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Abstract The Geospace Environment Modeling (GEM) program regularly issues “community challenges”
in which researchers examine a particular space physics phenomenon or geomagnetic activity event, often
running numerical models to assess dominant processes and understand the timing and relationship of observed
signatures. The GEM Methods and Validation Resource Group helps those GEM focus group leaders running
challenges to maximize participation and optimize scientific return from the significant time investment of these
endeavors. This article gives a brief history of GEM community challenges and details those best practices that
lead to an inclusive and valuable experience.

Plain Language Summary Over 30 years ago, a group of space scientists set out to coordinate efforts
toward the creation of a community-wide numerical modeling resource. This led to the formation of the

Geospace Environment Modeling program, and one of the regular activities of this program is the instigation of
“community challenges.” These challenges typically select a particular geospace activity interval or a physical
process and then rally the research community to participate in the analysis of this phenomenon. The practice
has led to substantial new knowledge of Earth's space environment and significant advancements in numerical
modeling capabilities of this region. Here, we describe the history of these community challenges, highlight the
lessons learned, and collect the best practices that maximize participation and optimize scientific return.

1. Introduction

The Geospace Environment Modeling (GEM) Program has existed for over 30 years as a funded element of the
Geospace section within the National Science Foundation (NSF). It strives to spur action within the magneto-
spheric physics research community on specific topics. A key tool used by GEM community researchers is the
“community challenge,” a grassroots approach to focus effort on a particular plasma process or interesting in-
terval of geomagnetic activity (Hietala et al., 2020; Lyons et al., 1996). A hallmark of the GEM program since its
very beginning, a number of community challenges have been conducted throughout the intervening decades.
Much about magnetospheric physics—and fundamental plasma physics—has been learned from these challenges.
Moreover, lessons have been learned about conducting these challenges. This article coalesces those lessons into
a best practices guide for running a GEM community challenge. Our goal in writing this is to aid not only the
community challenges of the magnetospheric physics research community but also similar community-wide
efforts in other disciplines.

1.1. History of the GEM Program

To fully appreciate and understand the concept of community challenges, it is useful to first introduce the GEM
program and its organizational structure. In response to a congressional promise of doubling the foundation's
budget, the Global Geosciences initiative was created (NSF, 1987). As described by Roederer (1988), the
magnetospheric physics research community heeded the call of NSF for ambitious new ideas. This summary of a
gathering in August 1987 defines the GEM program as an interconnected sequence of research campaigns—as
graphically depicted in Figure 1—that leveraged the new technology of online data centers and super-
computing resources. It detailed an ambitious timeline of robust magnetospheric physics advancements in the
1990-1995 timeline. As seen in Figure 1, the GEM program would tackle everything “magnetospheric” in nature,
from the dayside interaction with the solar wind, to nightside magnetotail dynamics, to near-Earth convection and
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ionospheric coupling. Campaigns focused on individual topics and questions within the GEM community. These
campaigns often used community challenges to help push forward the understanding within these topics.

This initial meeting and report were followed by two pre-program workshops in 1989, one on magnetospheric
theory and the other on observations. Anonymous (1990), perhaps written by or in conjunction with the GEM
Steering Committee chair at the time, George Siscoe, describes a critical and unique element of the GEM program
philosophy: “Unlike most NSF programs, this one was, and is, goal directed. It is aimed at developing a geospace
general circulation model (GGCM).” It further states: “The coordinated attack on the magnetosphere's poorly
understood region leads, after five intensive, problem-focused campaigns, to a sixth, assembly and-assessment
campaign, to codify and test the GGCM.” This sixth campaign was targeted at the creation and testing of the
GGCM. Rather than one model emerging from the effort, several were created. In the early 2000s, two working
groups on “modeling methods” and “metrics and validation” were initiated. These merged and eventually became
the Methods and Validation (M&V) Resource Group (RG) within the GEM program in 2018.

Soon after the first full GEM summer workshop in 1991, a full definition of the GEM program was provided by
Dusenbery and Siscoe (1992). This emphasized a distributed leadership structure that fostered community buy-in
of coordinated research efforts. Regarding the creation of the GGCM, data-model comparison arose as an integral
component of the process: “A major objective of the GEM program is to bring these two camps together so that
the models can tell the experimenters what is happening physically and the data collected can help to constrain
and better improve the models.”

