoreboard (see section 6.1) using a sample 3.5 times larger
than the original study. They found similar overall results,
namely a MAE of 13.2 h, a STD of 17.4 h, and a bias of
—2.5 h. They also found that the frequently submitted
models tend to outperform those from infrequently con-
tributed models. This indicates a need for the community
to reflect on the current state of modeling and propose
areas of research to improve model predictions, including
observational advancements. There are community sup-
ported plans to build a companion validation platform
for the CME Scoreboard based on the validation codes
developed by Kay et al. (2024). Furthermore, within a
research context, model developers have tried to consider
the same set of hit events such as Dumbovic et al. (2018).
A collaboration between SWPC and CCMC has also
resulted in a validation set of 33 hit events available.*”

Lastly, a prediction of the observed solar wind profile
over time can be made. We note here that the community’s
focus so far has been mainly on arrival time predictions,
and not as much on time profiles. With the rise of magne-
tised CME models such as Shiota and Kataoka (2016), the
new H2-02 team on Magnetic Profiles of Interplanetary
CMEs aims to quantify a model’s fit to an observational

3 https://ccme.gsfe.nasa.gov/static/files/ CCMC_SWPC_annex_final re-
port.pdf.
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profile and to provide this quantification for participating
models. The team’s main challenge is to determine quanti-
ties of use to the end user e.g., Maximum B, most negative
Bz, timing of min Bz, duration about some critical value.

Over the past years, the community has encountered a
few struggles while trying to create a benchmark for
CME arrival time forecasting. While focusing on just hit
events gives crucial information about how well we are able
to predict arrival times (Riley et al., 2018, Kay et al., 2024),
it does not tell us about how well we are able to predict
whether a CME will hit or not. For this purpose, studies
such as Wold et al. (2018) are important as it includes
not only hit events, but all events over a longer time period.
Furthermore, some models do need information about pre-
ceding CMEs to be able to make their predictions, as the
preceding CMEs affect the solar wind through which the
CME of interest is travelling. For this reason it is impor-
tant to consider longer periods of time such as suggested
by Verbeke et al. (2019), where the time period of 1 Jan-
uary 2011 to 31 December 2012 and 1 January 2015 to
31 December 2015 have been chosen. These chosen time
periods allow for intervals of both high and low activity,
as well as a difference in the availability of different obser-
vational viewpoints.

While model development has flourished over the past
decade, resulting in a wide variety of different models, the
methods to derive the inputs used to drive those models
have stayed very similar and contain a human-in-the-loop
component that adds subjectivity to the derived parame-
ters. While this may currently be required operationally
(see §9.2), it complicates attribution, and discerning useful
model improvements. Unlike is currently established to be
the case for flare forecasts (§4.1.4), the lack of stratified val-
idation of CME forecasts with and without human inter-
vention means it is also less clear that subjective
modifications consistently add value to CME forecasts.
There are causes for concern on the initial constraining
of CME parameters with subjective approaches. A recent
study by Verbeke et al. (2023) explored how the subjectivity
of the user affects the 3D CME parameters that are
obtained from the Graduated Cylindrical Shell (GCS;
Thernisien, 2011) reconstruction technique. The GCS
croissant-like shape is meant to emulate the geometrical
appearance of CMEs by projecting the 3D GCS wireframe
onto one, two or more nearly-simultaneous coronagraph
images. The parameters of the GCS model are used in
heliophysics and space weather research to feed into
CME propagation models (e.g., Singh et al., 2018, 2019,
2020; Palmerio et al., 2019; Scolini et al., 2019). Different
synthetic scenarios were designed where the “true” CME
geometric parameters were known. This allowed Verbeke
et al. (2022) to quantify minimum uncertainties associated
with the GCS technique, especially in relation to the subjec-
tivity of the particular user performing a fit. This informa-
tion can then later feed into how we construct a list of
ensemble members for CME ensemble forecasting (Mays
et al., 2015; Dumbovi¢ et al., 2018), a technique which is
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not commonly used so far and should be explored in more
detail for operational purposes. Singh et al. (2022, 2023)
performed ensemble modeling based on a constant-turn
flux rope model and propagated uncertainties in GCS-
derived parameters into simulations. Their results indicated
that much of the time-of-arrival uncertainty stems from
GCS fitting variability itself. Complementary to ensemble
modeling, Singh et al. (2023) also applied ML techniques,
including lasso regression and neural networks, to HI J-
maps from STEREO. These data-driven methods dynami-
cally refine CME propagation predictions and reduce the
MAE of arrival time forecasts by roughly a factor of two
(to ~4-5 h). Such hybrid ensemble-machine-learning
approaches represent promising pathways to operationally
mitigate subjectivity and improve CME arrival time fore-
casting. Two follow-up studies have been designed, where
a set of 23 real events have been fitted multiple times and
consequently have been modelled by a large variety of
CME arrival time models. This effort has been part of
the International Space Science Institute™” (ISSI) team
#480 Understanding Our Capabilities In Observing And
Modeling CMEs (Verbeke et al., 2023).

Circling back to the three main components that influ-
ence the CME predictions, the community has focused
on model development and providing a wide range of dif-
ferent CME models. The community has started to investi-
gate the influence of CME kinematics and magnetic
structure and its effects on the CME arrival times. We refer
the reader to Temmer et al. (2026) in this issue for a
broader review of the status and future of CME observa-
tions and model development.

Distinguishing the influence of the ambient solar wind
through which the CME is travelling in the heliosphere is
a difficult task, which has not been studied in deep detail
so far. Raza et al. (2025) provided the first attempt to quan-
tify how uncertainties in the ambient solar wind affect
CME arrival time forecasts. Their study applied several
machine-learning (ML) models: k-nearest neighbors, sup-
port vector machines, and linear regression to discrepancies
between observed and simulated solar wind parameters at
L1 for 122 CMEs recorded between March 2012 and
March 2023 in the CCMC Database Of Notifications,
Knowledge, Information®! (DONKI) catalog. Model
inputs were derived from WSA-Enlil-Cone (Odstrcil,
2003; Odstreil, 2023) simulations and OMNI solar wind
observations. Both univariate and multivariate approaches
were tested to assess the contribution of individual and
combined features to the time-of-arrival prediction accu-
racy. The best-performing models improved time-of-
arrival forecasts by roughly 35 and 47 min with univariate
and multivariate approaches, respectively. Although this
modest gain suggests that modifications to the background
solar wind may not drastically alter CME arrival predic-

40 nhttps://www.issibern.ch/.
41 https://ceme.gsfe.nasa.gov/tools/DONKI/.
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tions, it underscores the need to better characterize helio-
spheric conditions when coupling CME and solar wind
models. This also suggests that there is a need for the
CME arrival time team and the solar wind team to work
together.

4.1.3. Capability assessment and preparation for utilisation
of data from the vigil mission

As preparation for the ESA Vigil mission continues,
development work is also ongoing to assess the expected
improvement in space weather forecasting capabilities
which can be expected when these data are available to
use in conjunction with data from the Lagrange Point 1
(L1). The ongoing activity on ESA regarding the use of
Lagrange Point 5 (L5) data in CME propagation models*?
is to analyse current capabilities and development needs to
prepare for the utilisation of these new data out of the Sun-
Earth-line when available. The “Use of L5 Data in CME
Propagation Models” study is taking a systematic and
quantitative approach to assessing the anticipated benefits
that the combination of L5 with L1 and near-Earth data
will have on operational space weather capabilities. This
study is performed considering data from different loca-
tions (L1 and the equivalent angular location similar to
L5 from STEREO) under 7 use cases (CME onset; CME
arrival at LI; use of magnetograph data for modelling
background solar wind; use of L1 and L5 to improve
CME ensemble modelling; Data assimilation using L1
and L5 in situ and remote data; solar wind feature at L1;
SEP propagation analysis). This is performed with the
multi analysis of a set of 15 CMEs observed with a combi-
nation of 5 experiments, observing CMEs with different
instruments and best and degraded cadences and resolu-
tions. The assessment summary showed that extending
the coronagraph view from L1 with equivalents from the
LS5 vantage point resulted in improved CME fits and fore-
casts. Furthermore, for CME forecasts with the ELlipse
Evolution model based on HI (ELEvoHI), which used HI
data for both CME initial conditions and CME tracking,
the benefit of using higher cadence and higher resolution
data was shown. It was also pointed out that using EUV
image data from L5 might improve the representation of
CME initial conditions. Another key point was on the
use of L5 magnetograph data in addition to L1 magne-
tograph data results showed that the L5 magnetograms
could improve predictions at all solar cycle phases, plus
the use of assimilated in situ data from L5 reduced the
error.

The following discussion provides examples of recent
publications considered for the literature review as part
of the aforementioned ESA study. In terms of CMEs prop-
agation modelling considering multiple vantage points,
most of these show the benefits of space weather missions

2 . . . c
42 For more information, please refer to https://swe.ssa.esa.int/use-of-I5-
data-in-cme-propagation-models.
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on vantage points as L5, considering STEREO data as
basis for these studies (mostly the coronagraph and the
HI) in an equivalent angular location; as in Amerstorfer
et al. (2021), they evaluated different setups of the ELE-
voHI model, which uses STEREO HI data, with a number
of inputs by performing hindcasts for a CME set that
occurred when STEREO was near L4/5. The uncertainties
in CME propagation kinematics observed with STEREO
HI are studied in Barnard et al. (2021), considering CME
propagation geometric models, in regards to the perfor-
mance of the modelled CME arrival time errors and com-
parison among them, concluding that certain errors are
minimised with data addition from the vantage point of
L5. Another case study of modelling a CME observed with
science data from STEREO-COR and STEREO HI at the
similar location around L5, and other observational data
from L1 with a number of models is shown in Rodriguez
et al. (2020). In Bauer et al. (2021) the effects on low reso-
lution data from STEREO HI compared to the science
data (high resolution) was investigated, leading to more
accurate forecasts with science data of the ambient solar
wind, Turner et al. (2023) demonstrated that assimilating
in-situ solar wind observations from L5 and L1 improves
solar wind speed hindcasts.

4.1.4. Solar flares

The nature of solar flares means the modeling and hence
validation approaches applied to solar flare forecasts are
necessarily somewhat different than for various other space
weather phenomena. Solar flares bathe the heliosphere in
radiation that propagates at the speed of light, emanating
over 4 pi from the coronal source. Although immediately
responsible primarily for ionospheric disturbances, solar
flares also provide a “reference point” in time and space
for other energetic phenomena such as CME and SEP
production.

Evaluation and validation of solar flare prediction capa-
bilities are generally performed on a statistical rather than
case-by-case basis. An overview of the history, approaches,
and challenges for forecasting itself and forecast evaluation
can be found in Leka and Barnes (2018, Chapter 3). Early
validation methodologies were outlined in conjunction
with, for example, work at the US NOAA Space Environ-
ment Center (SEC, now SWPC) in the context of self-
evaluation of flare forecasts, and for evaluating new meth-
ods (see Sawyer et al., 1986). The probabilistic forecasts
provided by NOAA for solar flares are (very generally)
viewed as the “‘standard” against which to compare. The
historical record of these forecasts comprises a number of
“event definitions” that are widely adopted by new facili-
ties (for better or for worse, see below).

Research interest in flare forecasting became more wide-
spread with (1) the recognition of solar magnetic fields as
possible flare drivers and (2) the availability of statistically
significant samples of appropriate data sources. After the
research literature began to be populated with wildly
differing claims and evaluation methods, a community-
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based series of workshops on “Forecasting the All-Clear”
culminated in the first of a series of inter-method compar-
isons that invoked multiple quantitative skill scores (Barnes
et al., 2016). Key take —aways from this study were that (1)
even when methods said they were calculating the same
quantity (e.g., “‘total magnetic flux of an active region”),
subtle differences in data-handling details could in fact
impact the resulting forecast skill scores, (2) sample size
was critical, and (3) similar results as measured by one skill
score could differ significantly when a different skill score
was used. Finally, no method was found to perform signif-
icantly better than climatology.

Efforts to improve solar flare forecasting have, in the
years since the launch of the SDO, often taken advantage
of both the large-sample datasets provided by this facility
and some of the pre-computed descriptive meta-data that
accompany the HMI vector magnetic field data products.
Examples of data products from HMI include the Space-
weather HMI Active Region Patches (SHARP, Bobra
et al., 2014), which comprise a selection of the highest-
performing parameters investigated with regards to flare
forecasting by Leka & Barnes (2018). Generally speaking,
research on improving flare forecasting has focused on
SDO data, often invoking different ML algorithms of vary-
ing complexity, and relied on ““internal” evaluation.

Of note in this context, the European Union based Flare
Likelihood And Region Eruption Forecasting (FLARE-
CAST) project (Georgoulis et al., 2021; Campi et al.,
2019; Florios et al., 2018) performed a multi-institution
multi-pronged approach to improve flare forecasting, and
is the largest coordinated project for this type to date.
FLARECAST was instrumental in (1) investigating new
characterizations of the boundary data, (2) performing
head-to-head tests of multiple statistical methods, includ-
ing numerous ML-based approaches, and (3) assembling
subject-matter experts together with end users in order to
orient flare forecasting toward the most useful framework
possible.

The research and operations communities came together
in 2017 for a directed, head-to-head comparison of
operationally-running forecasting methods (Leka et al.,
2019a,b; Park et al., 2020). The effort was limited to oper-
ational flare forecasting (those from government or similar
entities), plus a few methods that run autonomously and
had high readiness levels, in order to keep the effort focused
and tenable. Of note, it was widely agreed that due to tim-
ing with regards to solar cycle and SDO data availability,
these studies presented deep dives into methodology of
forecast comparisons; the sample size that was available
is too small for the methods’ performances to be used
otherwise.

One key take-away from this effort, discussed at length
in Leka et al. (2019a), re-enforced the result from Barnes
et al. (2016) work: a single evaluation metric is insufficient
to gauge performance. The Leka et al. (2019b) paper
focused on methods to discern whether differences in
performance could be traced to different method particu-
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lars, including data, statistical methods, and (importantly)
whether there was a ‘“human-in-the-loop”. The latter
indeed proved advantageous.

In Park et al. (2020), the focus was on key failure modes
for present operational forecasts. Two were highlighted:
limb flares (where all methods failed due to lack of data),
and the ““first/last flare challenge”, where methods rou-
tinely failed to predict the first flare produced by an active
region (leading to a “miss”) and also routinely failed to
predict the first “quiet” (leading to a “false alarm”). Of
note, for this latter failure mode, Park et al. (2020) devel-
oped a new visual metric by which to directly evaluate a
method’s performance in this context.

With the growing number of new flare forecasting meth-
ods appearing in the research literature (far too many to
cite, but most based on SDO data and a majority employ-
ing ML techniques), it is time for a similar direct-
comparison effort, this time focusing on research-based
developments. Indeed, the need for improved solar flare
forecasting was included in the most recent NASA Decadal
Survey.

To address the challenge called out in the Decadal Sur-
vey, and to improve flare forecasting a few specific tasks
must be undertaken by the research and operational com-
munities. First, we need to understand how well new
research methods can perform as compared to present
operational facilities. To do this well is not a small feat;
all presently-available flare lists likely contain inconsisten-
cies, especially those that extend to pre-SDO epochs. To
establish such a list requires, to begin with, an internation-
ally recognized and curated historical flare event list that is
(1) broadly accepted by the research and operational com-
munities, (2) recognizes ‘“historical”’ as being up-to-
yesterday, meaning almost-current in content, and thus
(3) supported for development and on-going curation.

Second, it would be illustrative to establish a similar
comparison between present operational methods and
presently-developing research-level methods as was under-
taken in 2017. Based on the NOAA standards for opera-
tional flare forecasting, such an exercise could result in a
welcoming, community-available validation tool by which
new methods could be evaluated in a quantitative manner,
and compared to established methods such as have been
amassed through the CCMC near-real-time forecast
collections.

Third and finally, the communities — both research and
operational — need to critically re-evaluate the framework
of solar flare forecasting. It is becoming recognized that
probabilistic forecasting for solar flares based on the
SWPC-type standard event definitions (Table 4.1) may
not provide the most actionable information. While specific
user needs can be straightforwardly addressed through cus-
tomized cost/benefit analysis of error types, the physical
processes involved do not always scale directly from the
peak Soft X-ray flux; flare fluence, hardness, location, or
other spectral emission may be more informative for action
related to (for example) SEP production, ionospheric
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Table 4.1
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Standard event definitions from NOAA space weather prediction center (and others).

Flare Class Thresholds Validity Latency Issuance Frequency Forecast Scope
Periods Periods
GOES X-Ray Sensor (XRS) Peak Fluxes 24hr Ohr, 24hr, 1x/day at 00:00UT Full-Disk Probabilistic (archive nominally
of C1.0+, M1.0+, X1.0+ 48hr (publicly available) available)NOAA active regions-based

(archive nominally available via synoptic
drawings)

impact, or CME velocity. Forecasts which focus on extre-
mely short validity periods take on the character of identi-
fying solar flare “precursors” that indicate an imminent
(<1 hr, often <5 min) event (e.g., Kusano et al., 2020,
Hudson, 2020). Both of these novel frameworks (forecast-
ing for different flare event-types or phenomena, and fore-
casting for extremely-short-term event probabilities) may
have very limited customer bases, but they also present
the challenge of possibly needing new evaluation strategies.

4.1.5. Solar energetic particles

Eruptions on the solar surface can accelerate charged
particles to near relativistic speeds which can then spread
throughout the inner heliosphere to the Earth, Mars, and
beyond. These solar energetic particles (SEPs) are a radia-
tion hazard for astronauts (Hu et al., 2009), satellite elec-
tronics (Baker, 2000), and, for the most intense events,
for passengers onboard airplanes traveling along polar
routes (Anderson et al., 2014).

Inspired by scientific interest as well as potential real
world impacts, many types of SEP prediction models have
been developed in the research and operations communities
(Whitman et al., 2023). Some models are built from first
principles to reproduce the physics in the solar corona,
solar eruptions, and the inner heliosphere to increase our
understanding of the key physical processes that accelerate
SEPs. Other models aim to produce statistically-derived
forecasts via empirical formulations or ML methods, i.e.,
computationally lightweight approaches that have the
potential to generate forecasts quickly in real-time. With
the proliferation of SEP models, there arose a need to val-
idate model performance in a quantitative and consistent
way.

Starting in 2018 and 2019, an SEP modeling community
defined a small set of ten “SHINE challenge” SEP events
and invited the community to submit forecasts. This chal-
lenge list, dubbed the SEPVAL (SEP Model Validation)
2023 Challenge, was later expanded to 33 SEP events and
a nearly equal number of 30 non-event (quiet) periods to
enable a more complete validation of each model. An
approximately equal sample of SEP events and non-event
periods were selected by the NASA Johnson Space Center
Space Radiation Analysis Group (SRAG), focusing on the
types of SEP events and parent eruptions (flares and
CMEs) that are relevant to SRAG operations. Nearly all
of the selected periods were associated with strong flares
and fast CMEs, except three SEP events for which the
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flares were not visible from Earth because the source
regions were beyond the Sun’s western limb. Prior to the
SEPVAL effort, many published validation studies focused
on SEP events only without testing for quiet periods. A
specific aim of SEPVAL was to include SEP events and
time periods following solar eruptions that did not result
in significant proton flux enhancements at Earth so that
the validation would reflect correct predictions, misses,
and false alarms. The SEPVAL 2023 Challenge lists are
available on Zenodo*® and through the SEPVAL Chal-
lenge webpage.**

The SEPVAL challenge is interested in evaluating SEP
model performance in a real-time-like workflow, but this
is limited by the fact that the available input observations
do not always reflect what was actually accessible at the
time of each event, since historical data catalogs often lack
sufficient version control. We instead focused on providing
the best measurements possible. Moon-to-Mars Space
Weather Analysis Office (M2M SWAO, see section 9.3)
reviewed each CME and produced high-quality 3-
dimensional CME parameters with the same tools used
to support SRAG operations. The updated CME parame-
ters are saved in the “SEPVAL _CME_CATALOG”’ in the
CCMC DONKI*® and included in the SEPVAL event lists.
Models also had the option to use 2-dimensional plane-of-
sky CME parameters published in the human-derived
CDAW CME Catalog”® or automatically-derived CAC-
Tus catalog.®’ In this way, SEPVAL allows cross-
comparisons between models using their most appropriate
workflows for a standardized set of challenge events.

A comprehensive Rules of Participation® was circu-
lated to all SEPVAL participants. One focus of the SEP-
VAL challenge was to evaluate models as they would
perform in an operational setting, so participants were
asked to produce forecasts in a ‘‘real-time-like” mode
without changing parameters, tuning, or recalibrating
their models from event to event. Each model developer
was asked to indicate which event periods in the challenge
list were used in training their model. Specific energy

43 https://doi.org/10.5281/zenodo.15020585.

“ https://ceme. gsfe.nasa.gov/community-workshops/ceme-sepval-2023/.
45 https://kauai.ccme.gsfc.nasa.gov/DONKI/search/.

46 https://cdaw.gsfc.nasa.gov/CME _list/.

47 https://www.sidc.be/cactus/.

8 https://drive.google.com/file/d/1qCIYxkVIpCnNgRFLFuFuwl-
ZuL7zyyaTY /view.
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channels and thresholds used by SRAG in operations
were communicated and recommended (but not required)
for forecasts:

e >10 MeV protons exceed 10 pfu (relevant to astronauts
during Extravehicular Activities (EVAs))

e >100 MeV protons exceed 1 pfu (relevant to astronauts
in a spacecraft)

ISWAT H3-01 Action Team leads assumed the respon-
sibility for leading the development of a generalized valida-
tion framework for SEP models, called Solar Particles in
the Heliosphere validation INfrastructure for SpWx
(SPHINX). The SPHINX validation infrastructure has
the capability to prepare observations (e.g., proton mea-
surements), organize forecasts (from a challenge or SEP
Scoreboards), perform the validation, and display the
results in a variety of formats, including HTML reports
and an interactive web interface called VIVID (sce
Fig. 4.1). From the beginning, SPHINX was developed
to have a flexible, generalized approach, with the ability
to use observations from a wide variety of satellites as
“ground truth” and an appropriate validation workflow
for any type of SEP prediction model.

The community challenges played a critical role in the
development of SPHINX as a generalized tool. As of
March 2025, 21 SEP models have participated in the SEP
validation project, covering a wide range of model
approaches and forecasted quantities. No two models are
exactly alike, requiring SPHINX to be robust to the range
of forecasts. Workflows were developed with the goal to
validate the intent of each model. In other words, many
quantities are validated and many metrics are produced
by SPHINX with the goal that the user can choose the
results that best represent their model’s aim. For example,
some models may predict the maximum flux during an SEP
event (which may be the result of an Energetic Storm Par-

Prepare satellite observations
as “ground truth”

-~

fetchcasts

Extract forecasts sent to the
SEP Scoreboard from CCMC'’s
iSWA datatree
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ticle event due to the passage of a CME at Earth) while
other models predict the initial peak at the beginning of
an SEP event (onset peak) that is more closely associated
with the acceleration physics low in the solar corona. In
SPHINX, metrics are calculated for both the max flux
and the onset peak, allowing the user to choose the relevant
results.

Throughout the community validation challenges,
ongoing communication between the participants and
the team leads was key. Team leads worked closely with
model developers to understand each model’s approach
and correctly represent forecasts in the CCMC JSON
format, often going through multiple iterations. After a
round of validation was completed, the results were cir-
culated to the model developers for their review and
approval before being shared publicly. The leads hosted
virtual question and answer sessions to clarify how the
validation was performed and to review the information
in the output files. Discussion sessions at SHINE,
ISWAT, mini-ISWAT, and European Space Weather
Weeks provided venues to review and critique the valida-
tion approach being developed in SPHINX, facilitate
communication between researchers and end-users, iden-
tify metrics of interest, and better understand caveats like
the impact of imbalance of a wvalidation set on the
metrics.

Through these efforts over the past 6+ years, the SEP
Validation ISWAT Team H3-01 produced the mature
SPHINX validation infrastructure and a first estimate of
the state-of-the-art of SEP model performance across the
research community based on the benchmark SEPVAL
Challenge set. As with all performance evaluations, there
are caveats in interpreting the results. SPHINX and valida-
tion results for SEPVAL and the SEP Scoreboards (see
§6.3) are described in a NASA Technical Report
(Whitman et al., 2026).

Web app for interactive
analysis of validation results

{ Match forecasts to observations

Calculate performance metrics
Generate validation reports

Email validation results for real
time validation of the SEP
Scoreboards o

i [

Fig. 4.1. Information flow between components of SPHINX Validation Framework, that support both historic validation and pre-event forecasts called
Scoreboards. For discussion of the SEP Scoreboards component for real-time validation, see §6.3.
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4.1.6. Thermosphere neutral density

Liemohn et al. (2021) and Chou et al., 2023). outlined
standardized approaches for assessing magnetosphere and
ionosphere-thermosphere model performance, ensuring
consistency and reliability in comparing simulation results
with observational data. As Pearson correlation coefficient
and RMSE are commonly used in previous validations
(e.g., Bruinsma et al., 2018; Kalafatoglu Eyiguler et al.,
2019; Shim et al., 2011, 2012, 2014, 2017, 2018, 2023;
Tsagouri et al., 2018), metrics are organized into two
groups: fit performance metrics (point-to-point) and event
detection metrics. Other metrics are introduced including
accuracy, bias, precision, association and extremes. Timing
error is also considered (Shim et al., 2018, 2023).

The metrics for model-data comparison are also divided
into storm times and quiet times (Bruinsma et al., 2021;
Bruinsma and Laurens, 2024). To accurately characterize
the storm-time response of the thermosphere and iono-
sphere, the observations and model output need to be debi-
ased to minimize the effect of non-storm-related model
differences by normalizing the model and data with pre-
storm or monthly mean parameters (Bruinsma et al.,
2021). To evaluate baseline (quiet time) model differences,
no debiasing is required. The simplest metrics in the ther-
mosphere model validation are the mean observation to
model densities and their STD in log scale following
Sutton (2018) and Bruinsma and Laurens (2024). The cor-
relation coefficients R of observed and modeled densities
are also computed along with the coefficient of determina-
tion R? which represents the fraction of observed variance
reproduced by the model.

The assessment of thermospheric models has been initi-
ated at CCMC within the COSPAR ISWAT framework
from 2022. In the first stage, a comprehensive assessment
of thermospheric models under geomagnetic storm condi-
tions, defined by an Ap index > 80, is conducted. Using
models and tools hosted at CCMC, this unbiased assess-
ment examined both empirical and physics-based models
during storm periods. After applying a debiasing procedure
based on the pre-storm phase, modeled neutral density out-
puts are compared against high-fidelity observational data-
sets from the Delft University of Technology®® derived
from CHAMP, GOCE, GRACE, GRACE-FO, and
SWARM-A satellites. Key point-to-point performance
metrics, including mean density ratios, STD, and correla-
tion coefficients, are used to construct thermospheric model
scorecards. These scorecards serve as a valuable resource
for identifying the most suitable model for specific applica-
tions. The ultimate goal of this effort is to establish a near-
real-time thermosphere model assessment capability at
CCMC in the near future. An updated thermosphere-
ionosphere interactive visualization and validation plat-
form has also been developed at CCMC to facilitate
model-data comparisons and provide users with access to

4 https://thermosphere.tudelft.nl/.
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scores based on consistent and standardized metrics. The
full list of time periods is available online.”® The modeled
neutral density dataset used in the validation study can
be accessed online.”’ The thermosphere-ionosphere inter-
active visualization and validation platform is available
at the CCMC.””

4.1.7. lonospheric TEC, foF2 and hmF2

The ionosphere is a dynamic region of the Earth’s upper
atmosphere extending from approximately 60 km to over
1000 km altitude. It contains a great number of charged
particles and exhibits high variability and complexity due
to its coupling with both terrestrial weather from below
and space weather from above. As a result, the ionosphere
demonstrates enigmatic variation with time of day, season,
solar activity geographic and geomagnetic location. In
addition to regular diurnal cycles, the ionosphere is subject
to irregular variations caused by geomagnetic storms, solar
flares, irregularities and traveling ionospheric disturbances.
The ionosphere is critically important for human activities
as it greatly affects the propagation of terrestrial HF radio
waves as well as trans-ionospheric satellite signals, such as
GNSS. Accurately modeling and forecasting the iono-
sphere is therefore crucial to mitigate its impacts on com-
munication and navigation systems.

Operators of radio communication systems often use the
ionosphere to extend the range of communication. The
critical frequency relates to the maximum usable frequency,
which is the highest frequency that can be reliably used for
radio wave communication. For signals transmitted at a
frequency below the maximum usable frequency, the radio
waves can be reflected by the ionosphere, enabling long-
distance propagation. In vertical sounding, foF2 represents
the critical frequency of the F2 layer, which represents the
highest frequency that can be reflected by the ionosphere
which can be derived from the peak density NmF2.
hmF?2 is the peak density height of the F2 layer that affects
the ray path of radio wave signals through the ionosphere.
For HF signals, such as those from GNSS satellites, the
radio waves pass through the ionosphere but are subject
to group delay and phase advance, which are dependent
on the TEC along the signal path. Therefore, several
ESEQs such as foF2, hmF2, TEC, TEC gradients, iono-
sphere absorption, and scintillation indices, are useful for
evaluating model performance and characterizing the iono-
sphere’s influence on radio wave propagation and GNSS
positioning. The ionosphere exhibits different patterns that
vary with geomagnetic latitude, time of the day, and the
combination of solar and geomagnetic activities. The
quality of GNSS positioning is critically affected by the
bulk ionisation in the ionosphere (quantified by TEC) as
well as by propagation effects originated by ionospheric

50 https://kauai.ccme.gsfc.nasa.gov/CMR/Timelnterval/viewAlITT.
51 https://github.com/j0a8c2k 1/CCMC-Thermospheric-Validation
52 https://ceme.gsfe.nasa.gov/ionvp/.
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irregularities, such as phase fluctuations and scintillation
(Chou et al., 2024; Forte et al., 2026).

The CCMC initiated the Coupling, Energetic, and
Dynamics of Atmospheric Regions (CEDAR) electrody-
namic thermosphere ionosphere challenge in 2009 to eval-
uate the modeled parameters, including NmF2, hmF2,
TEC and vertical ion drift, using Incoherent Scatter Radar
(ISR) observations (Shim et al., 2011, 2012). Several met-
rics, including RMSE, prediction efficiency, ratio of the
maximum change in amplitudes, and ratio of the maximum
amplitudes (i.e., yield), are utilized to assess the models’
performance during quiet and storm time conditions. Met-
rics based on ratio are used to quantify the model capabil-
ity to produce peak values or short-term variations during
a certain period. Shim et al. (2017, 2018, 2023) evaluated
the TEC and foF2 during storm time. They proposed addi-
tional metrics, such as RMSE normalized by the mean
absolute value of the observed TEC, time difference
between the modeled and observed peak time, and correla-
tion coefficient, to evaluate the capability of ionospheric
models in simulating the storm effects. Tsagouri et al.
(2018) assessed climatological modeling of foF2 and
hmF2 using ionosonde data. The assessment was based
on the calculation of model scores representative for the
association between modeled and observed values, as well
as the biases and the accuracy of the predictions, including:
the correlation coefficient (R), and the coefficient of deter-
mination (R2), for the association; the ME and the STD
standard deviation (STD) of the differences between mod-
eled and observed estimates for biases; the RMSE and the
MRE)for testing the accuracy. The MRE was suggested to
effectively support the comparative analysis of the models’
performance over different locations, seasons, and local
time. Chou et al., 2023 validated the modeled TEC during
the 2013 and 2021 geomagnetic storms using the madrigal
TEC observations. Multiple metrics are used to quantita-
tively assess the models’ accuracy, precision, association,
bias, and capability in capturing the TEC changes in
response to the storms. The skill score based on the metric
scores is further proposed to evaluate the overall perfor-
mance of ionospheric models against the reference model
(International Reference Ionosphere 2016; IRI-2016,
Bilitza et al., 2017).

Recently, CCMC has initiated a campaign to assess the
models’ performance during geomagnetic storms across
solar cycles 23 to 25. The ISWAT G2B-05 team validated
modeled foF2 and hmF2 using the ground-based iono-
sonde data across ~ 200 storm events.”> The CAMEL
online visualization tool visualizes the ionosonde valida-
tion results for the historic storm events.”* In addition to
CAMEL ionosonde validation, CCMC has conducted sev-
eral ionospheric validation projects by proposing innova-
tive technologies, methodologies and metrics.

33 https://kauai.ccme.gsfc.nasa.gov/CMR/Timelnterval/viewAlITI.
3% https://ceme. gsfe.nasa.gov/camel/TonosondePlasmaDensity/home.
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4.1.7.1. foF2 and hmF?2 validation using GNSS RO observing
system simulation experiments (OSSEs). CCMC con-
ducts OSSEs to validate foF2 and hmF2 using the
FORMOSAT-7/COSMIC2 RO data. Rather than directly
comparing the RO-derived foF2 and hmF2 with model
outputs, line-of-sight geometries between LEO satellites
and GNSS are inserted into ionospheric models to derive
the synthetic RO TEC. Abel inversion is then applied to
derive synthetic RO electron density profiles, from which
foF2 and hmF?2 are extracted (e.g., Chou et al., 2017). This
approach mitigates biases introduced by the RO retrieval
algorithm and enhances model-data comparisons.

4.1.7.2. TEC validation using ground-based GNSS net-
works. Global ground-based GNSS networks consist of
thousands of continuously operating stations maintained
by various organizations for applications including geo-
desy, navigation, tectonics, ionospheric research, and pre-
cise positioning. These dense GNSS networks offer
continuous, high-resolution two-dimensional TEC obser-
vations. Ionospheric models hosted by CCMC and other
institutions are validated by leveraging the dense GNSS
networks, providing a comprehensive model validation
on a global scale and deeper insights into model perfor-
mance (e.g., Chou et al., 2023).

4.1.7.3. Ray-tracing and amateur radio validation. Ray-
tracing simulation of HF radio wave paths are compared
with amateur radio data. In this approach, HF radio wave
propagation paths are simulated using ray-tracing algo-
rithms that incorporate electron density profiles derived
from ionospheric models (Coleman 1998, 2011, 2017).
These simulated paths are then compared against actual
signal paths recorded by amateur radio operators world-
wide. By analyzing discrepancies between simulated and
observed paths, it can evaluate how well different models
reproduce ionospheric foF2 and hmF2. This method not
only enhances model validation in terms of geophysical
parameters but also provides insight into the operational
applicability of the models for HF communication and
radio propagation.

4.1.8. Near-earth space radiation and plasma environment
The near-Earth radiation and plasma environment con-
sists of diverse particle populations of different origins that
often evolve dynamically over time and space and span
many orders of magnitude in energy. Such an environment
poses challenges from both science and space weather-
impact perspectives. It brings about a slew of deleterious
effects that could affect spacecraft electronics, materials,
and could pose a significant health challenge for life in
space. The impacts include surface charging, internal
charging, total dose, single event effects, radiation effects
for aviation, and radiation impacts on crewed missions.
Therefore, this region of space is of great interest to various
groups of end users, such as those involved in satellite
design, launch, operations, and anomaly resolution; flight
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crew and passengers (aviation); emergency management
personnel; astronauts and space travelers; and stakeholders
and policymakers (Zheng et al., 2019; Zheng et al., 2026).

To speed up transitioning science progress to useful
information (and eventually better tools and products)
for end users and to help bridge the space environment
science community and engineering and user community,
efforts have been made in defining ESEQs that are directly
related to corresponding impact-driven anomalies or trans-
latable into impacts (see Table 11 of Zheng et al. 2026,
this issue). Such ESEQs are especially relevant to the
Near-Earth Space Radiation and Plasma Environment
due to their close ties to end-user needs/concerns. In
addition, these ESEQs have to be directly measurable.
Model validation based on these ESEQs is the first step
in transitioning any model into operations. More details
on relevant ESEQs can be found in §3.1.

The integral flux of the greater than 10 keV electrons has
been found to correlate well with surface charging anoma-
lies. Therefore, it has been chosen as the ESEQ for surface
charging related model validation. The initial model valida-
tion work (Yu et al., 2019) on surface charging used the 10—
50 keV electron flux as the quantity for comparison. It
should be mentioned that the event in Yu et al. (2019)
was chosen due to the fact that there was an occurrence
of surface charging (an example of impact-driven model
validation effort). Different types of metrics were employed
to evaluate model performance, including cross-
correlation, prediction efficiency, root-mean-square error,
prediction yield, and the symmetric signed percentage bias
(Morley et al., 2018a), but all were applied to the logarith-
mic value of fluxes. The validation work of aviation radia-
tion models by Meier et al. (2018) used the ambient dose
equivalent rate dH*(10)/dt and the absorbed dose rate in
silicon dDSi/dt as Impact Quantities (ImpQs) and the sim-
ple relative deviation as the metrics. The five dosimetric
quantities: absorbed dose in silicon, absorbed dose in tis-
sue, dose equivalent, ambient dose equivalent, and effective
dose, serve as the physical quantities used in the validation
of the Nowcast of Aerospace lonizing Radiation System
(NAIRAS) performance as well (Phoenix et al., 2024).
The recent validation effort relevant to the internal charg-
ing environment under the COSPAR ISWAT G3 Cluster
activities uses 0.9 MeV and 1.8 MeV electron flux values
as ESEQs because they are the measured quantities of
Van Allen Probes and they are closely related to internal
charging effects (Zheng, 2025). The results are available
on CCMC’s CAMEL"” online platform.

The commonly used metrics for flux-based quantities are
prediction efficiency, root-mean-square error, prediction
yield, and log ratio-based metrics such as median symmet-
ric accuracy (MSA) and the symmetric signed percentage
bias (SSPB) advocated in Morley et al. (2018a). However,

55 https://ceme.gsfe.nasa.gov/iswat/G3-04/#validation-campaign-in-the-
ccme-camel-framework.
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the use of MSA and SSPB may not be advantageous under
some circumstances as cautioned in Simms et al. (2023).
Threshold-based binary event analysis metrics have been
used by Ganushkina et al. (2019). Other metrics include
the normalized difference (e.g., Subbotin and Shprits,
2009, Drozdov et al., 2017; Wang et al., 2020) and statisti-
cal metrics as mentioned in Zheng et al. (2019) and
Liemohn et al. (2025). As discussed in the above sections,
it is important to choose more than one metric to test
out multiple aspects of a model’s performance.

The ISWAT G3 Cluster’® has expanded its validation
efforts beyond the environment related to internal charging
to include surface charging. Validating models within the
’Near-Earth Space Radiation and Plasma Environment’
faces common challenges as the others, particularly in
acquiring well-vetted, high-quality data for both bound-
ary/initial conditions and model-data comparisons. Uncer-
tainty quantification presents another significant challenge.
While our internal charging validation guidelines establish
a framework for fair “apples-to-apples” comparisons—
such as using consistent datasets for boundary conditions
and excluding validation-related measurements—certain
model-specific variations persist. These include differences
in wave types and diffusion coefficients. At this stage, we
believe the community benefits more from broader partici-
pation of models in the validation process rather than view-
ing these variations as problematic. The diversity of
approaches contributes valuable insights that might other-
wise be lost through overly rigid standardization. Another
non-uniformity when comparing performance of different
models is the non-trivial aspect of extracting fluxes along
a satellite trajectory. Unlike a simple interpolation, such
a flux extraction procedure requires a magnetic field model
which could introduce another source for differences and
uncertainties.

4.2. Highlights of validation studies from roadmap special
issue 1 “science and applications”

In the solar and heliospheric domain:

e Reiss et al. (2023) worked to unify the validation of
coronal and heliospheric models with agreed-upon time
periods, metrics, and metadata standards.

e Tiburzi et al. (2023) validated heliospheric models
through pulsar observations, comparing the IPS 3-D
reconstruction technique with pulsar dispersion mea-
sures, and found good comparative results.

e Shaifullah et al. (2023) compared pulsar observations to
EUHFORIA, an MHD heliosphere modeling frame-
work, and found a strong correlation for solar wind den-
sity along a given line of sight.

36 https://iswat-cospar.org/g3.
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e [wai et al. (2023) combined observations of IPS from
two different instruments with the SUSANOO-CME
model and demonstrated that the resulting MHD recon-
struction of a combination of merged CMEs (found pre-
viously to be impossible using this model without the
incorporation of IPS data) was more accurate with the
combined IPS data than with data from a single
instrument.

In the ionosphere-thermosphere domain:

e Tsagouri and Belehaki (2023) report on the validation
test of the Solar Wind driven autoregression model for
Tonospheric Forecast (SWIF), which uses IMF observa-
tions at L1 as a proxy for upcoming ionospheric storm-
time disturbances. They evaluate the efficiency of the
SWIF model in providing alerts before upcoming iono-
spheric storm effects and discuss challenges in forecast-
ing ionospheric responses from L1 input.

e Abbas and Ameen (2023) evaluated the International
Reference Ionosphere extended to the Plasmasphere
(IRI-Plas 2020) model using different ionospheric and
solar proxy indices to predict the critical frequency of
the F2-layer over the Pakistan and Japan longitudinal
sectors. Their analysis showed that the model performed
best with the solar proxy Mg-II among all other solar
and ionospheric indices.

e Bruinsma et al. (2023) described the main thermospheric
density datasets of this century and compared them to
quantify the differences. They found large discrepancies
among the datasets, sometimes in the tens of percent, at
all altitudes.

4.3. Statistical approaches to validation

Event-based comparisons between modeling and obser-
vations for short time intervals driven by a particular set of
initial and boundary conditions suffer from several issues.
First of all, there is significant uncertainty associated with
the initial and boundary conditions. For instance, global
geospace models typically use upstream boundary condi-
tions provided by the NASA OMNI®’ dataset, which has
been obtained by combining plasma and magnetic field
data from multiple spacecraft orbiting at the Lagrangian
L1 point and propagating it to the nose of Earth’s bow
shock (King and Papitashvili, 2005). However, some
plasma measured at L1 might not reach the Earth or its
properties might change significantly between L1 and the
magnetopause (Borovsky, 2018; Walsh et al., 2019). Addi-
tionally, parts of geospace have high Reynolds numbers (El
Alaoui et al., 2013; Wrench et al., 2024) and can exhibit
chaotic behavior such that accurately modeling the timing
and location of all dynamic structures is a major challenge.
To mitigate these issues, statistical data-model compar-

57 https://omniweb.gsfc.nasa.gov/ow.html.
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isons have become popular in the community, aided by
the strong increase in computer power that has become
available in recent years. Different approaches have been
followed and are discussed below.