Three more Eos articles further explained the concept of the GEM program. Lotko (1993) listed the milestones of
the GEM program, detailing the two initial campaigns. The first was the Boundary Layer and Cusp campaign,
focusing on the dayside magnetosphere, and the second was the Substorm campaign, focusing on this enigmatic
yet fundamental phenomenon of the nightside magnetosphere. Siscoe and Fedder (1994) introduced the plan for
creating the GGCM, listing the steps needed to make a coupled code. The final one in the series, Lyons and de la
Beaujardiére (1994), described the first geomagnetic activity interval “chosen for detailed analysis™: 27-29
January 1992. This interval was the basis of the first “community challenge” and was the main focus of the
Boundary Layer and Cusp campaign throughout that group's term within the GEM program.

The GEM program flourished through its first 5 years (Spence, 1996). Not only did the community gather for a
dedicated GEM workshop every summer, but it also instituted a half-day “GEM mini-workshop” preceding the
annual meeting of the American Geophysical Union, held in December. This allowed regular progress toward
coordination of the community-wide efforts. The challenges were central to these discussions and the twice-a-
year meetings of interested researchers enabled regular action toward GEM program goals. While some re-
searchers were funded by the NSF specifically for GEM-related research or leadership, many participated on
multiple programs. Regarding observations, ground-based instrumentation for magnetospheric and ionospheric
physics has largely been funded by NSF programs and, because of the magnetic field connection between the
ionosphere and magnetosphere, measurements of the Earth's upper atmosphere are directly relevant to the GEM
program (Lyons, 1995). Additionally, various magnetospheric-focused NASA satellite missions were critical to
GEM program advancement.

The GEM program did not end in 1995. Many in the magnetospheric community appreciated the informal at-
mosphere of the GEM workshops, the grassroots involvement of researchers across a range of demographics, and
the collaborative nature of the challenge activities. The campaigns cycled through all magnetospheric regions
with some ending and others beginning throughout the next decade. In 2008, the GEM Steering Committee
approved a significant restructure of the program, replacing the campaigns—each containing three to five
working groups—with a new Focus Group (FG) format with Research Areas. Each FG, competitively proposed
by the community and selected by the Steering Committee, has a maximum term of 5 years, enforcing a regular
shift in the content and emphasis of the GEM program and workshop. One of these FGs was on Metrics and
Validation, centered on quantifying GGCM accuracy and raising awareness of the underlying techniques used in
data-model comparisons. Moreover, it enabled the other FGs to effectively run their community challenges. This
FG was reproposed each time it approached expiration, with changes in leadership with each of these proposals.
Because it serves a different purpose than a standard FG, a new structure was initiated in 2020, the permanently
standing Resource Group (RG), of which the Methods and Validation (M&V) Resource Group was the first.
Figure 2 shows the modern organizational structure of the GEM program Research Areas with respect to
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Figure 1. A schematic of the regions and processes within the scope of the Geospace Environment Modeling (GEM) program (Roederer, 1988).

magnetospheric region, as well as a listing of the other, more cross-cutting and integrative activities conducted
with the scope of the GEM program.

1.2. History of GEM Challenges

There have been at least 14 community challenges throughout the GEM program era. These are summarized in
Table 1, listing the years, main approach, and key summary papers for each. Let us briefly summarize some of the
main points along the timeline of GEM challenges over the last 3 decades.

The first challenge, often called at the time the Grand Challenge because of its novel approach to broad-based, yet
coordinated, participation in a large-scale project, rallied community effort around the January 1992 interval. As
summarized by Lyons et al. (1996) and Lyons (1998), this interval was driven by a strong interplanetary magnetic
field (IMF) that rotated through all B,-B,, clock angles (where the clock angle is given by 8 = tan™'(B,/B,) and
notes the contribution of one IMF component over the other in solar wind-magnetosphere interactions), allowing
for a robust assessment of convection patterns in these different activity states. Several studies from this challenge
further exemplify the coordinated approach to understanding this interval, including several that bring multiple
data sets together (e.g., Hill & Toffoletto, 1998; Weiss et al., 1995) and those focused on comparing the emerging
global models with these data (e.g., Fedder et al., 1998; Raeder et al., 1998; Winglee et al., 1997).