One flavor of statistical data-model comparison involves
analyzing data of several simulation runs corresponding to
different time intervals and events or studying long runs
where the system is driven by a large sample of solar wind
conditions. For instance, Ridley et al. (2016) used 662 sim-
ulations obtained by several global magnetohydrodynamic
(MHD) models with different simulation settings produced
at the CCMC over the years to analyze 2503 satellite trajec-
tories and statistically compared the simulated magnetic
field with that obtained by spacecraft observations at
geosynchronous orbit. They produced probability distribu-
tions of the error in each magnetic field component and
used them to develop a 1-5 star rating system for the mod-
els. The rating was based on the model result compared to
the median and standard deviation of the error from all
model results of the particular data set. They concluded
that models performed better for lower levels of geomag-
netic activity and that coupling global MHD models with
ring current models for the inner magnetosphere produced
statistically better results. Further, they showed that with
enough events, models could be statistically differentiated
from each other when assessing their performance.
Kubyshkina et al. (2019) studied an 11-day period (com-
prising a 5-day interval including the March 2015 storm
and a 6-day interval including the June 2015 storm) that
contained different solar wind regimes and different levels
of geomagnetic activity. They performed a statistical com-
parison of the magnetic field obtained by observations, by
empirical and adapted models, and the physics-based
SWMF/Geospace (global MHD model BATSRUS cou-
pled with Ridley ionosphere electrodynamics model and
Rice Convection Model for the ring current, To6th et al.,
2005, 2012). Although the performance of the different
models depended on the level of geomagnetic activity and
on different magnetospheric regions, one of the important
results of the study was that the SWMF performance was
similar to that of the empirical models under moderate to
highly disturbed conditions of the June 2015 event. Al
Shidi et al. (2022) performed 122 simulated storms in the
period 2010-2019 and analyzed statistically the simulated
ground magnetic field perturbations versus observations
at several locations world-wide. They concluded that regio-
nal predictions at mid-latitudes are quite accurate, with a
median Heidke Skill Score of ~ 0.5, while regional high-
latitude predictions are more challenging. Al Shidi et al.
(2024) statistically studied the time-shifting errors associ-
ated with methods that propagate solar wind properties
measured at L1 to the bow shock nose. They performed
123 simulations of storm events with the SWFT in geo-
space configuration and studied the probability distribu-
tion of errors between modeled and observed
geomagnetic indices (SYM-H — high resolution counter-
part of Dst, auroral indices AE, AU, AL, and cross polar
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cap potential) as a function of different solar wind driving
and propagation parameters. They found that the magni-
tude of the errors depends on the propagation parameters
(for instance, the accuracy of the SYM-H prediction
depends on the spacecraft perpendicular distance from
the Sun-Earth line).

Statistical data-model comparisons have also been per-
formed via ensemble modeling (Murray, 2018; Morley,
2020), whereby model inputs or model parameters are
slightly perturbed or multiple models are combined
together to produce a distribution of future states of a
dynamical system. This approach has been used to improve
model forecasting but also to provide uncertainty quantifi-
cation. Cash et al. (2015) performed 39 simulation runs
with the Wang-Sheeley-Arge (WSA)-Enlil operational
model to assess the effect of input parameters on the arrival
time of an unusually fast and strong CME, identifying
needed modifications to improve the model forecasting
ability. Chen et al. (2018) performed 21 simulations using
the Rice Convection Model-Equilibrium to study the effect
of the electric field boundary conditions and identified the
need to improve the particle loss terms in the model.
Morley et al. (2018b) used the SWMF to perform 40 sim-
ulations of the April 2010 geomagnetic storm with different
solar wind inputs and assessed the uncertainty in the model
predictions of SYM-H and ground magnetic perturbations
at selected locations. In the context of radiation belt mod-
eling, Camporeale et al. (2016) used a two-dimensional
(pitch angle and energy) quasi-linear Fokker-Planck model
to study the effects of uncertainties in the input parameters
associated with the Kp index, the latitudinal extent of the
chorus waves that drive electron acceleration and the ambi-
ent electron density, highlighting the critical role played by
the time-dependent electron density in the model.
Thompson et al. (2020) and Watt et al. (2021) performed
ensemble modeling to conclude that the distribution and
time variability of the diffusion coefficients employed to
model wave-particle interactions are critical to radiation
belt modeling. Hua et al. (2023) studied relativistic electron
acceleration by chorus waves for the 9 October 2012 storm.
They performed ~ 14600 two-dimensional quasi-linear
Fokker-Planck simulations varying four input parameters:
lower-band chorus wave amplitude and peak frequency,
and background magnetic field and ambient electron den-
sity. The distribution of input variables was sampled
through a superposed epoch analysis of 11 storms that
were similar to the chosen storm. They concluded that
uncertainties in the input parameter significantly affected
electron acceleration, with cases where the simulation out-
put differed from observations by four orders of magni-
tude. Chand et al. (2025) ran Global Ionosphere
Thermosphere Model (GITM, Ridley et al., 2006) 512
times during solar min and solar max conditions to explore
how uncertainties in chemical reaction rates affect the nitric
oxide density in the thermosphere and the resulting temper-
ature structure.
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Several authors have also performed what we will refer
to as behavioral comparisons between modeling and obser-
vations, focusing on quantities that are less susceptible to
the precise timing and locations of magnetospheric struc-
tures and dynamics or performing a comparison against
data-driven empirical models. For instance, White et al.
(2001) compared autocorrelation functions of plasmasheet
density and magnetic field components obtained from
MHD simulations against the same quantities derived from
ISEE-2 data. El Alaoui et al. (2013) successfully compared
power spectral densities and probability distribution func-
tions of magnetotail turbulence obtained from MHD simu-
lations and THEMIS data. Gordeev et al. (2015) compared
several MHD models available at CCMC against empirical
relations obtained from observations for several macro-
scopic parameters of the Earth’s magnetosphere (including
the subsolar magnetopause distance, the plasma sheet ther-
mal pressure, and the cross polar cap potential drop), con-
cluding that no model consistently emerged as the best in
all metrics. Haiducek et al. (2020) performed a 1-month
long MHD simulation which featured over 100 substorms
to show a distribution of substorm waiting times compara-
ble to that of observations and a weak (but statistically
significant) skill of the model in predicting substorms.

Finally, Delzanno and Borovsky (2022) advocated for a
new type of validation approach based on systems science,
i.e., the science that studies the holistic behavior of systems
through their interconnected subsystems. The idea is to
apply systems science tools (such as correlation analysis,
information theory, etc.) to models and compare them side
by side with the application of the same tools to actual
observations, aiming to answer the question ‘Does the sim-
ulation behave in the same manner as the real system
behaves?’. As such, these ideas involve a behavioral com-
parison between modeling and observations that can also
be performed statistically. Delzanno et al. (2025) analyzed
a month-long simulation dataset obtained by the Mul-
tiscale Atmosphere-Geospace Environment (MAGE)
model (Zhang et al., 2019; Sorathia et al., 2020). They
applied canonical correlation analysis (CCA) to construct
solar wind driver and Earth’s geomagnetic response canon-
ical functions that maximize the linear Pearson correlation
between each other. They found that the MAGE model
was able to reproduce quite well the behavior of the mag-
netosphere and the intercorrelation between the input vari-
ables used in the investigation [more so for quieter time
intervals, consistent with the result of Ridley et al. (2016).
They also found that high resolution SuperMAG (Global
Ground-Based Magnetometer Initiative, Gjerloev, 2009)
counterparts of auroral indices (Bergin et al., 2020) should
be used to quantify future model improvements. This result
is also consistent with findings from Haiducek et al. (2017).
It is worth emphasizing that the biggest advantage of CCA
in this context is that it validates models at a system level,
both from the perspective of the solar wind driving and of
the Earth’s geomagnetic response.
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5. Modeling physical phenomena: how to validate?

In this section we discuss the extension of validation
from time series parameters to validation of modeling of
physical phenomena and what metrics may be of use in
such a validation. One expression of this might be thought
of as the N-dimensional equivalent of the event-based met-
rics for the one-dimensional time series discussed in Sec-
tion 3.3. As a worked example one might try to isolate
CME “objects” in 3D model output, and equivalents in
2D HI imagery, (or 3D output derived from IPS), attempt
to compare their spatiotemporal association, and validate
this statistically over many simulation time steps, and
many events. In this discussion, the term “metric” is used
in the general sense of an objective, quantitative measure
to validate physical phenomena and not necessarily in the
sense of a mathematical metric satisfying positivity, sym-
metry, and the triangle inequality. We use the example of
coronal hole (CH) segmentation (delineation) as a concrete
example here, considering methods of binary comparison
between modeled open field regions and observationally
derived CHs. The discussion is likely applicable to valida-
tion of a range of physical phenomena, however, and is
(and should be) extended to non-binary comparisons in
many cases.

We can consider the modeled open field regions and
observationally derived CHs as two binary segmentations,
a partition of the 2D space into regions based on binary
class membership, e.g., whether a pixel belongs to an open
or closed flux region in models or a dark or light region in
EUV images. Here, the foreground (FG) is considered
membership in the class of interest (e.g., a CH) and the
background (BG) is considered the remaining regions.
Comparison of two segmentations can thus rely on base
measurements related to cardinality of pixel-level agree-
ment on class membership, usually characterized by the
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contingency table entries of true positives (TP), true nega-
tives (TN), false positives (FP), and false negatives (FN).
The definition of the contingency table generally assumes
the existence of a ground truth established through direct
measurement of the underlying state. In many applications,
however, including CHs, there may be no directly measur-
able ground truth. In such cases, one of the outputs (model
or observation) can be used as the reference “truth.” It is
important to acknowledge in such cases that various met-
rics are describing comparison between two predictions
that may both be unrepresentative of the true underlying
state. In this case, the contingency table entries are TP (pix-
els that are FG in both segmentations), TN (pixels that are
BG in both segmentations), FP (pixels that are BG in the
reference segmentation but FG in the other), and FN (pix-
els that are FG in the reference segmentation but BG in the
other).

Selection of what metrics will adequately describe a com-
parison between the two segmentations is task specific and
requires careful consideration of what characteristics are
important for the specific application domain, c.f.,
Fig. 5.1. Metrics are designed to measure certain character-
istics (e.g., areas or boundaries), but may also have biases or
sensitivities to other characteristics. Understanding what a
metric is quantifying and the limitations of that quantifica-
tion is important to correctly interpret validation of physi-
cal phenomena. Furthermore, the same metric may have
multiple different names (e.g., true positive rate and recall)
or may have multiple different definitions with the same
name (Taha and Hanbury, 2015). We therefore advocate
for a careful and deliberate study of appropriate metrics
for validation of physical phenomena, similar to those that
have been undertaken in other domains (e.g., Taha &
Hanbury (2015) in medical image segmentation and
Gilleland et al. (2009) in terrestrial weather forecasting).
To that end, the S2-08 action team within COSPAR

Perfect Match Latitude Offset Longitude Offset

Lat/Lon Offset Partially Missing

Finer Granularity

Coarser Granularity Same 2™ Order Moments

Different Area Same Area Nonbinary Region

Fig. 5.1. Illustrative examples of comparing two 2D segmentations. In this figure one segmentation is illustrated in blue and the other in pink; areas of
overlap will thus appear purple and background areas are white. Differences between segmentations may have different impacts or interpretations
depending on the application area, e.g., whether preservation of shape or area is more important.
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ISWAT was formed in February 2025 to begin this process
for the specific case of validating CH segmentations. As
briefly introduced below, research in medical image segmen-
tation, terrestrial weather forecasting, and image quality
can be brought to bear on the problem of validation of CHs.

Medical image segmentation has encountered and pro-
posed solutions to many of the same issues faced in valida-
tion of physical phenomena in solar data, including
different practical implications for different errors (false
positive versus false negative), imbalanced data, large data
volume, and even a lack of ground truth. Common metrics
for binary segmentation were categorized by Taha and
Hanbury (2015) as based on spatial overlap, area, pair-
counting (considering all pairs of disjoint objects between
segmentations), information theory (how much informa-
tion one segmentation reveals about the other), probability
(based on distributions of the pixels in each segmentation),
or spatial distance. Notably, all 20 common metrics studied
in Taha and Hanbury (2015) can be defined in terms of the
contingency table entries, can be extended to non-binary
class membership, and can be defined for 2D or 3D data.
Additionally, Taha and Hanbury (2015) studied the corre-
lation between metrics and intrinsic properties of the met-
rics to develop a set of guidelines for selecting segmentation
metrics.

Terrestrial weather forecasting has proposed solutions
to similar issues faced in space weather forecasting, includ-
ing the “double penalty” associated with forecasts spatially
offset from observations (Gilleland et al., 2009), the impor-
tance of quantifying skill over chance forecasts, and the
presence of substructures of interest (e.g., storm cells) in
forecasts. As accurate identification of CHs is important
for precision of highspeed solar wind estimates, accuracies
of forecasts using CH segmentations may be of interest. In
this scenario, the terrestrial weather community has exten-
sively studied a problem analogous to CH wvalidation,
namely the validation of gridded weather forecasts
(Gilleland et al., 2009). Gilleland et al. (2009) categorize
metrics as filtering methods (to characterize the extent to
which forecasts and observations match at different spatial
scales) and displacement methods (to characterize spatial
displacements necessary for forecasts and observations to
match).

The image processing community has active research in
quantification of similarity between images in applications
such as image enhancement, compression, and image gen-
eration. Full-reference image quality metrics are metrics
designed to quantify similarity (or difference) between a
given image and a reference image. The mean relative
error, (or the related measure of peak signal to noise ratio,
PSNR) is an easy to compute full-reference image quality
metric but is not well-aligned with human perception
(Wang et al., 2004 and references therein) and suffers from
sensitivity to small alignment errors, i.e., the “double
penalty.” The Structural Similarity Index Measure (SSIM)
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is a widely used metric formulated to better quantify simi-
larity in structure between two images (Wang et al., 2004).
Recently, the Learned Perceptual Image Patch Similarity
(LPIPS) metric, derived from features of deep convolu-
tional neural networks used in image classification, has
become a common image quality metric shown to better
align with human visual perception (Zhang et al., 2018).
While these metrics are largely designed to align quantita-
tive metrics with human opinion of similarity, they may be
worth considering for validation of solar phenomena due
to their ubiquity and especially in cases where current val-
idation strongly relies on qualitative comparisons.

A collaboration within the community will be necessary
to establish what characteristics are important for CH val-
idation, which metrics best quantify those characteristics,
and whether other metrics are needed. We advocate for a
study modeled after Taha and Hanbury (2015) with consid-
eration of the forecast metrics in Gilleland et al. (2009) and
common image quality metrics such as SSIM (Wang et al.,
2004) and LPIPS (Zhang et al., 2018).

There is a mutually-beneficial relationship between
modeling, theory, and observations, each serving a critical
role in understanding complex physical phenomena. Good
examples of this are the so-called crescent-shaped particle
distribution functions which show the local particle veloc-
ity configuration in phase space. These distribution func-
tions not only serve as validations of the theory and
modeling, but also can be reliable indicators of important
energy conversion processes in the magnetosphere such as
magnetic reconnection. They are usually observed when
electrons and ions decouple from the magnetic field in
regions called electron and ion diffusion regions. A typical
distribution consists of two parts: a symmetrical core distri-
bution in the center and a crescent-shaped element for lar-
ger velocities, formed by particles undergoing a magnetic
field reversal (Fig. 5.2, panel a). Although expected early
on by Lee et al. (2004) using test particle simulations, they
were rigorously predicted using particle-in-cell simulations
and analytical theory by Hesse et al. (2014). The authors
showed that such distribution functions should be expected
at the electron diffusion regions in asymmetric reconnec-
tion, places where the magnetic fields reconnect on the
day-side magnetopause. The Magnetosphere Multi-Scale
(MMS) mission was designed to look for and resolve such
predictions near magnetic reconnection regions. MMS ver-
ified the existence of crescent-shaped distributions at the
magnetopause, just as the theory and simulations predicted
(Burch and Phan, 2016). The changes to crescent signatures
based on spatial location were then explored in PIC simu-
lations by Bessho et al. (2016) and the minimum necessary
conditions for their development were studied by Lapenta
et al. (2017). This specific example demonstrates how
numerical modeling and analytical theory often serve as
essential tools, anticipating phenomena that only later are
validated by observations.
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Fig. 5.2. Comparison of crescent-shaped distribution functions between numerical modeling and observations. Panel (a) shows the reduced electron
distribution at the flow stagnation point in a particle-in-cell simulation (adapted from Hesse et al., 2014). Panel (b) shows the electron distribution function
observed by the MMS at the magnetopause, displayed in LMN boundary-normal coordinates (adapted from Burch and Phan, 2016).
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Fig. 6.1. Conceptual design for community pre-event ensemble prediction and continuous validation system.

6. Pre-event community ensemble predictions

Traditionally, space weather models are assessed based
on historical events. While valuable for model development
and benchmarking new capabilities, such an approach does
not reflect the realistic demands of real-time forecasting.
The idea for community-wide pre-event ensemble predic-
tion was put forward more than 10 years ago. Here
“ensemble” refers to a group of predictions from diverse
sources (multi-model ensemble) rather than a statistical
ensemble of forecasts (see Appendix B). A conceptual
design of the project originally named ‘“Scoreboard” is
illustrated in Fig. 6.1. The philosophy behind the project
is to build a community product that collects and displays
an ensemble of forecasts derived from different research
and operational space weather models world-wide before
an event occurs. The scoreboards also enable world-wide
community involvement in real-time predictions, foster
community validation projects, and ultimately help
researchers improve their forecasts. All modelers and
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experts world-wide are welcomed to participate in these
community efforts. Databases of forecasts in standard for-
mat enable systematic and unbiased evaluation of the pre-
dictive abilities of state-of-the-art models developed by
research groups worldwide using different modelling
approaches and analysis tools. A key objective of the
Scoreboard effort is to bring the space weather community
into the position to identify new emerging capabilities and
models with high potential for operational usage and to
demonstrate capabilities to operational agencies and users.
Participation in the Scoreboard activities provides an
objective measure of model maturity and readiness for
forecasting. Participating models inherently increase their
Readiness Level (RL; see §7) by demonstrating skill in a
realistic forecasting scenario.

With a sense of urgency to start collecting pre-event pre-
dictions as soon as possible, the main focus of the Score-
board project was on collecting forecasts in a standard
format and building ensemble forecast tables and displays
with the view that the collected forecasts are available for
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comprehensive validation by the community. A statistically
significant number of forecasts would need to be collected
before a community validation or automated cumulative
validation platform calculating skill scores would be mean-
ingful. The CME Arrival Time Scoreboard (see §6.1 for
more details) was the first community ensemble forecast
project to be deployed in 2013. The CME Arrival Time
Scoreboard included a sortable table of forecasts with a
“score” (difference between predicted and actual arrival
time) per event. This design inspired the name ‘“‘Score-
board”, that was also applied to Flare and SEP community
ensemble displays (see §6.2 and §6.3). The first comprehen-
sive CME Scoreboard validation was performed by com-
munity members Riley et al. (2018), and recently updated
by Kay et al. (2024). Therefore, the Scoreboards have
focused on collection, display and demonstrating the oper-
ational potential of different methods, and allowing com-
munity validation studies. While observational data is
also visible and a per-event comparison can be made, the
Scoreboards have remained separate from skill scoring val-
idation platforms, which the “Scoreboard” name implies.
The lack of cumulative skill scores in the Scoreboards
has triggered confusion and some community voices to
rename the project or add scores. However, both the stan-
dardized collection/display and validation are equally
important and valuable, with one fully dependent on the
other. As we have not reached a naming consensus, in this
paper we will continue referring to the project as a Score-
board. These concepts are now being brought together
for the first time in the form of the SEP Scoreboard,
SPHINX Validation Framework, and VIVID Validation
Display (see §4.1.5 and Fig. 4.1). Following this example,
it is now a priority for every Scoreboard to also have a
companion validation platform, which is a clear commu-
nity need.

By tying together the space weather community and fos-
tering worldwide engagement in real-time predictions,
these Scoreboards have contributed to improving forecast-
ing capabilities of CMEs, Flares, and SEPs. While the
CME Arrival Time Scoreboard is developed and led by
the CCMC, Flare and SEP Scoreboards are examples for
community-led initiatives, supported through the CCMC’s
infrastructure and coordination.

In what follows, we provide an overview of the status of
existing Scoreboards and present the vision of the newly
formed Scoreboard teams. Beyond these ongoing projects,
several additional Scoreboards are currently in develop-
ment, including the Solar Indices, IMF Bz, Solar Wind,
and Geomagnetic Indices Scoreboards. All Scoreboards
forecast submissions have a standard format and forecasts
are publicly available via an API, which can be used
according to the CCMC and Scoreboard® Rules of the
Road.””

38 https://ceme.gsfe.nasa.gov/scoreboards/.
3 https://ceme. gsfe.nasa.gov/static/files/ CCMC-RulesOf TheR oad.pdf.
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6.1. CME arrival time scoreboard

The CME Arrival Time Scoreboard®® captures manu-
ally entered forecasts of CME arrival time, error bar, con-
fidence in arrival (hit likelihood), and geomagnetic storms
parameters (i.e., Kp). The CME scoreboard has inspired
many retrospective publications of “problem” forecasts
and workshop session discussions, and the forecasts have
been validated by Riley et al. (2018) and Kay et al
(2024). Since March 2013, there have been over 160 regis-
tered users and over 4400 arrival-time predictions using
46 active unique prediction methods for over 700 CMEs.

Riley et al. (2018) found a mean absolute error of 13 h,
and a standard deviation of 15 h for a subset of models that
had the most forecast submissions. Kay et al. (2024) fol-
lowed up by using the accumulated larger sample size
and found similar results, yielding a mean absolute error
of 13.2 h and standard deviation of 17.4 h, with models
only showing slight improvement over time. An API for
the CME Scoreboard was developed in 2024.°" CCMC,
the UK Met Office and the CME Arrival Time working
team (Verbeke et al. 2019) have developed a draft JSON
schema that will soon allow for automated submissions
and the gathering of more forecast metadata. Additional
future plans include (1) an automated validation frame-
work and display based on the validations code used in
Kay et al. (2024), (2) capturing CME all-clear predictions,
(3) capturing missed CME predictions.

6.2. Flare scoreboard

The Flare Scoreboard®” contains both research and
operational probabilistic flare forecasts for the next 24 h.
Forecasts are received in a fully automated manner and
displayed as a full disk forecast probability time series
and table. A new standard JSON forecast submission for-
mat replaces the original Extensible Markup Language
(XML) and text formats. Additionally, there is an interac-
tive solar disk display where the user can click on an active
region to view the specific forecasts for the probability of
that region flaring. The initial version of the Flare Score-
board application is integrated into the CCMC ISWA sys-
tem, however the Flare Scoreboard front-end display is
being renovated to match the SEP Scoreboard (see §6.3),
based on user feedback, in addition to adding more flare
models.

6.3. SEP scoreboard

The SEP Scoreboard®® was initiated by The Royal Bel-
gian Institute for Space Aeronomy (BIRA-IASB) and the

0 https://kauai.ccme.gsfc.nasa.gov/CMEscoreboard/.

61 https://ceme.gsfe.nasa.gov/scoreboards/cme/#cme-scoreboard-web-
service-calls-api.

62 https://ceme.gsfe.nasa.gov/scoreboards/flare/.

3 https://ceme.gsfe.nasa.gov/scoreboards/sep/.
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UK Met Office together with CCMC in 2016. In 2018,
Johnson Space Center’s Space Radiation Analysis Group
(SRAG) became involved as an expert user of the SEP
Scoreboard as part of the Integrated Solar Energetic Pro-
ton Alert/Warning System (ISEP) project, a collaboration
between NASA SRAG, CCMC, and M2M SWAO. As
part of ISEP, over 10 SEP models have been implemented
from the research community and are now available on the
SEP Scoreboard display in real-time. The SEP Scoreboard
automatically displays and ingests forecasts of SEP onset,
duration, peak flux, probability, all-clear, and overall pro-
file. ISEP is actively evaluating the SEP Scoreboard models
and iterating with model developers on improvements. The
SEP Scoreboard is currently focused on real-time forecasts
including all-clear forecasts, and displays diverse informa-
tion, creating a unique challenge for model output gather-
ing, display, and validation. The CCMC is collaborating
with SRAG to construct the SEP Scoreboard displays such
that they will be useful for future human deep space mis-
sions to Moon and Mars.

In order to reinforce the idea of a community standard,
the SEPVAL challenge (see §4.1.5) adopted the same JSON
schema required for the ingestion of forecasts into the SEP
Scoreboard.®* In this way, models participating in the
SEPVAL challenge are brought a step closer to contribut-
ing to the SEP Scoreboard while the developed validation
infrastructure has the capability to validate forecasts sub-
mitted to SEPVAL as well as those made in real-time to
the SEP Scoreboard.

6.4. Solar indices scoreboard

Solar X-ray and EUV radiation is absorbed in the
Earth’s atmosphere, driving both ionisation and heating
of the upper neutral atmosphere. Increased ionisation
levels at various ionospheric altitudes can lead to local
instability mechanisms from which irregularities and,
hence, propagation disturbances capable of degrading
GNSS positioning quality can arise; an increase in heating
will result in enhanced satellite drag during times of high
solar activity. Many ionosphere-thermosphere models are
capable of using measured spectral information to drive
the models, as well as modeled EUV and FUV spectra
based on solar indices (e.g., F10.7 solar radio flux at
10.7 cm, Mg II core-to-wing ratio and the solar sunspot
number, SSN).

The ultimate goal of the ISWAT action team S2-02°° is
to create a real-time comparison scoreboard of publicly
available model predictions of solar indices, along with
ensemble community model predictions. The continuous
comparison of different models and ensembles for selected
solar indices and EUV bands (e.g., corresponding to GOES
observations), provided by such scoreboards, will facilitate

%4 https://ccme.gsfe.nasa.gov/scoreboards/sep/example-sepsb-json/.
55 https://iswat-cospar.org/S2-02.
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a basis for transitioning research-class models towards
more operational products to meet user specific
applications.

The Solar Indices Scoreboard will be hosted at the
CCMC. For the first prototype of the scoreboard it is
planned to include established solar indices forecasts pro-
vided by the Air Force Research Laboratory Solar Indices
Forecasting Tool (SIFT; Henney et al., 2015; Kniezewski
et al., 2024) model currently available online®® and real-
time forecasts from SWPC. An example comparison
between SIFT F10.7 1, 3, and 7 day forecasts with error
bars and real-time observations is highlighted in Fig. 6.2.
Future implementation of other indices (e.g., S10, F30) as
well as EUV spectral bands are being developed and addi-
tional national and international participation are pre-
sently being negotiated.

6.5. Planning for IMF Bz scoreboard

The southward component of the interplanetary mag-
netic field (IMF Bz) Scoreboard represents a crucial
advancement in space weather prediction, addressing one
of the most challenging aspects of forecasting—the accu-
rate prediction of the Bz magnetic field component — its
intensity, but also the cumulative duration of southward
excursions. Other solar wind drivers are also important,
but the Bz component plays a dominant role in determin-
ing geomagnetic storm intensity and potential impacts on
Earth’s technological infrastructure (e.g., Dungey, 1961;
Gonzalez et al., 1999; Wang et al., 2003; Richardson and
Cane, 2011; Vourlidas et al., 2019). Recent research efforts
have extended earlier approaches and explored a variety of
techniques, including physics-based models, empirical
methods, and ML approaches, to predict this elusive
parameter. For examples of pattern-matching using L1
observations see e.g., Riley et al. (2017), Owens et al.
(2017) for the general case, with the CME-specific case in
Chen et al. (1997), and recent ML extensions in e.g.,
Reiss et al. (2021b) and Riley et al. (2023). Attempts to
extend the forecast lead time based on remote-sensing of
the sun or near-sun domain include Savani et al. (2015,
2017); Kay et al. (2017), Mostl et al. (2018); examples
exploring achieving the same using “sub-L1” in-situ obser-
vations closer to the sun than L1 include Kubicka et al.
(2016); Good et al. (2019); Davies et al. (2024); Lugaz
et al. (2025); Weiler el al. (2025).

The IMF Bz Scoreboard,®” led by Predictive Science,
University of Reading, Applied Physics Laboratory John
Hopkins University, and CCMC, is in early planning
phases. There are a dozen IMF Bz prediction models, some
MHD models, others driven by data, and pattern recogni-
tion models. IMF Bz predictions from some models
already being streamed to ISWA (e.g., Heliosphere Tomog-

%6 https://gong.nso.edu/adapt/sift/.
7 https://ccme.gsfe.nasa.gov/scoreboards/imf-bz/.
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Fig. 6.2. Example solar index real-time comparison between model forecasts and observed values of F10.7, where the forecasts and uncertainties (error

bars) are for 1, 3, and 7 days from the SIFT model.

raphy forecastGS). The team is currently brainstorming the
best way to display multiple real-time IMF Bz forecasts.

For an ideal Parker spiral heliospheric magnetic field
structure, the field lies in the azimuthal plane, meaning
Bz = 0 in radial-tangential-normal coordinates. Indeed,
on long time-averages (> 1 day), a forecast of Bz = 0 is very
accurate. Bz deviates from zero due to small-scale turbu-
lent or stream interaction motions, or as the result of
large-scale CMEs. This means that predicting the timing
and phase of Bz is difficult due to both the stochastic com-
ponent of Bz, and the requirement to first correctly predict
the solar wind flow that will advect large-scale Bz struc-
tures to Earth. For this reason, point-to-point metrics —
such as MSE, MAE, correlation, etc — can misrepresent
the usefulness of a forecast. There are situations where
the exact timing of a strong Bz < 0 turning is less important
than the knowledge that such an event will occur over some
time horizon (e.g., the next day) and/or an estimate of the
magnitude. For this reason, it is often preferable to use
threshold-based time-window approaches to validate Bz
forecasts.

The IMF Bz Scoreboard will incorporate both event-
based and continuous metrics to comprehensively assess
forecasting performance, drawing from the methodologies
developed for the SEP Scoreboard. Event-based metrics

% https://iswa.ccme.gsfe.nasa.gov/app/?layout=HelioTomoIPS
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will evaluate model accuracy in predicting key Bz features
during specific space weather events, such as the timing,
intensity, and duration of southward Bz intervals that pose
the greatest risk for geomagnetic disturbances. Continuous
metrics will track model performance over extended peri-
ods, capturing the evolution of the Bz component in real-
time to assess trends, fluctuations, and background
conditions.

6.6. Planning for solar wind scoreboard

The Solar Wind Scoreboard, hosted at the CCMC, will
serve the space weather and space science community as a
hub for comparing real-time solar wind predictions at
Earth, Mars, and other locations of interest. The Score-
board will allow for viewing the ensemble of community-
contributed model results and comparing their accuracy
during extreme space weather events. Collaborating with
the Ambient Solar Wind Validation Team (H1-01) in the
COSPAR ISWAT initiative (section 4.1.1) will guide the
Scoreboard architecture, including metadata standards,
automated prediction submissions, and front-end develop-
ment. An important aspect is to enable the space weather
community to test the most advanced solar wind models
in real-time scenarios that reflect operational use and to
share lessons learned for a more efficient Research-to-
Operation transition.
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6.7. Planning for geomagnetic indices scoreboard

The Geomagnetic Indices Scoreboard project is led by
the ISWAT G1-06 Action Team. The objective of this
activity is to create a community-wide ensemble forecasting
of Geomagnetic indices (Kp, Dst, Ap, Hpo) that are used
as inputs for ionosphere-thermosphere forecasting models
and as a base for interpretations of space weather condi-
tions (see Table 3.2).

The Geomagnetic Indices Scoreboard aims to provide a
platform for open validation and comparisons of different
forecasting techniques for geomagnetic indices. The G1-06
team initiated a list of models participating in the ensemble,
agreed on metadata for each model and forecasting method
registration process, and agreed on a template (JSON file)
for forecast submissions. The CCMC will develop and
maintain software for the project building upon experience
from the SEP Scoreboard. Several models (including the
SWPC operational Kp index model and Heliospheric
Tomography model) are already streaming results to the
CCMC with outputs being displayed on CCMC ISWA_.%°
Ongoing planning activities include: designing options for
Scoreboard front-end display; discussing possible inter-
faces with Solar Wind and IMF Bz Scoreboards; and
designing continuous validation system for model-model
and model-data comparisons at different forecast lead
times.

6.8. A vision for sun-to-impact scoreboards

There is a vision to link events within all Scoreboards
and to create comprehensive space weather prediction
chains. Progress with solar wind, geomagnetic and solar
indices Scoreboards will enable running ITM and inner
magnetosphere models in forecasting mode. Solar Flare
Scoreboard could be used as an input for a possible iono-
spheric absorption Scoreboard. Designing front end dis-
plays for global and regional predictions for neutral
density, charging, and absorption Scoreboards are next
necessary steps. Involvement of space weather service pro-
viders and users is critical for this action. Suggestions for
global neutral density forecasting products discussed at
the ISWAT 2025 Working Meeting include global mean
density at different altitudes (200 km, 400 km, 600 km).
The major blocker now is the absence of in-situ neutral
density observations for continuous validation.

6.9. Planning for long-term prediction scoreboard

Continuous observations of the Sun over the past few
centuries have identified variations of solar activity on dif-
ferent time scales, the most prominent one being the 11-
year sunspot cycle. Although the last decade has seen a
lot of progress in developing predictive capabilities, there

% https://iswa.ccme.gsfe.nasa.gov/app/?layout=indices_scoreboard.
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is still a significant divergence in forecasts (Pevtsov et al.,
2026, this issue). In addition, different communities and
end-users have different needs in terms of cadence, lead
time, and accuracy of forecasted quantities. Usually, solar
cycle forecasts are used in the context of mission design,
e.g., forecasting the radiation environment for Moon and
Mars human explorations to estimate received dose or
the atmospheric drag to estimate fuel capacity for satellite
re-entry. The needs for long-term predictions, months to
years in advance, entail different challenges with respect
to short-term space weather forecasting: large uncertainties
and open science questions on the physical mechanisms
driving the Sun and heliosphere evolution on time scales
longer than solar rotation; paucity of long-term data
beyond sunspot numbers; limited statistics for monthly
and yearly averaged quantities available for statistical
and ML analysis; and slow pace of new data for validating
predictions. For these reasons, a new ISWAT team
(S1-057%) was formed in October 2024 and started planning
an effort to standardize historical and real-time validation
of various solar cycle related quantities, including, but
not limited to, sunspot numbers, F10.7, open magnetic
flux, and galactic cosmic rays. The experience gained by
existing validation activities on solar wind and other
time-series-based indices will be leveraged when developing
the long-term prediction Scoreboard.

6.10. The value of scoreboards: lessons from terrestrial
weather

When considering the ISWAT Scoreboards endeavour,
it is instructive to consider how effective equivalent endeav-
ours have been in terrestrial weather. The closest analogs
are the dashboards of the various WMO verification (vali-
dation) Lead Centres,”! which compare multiple models;
for the sake of brevity we relegate discussion of these to
the paper by Henley et al. (2026) in this issue.

Here we concentrate on a simpler single-model analog.
The canonical example of effective model forecast model
monitoring in terrestrial weather is Fig. 6.3. This illustrates
the long-term tracking by European Centre for Medium-
Range Weather Forecasts (ECMWF) of their model’s per-
formance, as assessed by the anomaly correlation coeffi-
cient metric of the 500 hPa geopotential height ESEQ
(described in ECMWEF, 2025; see also Simmons and
Hollingsworth, 2002, and §9.8.4 in Wilks, 2020; for further
standardized terrestrial equivalents of ESEQs used by the
Lead Centres above, sece the WMO Integrated Processing
and Prediction System manual, Appendices 2.2.34-2.2.36
WMO, 2023).

The near-monotonic improvement in model forecast
skill for this metric over time, across all lead times, show-
cases the famous “quiet revolution” in numerical weather

™ https://iswat-cospar.org/s1-03.
"1 See links to deterministic, ensemble and long-term WMO Lead Centre
dashboards at https://community.wmo.int/en/forecast-verifications.
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Fig. 6.3. Long-term tracking of forecast performance against a single metric, for ECMWF’s terrestrial weather model. Larger y-axis values represent
better forecast performance; different colours represent forecasts with different lead times (blue: 3 days ahead, red: 5 days, green: 7 days, yellow: 10 days).
Thick (thin) lines represent forecasts for the northern (southern) hemisphere, coloured regions between these lines highlight inter-hemispheric performance
differences for a given lead-time. Source: ECMWF (2017); note Current versions' of this plot follow Bauer et al. (2015) and use a non-linear y-axis adapted
to inspect performance as values approach 100%. ('Available at https://charts.ccmwf.int/products/plwww_m_hr_ccaf adrian_ts).

prediction. As discussed in the seminal work by Bauer et al.
(2015), this improvement is attributed to a virtuous circle
effect arising from the interplay of improvements in obser-
vations, improvements in modelling, and improvements in
data assimilation combining models and observations to
ensure model forecasts reflected reality better. Not only
have the forecasts gained a day of lead time per decade,
but the forecast skill between the hemispheres have equal-
ised. This occurred in the late 1990 s, thanks to the onset of
global coverage of satellite data — like other observations
from many nations freely shared internationally via the
WMO - and the assimilation of these satellite observa-
tions. Before this, forecast skill in the southern hemisphere
was worse, as models had fewer observations there to con-
strain them via assimilation, and combat inherent model
“tendencies” (e.g., Rodwell and Palmer, 2007; or Hsu
et al., 2014 for a thermospheric/ionospheric example).
The relative paucity in southern hemispheric observations
then arises from limiting factors on the then primarily
ground-based observing networks there: a smaller land
mass and poorer economies.

A subtle but key point for the space weather enterprise
to consider is that the main value of this diagram lies in
the long-term tracking of a metric. When considering vali-
dation, it is easy to get caught up in detail: “are these
ESEQs and metrics the right ones”? “what metadata do I

40

need to capture about the model/observations/processing
chains”? Such concerns are valid, and for robust analysis,
the ESEQs and metrics need to be good enough, and suffi-
cient metadata captured. However, such concerns should
not delay simply starting to measure forecast performance,
as the bar for good-enough long-term tracking is quite low:
there needs to be sufficient trust that the performance
shown comes from true forecasts, and the ESEQs and met-
rics chosen merely need to capture gross characteristics.
The tracking shown in Fig. 6.3 encompasses huge
changes’? in the metadata, the models, and the observing
systems — none of which are reflected in the plot, and none
of which are needed, as the core message comes across
without: previous investments in the observing system,
models, and data assimilation have yielded return-on-
investment in the form of improved forecasts, helping
make a solid case for further investments (see Henley

72 As an instructive historical perspective on this considerable change,
and how the terrestrial community has progressed despite this via a
pragmatic focus on the good-enough, the CF conventions started in 2001
(Gregory, 2003; https://cfconventions.org/faq.html#how-long-has-cf-
been-around-is-it-mature), its COARDS predecessor in 1995 (Hassell
et al., 2017; COARDS, 1995). Meanwhile the Ist edition of the WMO
manual (WMO, 2023) standardising terrestrial ESEQs was published in
1992.
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Fig. 7.1. Illustration of the R20O2R process, as described by Nelson et al.,

et al., 2026 for discussion on socioeconomic studies, also
important for making the case).

The terrestrial community developed, agreed and stan-
dardized good-enough core ESEQs and metrics — this pro-
vided sufficient structure and stability to enable the key
task of comparing models with reality, and tracking mod-
els’ forecast skill over time. The space weather enterprise
just needs to start tracking equivalent good-enough ESEQs
and metrics; those being developed via ISWAT’s Score-
board endeavour are a good start.

7. Tracking frameworks

Tracking frameworks with specific applications in mind
can help a user, or potential user, decide which product
best fits their use case. They can also evaluate and monitor
progress of a model during R20 development efforts, and
act as prompts to check for aspects important to opera-
tions, such as robustness, running costs, and maintainabil-
ity. This is the high-level base motivation for all tracking
frameworks. Tracking frameworks can help identify which
research products, tools, and models are ready to transition
into operations. Defining such a framework is important
for enabling the community to track the progress of the
transition process and measure the usability of a research
project in application.
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2022, and guided by the NOAA RLs.

Beyond this high-level motivation, different frameworks
have been developed to address specific community needs.
For instance, the motivation of Technology Readiness
Levels (TRLs) is to have technology fly and operate in
the space environment, while the motivation of Application
Usability Levels (AULs) and NOAA Readiness Levels
(RLs) is to ensure clear communication between develop-
ers/researchers and users about the use and current devel-
opment stage of a product.

Here we will quickly examine the different frameworks
and tools used to track a product’s developmental pro-
gress, consigning detailed descriptions of these to Appendix
C. We also extend the Klenzing et al. (2023) summary of
use of the AUL framework across heliophysics with a sum-
mary of their implementation in the SWIMMR R20 pro-
gram in the UK, and lessons learned.

7.1. ESA technology readiness levels (TRLs)
Technology readiness level (TRL) frameworks are in use

in various organisations and countries worldwide, includ-
ing NASA, ESA, and Canada.”” The European Space

3 E.g. https://ised-isde.canada.ca/site/innovation-canada/en/technol-
ogy-readiness-levels.
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Agency (ESA) TRLs are motivated to track the progress of
hardware and flight software development for use in space
(Mankins, 2009; Mankins, 1995; Olechowski et al., 2015).
TRL definitions’* are summarized in Appendix C.I
(Table C1).

The TRLs are used in many aspects of the research/
space flight process. First, they provide a method to esti-
mate the maturity of a technology for space flight. This
allows scientists and other users to determine the instru-
mentation for use in a project’s proposal and mission for-
mulation stages. Subsequently, this helps funding
agencies know 1) that a mission will likely be able to
achieve mission success given the instrument requirements
and 2) reduce risk by knowing how much technology devel-
opment is necessary for the mission to fly and work suc-
cessfully in space. As the TRLs do not require
identification of a user or user-defined requirements, instru-
ment development can occur and effectively be put on the
shelf, waiting for an opportunity to arise. This framework
has been used extensively within the aerospace instrument
development community, and continues to be used in
European Union programs.