The other kick-off campaign of the GEM program initiated the first Substorm Challenge, as introduced by Raeder
and Maynard (2001). Substorms are a class of geomagnetic activity originating from the magnetotail, and remain
a topic of active research. While Raeder and Maynard (2001) focused on a single substorm event in 1996, many
other intervals were considered to better contextualize the timing and intensity of particular substorm signatures
(e.g., Lyons, McPherron et al., 2001). Again, several studies focused on the coordinated analysis of disparate data
sets (e.g., Lyons, Ruohoniemi, and Lu, 2001; Sigsbee et al., 2001; Weimer, 2001) while others used this event to
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Figure 2. The current GEM program structure, listing the research areas that cover the full range of magnetospheric regions and processes, plus a listing of the integrative
activities within the GEM program. Background image courtesy of the NASA Visualization Studio, showing the magnetospheric topology as produced by the
Multiscale Atmosphere-Geospace Environment (MAGE) model (Lin et al., 2022).

Table 1
GEM Challenges

Challenge name

Publication years

Approach

Summary paper(s)

Grand Challenge
Substorm Challenge

Inner Magnetosphere and Storms
Events

Reconnection Challenge

Inner Magnetosphere/Storms
Assessment Challenge

2008-2009 GEM Modeling Challenge

SWPC Challenge

MHD-Empirical Modeling Comparison

Ionospheric Conductance Challenge

Spacecraft Surface Charging Challenge

Inner Magnetosphere Cross Energy-
Population Interactions Challenge

Radiation Belt Challenge

Dayside Kinetic Challenge

Magnetotail at Lunar Distances
Challenge

Late 1990s
Early 2000s
Early 2000s

Early 2000s
Mid-2000s

Early 2010s

Early to mid 2010s

Mid 2010s

Late 2010s to early 2020s

Late 2010s
Mid to late 2010s

Mid to late 2010s

Early 2020s

Early 2020s

Centered on the January 1992 event
Centered on a single substorm in 1996

Three storms: May 1997 September
1998, October 1998

Idealized forced reconnection scenario

Two storms for ring current, two storms
for radiation belt

Analyzed by CCMC; four storms,
ranging from “small” to “super”

Conducted by CCMC; used six events,
including 2 “surprise” events

Conducted by CCMC; idealized runs
across a range of solar wind inputs

Analysis by CCMC; centered on
December 2006 event

Centered on the March 2013 storm

Focused on science of cross-population
coupling in the inner magnetosphere

Focused on model comparison with Van
Allen Probes observations

Centered on THEMIS and MMS
magnetopause and magnetosheath
observations from 2017 to 2018

Centered on ARTEMIS data

Lyons et al. (1996) and Lyons (1998)
Raeder and Maynard (2001)

No single summary paper produced

Birn et al. (2001)
Liemohn (2006)

Pulkkinen et al. (2010, 2011)

Pulkkinen et al. (2013)

Gordeev et al. (2015)

Rastitter et al. (2016), Shim et al. (2018)

Yu, Rastitter, et al. (2019)
Yu, Liemohn, et al. (2019)

Tu et al. (2019)

Dimmock et al. (2020) and Hietala
et al. (2020)

Runov et al. (2023)
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test the ability of global models to accurately reproduce substorm features (e.g., Raeder et al., 2001; Ridley
et al., 2002).

A third community challenge of the 1990s was the selection of geomagnetic storms by the Inner Magnetosphere
and Storms (IM/S) Campaign. One major thrust of this effort was the hot (~keV) ions that carry most of the
electric current in the inner magnetosphere during large geomagnetic storms, with analysis of the events from this
challenge leading to the theory that loss through the dayside magnetosphere through convection on open drift
paths dominates early decay of the ring current (e.g., Liemohn et al., 1999) and that the ring current is highly
asymmetric during the main phase of storms (e.g., Kozyra & Liemohn, 2003; Liemohn et al., 2001). The energetic
(~keV to MeV) electrons were the other charged particle population of interest for this challenge, with resulting
studies leading to new understanding of microburst losses of the radiation belts (e.g., Lorentzen et al., 2001;
McAdams et al., 2001; O'Brien et al., 2004).

Arguably the most successful and impactful community challenge of the GEM program is the Reconnection
Challenge (Birn et al., 2001). Conceived as a simple head-to-head assessment of different types of numerical
approaches to an idealized yet classic problem of magnetic reconnection, this activity led to substantial new
understanding about the microphysics of this ubiquitous process. The collection of studies from this challenge
covered the full range of relevant physics, from ideal magnetohydrodynamics (MHD) to extensions that included
additional physics representations, such as Hall MHD (e.g., Ma & Bhattacharjee, 2001), current-dependent re-
sistivity (Otto, 2001), anisotropic pressure (Birn & Hesse, 2001), nongyrotropic pressure (Kuznetsova
et al., 2001), and full particle-in-cell modeling (e.g., Hesse et al., 2001; Pritchett, 2001; Shay et al., 2001). This
challenge continued to have a lasting effect on magnetic reconnection studies for years afterward (e.g., Birn
et al., 2005), with many of these studies still having profound influence on the field to this day.

In its waning years, the IM/S campaign conducted a second community challenge, selecting two intense
geomagnetic storm intervals that were well observed by the Imager for Magnetopause-to-Aurora Global
Exploration IMAGE) mission. Focusing on the plasmasphere (e.g., Goldstein et al., 2005; Liemohn et al., 2006),
ring current (e.g., Chen et al., 2006; Ganushkina et al., 2006; Jordanova et al., 2006; Milillo et al., 2006), and
radiation belts (Huang et al., 2006; Miyoshi et al., 2006), it especially emphasized advancing knowledge about the
physical processes connecting these plasma populations, as summarized by Liemohn (2006).

With the advent of the Metrics and Validation FG, the practice of reporting community challenge results switched
to a mode of providing model output/predictions to the Community Coordinated Modeling Center (CCMC) and
allowing an independent investigator to lead the assessment. This practice yielded a number of significant studies
quantifying magnetospheric numerical models against various data sets. For example, Pulkkinen et al. (2010,
2011) focused on ground-based and geosynchronous satellite data-model comparisons for MHD modeling results
of the 2008-2009 event challenge, Rastitter et al. (2011, 2013) further evaluated these event simulations against
geosynchronous magnetic fields and the Dst index, and Honkonen et al. (2013) continued this effort with
comparisons of the four MHD model results against additional satellite observations throughout the magneto-
sphere. Perhaps the most influential of these CCMC-led studies is that of Pulkkinen et al. (2013), for which the
models themselves were passed to CCMC staff (i.e., not just the model outputs) and led to the selection of one of
the models for implementation as an operational space weather prediction asset by NOAA (the “SWPC Chal-
lenge”). Gordeev et al. (2015) presented a systematic analysis of MHD models against empirical magnetic field
models, selecting a large number of magnetospheric shape parameters for analysis. A follow-on study by Collado-
Vega et al. (2023) conducted a similar analysis of magnetopause locations but for real events and compared
against all available satellite data. The joint challenge on ionospheric conductance between the GEM program and
its sibling organization, the ionospheric-focused Coupling Energetics and Dynamics of Atmospheric Regions
(CEDAR) program, was also run this way, with Rastitter et al. (2016) focusing on high-latitude ionospheric data-
model comparisons, and then Shim et al. (2017, 2018, 2023) conducting a series of data-model comparison
studies on the global ionospheric state (Ozturk et al., 2020). Additional studies arose from this challenge but the
efforts were decentralized, to the point that the resulting papers do not even mention the GEM challenge, even
though they grew out of those discussions (e.g., Khazanov et al., 2019). A final challenge to mention, on
spacecraft surface charging, used this approach of gathering results into a single study (Yu, Rastitter, et al., 2019).

In recent years, several FGs have gone back to the decentralized format of community challenges. One challenge,
focusing on the inner magnetosphere (summarized by Yu, Liemohn, et al., 2019), allowed participants to publish
their studies as the results became available, rather than imposing a deadline through a single collection (e.g.,
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Chen et al., 2014; Glocer et al., 2016; Tu et al., 2013). A similar approach was taken for another challenge on
radiation belt dynamics (summarized by Tu et al., 2019), specifically focusing on comparisons with Van Allen
Probes observations (e.g., Albert et al., 2018; Brito & Morley, 2017; Engebretson et al., 2018; Ma et al., 2018).
Another centered on the kinetic processes in the dayside outer magnetosphere, magnetopause, and magnetosheath
and used the journal special collection as motivation for community involvement (Dimmock et al., 2020; Hietala
et al., 2020). This approach resulted in substantial advancements about transient phenomena at the magnetopause
and bow shock, as well as a comprehensive collection of data-model and model-to-model comparisons (e.g., Chen
etal., 2020; Guo et al., 2020; Trattner et al., 2020; Zhang & Zong, 2020). Finally, a very recent challenge centered
on the magnetotail at lunar distances, taking advantage of the Acceleration, Reconnection, Turbulence and
Electrodynamics of Moon's Interaction with the Sun (ARTEMIS) spacecraft in orbit around the Moon, which
passes through the magnetotail in a region that is still not well understood (e.g., Kamaletdinov et al., 2024; Runov
et al., 2023).