However, the TRLs provided limited success with being
used for flight and ground software, as the original metrics
are designed for other uses. Specifically, when discussing
and tracking ground-based products not attached to any
individual space mission or space data, the TRL frame-
work poses issues. If, as a program, you want to use one
framework but have a diversity of projects, by definition,
only those that make it to space will be able to reach a
TRL of 9. In addition, having an institutionalized structure
where some projects cannot attain the highest level imposes
an implicit bias that those projects are less developed and
less mature. Nevertheless, the TRL framework’s success
as an overall approach has informed other complementary
R20 frameworks discussed here, designed for transitioning
software (e.g., models) to operational service
environments.

7.2. ESA SWE network product maturity levels (PMLs)

The ESA SWE Service Network has generated and
adopted for internal usage the Product Maturity Scale
(PML). The PML scale is intended to capture the current
maturity level of a given development element with
respect to its ultimate use as part of an operational sys-
tem. The main scope of utilising the PML is to help iden-
tify the best strategy to develop newly proposed
capabilities to a pre-operational status that meets users’
needs and to track increasing maturity as this process pro-
ceeds. PML definitions are summarised in Appendix C.2
(Table C2).

™ https://sci.esa.int/sci-ft/50124-technology-readiness-level/ and https://
trlcalculator.esa.int/.
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7.3. NOAA readiness levels (RLs)

The Space Weather R202R Framework (Nelson et al.,
2022) established an interagency process aiming to formal-
ize an effective R202R process toward advancing the cur-
rent state of space weather forecasting in the U.S. The
Framework’s partnering agencies (NOAA, NASA, DOD,
and NSF) identified the NOAA Readiness Levels (RLs),
therein, as the metric by which the maturity of evolving
space weather forecasting capabilities will be measured —
aiming to establish a common language and definitions
essential to success (Fig. 7.1). Formally defined within the
NOAA Administrative Order 216-105B,”” these RLs are
similar to the TRLs discussed in §7.1. It bears noting that
in application of the RLs, a capability only achieves a given
maturity level once it has completed all elements associated
with that maturity level.

The RLs, like the TRLs, have nine levels, generally
described via four phases; 1-2 Research, 3—5 Development,
6-8 Demonstration, and 9 Deployment. As a result, they
can help determine the operational value of different
applied research capabilities and can aid in guiding devel-
opment work toward an identified user need. The formal
definitions of the 9 RLs are provided in Appendix C.3
(Table C3), as are plain-language definitions which may
be useful to model developers.

These formal definitions are intentionally somewhat
general, affording the flexibility to appropriately classify
all relevant research and development efforts across
NOAA. Expanded descriptions of the RLs, their associated
activities, and other relevant definitions pertaining to the
R202R process may be found in the accompanying NAO
216-105B Procedural Handbook.”® Note that the varied
environments referenced within the NAO and The Hand-
book describe environments wherein the main efforts for
each RL may be most effectively completed. Additionally,
the rather ambiguous phrase ‘“relevant environment” refers
to relevancy of the environment with respect to a given
maturity level and the associated activities. Thus, at RL5
the implied relevance is with respect to the Proving Ground
(PG) validation. In other words, the PG validation cannot
be completed within the developer’s environment (this is
intended to represent an objective validation) nor on the
targeted end-use environment (e.g., operational environ-
ment) as it has not yet sufficiently demonstrated its poten-
tial to warrant the commitment of such resources.

7.4. NASA application readiness levels (ARLs)

The Application Readiness Levels were developed
within NASA’s Earth Science Applied Science Program
(e.g., Pulkkinen et al., 2017). This framework has been used

7 https://www.noaa.gov/organization/administration/nao-216-105b-
policy-on-research-and-development-transitions.

76 https://www.noaa.gov/sites/default/files/legacy/document/2020/Mar/
Handbook NAO216-105B_03-21-17.pdf.
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Fig. 7.2. The Application Usability Levels (AULs).

successfully to track the progress of research projects
towards use or readiness for use with an applied partner
such as an industry partner, NOAA, or other operational
use.

Additionally, the ARLs have been used to measure the
health of the Applied Science Program and the progress/-
successes of this funding program. Using the same frame-
work across all projects allows one to see where
roadblocks may exist, such as a need for validation data.
This can drive other programmatic decisions, such as
which missions may be needed, data types, and resolution
requirements.

The ARLs also spell out specific milestones which must
be finalized to achieve the level. If a milestone cannot be
met, even if milestones in subsequent ARLs are achieved,
the level associated with the product is of the lowest level
with all previous milestones that have been achieved. Thus,
if a product has achieved all milestones in ARLs 1-7, is
used in an operational context, but has not completed the
user documentation, the product is evaluated at an ARL
7. A table with details of the ARL levels is provided in
Appendix C.4 (Table C4).

While this may seem counterintuitive to allow a product
to be evaluated at a lower level while operating in an oper-
ational setting, this information is key. This allows a pro-
duct to continue development while addressing other
roadblocks. For example, it may be difficult to get the nec-
essary data to validate a forecasting model fully in the
space weather context. However, that model may still pro-
vide actionable information and be useful to the end user.

7.5. ISWAT application usability levels (AULs)

The Application Usability Levels were developed as a
community exercise, under the IFSWCA (now ISWAT
Team O1-01), with guidance based on experience with
ARLs from the Applied Science program (Halford et al.
2019). They suggested the name change to reflect that the
product should be not only ready for use at the end of the
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project, but usable, and ideally in use by the time it reaches
the implementation and integration phase. Additional
lessons learned from the other frameworks were taken into
account. For instance, from the TRLs, the lesson learned
about the need for flexibility to address and account for a
diverse set of projects was taken into account.

The motivation for the AULs comes from the under-
standing that a tracking framework can ensure clear com-
munication between developers/researchers and users
about a product’s use and current development stage. Like
the others, the AULSs have three phases and 9 levels. AULs
1-3 are the Discovery and viability phases. Phase 2, the
Development, testing, and validation phase, encompasses
levels 4-6, and phase 3 (AULs 7-9) is the implementation
and integration phase. The sequencing is illustrated in
Fig. 7.2; further details are provided in Appendix C.5
(Table C5). Like the ARLs, the AULs have milestones that
need to be completed to achieve the level. One noticeable
difference between the AUL milestones and those in the
ARLs is the focus on communication between the devel-
oper or researcher and the product user. Additionally, val-
idation, verification, and feasibility are explicitly called for
throughout the framework.

7.6. AUL implementation in SWIMMR for transition to
operations

The Space Weather Innovation, Measurement, Model-
ling and Risk (SWIMMR) programme’’ was a successful
£20 million, four-year initiative in the UK, completed in
2024. Its aim was to drive research and innovation in space
weather to enhance the UK’s capability to monitor and
forecast space weather, thereby mitigating its risks and
impacts. The programme also sought to foster closer ties
between UK academic partners and the Met Office during
and beyond its four-year duration and to expedite the R20

" https://www.ralspace.stfc.ac.uk/Pages/SWIMMR .aspx.
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transition process. Numerous UK establishments were
involved.

The Met Office facilitated the development, deployment,
and management of models by establishing an R20 plat-
form. This platform allowed partners to build and deploy
models using Docker containers in a pre-operational Ama-
zon Web Services (AWS) environment. The platform
enabled monitoring and logging and had an interface for
accessing files and modelling system output. It was devel-
oped for six modelling systems addressing: Satellite Risk,
Aviation Risk, Ground Effects, Ionosphere Effects, Ther-
mosphere Effects, and Sun to L1 forecasting. Two
SWIMMR ‘pilot partners’ were selected for early engage-
ment and onboarding of systems to test the new platform,
which also benefited partners by granting them early access
to the Information Technology (IT) infrastructure.

To manage and support partners on the R20 journey,
the Met Office required an R20 tracking process. AULs
were adopted for this purpose due to the familiarity and
development in the community, as well as their flexibility.
While TRLs are designed for transitioning hardware to
operations, AULs can be used to track for instance, the
progress of software packages and data products.

Some adaptation was made to the AUL framework to
suit the SWIMMR projects. At the start of the SWIMMR
programme, projects were assigned as completing Phase |
(AUL 3) because the Met Office was the recipient of the
systems and because justification of research, state-of-the-
art and operationalisation had already been provided by
partners at the proposal stage. Therefore, the expectation
was that projects would be tracked from AUL 3 to AUL
8, with further progress to AUL 9 to be fulfilled post-
SWIMMR. The AUL Milestone text was enhanced to clar-
ify, for example, that at AUL 5, the system demonstration
was on the partner’s computing platform, and at AUL 6, a
prototype system was successfully built on the Met Office
platform. An AUL Checklist, based on that provided in
Appendix B of Halford et al. (2019), was provided to part-
ners to summarise the documentation required at each level
and to help assess and ensure compliance with each AUL
level. A set of document templates was also supplied to
partners to provide a framework for the necessary report-
ing of progress.

One partner successfully completed the necessary
requirements and documentation to achieve AUL 8. There
were some challenges in engagement with the AUL frame-
work, potentially due to several factors. First, the decision
to use the AUL framework was made after the programme
had begun, which may have introduced additional docu-
mentation and unforeseen milestones for partners. Second,
the staggered approach to onboarding, with pilot-partners
first, delayed some partners’ access to the IT infrastructure,
possibly leading them to prioritise catching-up over com-
pliance with AUL reporting. Third, partners may have
been unfamiliar with the AUL framework. However, as
the engagement issues became apparent, the Met Office
took proactive steps to simplify the process.
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The SWIMMR Programme has been a success, and
efforts are currently underway to complete the operational-
isation process. As the first programme of its kind for UK
space weather, it encountered challenges, but these were
resolved quickly and effectively. For future programme
and project calls, it will be essential to clearly outline
R20 milestones and ensure that partners are familiar with
the AUL framework.

The AUL framework facilitated communication, and
frequent progress meetings between partners and the Met
Office were crucial in resolving problems and assessing pro-
gress. Moving forward, lessons learned will be used to
enhance the AUL framework in the Met Office, leading
to several benefits: a clear path to follow for R20, clearer
communication on progress and goals, clearer verification
requirements for partners; and a better understanding of
the documentation required from partners.

Such a framework may also help partners evidence the
impacts of their work: the UK’s Research Excellence
Framework’® requires academic institutions to periodically
demonstrate the excellence of their research; this is often
assessed via publications, but can also consider impacts.”?
Progress against a tracking framework may give partners a
useful indicator to evidence the impact of their work in
R20 projects; initial exploration of this insight has already
occurred during the RISER project (see §3.2.2).

Overall, there are promising opportunities identified to
further enhance the effectiveness of the AUL framework.
The SWIMMR Programme has laid a strong foundation
for future advancements in space weather research and
operationalisation.

8. Examples of R202R pipelines
8.1. Modelers-CCMC-SWPC-users open R20O2R pipelines

A conceptual design for Modelers-CCMC-SWPC-Users
R202R pipeline is illustrated in Fig. 8.1. The blue and
black arrows show models and data flow from research
to operations or from operations to research. Thick orange
arrows correspond to demonstration of new capabilities
and feedback from users. The red arrow shows operational
services provided by SWPC.

New models are delivered to CCMC through the
Modelers-CCMC collaborative environment at AWS cloud
(frequently referred to as CCMC AWS Cloud) or at NASA
High-End Computing Capability (HECC). For each model
and computational task, the collaborative environment
components are selected based on cost efficiency and per-
formance. Seamless data flow between hybrid infrastruc-
ture components at AWS, HECC and CCMC on-premise
systems (including validation platforms) is enabled by

78 https://2029.ref.ac.uk/about/what-is-the-ref/.
» https://2029.ref.ac.uk/guidance/section-1-overview/#section-key-
changes-for-ref-2029.
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Fig. 8.1. Modelers-CCMC-SWPC-Users R202R Pipeline Scheme. Blue / black arrows show the flow of models and data. Thick orange arrows
correspond to “Demonstration potential of new capabilities” and “Feedback from Users to Developers and CCMC”. The red arrow corresponds to
operational services provided by SWPC to end users. CCMC Space Weather portals and databases include Integrated Space Weather Analysis (ISWA)
system and Database of Notifications, Knowledge, Information (DONKI). Community Products are designed by the community in collaboration with

SWPC.

Apache Airflow.2% Modelers are able to build, install, and
run their models in the collaborative shared environment.
CCMC points of contact (scientists, software developers,
and system engineers) are available to assist wherever nec-
essary. NASA’s LWS Strategic Capabilities Program is an
example of a successful implementation of this approach
where model developers have been working with CCMC
points of contact and utilizing the CCMC shared collabo-
rative environment from early stages of projects. The same
approach is now being implemented for deliverables from
NASA Space Weather Centers of Excellence. This collabo-
rative environment can be used as a hub for further model
improvement and collaborative development of real-time
community modeling systems focused on specific forecast-
ing problems or user needs (e.g., solar energetic particles,
neutral density and satellite drag, ionosphere variability).
After an on-boarding process and initial evaluations of
robustness and performance are complete, the models are
deployed in CCMC production systems and made avail-
able to the community through simulation services, real-
time systems with dedicated queues, validation platforms,
space weather portals, dashboards, and Scoreboards.
Model results and timelines generated outside the CCMC
can be streamed to CCMC space weather portals and data-
bases (including ISWA, DONKI), Scoreboards discussed
in section 6, and validation platforms discussed in sections

80 https://airflow.apache.org/.
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3.6 and 4.1. Community Products are designed by the com-
munity in collaboration with SWPC. Promising Commu-
nity Products can be demonstrated to users at the Space
Weather Prediction Testbed (SWPT) directly through
real-time systems and space weather portals at the CCMC.
Feedback from users through the SWPC Testbed is used
for further improvements.

The CCMC-SWPC Architecture for Collaborative Eval-
uations (ACE) is a collaborative, cloud-based environment
that is designed to mirror an operational environment at
SWPC. Community Products that demonstrate potential
to improve current operational capabilities are selected
for implementation at ACE. When evaluations at ACE
are complete, models/products are transitioned to SWPT
for further evaluation, particularly in terms of user-
impact. Such capabilities demonstrating sufficient improve-
ments over existing operational utilities are then transi-
tioned to operations.

8.2. ISEP — NASA In-House R20O2R pipeline

The Integrated Solar Energetic Proton (ISEP) Alert/
Warning System project is an effective NASA in-house
R202R pipeline for space radiation environment predic-
tion in support of human missions beyond LEO. ISEP
goals are to identify, transition, and evaluate new models
(R20); develop SEP Scoreboard software tailored for
SRAG; and implement these capabilities within CCMC
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as an experimental quasi-operational prototype. Through
ISEP, the SEP Scoreboard now provides forecasts from
over 10 models from the research community. One element
of the partnership is the transitioning of a subset of mod-
els/software that involve human-in-the-loop from CCMC
to M2M Space Weather Analysis Office (SWAO), who pro-
vide expert secondary space environment analysis for
SRAG console operators, while SWPC provide primary
forecasting support to SRAG. Central to this project was
the development of the SEP Scoreboard web application
by CCMC. ISEP also coordinates with SWPC to transition
any promising models.

8.3. NASA space weather centers of excellence pipelines

The NASA Space Weather Centers of Excellence pro-
gram address crucial space weather goals that require
multi-institutional, interdisciplinary collaboration. Each
Center is focused on a specific space weather problem, pro-
gress on which advances basic understanding and useful
space-weather tool development for increased resilience
of technological systems and support of space exploration.

e The Center for All-Clear Solar Energetic Particle Fore-
casts (CLEAR) aims to build an integrated prediction
framework for the “quiet” solar wind, solar eruptive
events, and SEPs specifically targeting magnetic connec-
tivity and ““all-clear forecasts” of low-radiation periods.

e The Space Weather Research and Technology Applica-
tions (SPARTA) Center focuses on the effects of iono-
spheric scintillation on communication, navigation,
and timing systems and on providing a global scintilla-
tion forecast capability.

e The Space Weather Operational Readiness Develop-
ment (SWORD) Center of Excellence aims to improve
predictions of the impact of space weather events on
LEO satellites and in cislunar space, specifically target-
ing improved predictions of neutral density at LEO dur-
ing geomagnetic storms.

While The Centers also address fundamental research
questions, their primary objective is to advance operational
capabilities by developing their target capabilities to at
least a level where their usefulness and performance have
been demonstrated in an experimental quasi-operational
setting, which is available at the CCMC. CCMC could play
a role in that process by building upon the long-running
collaboration between the SWMF employed by the
CLEAR and SWORD centers, for example. In practice,
the target is to transition models developed in those pro-
jects to CCMC for validation and community use and
incorporation into CCMC realtime systems, and to demon-
strate new capabilities to users through the SWPC Testbed
as a step preceding transitioning to the final space-weather
operational customer (SRAG and/or SWPC). There are
also plans for SPARTA to follow the same R202R pipe-
line with the US Air Force as an operational user.
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8.4. The ESA space weather service network’s pre-
operational R202R pipeline

The ESA SWE Service Network provides a robust plat-
form for continuous R202R processes where a wide vari-
ety of models, products, tools and techniques are
developed and tested with end users in the loop.

All ESA SWE developments carried out under the Space
Safety Programme focus on meeting end user needs devel-
oped through a process of extensive user consultation. The
programme’s requirement baseline is the SWE Customer
Requirements for the ESA Space Safety Prograrnme,81
which evolved from the Space Situational Awareness —
Space Weather Customer Requirements Document.®?
Through a process of continuous improvement illustrated
in Fig. 8.2, new capabilities are developed, validated, and
tested with end users actively engaged in testing. Feedback
from end user testing is incorporated into future develop-
ment planning for the network.

ESA works closely with the scientific community
through expert groups such as the ESA Space Weather
Working Team and the Space Weather Expert Service Cen-
tres (ESCs).%> Each of ESCs comprises a distributed set of
expert groups contributing particular data, products and/
or expertise. ESCs carry out horizon scanning activities,
aiming to identify new research results showing potential
for future service improvement.These cases are captured
in ESC development planning and service development
roadmaps, which aim to capture new and maturing capa-
bilities using an agreed set of maturity scales.

A core example of the SWE Service Network R202R
processes can be observed in the development and integra-
tion in pre-operational environments of new applications,
data streams, and their updates. The development activities

81 https://swe.ssa.esa.int/documents/d/guest/esa s2p swe crd.
82 https://swe.ssa.esa.int/documents/d/guest/ssa-swe-crd-1001.
8 https://swe.ssa.esa.int/expert-centres.
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often originate from elements, including models of space
weather phenomena and tools for estimating engineering
impacts, developed within the research domain as they
reach sufficient maturity for demonstration and testing
with end users in the loop.

The determination of the maturity and expected usage
of a new/updated service component is fundamental for
setting the appropriate development and integration strat-
egy. The usability is assessed by conducting a thorough
requirement analysis in the context of real-life use cases.
This initial process is done in conformity with the ESA
SWE requirements baseline, and includes inputs from user
engagement often collected via structured project work-
shops where the attendees represent the targeted user com-
munities. This helps refine the development approach and
ensure full understanding of the context in which the space
weather information will be used. At the next stage, plans
for development and validation are agreed. Development
and validation activities that envisage major software
development follow the ECSS protocols.

Validation efforts are considered and reviewed against
the ESA SWE validation guidelines'® and the ESA SWE
requirements baseline. When a product development activ-
ity includes a validation campaign, the guidelines form the
basis of the campaign strategy. The validation result is used
to assess the performance of the final product. Often vali-
dation results uncover room for improvement of the under-
lying algorithms or data streams and trigger development
corrective actions.

Product verification within the ESA SWE Network is
ensured in the preparation phases of product integration
in the ESA SWE Service portal after development and val-
idation phases. As part of the verification process, all prod-
ucts formally undergo a live acceptance test procedure.
This testing verifies the correct functioning of the products
and their compliance with the ESA SWE requirements
baseline.

The product is then integrated into the portal once the
live acceptance test is deemed successful and all possible
corrective actions or desirable enhancements are per-
formed. The ESA SWE Portal is the pre-operational envi-
ronment where the product is made available via user-
tailored services built on grouping complementary prod-
ucts that target user requirements for a given service into
tailored service interfaces. The General Data Services is
an additional service domain that targets a broad audience
including the scientific community.

Once integrated, service elements are subject to user test
campaigns to demonstrate whether the final products are
meeting users’ expectations. Regular performance monitor-
ing is carried out to ensure that the services remain avail-
able with the target >95% availability for the SWE
Service Network’s current pre-operational service provi-
sion mandate. Feedback on the existing products is con-
stantly collected and evaluated. This enables tailoring
developments to the needs of end users and provides valu-
able feedback for future developments.
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Expert Service Centres carry out and document coordi-
nated validation campaigns involving more than one prod-
uct. These exercises act as a regular validation check on
products and allow identification of those products that
perform better in different space weather conditions. The
Tonospheric Expert Service Centre has carried out several
campaigns tackling TEC and Rate Of change of TEC val-
ues (ROT) and indices (ROTI). The validation campaign
focussing on TEC included comparison among several
TEC map products (global and regional) provided via the
portal and against TEC map products external to the por-
tal (e.g., TEC maps from Madrigal Database and the Inter-
national GNSS Service IGS). The validation has been
carried out by focusing on selected locations in Europe,
by analyzing the complete available dataset, and finally
by comparing maps. For each approach different valida-
tion metrics have been adopted.