1.3. Learning Lessons From Past GEM Challenges

It is clear from the discussion above that many papers, findings, and collaborations have emerged from the group-
wide challenges undertaken by the GEM community. A variety of management styles have been implemented to
foster participation from researchers, different approaches have been used regarding inter-code comparisons and
data-model metrics, and the timelines of these challenges have spanned from a single year to a steady stream over
several years. From all of these experiences, we have learned much about how to create a space for researchers to
want to work together toward a common objective. While there has been no single methodology for conducting a
challenge, it is useful to assess what has worked well and what has caused frustration with respect to running and
participating in these group efforts. Section 2 presents the lessons learned from past challenge leaders, as
documented in summary articles and retrospectives that they have written. Section 3 shares additional ideas from
the GEM community, as collected through a series of conversations at the GEM workshops in recent years.
Section 4 covers some GEM-specific logistics of starting and running a community challenge within this pro-
gram. A summary is presented in Section 5, including a synthesis of all of the best practices covered in the earlier
sections and some suggestions for follow-up bibliometric studies on the effectiveness of challenges for advancing
science.

2. Best Practices for Running Community Challenges: Lessons From Past Challenge
Leaders

2.1. Summarizing Published Advice

When considering a community challenge, the first and arguably foremost decision is on the scope of the effort. A
good example of such a statement of purpose is found in Pulkkinen et al. (2010): “The fundamental purpose of the
GEM 2008-2009 Challenge is to quantify, for the given evaluation setup, the current state of the space physics
modeling capability and to address the differences between various modeling approaches.” This challenge is
clearly focused on validating the state of the art and quantifying the strengths and weaknesses of the model. That
is, it was not particularly focused on scientific return but rather on understanding the present collection of
available modeling tools. Another statement of purpose is found in Liemohn (2006):

“A few magnetic storms, known as the GEM Storms, were selected early in the campaign life for
group-wide study. This list has been extended over the years to include almost a dozen events, and
the ““GEM Storms’’ sessions were becoming a potpourri of individual science results, rather than a
concentrated effort on a few storm intervals. A climatic activity was therefore introduced to
refocus the IM/S Campaign’s attention on a short but well-selected list of events: the Inner
Magnetosphere/Storms Assessment Challenge (IMSAC). An additional outcome from the IMSAC
is the definition of metrics for inner magnetospheric model results.”

This one is centered on scientific return, steering the community toward particular geomagnetic activity intervals
to coordinate that knowledge advancement. Note that challenges do not have to be arranged around real events.
The reconnection challenge was completely focused on model-model comparisons of an idealized initial and
boundary condition scenario. The challenge had very specific hypotheses to test with these model-model com-
parisons. And it worked: the summary paper of Birn et al. (2001) is one of the most highly cited studies from any
of the GEM challenges.
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Arguably the most comprehensive paper about how to run a GEM challenge is that of Hietala et al. (2020). This
paper is entirely about lessons they learned from running the dayside kinetic challenge. One issue they dealt with
is keeping the research community engaged throughout the duration of the challenge:

“The biggest struggle has been maintaining focus, interest, continuity, and communication from
year to year. The organizers need to tirelessly reiterate the message of the value of Challenge
activities. Most of the efforts of the organizers go into communication, that is, e-mails. People need
to be individually persuaded to commit their time, essentially for free, for something that is most
likely not directly in their interest, as they are presently funded to do something else.”

It took substantial time and energy for the challenge leaders to foster engagement across several years of effort. A
related point raised by Hietala et al. (2020) was about the timing of work, stating that “everything always seems to
get done during the 2 weeks right before the Summer Workshop.” This speaks to the need for shorter, rather than
longer, timelines for a community-wide challenge. They argue that shorter is actually better for the scientific
return; the challenge must then be narrowly defined with a central focus. Keeping the timeline short, and getting
the community to agree to deadlines, reduces the need for sustained engagement. When a challenge continues past
a year or so, it becomes a cumbersome burden to the organizers.