The Solar Weather Expert Service Centre carried out an
assessment of validation practices and caveats of recent
solar-flare forecasting studies and reported on community
activities carried out to date and the skill scores used.
The results of this internal assessment were fed into the
development of the SWE Service Network Validation
Guidelines™’.

Within the SWE Service Network, some Solar Weather
Expert Service Centre flare forecast products such as Royal
Observatory of Belgium (ROB) Solar Influences Data
Analysis Center®® (SIDC) Solar flare forecast®> have also
published their validation or/and verification efforts in sci-
entific journals (Devos et al., 2014), UK Met Office Solar
flare forecast®® (Murray et al., 2017), FLARECAST (see
references at 4.1.4 Solar Flares) A-Effort®” (based on
Georgoulis and Rust, 2007).

Other products that have been the subject of dedicated
validation efforts as part of their development include the
e-Callisto radio-spectrograph network®® in 2021. In the
case of observational data validation, the definition of
the ground truth can be any of the similar observational
data. In this sense, the cross correlation among instruments
and the data processing become part of this process. In the
case of the eCallisto validation, it consisted of the evalua-
tion of the data quality, and in the cross-comparison of
the availability, quality, and categorisation of the stations.

Other products rely on the cross-correlation among
instruments, as the case of Proba2/Lyra on EUV and
GOES/XRS for X-ray flares. The product Proba2/Lyra
data and SIDC Solar EUYV flare detection shows this asso-
ciation: in the first one, the Lyra data is rescaled to GOES
values to offer a proxy scale, and the second one lists the
flares observed by Lyra with EUV flux scaled to its GOES
equivalent, based on SolarDemon (Kraaikamp and

8 https://sidc.be/SILSO/ssngraphics.

8 https://swe.ssa.esa.int/sidc-S109b-federated.
® https://swe.ssa.esa.int/ukmo-S109¢c-federated.
87 https://swe.ssa.esa.int/rcaam-federated.

8 https://swe.ssa.esa.int/ecallisto-federated.
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Verbeeck, 2015). The setting of thresholds for detection
algorithms and the statistics derived from Proba2/Lyra
LYRAEFF flare list and GOES/XRS are shown in Ryan
et al. (2016).

In addition, some products provided via the Helio-
spheric Weather Expert Service Centre have been the sub-
ject of dedicated validation efforts which have been
reported in scientific journals. The Drag Based Ensemble
Model (DBEM) has been evaluated on their different ver-
sions (Calogovié et al., 2021). Furthermore, DBEM has
been used for cross-comparison among the models and
ensemble parameter comparison on an event in
Dumbovic¢ et al. (2021). The Empirical Solar Wind Fore-
cast model (ESWF) has been cross-compared in its succes-
sive version performances by Milosi¢ et al. (2023).

The ESA Space Weather Office and Space Weather Ser-
vice Network engage with end users in a variety of ways. In
terms of new capability development and testing, this is
most often in the context of end user test campaigns and
workshops. All ESA space weather product and toolkit
development activities include an element of user engage-
ment in both the definition and testing phases for new
capabilities and the feedback. This enables tailoring devel-
opments to the needs of end users and provides valuable
feedback for future developments.

Validation and performance assessment are also a key
part of the regular SWE Service Network community
workshops, which bring together the SWE Service Net-
work community of developers and providers along with
end users to discuss progress and needs for further
development.

8.5. SWIMMR — Met Office R20 pipeline

As part of the SWIMMR program discussed in §7.6, a
cloud-based R20 platform has been designed to facilitate
the transfer of models to the Met Office.

The key concept behind the R20 platform is to provide
a collaboration framework and a pipeline to deploy
research codes into a pre-operational environment for for-

mal evaluation to AULS (see §7.6). The platform consists
of an API to facilitate access to datasets required by the
models, AWS infrastructure to deploy and run the models,
and a portal webpage to access model logs, model outputs
and model visualisations. The portal is required as direct
access to the Met Office cloud infrastructure is restricted
due to security considerations.

The design of the AWS infrastructure was based on the
observation that previous R20 efforts have been hampered
by the requirement to resolve conflicts resulting from run-
ning the models on a variety of platforms with different
programming environments. To resolve this issue, the
underlying architecture of the Met Office R20 platform
was built to accommodate models using a containerised
approach. Containers bundle together the operating sys-
tem, the software packages (programming languages,
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libraries, etc.) and the model code. This approach also
allows for some flexibility, where subcomponents of the
models can be separated into different containers which
are then orchestrated, the process through which the execu-
tion of the various containers and their interactions is coor-
dinated. Developing and running models in containers
resolves most of the issues arising from working in different
development environments, but some issues can still arise if
the containers are run on different processors, which
requires different builds of the programming languages
for example. In practice, our collaborators develop the
models on their own platforms in a containerised environ-
ment, commit their code to GitHub and create pull
requests to integrate their code with the R20 platform.
Successful approval of these pull requests on GitHub trig-
gers an automated deployment pipeline based on GitHub
actions, through which the containers are built, deployed
onto the cloud on AWS EC2 compute instances and
executed.

Modern software engineering practices are based on the
concept of having several execution environments for soft-
ware, with usually a development environment for develop-
ing and testing new features and a production environment
where the changes tested in the development are deployed
upon acceptance testing. This approach is similar to the
Met Office practice of testing weather models on a parallel
suite running on the HPC (High-Performance Computing)
for a length of time, in order to identify potential issues,
before transitioning this parallel suite to the operational
suite. The original design of the SWIMMR platform was
predicated on a single execution environment for the code,
and updates to the code would supersede the previous ver-
sion. This created issues with code robustness, as some
breaking changes were introduced and overwrote the latest
stable versions of the code. The latest version of the R20
platform allows for the simultaneous running of several
versions of the code: the beta release, the latest stable ver-
sion of the code which is closest to transfer to operational
implementation, and other versions of the code based on
feature branches currently undergoing user-acceptance
testing.

The Met Office R20 platform not only facilitates the
R20 workflow by facilitating the transfer of code from col-
laborators in the research community to the Met Office but
also provides a collaborative environment through which
Met Office scientists and research software engineers can
work more effectively with academic partners to improve
operational readiness of the codes and to develop new fea-
tures. The joint development platform allows to share
issues with the models directly with the developers, and
to identify pathways for future improvements. The ambi-
tion is for the R20 platform to enable operations-to-
research use-cases too, to close the loop, and hence become
a R202R platform.

Although this platform was designed for the SWIMMR
project and improved as part of the follow-on SWIMMR
acceleration project, the ambition is to expand the use of
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the platform for other R20 activities. It is anticipated that
this approach will considerably shorten the timescale on
which research models transition to operations.

Approaches to R20 have been implemented in several
organisations across the enterprise, and a key aspect to
facilitate future efforts is to share lessons learned. One
key lesson from SWIMMR for cloud development projects
is the need to capture the full lifecycle of the models to
accurately forecast the costs (e.g., data ingestion, data
transfer, API, compute instances and data storage). The
design of the system needs to be informed by comprehen-
sively capturing all potential use cases. For example, the
requirement to be able to run case studies and hindcast
experiments was not part of the initial requirements and
modifying the system after the design phase is completed
is more complex than integrating the requirement from
the onset.

Limited partner experience with the vagaries of near-real
time observations emerged as another lesson. Many part-
ners had experience running their models against quality-
controlled science-grade data (e.g., in-situ observations
from OMNI, or science-grade coronagraph imagery), and
encountered issues when running their models against the
near-real-time datasets, with issues such as datagaps or
quality issues (e.g., Loto’aniu et al., 2022). Work was
required to make models robust to these issues (e.g.,
Smith et al., 2022; Beggan et al., 2025). The Met Office
APIs only provided near-real time observation data
streams; a useful future extension will be to ensure these
can run in “canned data” mode, providing examples of
known near-real-time data issues, which model developers
can test against.

Another emergent complication was platforms: the Met
Office R20 platform is mainly cloud based, but some mod-
els’” computational needs were too large, or had data inges-
tion needs maladapted to the cloud. As such, some models
had to run on HPC platforms. This brought challenges of
operating cross-platform, access to queues suited for real-
time use, and coordinating multiple project timelines. As
a shared key resource, the Met Office operational HPC (al-
lowing real-time runs) has coordination overhead and its
own project timeline, and is not designed with external col-
laborator access in mind. Meanwhile, it is easier to arrange
external access to the research HPC, but this does not have
the valuable guaranteed near-real-time queues: frustrating
for those using the research HPC in the original SWIMMR
project, as this immediately complicated their ability to
demonstrate real-time potential!l Follow-on work has
required significant effort to ensure partners can access
the near-real-time queues needed, and to aid engagement
with the more formal processes around the operational
HPC.

Finally, it is crucial to provide training to all research
collaborators in the use of the platform and to provide
tools and processes for joint project management. Careful
consideration of roles is important: as the models approach
operational status, institutional security requirements
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tighten, as do expectations of systems being robust enough
for forecasters to rely on outputs being available for use.
As such, in the follow-on phase, we are placing more
guardrails around our partners, and giving them less free
rein to change the increasingly-mature systems unsuper-
vised, requiring Met Office staff reviews of proposed
changes, and regular coordination sessions. Nevertheless,
we recognise balance is needed — they are the model
experts, and their development experience needs to remain
acceptable. As such we need to avoid our processes or
resourcing constraints needlessly inhibiting their progress.
We are still learning how best to do this.

Description of CME propagation from the Sun towards
earth depends not only on the properties of injected CMEs,
but also on the distribution of the time-dependent ambient
solar wind, which exerts forces on a CME and may change
its speed, shape, and direction (Shen et al., 2022).

9. Space weather capabilities assessment in real-time
operations

We briefly review existing efforts to validate space
weather capabilities (models and products) used in real
time operations. Many of the examples discussed represent
near-real time validation, we note though that offline his-
torical validation remains an important foundation — and
is briefly covered too.

9.1. Space weather prediction center operational validation

The most fundamental type of real time (RT) validation
is to present forecasters, scientists, and other space weather
customers with predictions alongside observations for visu-
ally inspecting the soundness/reliability of the model inputs
and performance. As a notable example of this, SWPC
maintains a public source for RT validation®® of the
SWMF/Geospace model (Téth et al., 2005, 2012). The
web site displays RT plots of the model inputs (solar wind
measurements at L1) and output predictions for Kp and
Dst, displayed as time series together with RT measure-
ments. An interactive display lets users monitor the perfor-
mance of the continuous operational model runs (updates
every minute) over time intervals from 3 h to 7 days prior
to the current time, as well as short-term predictions made
possible because the solar wind driver is provided by
upstream L1 observations.

Another interactive public web site displays in situ solar
wind measurements at L1, currently ACE and DSCOVR,
soon to be replaced by Space Weather Follow-On at
Lagrange Point 1 (SWFO-L1), together with solar wind
predictions from the WSA-Enlil model. Such comparisons
will be enhanced with the planned operational deployment

8 https://www.spaceweather.gov/products/geospace-geomagnetic-activ-
ity-plot.
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of the WSA dashboard developed at NASA Goddard
Space Flight Center (GSFC) and hosted by CCMC,°
which will allow SWPC forecasters to interactively assess
not only the WSA predictions for solar wind properties
at L1 (speed, magnetic polarity), but also the degree to
which WSA-derived coronal holes match EUV observa-
tions from SDO/AIA.

SWPC is also currently implementing more sophisti-
cated metrics in line with standards developed by the
ISWAT ambient solar wind validation team (Reiss et al.,
2023). These will be made available to forecasters to com-
pare RT observations at L1 with daily ambient solar wind
simulations. Efforts are also underway to use RT solar
wind validation metrics to improve CME arrival time pre-
dictions by optimizing the WSA parameters (Meadors
et al., 2020) and by selecting optimal ensemble members
from the United States Air Force (USAF)/United States
Space Force (USSF) ADAPT model (Hickmann et al.,
2015) as boundary conditions for WSA-Enlil simulations.

Daily runs of the ionospheric outputs from the WAM-
IPE model at SWPC are validated by comparing the simu-
lated TEC with results from the GIoTEC (Global TEC)
data-assimilative model (Fuller-Rowell et al., 2022). Glo-
TEC assimilates GNSS slant TEC measurements from
ground-based receivers and radio-occultation observations
from the COSMIC-2/FORMOSAT-7 constellation. A sim-
ilar validation of neutral density is now being considered
that would compare WAM-IPE model results to the
USAF/USSF empirical High Accuracy Satellite Drag
Model (HASDM; Storz et al. 2005), which assimilates mea-
surements of drag effects on a set of LEO calibration
satellites.

Validation of SWPC’s nowcasting geoelectric models, a
collaboration with United States Geological Survey91 and
Natural Resources Canada, has been performed using
GIC measurements provided by power distribution opera-
tors. So far, two case studies have performed retrospective
evaluation of GICs in power systems during geomagnetic
storms: 1) one corresponding to the Southern California
Edison System (Balch et al., 2023) during the September
2017 and April 2022 storms, and 2) another corresponding
to the Tennessee Valley Authority (TVA; Balch et al., 2024)
system for the March 2023 storm. These studies have
shown that geoelectric fields from SWPC’s models pro-
duced GIC estimates with high correlation to measure-
ments. Continuous and (near) real-time validation of the
geoelectric models could be possible by using observations
from the North American Electric Reliability Corporation
(NERC), which collects GIC measurements from electric
power providers on an event case, and the Electric Power
Research Institute (EPRI) which facilitates the real-time
sharing of GIC measurements between subscribed power
operators.

% https://ccme.gsfe.nasa.gov/wsa-dashboard/.
1 https://www.usgs.gov/.
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In the context of SEP prediction models, threshold-
based validation metrics such as contingency tables are of
most interest to SWPC (Bain et al., 2021). Though such
metrics are often used for historical validation, they could
also be useful in an RT or near-RT context. For example, if
a model predicts an imminent threshold-based event, fore-
casters could monitor SEP flux levels to see if they are
indeed approaching the predicted thresholds. This contin-
ues to be an area of interest as SWPC evaluates new SEP
prediction models for potential operational deployment.

9.2. Met office space weather operational validation

To date, the focus of most operational validation at the
Met Office has been in validating products issued by fore-
casters in the Met Office Space Weather Operations Centre
(MOSWOC). Murray et al. (2017) outline the solar region
summary product and the derivation of subjectively-
adjusted full-disk M and X-class flare probabilities from
objectively-derived equivalents (Bloomfield et al., 2012;
Gallagher et al., 2002) for individual active regions and
their full-disk combination. Such gross subjective adjust-
ments are done by the forecasters to account for factors
known to be relevant (e.g., via previous stratified validation
efforts — see §3.6.3), but not yet integrated into the under-
lying objective model. The authors discuss how these
subjectively-adjusted probabilities feed into other products,
notably the probabilistic “Radio blackouts — X-ray flares”
table in the more widely-distributed technical forecast pro-
duct (designed for expert users) and its simpler counter-
part, the “plain language” forecast product (designed for
users with less expertise). This human-in-the-loop”
approach is shown to improve performance over the objec-
tive reference model it is built upon (indeed, this and other
human-in-the-loop methods for flare forecasting were
found to be top-performers in the intercomparison results
reported in Leka et al. (2019b). See §4.1.4). The monotonic
fall-off in skill of these subjectively-adjusted probabilistic
forecasts as lead time increases to four days ahead was also
characterised.

Similarly, Sharpe and Murray (2017) further this flare
validation analysis, and extend it to the “Geomagnetic
storms” table also provided to users in the technical and
plain language forecast products (see example in Murray
et al., 2017). This also contains subjective probabilities —
at the time of the study these were grounded on objective
forecasts from the British Geological Survey’' developed
for real-time operational use”® (Thomson, 2000), using
linear-prediction (Thomson et al., 2001) and neural-
network (Thomson, 1996) approaches. MOSWOC made
subjective adjustments to these primarily to capture
expected modulations from impending CMEs (inherently
not captured by the objective methods, which forecast

1 https://geomag.bgs.ac.uk/data_service/space_weather/forecast.html.
% https://geomag.bgs.ac.uk/research/space_weather/sw_partners.html.


move_fn91
move_fn92
move_fn93
move_fn94
https://ccmc.gsfc.nasa.gov/wsa-dashboard/
https://www.usgs.gov/
https://geomag.bgs.ac.uk/data_service/space_weather/forecast.html
https://geomag.bgs.ac.uk/research/space_weather/sw_partners.html

M. M. Kuznetsova et al.

based on data from the past few days or last solar rota-
tion), and occasionally if STEREO in-situ data suggested
evolution in the ambient solar wind structures not well-
characterised by 27-day recurrence (see §3.4). In recent
years, these probabilities are simply based on previous sub-
jective forecasts, appropriately time-shifted, i.e. are no
longer grounded on the objective forecasts. This is largely
due to this making it easier for MOSWOC forecasters, to
retain adjustments made between subsequent shifts, and
also allows a simpler technical implementation. Further
stratified validation work is needed to characterise the
impact of this subjective-only approach in times dominated
by ambient (recurring) conditions, and in times of
transient-dominated conditions.

Both Murray et al. (2017) and Sharpe and Murray
(2017) show displays from the Met Office internal “Warn-
ings Verification System”. This near-real time verification
(validation) dashboard, originally developed to validate
terrestrial forecasts for mariners (Sharpe, 2013) has been
extended to encompass space weather. Its main focus is
the subjective probabilistic tables in the technical and plain
language forecast products — the flare and geomagnetic
storm tables discussed above, but also the “Solar radiation
storms (high energy protons)”, and “High energy electrons
(= 2 MeV)” tables (these latter two have not yet been dis-
cussed in the literature). These dashboards allow forecast-
ers to get an impression of how recent subjective
forecasts have performed, on a rolling basis, over the last
few days (to see recent detail), and as a ranked probability
skill score (relative to climatology) over the recent months
(to evaluate longer-term skill). In principle MOSWOC
forecasters can use these to draw conclusions, and integrate
these into their decision-making, e.g., if the dashboards
suggest a sequence of recent forecasts had probabilities
which were too low, given what eventuated, a forecaster
might adjust their forecast probabilities upwards, if these
“prevailing” conditions seem still to be persisting.

To date, only a very limited internal effort has been
made to validate the ““Geomagnetic activity — Earthbound
Coronal Mass Ejections” table (Pope, 2016, covering only
8 months in 2014). This table appears in the technical and
plain-language forecast products when an Earth-bound
CME is predicted, encompasses brief comments on the nat-
ure of the CME, estimated by forecaster analysis of the
CME in coronagraph imagery (Millward et al., 2013;
Millward et al., 2024), as well as the crucial subjectively-
adjusted forecast arrival time at Earth. The latter is derived
from introducing the resulting “conefile” parameters for
any CMEs present into the WSA-Enlil-Cone modelling
system (Odstrcil, 2003; Odstreil, 2023), and having MOS-
WOC forecasters review the resulting objective output
(modelled images of CME propagation through the helio-
sphere, and time series of arrival times at planets including
Earth) and making subjective adjustments to the forecast
arrival times as needed. The vital validation of the Met
Office’s CME arrival time forecasts over longer time peri-
ods has to date solely been done externally, relying on
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MOSWOC forecasters manually uploading a subset of
their subjective forecasts to the CCMC CME Scoreboard,
and subsequent valuable community efforts to validate all
scoreboard entries (Riley et al., 2018; Kay et al., 2024).

As described in Riley et al. (2018), MOSWOC forecast-
ers’ subjective adjustments to the modelled forecast CME
arrival times aim to compensate for effects such as biases
in the ambient solar wind, where differences between the
modeled and observed solar wind the CMEs propagate in
may degrade the model’s ability to accurately represent
the effective drag force acting on the CMEs (e.g., Cargill,
2004, Dumbovi¢ et al., 2018, Amerstorfer et al., 2021,
§4.1.2), and hence degrade the accuracy of forecast CME
arrival times. From fruitful conversations with the model
developers and other domain experts, the Met Office’s cur-
rent implementation of the coupled WSA-Enlil-Cone
(Odstreil, 2003; Odstrcil, 2023) heliospheric modelling sys-
tem may not be optimised to correct such biases; equally
there are some inherent assumptions in the models which
may be at issue. To improve the skill of CME arrival time
forecasts, which currently do not show terrestrial-like year-
on-year improvements (Riley et al., 2018; Kay et al., 2024),
further robust validation is required to disentangle the mul-
tiple sources of error which can arise at all stages, which
may compound or compensate, to allow a “divide-and-con
quer” approach, which has served terrestrial weather well
(see discussion in §6.10).

Validation efforts must consider studies such as

Synthetic studies of limitations on CME fitting due to the
inherent observational degeneracies and subjective judge-
ments involved (Verbeke et al., 2023), and equivalent
operational studies (S. Gonzi, private communication.””
Coping with the “through the lens of two models” com-
plexities of coupled modelling (M.L. Mays, private com-
munication). The WSA dashboard mentioned in §9.1
has already been useful in this regard.

Improving the observed ‘“true” ICME arrival time at
Ll. ICME catalogues show inconsistencies (e.g.,
Nguyen et al., 2019; Kay and Davies, 2025), and are
not all well-maintained, timely, or themselves validated
enough to meet the needs of near-real-time validation.

It is also essential to be pragmatic, recognising limiting
factors which apply, and adapt the validation approach
accordingly. Doing robust CME validation requires techni-
cal work to capture all the relevant metadata across multi-
ple systems, from the near-Sun CME identification and
analysis, to heliospheric modelling of the sun-Earth transit,
to capturing any near-Earth ICME signatures in the in-situ
observations from satellites at L1. Overall metadata to
associate all of these items is also needed. This is inherently
complex, as it needs to account for cross-system connec-
tions not always having simple one-to-one relationships:

94 See also discussion of UCI in https://swe.ssa.esa.int/use-of-15-data-in-
cme-propagation-models.
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for example a seemingly Earth-bound CME may not be
observed at L1; multiple CMEs may merge on their pas-
sage to Earth; or even an ICME observed at L1 may not
have a clear CME progenitor, if the real-time coronagraph
imagery was degraded (e.g., by datagaps, potentially back-
filled later), or lacked a clear signature, and thus was not
analysed in a given forecast. This complexity has meant
internal Met Office attempts to capitalise on the human-
in-the-loop forecaster to make judgement calls and over-
come complications. An initial attempt was implemented
internally, but ultimately foundered, as what Met Office
R20 scientists had deemed essential for validation was
arguably inherently over-demanding. This placed unrealis-
tic demands on the forecasters, who have to evaluate and
forecast the entire sun-to-Earth chain during their 12 h
shift, so are severely limited on the time they can dedicate
to a given task. As such, little information was gathered,
and the interface to gather CME arrival times was retired
during a platform upgrade. The future outlook is brighter
though: consultations from ISWAT team leads developing
the CME arrival time scoreboard (§4.1.2) have been help-
ful, as they have allowed mutually-valuable discussions to
clarify what metadata is essential, and what is optional.
Useful overlaps with SWPC have also been identified (M.
Marsh, personal communication). And internal work is
planned to enable automated submission of forecasts to
the CME scoreboard: not only should this reduce the bur-
den on MOSWOC forecasters, freeing them up for higher-
value tasks e.g., tailoring communications to users, but it
should also allow more granular validation of CME fore-
casts, and how any errors in CME forecast arrival times
evolve as a function of lead time, potentially providing
actionable O2R insights back to model developers.

Other inherent limitations also apply to CME forecast-
ing. Notably developing a validation framework which
can cope with CME merging: heliospheric models may
not provide unique per-CME identifiers, inhibiting auto-
mated attribution of (potentially-merged) modelled ICME
signatures (e.g., at L1) back to the CMEs injected at the
model’s inner boundary. Similarly, at least in operations,
CME tracking is critically under-observed, with no opera-
tional use (at least at the Met Office) of existing helio-
spheric imagery to monitor the region between the outer
boundary of coronagraphs and in-situ observations at
L1: for near-real time operations, this is currently a helio-
spheric equivalent of the “ignorosphere”. The forthcoming
Vigil mission should improve matters, provided opera-
tional systems and processes are adapted to capitalize on
it. ESA-funded studies (§4.1.3) show promise; as does work
to consider integration into operational tools (e.g.,
Wharton et al., 2019), or transformative processes such
as “ensemble pruning” (e.g., Harrison et al., 2017), which
carry the promise of CME forecast arrival times with errors
which shrink as the CME nears Earth, trading off lead-time
for accuracy, much as is the norm for terrestrial forecasts
(e.g., for hurricanes, and their narrowing “cone of terror”
as they approach landfall). We note that even simply hav-
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ing forecasters routinely monitor Vigil HI imagery may
allow some subjective progress in skill!

Fundamentally, operational space weather systems
require more validation effort than we have allocated to
date. Operational models at the MOSWOC have mostly
relied on prior one-off validation efforts done by SWPC
— e.g., Akmaev et al. (2010) for the D-Region Absorption
Prediction (D-RAP) model (Sauer and Wilkinson, 2008),
and an equivalent for the Relativistic Electron Forecast
Model (REFM) (Baker et al., 1990). MOSWOC has con-
ducted further one-off internal validation at rare updates
of key models (e.g., WSA-Enlil-Cone, Odstrcil, 2003;
Odstreil, 2023). To improve the performance of opera-
tional models over time, and emulate the year-on-year pro-
gress of our terrestrial colleagues, MOSWOC requires
near-real-time validation, and an ability to disambiguate
the complex cases such as coupled-modelling chains e.g.,
the CME case discussed above. MOSWOC is planning
out the verification (validation) strategy — see Henley
et al. (2024) — and hope to continue the productive collab-
orations across the enterprise.

Finally, as an aside, Thomson (1996) is an early example
of applying ML to operational space weather forecasting,
not captured in the (naturally non-exhaustive!) Grand
Challenge review by Camporeale (2019). Likewise the
REFM model discussed there is not strictly ML (as a linear
prediction filter approach), but from an operational per-
spective of explainability and maintenance behaves equiva-
lently, with a set of weights derived from observations. And
more recently, MOSWOC is onboarding new ML models
via SWIMMR (e.g., Beggan et al., 2025, §7.6, §8.4). The
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space weather community may have some reservations on
the merits of ML versus physics-based approaches, but
the prime consideration for operations is usually forecast
skill, as the above should testify. A key challenge for oper-
ational adoption of ML has been the explosion in the rele-
vant literature, illustrated up to 2018 by Camporeale
(2019), and the relative paucity of intercomparisons (§4)
between similar ML approaches, or (better) approach-
agnostic intercomparisons, as done by the flare community
(§4.1.4). The vast body of literature accumulating poses a
signal-to-noise challenge for operations at least: without
like-for-like intercomparisons (ideally in near-real-time)
to distill the lessons from the literature, it is hard to derive
actionable insights: What models work? Why does a given
model work better? How does a given model compare to
incumbent operational approaches? Are any performance
increases sufficient to outweigh other considerations (e.g.,
maintainability, robustness in operations, effort to adapt
systems). Efforts from the ML community to involve them-
selves in community intercomparisons would be of great
value for operations, and would help make a stronger case
for operational uptake of ML.
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9.3. Moon-to-mars space weather analysis office operational
validation

Moon to Mars Space Weather Analysis Office (M2M
SWAOQO) at NASA Goddard Space Flight Center (GSFC)
carries out human-in-the-loop real-time analysis of space
weather for NASA missions across the solar system, and
performs real-time prototyping and validation of state-of-
the art forecasting capabilities implemented at the CCMC
or installed at the M2M SWAO environment. M2M
SWAO also performs post-event and anomaly analyses.
Formalized post-event analysis activities conducted by
M2M SWAO have been standardized to include the fol-
lowing components: i) event analysis, ii) data availability,
and iii) human-in-the-loop activities.

i) Event analysis focuses on the characteristics and
associated phenomena of a specified event. For SEP
events, this may include details about associated activ-
ity/triggers (e.g., flares or CMEs), the nature of the
event onset (gradual vs rapid), and the duration of the
event. Details of each event analysis are documented
and updated in the M2M_Catalog within the DONKI

Data providers: NOA
EIS Home

Current Ionospheric
Conditions

Monitoring Tool

Tonospheric Alerts

. EIS Home
foF2 Nowcasting Maps

foF2 Long Term Prediction Maps

foF2 Eorecasts Last 24 hours

hmF2 Maps

Near Real-time TEC Maps
1.119:
I.115:
1.116:
1.120:
L117:
1.140:

Monitoring Tool

Quality Indicators

Rules of the Road

The EIS Team

ESA SSA-SWE Portal
1.119

1.115
1116, 1.120
1.117
1.140
04/01/2026
00:00

. Available

Monitoring Tool

Archived

Not Available . Beina Generated

IAP RAL INGV OE UFA INTA IZMIRAN ROB NOAA

Availability of the EIS products for the last 24 hours

Current Ionospheric Conditions
Nowcast European Maps of foF2
Maps of Forecast foF2 over Europe
Forecast foF2 values over Stations
Near Real-time TEC Maps
European Maps of hmF2

04/01/2026
06:00

04/01/2026
12:00

04/01/2026
18:00

*Dates/times nresented in UTC

Fig. 9.2. EIS products by NOA integrated in the ESA SWE Service Portal provide a monitoring tool that allow the user to monitor the availability of the
products and check whether they are currently being generated. . Adapted from https://swe.ssa.esa.int/web/guest/dias-federated
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Fig. 9.3. Electron density reconstruction of the ionospheric region over Scandinavia (100 km — 800 km altitude range) for the 25th of August 2023 at 13:00
UTC, provided by FMI within the ESA SWE Service portal. The quality information indicator displayed at the top of the graph changes according to the
quality of the inversion approach as follows: Green dot = nominal, Orange square = no a priori information available by ionosondes, Red triangle = data
from less than 5 GNSS receiver stations available above 65° N or less than 50 receivers in total.

space weather database developed and maintained by
CCMC.

ii) Data availability is an important factor which may
impact model performance. Many models require input
data and intermittent or missing input data may signifi-
cantly reduce the effectiveness of a model to generate an
accurate or timely forecast. Analysis of data availability
for a specific event may provide clarity about the model’s
performance and further insight into the reliability of a
model.

iil) Human-in-the-loop activities can be relevant for
evaluating model performance as they may directly or indi-
rectly be related to the configuration of a model to run in
real time. For example, some models may require
human-produced analysis (e.g., 3D kinematic CME param-
eters, flare source location). A thorough review of such
human-in-the-loop activities may identify notable delays
or uncertainties as factors contributing to a model’s
performance.

9.4. Examples of continuous validation within the ESA space
weather service network

The ESA SWE Network encourages the implementation
of continuous online validation systems. The continuous
validation allows the developers to control the accuracy
of the products’ outcome. The main objective is to support
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the users in evaluating the reliability of the product they are
using, and eventually guide them to those products that
have the best performance in specific conditions or for
specific use cases.

The ESA SWE portal includes several examples of con-
tinuous validation. The Swedish Institute for Space Physics
(IRF) provides, via the portal, forecasting products accom-
panied by real-time comparison with truth data. Fig. 9.1
shows the continuous validation results of the predicted
Kp index generated by the product Forecast of Kp (by
IRF) against the actual Kp index values provided by the
German institute GeoForschungsZentrum (GFZ). Fore-
cast of Kp (by IRF) uses a scatter plot and reports skill
scores. The plot is updated at each prediction, and it is ini-
tiated monthly.

The provision of products via the ESA SWE Service
portal implies verification of product availability and time-
liness. The verification is currently performed by human
intervention on a regular basis during working hours. In
some instances, the product provider implements internal
backend processes aimed at collecting availability and
timeliness information. As a rule, each product is expected
to inform the user in case of unavailability due to lack of
input data. For example, the products belonging to the
European Ionosonde Service (EIS) provided within the
ESA SWE Service portal by the Ionospheric Group of
the National Observatory of Athens (NOA) provide an
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overview of their availability. Fig. 9.2 shows the availabil-
ity and the latency of the latest EIS products.

To enhance the user experience, several products accom-
pany their outcome with quality indicators. In particular,
the product TomoScand3D, provided in the ESA SWE
Service portal by the Space and Earth Observation Centre
of the Finnish Meteorological Institute (FMI), reports a
color-coded quality indicator that is based on the diversity
of input data used to generate a tomographic tri-
dimensional electron density reconstruction of the iono-
sphere over Scandinavia. Fig. 9.3 shows an example of
TomoScand3D graphical output with the quality indicator
at the top of the plot.

10. Summary and recommendations

This paper has provided a comprehensive overview of
model assessment work undertaken by the international
space weather community in recent years to advance the
state-of-the-art, including work undertaken under the aegis
of COSPAR ISWAT, as well as work at organisations such
as ESA, NASA CCMC, NOAA SWPC, and the Met Office.

Below, the key messages from all this work are distilled
into recommendations useful for the space weather
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enterprise at large to consider, and especially for decision
makers at institutions acting as key drivers for space
weather research. The intended audience for these recom-
mendations includes:

e researchers who perform the vital underpinning work to
provide the models and methods used for operations,
who validate these against the intended goals, who con-
sider how best to measure this, and how to identify the
missing gaps in the approaches to date

e organisations responsible for R20 programs (NASA,
ESA, NOAA SWPC, Met Office, and others with similar
functions)

e national space weather programs which fund R20 and
O2R efforts, including the crucial late-stage R20 efforts
before entering operations, to fully bridge the R20 “val-
leys of death” (National Research Council, 2000, 2003).

e international coordination bodies with an interest in
space weather, notably WMO, ISES, COSPAR, CGMS
(for more details see Ishii et al., 2026b, this issue, and a
website for the International Space Weather Coordina-
tion Forum®?)

Recommendations are numbered for future references.

#1. Establish like-for-like validation as a standard practice across space weather research and operations.

Adopt like-for-like validation and regular intercomparisons as a standard operating procedure to enable researchers
and forecasters to derive actionable insights. These insights include: Why does a given model perform better? How
does one class of models compare to others? How do new models compare to operational models? Are new model
capability increases sufficient to justify trade-offs in maintainability, robustness, and implementation efforts?
Prioritize the standardization of validation procedures, including agreement on events or time intervals, metrics, and
essential physical quantities across space weather research and operations. Establishing like-for-like validation
requires a coordination approach across all levels of the space weather enterprise. From the top down, research
funding bodies and operations agencies funding R20 work must treat like-for-like validation as an essential
deliverable. At the same time, bottom-up engagement through community-led efforts, as discussed in §4, are crucial
for the community to agree on validation standards, support their adoption, and ensure buy-in.

#2. Validate both forecasts of the environment and impacts.

The concepts of Essential Space Environment Quantities (ESEQs) and Impact Quantities (ImpQs) provide a useful
separation of concerns for the enterprise: some models can concentrate on forecasting the environment; other
models can take the resulting forecasts of the environment as input to predict the resulting impacts on technological
systems. This approach is used to good effect in terrestrial weather, and allows a clearer attribution on sources of

uncertainty.

We recommend the space weather enterprise aims to validate both ESEQs and ImpQs, while being aware of the
linkages. A validation effort grounded in ESEQs allows modelers to aim to forecast the environment, an easier target
for validation, as it may be observed remotely or in-situ, without issues of proprietary data, or changing technologies
being impacted differently over time. Meanwhile, having concurrent validation efforts targeting ImpQs helps keep
the enterprise focused on user needs, what ESEQs are essential to predict well to fulfill these needs, and hence how to
prioritise model development work — and validate the resulting changes accordingly!
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#3. Ensure the quality and appropriate use of observational datasets in model validation

Ensure that observational datasets used for model validation are accurately selected and quality-controlled. Raise
awareness for the limitations of observational data, such as noise and resolution differences. In addition, clarify if the
purpose of validation is to enhance scientific understanding or assess operational performance as using low-quality
data for scientific studies can result in incorrect conclusions. Integrate error estimation of observational data into
validation workflows. In parallel, also manage the needs for near-real-time model validation use-cases, using near-
real-time data which has not undergone such quality control. Significant R20 barriers have been encountered when
researchers have developed models trained on science-grade observations not available in near-real time; in many
cases embedding assumptions deep into the code, requiring significant effort to rewrite such prototypes to assess
operational viability. To avoid similar pitfalls for near-real-time model validation, we recommend automated model
validation tools allow two modes: validation against cleaned-up observational datasets, and validation against messy
near-real-time observations.

Further effort should be undertaken to ensure that datasets prepared for validation are easily findable and accessible
to the community.

#4. Develop and apply automated model validation tools to support like-for-like comparisons and track progress over
time.

Advance the development of automated tools for validation to make community-agreed standards accessible and
applicable. Prioritize automation to reduce labor demands, minimize inconsistencies, and ensure validation efforts
keep pace with ongoing predictive capability developments. Integrate well-curated observational datasets in
automated validation tools to enable like-for-like comparisons.Routinely applying these tools will enable the
community to assess model capabilities and track progress through new developments over time. To ensure broad
usage, automated validation tools need to be flexible, well-documented, and easy to use. Web-based systems with
standardized input formats and automated reporting can streamline validation workflows, allowing both researchers
and operators to consistently evaluate model performance and report progress.

#5 Support pre-event community ensemble predictions to identify models with potential for operational deployment.

Expand on efforts like the ISWAT/CCMC Scoreboard projects, discussed in §6, to assess the predictive capabilities of
research models under realistic operational conditions. These efforts are of pivotal importance to demonstrate the
capabilities of new science models to operational agencies and end users.

Develop Scoreboards in collaboration with operational centers to ensure front-end design and functionalities meet
operational needs. This collaboration ensures that operational centers recognize the practical usefulness of
Scoreboard projects and can shape them for optimal use as supplementary tools for forecasting and in space weather
testbed systems.

Furthermore, models participating in Scoreboard activities should be compared to operational model outputs.
Outputs from operational models need to be made readily available to enable a meaningful comparison. This allows
for routine benchmarking against a broader set of research models.

#6 Integrate continuous validation into Scoreboard projects

Scoreboard projects should adopt continuous validation as part of their operating procedure. Collecting and
displaying forecasts is an essential first step. However, continuous validation provides actionable insights for
forecasters, and can also support O2R by allowing them to flag up issues to model developers. Furthermore, the
front-end should be intuitive and effectively communicate the quality of recent forecasts by different models.
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#7 Adopt common open validation libraries to support coordinated R20 and O2R efforts across space weather centers.

To avoid duplicating efforts, adopt shared validation libraries across all centers involved in R20 and O2R efforts, such
as NASA CCMC, ESA SWE, NOAA SWPC, and the Met Office. Individually, each research and operational center
faces significant resource challenges in developing comprehensive validation frameworks to validate space weather
models from Sun-to-Earth. Shared infrastructure would enable centers to pool expertise and accelerate progress
toward robust, community-supported validation. Collective collaboration on common validation libraries would
streamline the assessment of space weather modeling capabilities. Identify any blockers to collaboration, and explore
pathways for advancing.

#8 Establish a collaborative agreement on naming conventions

Agree on naming conventions, including unique IDs for parameters (starting with ESEQs), to harmonize multi-model
and model-observation comparisons. Databases of parameters with metadata and lookup tables linking alternative
names and identifiers for the same parameter would be helpful for interconnecting different repositories and to
ensure that we are comparing the same quantities.

Ensure any such efforts to reach agreement involve both research and operational parts of the enterprise: we are in a
symbiotic relationship, and both stand to benefit considerably from a widely-adopted standard. To set this up to
succeed, it is vital to consult widely, to ensure the diverse needs involved are well-captured (e.g., some operational
actors may need to fit with established terrestrial conventions and; some research actors may have considerable
dependence on existing research conventions).

In terrestrial weather, both research and operations communities have gained significantly from the Climate and
Forecasting (CF) conventions providing a unified metadata standard, common across all the terrestrial spheres.
Astronomy has likewise benefited from some unification in the International Virtual Observatory Alliance (IVOA).
We recommend space weather takes on this challenge too, to reap rewards of easier validation, model coupling, and
data assimilation.

#9 Harmonize tracking frameworks to enable consistent progress evaluation

Centers running R20 programs, such as SWPC, CCMC, ESA VSWMC, and the Met Office, have developed tracking
frameworks to monitor the progress of their R20 projects. They also play an important role in evaluating critical
factors such as model robustness, computational requirements, and operational feasibility.

Tracking frameworks have largely developed in parallel, often informed by institutional predecessors. As noted in §7
and Appendix C, definitions in these frameworks share many traits, even at the level of detailed definitions. We
recommend that the centers and R20 funding agencies initiate a dialogue to assess the merits of harmonizing their
frameworks, identify any blockers, and explore strategies to move forward.As with other recommendations, the
whole enterprise stands to benefit: models often move between different R20 programs as they get developed; having
a common framework would allow model developers and those running R20 programs alike to assess and
communicate the R20 status of models more easily, in a compatible manner, and hence facilitate overall progress.

#10 Support shared computational environments and efforts for collaborative development of experimental real-time space
weather modeling systems

The value of shared computational infrastructure on a cloud or HPC in accelerating model transitioning has been
demonstrated by the NASA CCMC, UK SWIMMR, model developers, and space weather service providing
partners (e.g., NOAA SWPC, NASA SRAG, and UK Met Office). Collaborative environments should be recognised
as an essential element of R202R pipelines. These collaborative environments can be used as hubs for further model
improvement and collaborative development of real-time community modeling systems and community products
focused on specific forecasting problems or user needs (e.g., solar energetic particles, neutral density and satellite
drag, ionosphere variability). Outputs from such experimental real-time systems can be streamed to ensemble
prediction Scoreboards and used as inputs for community products ready for demonstration to users through
testbeds at operational agencies.
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#11 Strengthen coordination between research and operations to build trust and make progress

In conclusion, we emphasize the importance of a close collaboration between the space weather research and

forecasting communities. An effective transition from R20, and vice versa from O2R, requires a shared vision for
comprehensive validation of our space weather modeling assets. Building trust is best achieved through close
partnerships. Collaborative initiatives like ISWAT offer fertile ground for creating a common language between
scientists, model developers, and forecasters. Since its formation, the ISWAT initiative has hosted international
teams to tackle key questions across space weather research domains, including action teams focusing on model
validation. Operational centers have become increasingly engaged in these activities. Community-driven efforts like
the Ensemble Predictions Scoreboard and Modeling Challenges have been significantly energized by ISWAT’s
collaborative environment. We encourage investment in such community initiatives that foster collaboration, build
and strengthen relationships, and bring the space weather community closer together. We encourage the recently

established Heliophysics Open Modeling Environment (HOME, Corti et al., 2026) to join the ISWAT as an

overarching activity.
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In Memoriam

We are deeply saddened by the loss of our colleague,
Tara Jensen. We are very grateful for the dedication Tara
showed to the space weather enterprise over the years,
which has been crucial in shaping the ideas on future direc-
tions in space weather model validation expressed in this
paper. Her passing is a tremendous loss to the scientific
community, but her legacy and impact will live on.