Hietala et al. (2020) continues with keen advice about metric selection. They urge each challenge group to think
about the purpose of any data-model comparisons and make their own decision about what metrics best suit that
need. Indeed, they warn, “A single number used as a metric for some previous Challenge may not be good for your
purposes.” When planning a data-model comparison effort as part of a challenge, organizers should carefully
consider what elements of the available data sets are most critical for the assessment. They recommend the
creation of a comprehensive listing of metrics options, including advice about what metrics work best in certain
situations. Others, such as the International Space Weather Action Teams (https://www.iswat-cospar.org/), have
also been conducting community discussions on best practices for metrics, such as for energetic particles (Zheng
et al., 2019, 2024), auroral electrodynamics (Robinson et al., 2019), and ground magnetometer perturbations
(Liemohn et al., 2018; Welling et al., 2018). A summary of common metrics is given in Appendix A.

The M&V RG leadership strongly encourages the adoption of open science best practices, in particular toward the
FAIR (Findability, Accessibility, Interoperability, and Reusability) model (e.g., Wilkinson et al., 2016). A
challenge activity that follows the FAIR principles more readily allows others to expand on the research with their
own study later, including the use of other metrics and data-model comparison methods.

A critical concern for a number of challenges has been the availability and usability of relevant observations. In
their summary of the first substorm challenge, Raeder and Maynard (2001) made a strong point about the
sparseness of space science data: “In particular, magnetospheric data are restricted to statistical average pictures,
point measurements, and ionospheric synoptic maps. Even the most comprehensive data sets have limited res-
olution.” This situation still exists today; it seems that we will never have enough data to satisfy our need for
comprehensive model comparison. Similarly, Dimmock et al. (2020), discussing the dayside kinetic challenge,
raise the issue of being too specific in the data-model comparisons chosen for a challenge, a fact often driven by
the sparseness of magnetospheric data:

“It is shown that matching very specific upstream conditions can severely impact the statistical
data if limits are imposed on several solar wind parameters. We suggest that future studies that
wish to compare simulations and/or single events to statistical data should carefully consider at an
early stage the availability of data in context with the upstream criteria. We also demonstrate the
importance of how specific IMF conditions are defined, the chosen spacecraft, the region of in-
terest, and how regions are identified automatically.”

That is, modeling should be statistical, like the data compilations to which they are being compared. Because full
magnetospheric models are often computationally expensive to run, it is usually the case that only a small handful
of simulations are conducted, yet then compared with statistical compilations of observations. One way to
approach this is to do a statistical analysis on simulations that are extended enough and driven by different solar
wind conditions to be reasonably compared to observational statistics (e.g., El-Alaoui et al., 2013; Garcia &
Hughes, 2007; Gordeev et al., 2015; Guild et al., 2008; Haiducek et al., 2020; Katus et al., 2015; Liemohn &
Jazowski, 2008; Morley, Brito, & Welling, 2018; Morley, Welling, & Woodroffe, 2018; Wiltberger et al., 2015).
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A promising avenue for future studies is to determine how this type of approach can be done in a community
challenge setting.

A related issue to this is data availability and ease of use by the challenge participants. Tu et al. (2019) make a
good point about challenges as a place for collection of useful data, the one-stop location for all relevant files to
conduct a robust data-model comparison:

“A key part of the challenge activity was the collection—in publicly accessible cloud storage—of
supporting data, especially of the type used for setting model boundary conditions or incorporating
physical processes. Contributions to this effort included data products tailored to these events.
Links to the community resources curated by the FG, including readme files and overview pre-
sentations for the challenge events.”

This data collection and accessibility is a non-trivial task that takes time and effort by knowledgeable experts.
Related to this, Oztiirk et al. (2020), in their article on the conductance challenge, noted that a high priority of that
leadership team was systematic quantification of the uncertainties in the data sets to which the models were being
compared.

To conclude this section, we return to Hietala et al. (2020), who make a crucial point that is essential to repeat
here. This is with respect to funding: “We would recommend the GEM community to consider writing collab-
orative proposals, one per Challenge.” It seems to be a regular issue with challenges; we are asking the research
community to conduct work and participate in a group-wide assessment, often without compensation for their
time. Funding of participation would address the sustained engagement issue, allowing researchers to devote
substantial time to the challenge effort. When asking the community to do it “for free,” then each researcher must
have their own funding source to participate. To accomplish full involvement, the objectives of the challenge must
align with those of every researcher participating in the project. This is a difficult feat to accomplish.