We had to say goodbye to Mostafa El Alaoui who sadly
passed away during preparation of this manuscript. Mos-
tafa played a key role at the NASA CCMC, helping bring
cutting-edge space weather models into operational com-
munity use. The space weather community remembers
him for his scientific rigour, his kind and collaborative
spirit, and the lasting impact of his contributions on our
understanding and prediction of the space environment.
Mostafa composed the time period table used as a base
for validation activities discussed in this paper.

Appendix A. Acronyms

ACE: NASA’s Advanced Composition Explorer

ACE: CCMC-SWPC Architecture for Collaborative
Evaluations

ADAPT: Air Force Data Assimilative Photospheric
Flux Transport — Model

AIA: Atmospheric Imaging Assembly — Instrument
API: Application Programming Interface

ARLSs: Application Readiness Levels

AUL: Application Usability Levels

AWS: Amazon Web Services

ASWO: Austrian Space Weather Office — Institution
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BIRA-IASB: Royal Belgian Institute for Space Aeron-
omy — Institution

CAMEL: Comprehensive Assessment of Models and
Events using Library Tools — Software

CCA: Canonical Correlation Analysis — Statistical
method

CCMC: Community Coordinated Modeling Center
CEDAR: Coupling, Energetics, and Dynamics of Atmo-
spheric Regions — NSF program

CF Conventions: Climate and Forecast Metadata
Conventions

CGMS: Coordination Group for
Satellites

CH: Coronal Hole — Phenomenon
CHAIN: Canadian High Arctic Ionospheric Network
CME: Coronal Mass Ejection — Phenomenon

CME TOA: Coronal Mass Ejection Time of Arrival
CMR: CCMC Metadata Registry — Software/Database
COSPAR: Committee on Space Research

DONKI: CCMC Database Of Notifications, Knowl-
edge, Information — Software/Database

D-RAP: D-Region Absorption Prediction model

Meteorological

ECMWEF: European Centre for Medium-Range
Weather Forecasts
ECSS: European Cooperation for Space
Standardization

FLARECAST: Flare Likelihood And Region Eruption
Forecasting — European Union project

ESA: European Space Agency — Institution

ESEQs: Essential Space Environment Quantities
EUMETSAT: Europe’s Meteorological Satellite Agency
EUYV: Extreme Ultraviolet

FTP: File Transfer Protocol

GCS: Graduated Cylindrical Shell reconstruction
technique

GEM: Geospace Environment Modeling — NSF
program

GIC: Geomagnetically-Induced Currents —
Phenomenon

GION: Global TIonosonde Observation/Operation
Network

GIRO: Global Ionosphere Radio Observatory —
Network

GITM: Global Tonosphere Thermosphere Model
GNSS: Global Navigation Satellite Systems

GOES: Geostationary Operational Environmental
Satellite — Spacecraft

GOLD: Global-scale Observations of the Limb and
Disk — Spacecraft

GONG: Global Oscillation Network Group

GPS: Global Positioning System

GSFC: NASA Goddard Space Flight Center —
Institution
HAPI:  Heliophysics  Application  Programming
Interface

HECC: NASA High-End Computing Capability
HF: high frequency
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HI: Heliospheric Imager — Instrument

HMI: Helioseismic and Magnetic Imager — Instrument
HPC: High-Performance Computing

ICMEs: Interplanetary Coronal Mass Ejections —
Phenomenon

IFSWCA: International Forum on Space Weather
Capabilities Assessment

IGS: International GNSS Service

ILWS: International Living With a Star — Interna-
tional Working Group

IMF: Interplanetary Magnetic Field

IMF Bz: Z-component of Interplanetary Magnetic Field
ImpQs: Impact Quantities

IPS: Interplanetary Scintillation (radio observations)
ISES: International Space Environment Services

ISSI: International Space Science Institute

ISWA: CCMC Integrated Space Weather Analysis sys-
tem — Software/Portal

ISWAT: International Space Weather Action Teams
ISWCEF: International Space Weather Coordination
Forum

IT: Information Technology

ITM: Ionosphere-Thermosphere—Mesosphere

JSON: JavaScript Object Notation — File format
LEO: Low-Earth Orbit

LWS: Living With a Star — NASA program

M2M SWAOQO: Moon-to-Mars Space Weather Analysis
Office

MAE: Mean Absolute Error — Metrics

MAGE: Multiscale Atmosphere-Geospace Environment
— Modeling Framework

ME: Mean Error — Metrics

MET: NCAR Model Evaluation Tool — Software
METplus: NCAR Model Evaluation Tool Plus—Software
MHD: Magnetohydrodynamics

ML: Machine Learning

MRE: Mean Relative Error — Metrics

MSE: Mean Squared Error — Metrics

NAIRAS: Nowcast of Acrospace lonizing Radiation
System — Model

NASA: National Aeronautics and Space Administration
NMHS: National Meteorological and Hydrological
Service

NOAA: National
Administration
NOAA RLs: NOAA Readiness Levels

NSF: National Science Foundation

NSF NCAR: NSF National Center for Atmospheric
Research — Institution

O2R: Operations to Research

OSCAR: WMO Observing Systems Capability Analysis
and Review Tool

OSEs: Observing System Experiments

OSSEs: Observing System Simulation Experiments
POD: Precise Orbit Determination

PSP: Parker Solar Probe — Spacecraft

PSW: COSPAR Panel on Space Weather

Oceanic and  Atmospheric
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R20: Research to Operations

R202R: Research to Operations to Research

REFM: Relativistic Electron Forecast Model

RINEX: Receiver INdependent EXchange format
RISER: Radio Investigations for Space Environment
Research — UK Project

RL: Readiness Levels

RMSE: Root Mean Squared Error — Metrics

RO: Radio Occultation remote sensing technique
ROB: Royal Observatory of Belgium

ROT: Rate of Total Electron Content

ROTI: Rate of Total Electron Content Index

RT: Real-Time

SDO: Solar Dynamics Observatory — Spacecraft
SEEs: Single Event Effects

SEP: Solar Energetic Particles — Phenomenon
SEPVAL: SEP Model Validation — Project

SFTP: Secure File Transfer Protocol

SIFT: Solar Indices Forecasting Tool

SHINE: Solar, Heliospheric, and Interplanetary Envi-
ronment — NSF program

SoHO: Solar and Heliospheric
Spacecraft

SolO: Solar Orbiter — Spacecraft
SPASE: Space Physics Archive Search and Extract
SPHINX: Solar Particles in the Heliosphere validation
INfrastructure for SpWx — Software

SQL: Structured Query Language

SRAG: NASA Space Radiation Analysis Group

SSN: Solar Sunspot Number

STD: Standard Deviation — Metrics

SuperMAG: Global Ground-Based Magnetometer
Initiative

SWE: ESA Space Weather

SWMEF: Space Weather Modeling Framework —
Modeling Framework

SWIMMR: Space Weather Instrumentation, Measure-
ment, Modelling and Risk — UK program

SWPC: NOAA Space Weather Prediction Center —
Institution

SWXTREC: Space Weather Technology, Research and
Education Center

SWORD: Space Weather Operational Readiness Devel-
opment — NASA Center of Excellence

TEC: Total Electron Content

TRLs: Technology Readiness Levels

VSWMC: Virtual Space Weather Modelling Centre —
ESA program, Modeling Framework

WCMP2: WMO Core Metadata Profile Version 2
WICCT: WMO-ISES-COSPAR Coordination Team
WIGOS: WMO Integrated Global Observing System
WIPPS: WMO Integrated Processing and Prediction
System

WIPSS: Worldwide IPS Stations — Network

WIS20: WMO Information System Version 2

WMO: World Meteorological Organisation

WSA: Wang-Sheeley-Arge — Model

Observatory
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Appendix B. Disambiguating terminology differences

We follow the National Research Council (2006) in
using the term ‘‘space weather enterprise” (occasionally
abbreviated to “enterprise”) to mean all relevant stakehold-
ers from both public and private sectors — operational
space weather centers, forecasters, intermediaries, product
users, researchers, R20 incubator centers, observation pro-
viders, policy makers, etc.).

At base, the term “operational” simply points to an
organization’s or utility’s function (i.e., the state of work-
ing or functioning as intended). With respect to space
weather forecasting, this term reflects the rigor and reliabil-
ity inherent in the mission of weather forecast provision.
More specifically, for the USA, as defined by the NOAA
Administrative Order 216-105B%%, Operations refers to
the “Sustained, systematic, reliable, and robust mission
activities with an institutional commitment to deliver spec-
ified products and services.”. Similar philosophies apply for
equivalent nationally-mandated service providers world-
wide. While space weather forecasts and situational aware-
ness messaging are critical to the functions of space
weather users, our use of the terms “operations”, “opera-
tional”, and the like, generally refer to the operational
space weather forecast service providers, e.g., SWPC in
the USA, Natural Resources Canada, MOSWOC in the
UK, Royal Netherlands Meteorological Institute (KINMI),
Royal Observatory of Belgium (ROB), Finnish Meteoro-
logical Institute (FMI), Austrian Space Weather Office
(ASWO), South African National Space Agency (SANSA),
National Institute of Information and Communications
Technology (NICT) in Japan, Bureau of Meteorology
(BoM) in Australia — and many more.

The term “‘terrestrial weather” is often used as a loose
shorthand for terrestrial meteorology, encompassing time-
scales from weather (short) through seasonal (medium) to
climate (long) — it is intended to distinguish (where applica-
ble) the space and terrestrial communities. Where relevant,
specific terrestrial subdomains are identified.

We follow Halford et al. 2019 in using the engineering
definitions of the “verification” and ‘““validation” terms, typ-
ically used in NASA and ESA®® publications, and by some
of the space weather modelling community. That is, the
term ‘“‘verification” means that a model conforms to its
requirements (e.g., timeliness, output format, code quality,
etc.). In contrast, the term “validation” refers to the com-
parison between a forecast and observation of a specific
physical quantity using metrics that assess the differences.
The term “‘quality assessment” refers to a broader concept.
It may include validation but can also involve reviewing
model results based on the theoretical analysis of the
expected behavior of a physical system. Quality assess-

% Precise ESA definitions used in the context of ESA SWE Service
Network are in the Terminology Glossary section of the ESA SWE Service
portal, https://swe.ssa.esa.int/web/guest/glossary, and ultimately from the
ECSS Glossary of terms (ECSS, 2023).7°.
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ment, therefore, provides deeper insight into why a model
may perform poorly and helps identify reasons for low val-
idation scores (MacNeice et al., 2018).

To avoid reader confusion, we note however that the
definitions of ‘verification” and “validation” terms are
reversed in terrestrial weather — a convention since 1884
(JWGFVR, 2025). Many publications cited in this paper
use the terrestrial convention — notably those used to illus-
trate terrestrial weather approaches, or from operational
centers straddling space and terrestrial weather (e.g.,
NOAA SWPC, Met Office, etc.) or the WMO. Where the
terrestrial weather convention is unavoidably used in text,
the space weather convention is indicated in brackets there-
after — i.e. ‘verification (validation)’.

‘“Ensemble” can have multiple meanings: most often this
means multiple runs of a model with different initial condi-
tions (e.g., as is common in terrestrial weather), to assess
the “weather of the day” uncertainty. But this can have
other meanings too. For instance, a “lagged ensemble” of
forecasts issued by a given model at different lead times
allows assessing the impact of evolving conditions (relevant
e.g., for the CME forecasting case); a “perturbed physics”
ensemble allows investigation of choices for different phy-
sics or parameterizations within a model; a “multi-
model” ensemble can further explore the systemic uncer-
tainty by evaluating wholly different models, or different
implementations of similar models. In most of this paper,
unless otherwise indicated, we use ‘“ensemble” to mean
“multi-model ensemble”, assessing the various models pre-
sent across the enterprise.

“Users” is a similarly thorny term. This often means
“end-users”, who use space weather services as one of
many inputs into their decision-making processes (e.g.,
“can I service my grid today? Is there a risk of space
weather-associated disruptions? What is the cost of delay-
ing this?”). It is often also used to mean forecaster users
in operational centers, evaluating model outputs and using
these as inputs to derive products and services they then
issue to end-users. Terrestrial weather has the useful term
“intermediaries” for this case. We note some expert end
users (for example engineers in the satellite sector with
good awareness of the space weather environment, and
model or observational limitations) are sometimes willing
to receive operational model output directly, typically if
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the uncertainties are well-characterised. In this paper, we
focus mainly on the chain where model output is presented
to forecasters; as such “users” typically means “forecaster
users”.

Appendix C. Tracking Frameworks: Tables of definitions

These various tracking frameworks developed largely
independently by various actors in the enterprise to meet
their needs to assess R20 progress unsurprisingly share
many similarities.

For convenient comparison of the various frameworks
by the enterprise — those running R20 incubation efforts,
and those being assessed by such frameworks — we have
grouped the main frameworks in this paper, providing a
top-level review in §7. In this appendix, we provide tables
outlining the detailed levels within each framework. We
leave attempting to map any equivalences between frame-
works and their levels to enthusiastic readers, or a future
effort.

C.1. ESA technology readiness levels (TRLs)

Table C1. Technology Readiness Level (TRL) defini-
tions used by ESA (discussed in §7.1).

TRL Level Description

1 Basic principle observed and reported

2 Technology concept or application formulated

3 The concept or application is proven through
analysis and experimentation

4 Basic prototype validated in a laboratory
environment

5 Basic prototypes validated in the relevant
environment

6 System or subsystem model or prototype
demonstrated in a relevant environment

7 System prototype demonstrated in a relevant
environment

8 The actual system completed and qualified for flight
through test and demonstration

9 The actual system has been proven through
successful operations in space
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C.2. ESA SWE network product maturity levels (PML)

Table C2. ESA SWE Network Product Maturity Level (PML) definitions (discussed in §7.2).

# Name Short Description

1 Basic Research New ideas with potential interest for Space Weather situational awareness purposes.

2 Controlled Preliminary testing to understand the validity of the product on a test case or in a controlled
environment environment.

3 Prototype/ The product demonstrates its performance within a user-friendly interface.
demonstrator

4 Relevant environment The service product is running in the relevant environment.

5 Monitored The product is running stably with monitoring of the performance and availability.

6 In use The product is running stably with monitoring and has recognised users (community).

7 Available for decision The product is running in a well-described environment according to agreed targets and is
making successfully used by recognised users (community) for decision-making purposes.

C.3. NOAA Readiness Levels (RLs)

Table C3. NOAA Readiness Level (RL) definitions (discussed in §7.3).

RL NAO 216-105B Definition

1 Basic research, experimental or theoretical work undertaken primarily to acquire new knowledge of the underlying
foundations of phenomena and observable facts, without any particular application or use in view. Basic research can
be oriented or directed towards some broad fields of general interest, with the explicit goal of a range of future
applications.

2 Applied research original investigation undertaken to acquire new knowledge. It is, however, directed primarily
towards a specific, practical aim or objective. Applied research is undertaken either to determine possible uses for
basic research findings or to determine new methods or ways of achieving specific and predetermined objectives.

3 Proof-of-concept for system, process, product, service, or tool; this can be considered an early phase of experimental
development; feasibility studies may be included.

4 Successful evaluation of a system, subsystem, process, product, service, or tool in a laboratory or other experimental
environment; this can be considered an intermediate development.

5 Successful evaluation of the system, subsystem, process, product, service, or tool in relevant environment through
testing and prototyping; this can be considered the final stage of development before the demonstration begins.

6  Demonstration of a prototype system, subsystem, process, product, service, or tool in a relevant or test environment
(potentially demonstrated).

7  The prototype system, process, product, service, or tool demonstrated in operational or other relevant environment
(functionality demonstrated in near-real world environment; subsystem components fully integrated into system).

8 Finalized system, process, product, service, or tool tested and shown to operate or function as expected within user’s
environment; user training and documentation completed; operator or user approval given.

9  System, process, product, service, or tool deployed and used routinely.
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C.3.1. Plain-language description of the NOAA Readiness
Levels

In considering the application of the RLs to the specific
domain of space weather, and as introduced by the 2022
space weather R2Z02R Framework, plain-language defini-
tions of RLs 4-8 (analogous to those provided in The
Handbook) are provided below with the intent of clarifying
the main effort associated with each level and the associ-
ated environment wherein the effort is undertaken.

e RL 4: Validation of prototype capability in development
environment (e.g., laboratory or other experimental envi-
ronment). Such validation results contributing to the
establishment of RL 4 should sufficiently evince the
potential for the emerging capability to advance over
the current state-of-the-art.

e RL 5: Validation of maturing capability in Proving
Ground (PG) environment (i.e., environment relevant to
targeted end-use environment). Such objective valida-
tion aims to thoroughly characterize the expected per-
formance of the capability in real world application
and should include its integration with any necessary
supporting elements. Such supporting resources are
afforded via the PGs. Examples of PGs include the
CCMC-SWPC Architecture for Collaborative Evalua-
tion (ACE) at CCMC Cloud of NASA HPC, NASA’s
Moon-to-Mars Space Weather Analysis Office, and the
Space Weather Prediction Testbed — SWPT.

e RL 6: Demonstration of advanced capability in Testbed

environment (e.g., test environment, relevant end-use
environment). Demonstration via the Space Weather
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Prediction Testbed toward the attainment of RL 6 is
expected to focus on the determination and optimization
of the ultimate impact of an advanced capability on the
end-user. This occurs through broad engagement of the
entire stakeholder chain (e.g., developers, scientists,
forecasters, social scientists, decision makers, end-
users) and affords iteration of critical components
(e.g., visualization, products, etc.) and the concept of
operations (conops).

e RL 7: Demonstration of full-system prototype in opera-
tionally relevant environment (e.g., near-real world envi-
ronment, actual targeted operational environment, or
other sufficiently operationally relevant environment).
This preliminary full-system demonstration aims to
probe the sufficiency of the realtime support elements
(e.g., error handling, failure modes, monitoring systems,
etc.) and to implement revisions toward attainment of
established robustness requirements.

e RL 8: Finalized full-system testing in targeted end-use
environment (i.e., operational environment). Successful
completion of this final full system testing is expected
to characterize performance on the end-user’s targeted
system and certifies reliability, robustness, and resili-
ence, therein.

To reiterate, the preceding descriptions of RLs 4-8 are
provided strictly toward illustrating the relationship
between the main effort associated with the attainment of
a given RL and the environment wherein the effort is
undertaken. These descriptions should not be taken to rep-
resent the full scope of requirements comprising the readi-
ness levels discussed.
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C.4. NASA application readiness levels (ARLs)

Advances in Space Research xxx (xxxx) xxx

Table C4. Application Readiness Level (ARL) definitions (discussed in §7.4).

Phase ARL Level description

Milestones

Discovery and 1
Feasibility

Development, 4

testing, and
validation

Integration into 7

the partner’s
system

Basic Research (Baseline Ideas)

Application Concept (Invention)

Proof of Application Concept
(Viability Established)

Initial Integration and Verification

(Prototype/Plan)

Validation in Relevant Environment

(Potential Determined)

Demonstration in Relevant
Environment (Potential
Demonstrated)

Application Prototype in Partner’s

Decision-Making (Functionality
Demonstrated)

Application Completed and Qualified

(Functionality Proven)

Approved, Operational Deployment

and Use in Decision Making
(Sustained Use)

Developed ideas for how specific research results could
enhance decision-making

Baseline support research identified and documented
(i.e., results on the theory, models, remotely sensed
products, and other current or planned measurements
needed to support the application idea) — whether done
by the PI’s Team or not.

Independent application components formulated and
created

Decision-making activity to be enhanced by the
application identified

Plans to characterize better the decision-making
activity developed.

A convincing case for the viability of the application
concept made

Detailed characterization of user decision-making
process completed (e.g., pre-application baseline
performance, mechanisms, and limitations)
Components of the application tested and validated
independently

Components of the eventual application system were
brought together, and technical integration issues
worked out

Organizational challenges and human process issues
identified and managed.

Application components integrated into a functioning
prototype application system with realistic supporting
elements

The application system’s potential to improve the
decision-making activity determined and articulated
(e.g., projected impacts on cost, functionality, delivery
time, etc.)

Prototype application system beta-tested in a
simulated operational environment

Projected improvements in the performance of
decision-making activity demonstrated in a simulated
operational environment

Prototype application system integrated into end-users
operational environment

Prototype application functionality tested &
demonstrated in decision-making activity

Finalized application system was tested, proven
operational, and shown to operate as expected within
the user’s environment

Application qualified and approved by user for use in
decision-making activity

User documentation and training completed.
Sustained use of application system in a decision-
making context
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C.5. ISWAT Application Usability Levels (AULs)

Table C5. Application Usability Level (AUL) definitions
(discussed in §7.5).

Phase AUL Level description
I) Discoverability and 1 Basic research
viability 2 Establishment of users

and their requirements
3 Assess viability and
current state of the art

IT) Development, testing, 4 Initial integration and

and validation verification
5 Demonstration in the
relevant context
6 Completed validation

III) Implementation and 7
integration into 8
operation

Application prototype
Validation in relevant
context

9 Approved for on-
demand use
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