A group-wide funding request could alleviate many of the problems with running a challenge. This could be
partially done through a collaborative grant proposal to the National Science Foundation, or to some other federal
agency, like the NASA Heliophysics Supporting Research program or Living With a Star program (assuming
there is a Strategic Capability or Focus Science Topic team call solicited within the challenge timeline). However,
there are logistical and budgetary challenges for funding agencies that make this pathway a generally non-viable
solution for supporting larger groups participating in community challenge events, such as the fluid nature of the
crew participating in the challenge activities from year to year. NSF has a potential model for this; the GEM
Workshop coordinators receive funding to partially support a few dozen students to attend the workshop. That is,
the grant includes travel funding for an unknown group of people, to be selected anew each spring, before the
workshop. A similar method could be followed to facilitate participation in a community challenge.

Another potential pathway is to work with funding agencies, specifically the GEM program at NSF, to organize
solicitations around community challenge events specifically. Multiple teams of smaller groups could then
propose studies that all seek to address that particular community challenge. Organizing such a call requires early
and active engagement with the funding agency, a budgetary environment that can support such a call within the
general portfolio of that agency's program, and advanced planning and community buy-in for the challenge event
that would be the focus of such a solicitation.

Finally, encouraging increased participation and engagement with already funded facilities and mission teams for
challenge event contributions may also help with lowering barriers to community members. Needed funding
support could then be distributed specifically to those that do not have directly relevant lines of funding for
participation.

2.2. Organizational Framework Advice

In terms of organizing the challenge and conducting the task of comparison and analysis, two dominant methods
have emerged. One option is to distribute the work effort across the entire community, allowing each researcher to
analyze their own model results. Often, a summary paper is written synthesizing the results from the many in-
dividual studies emerging from the challenge. This method was applied to the first substorm challenge (e.g.,
Raeder & Maynard, 2001), the GEM reconnection challenge (e.g., Birn et al., 2001), the IM/S assessment
challenge (e.g., Liemohn, 2006), the radiation belt modeling challenge (e.g., Tu et al., 2019), and the dayside
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kinetic challenge (e.g., Dimmock et al., 2020). An advantage of this choice is that studies can be published as they
are ready, and provides a mechanism for recognition of the contribution of individual community members
through publications. Another useful outcome is that the broad inclusion of many authors yields a wide variety of
findings from the challenge, as each participant uses the challenge to build and expand their existing research
projects and obligations. The drawback is that, with a few exceptions, the challenge rarely yields a definitive
head-to-head comparison of models.

Another option is to collect the model results and have an independent group or person lead the analysis effort.
The individual groups might publish follow-on papers using the same output, but such papers are often indirectly
related to the goals of the challenge. The collection point has often, but not always, focused on the CCMC, with
the staff there taking the lead on the papers resulting from the challenge. This method was used for the Grand
Challenge (Lyons et al., 1996), the GEM 2008-2009 challenge (e.g., Pulkkinen et al., 2010, 2011), the SWPC
selection challenge (e.g., Pulkkinen et al., 2013), the conductance challenge (e.g., Ozturk et al., 2020; Rastétter
etal., 2016; Shim et al., 2017), and the surface charging challenge (e.g., Yu, Rastitter et al., 2019). The upside of
this approach is that the output from the models are directly compared, not only against each other but also against
observations. This is a powerful technique for discovering the strengths and limitations of the bevy of models
included in the challenge, setting the stage for eventual transition to operations. Another advantage of this
approach is that the demand on the research community is smaller than the other approach; each person con-
tributes a data set or model output and then the CCMC staff person does the majority of the work as part of their
NASA-defined and funded duties. The downsides of this option are that it usually yields fewer papers (perhaps
counter to career-building first authorships for many researchers), as well as often being focused on assessing the
model quality against observations (i.e., strict validation) and thus might have a smaller chance for a breakthrough
scientific finding.

Neither of these approaches is inherently better or worse than the other. As noted above, they each have many
strengths. The decision of which of these methods to apply for a new challenge depends on the objective: a more
science-centric challenge might be better if choosing the distributed-work option while a more application-
oriented challenge might be better using the centralized-work option. Moreover, they are not mutually exclu-
sive, but any challenge could have both. For example, the Pulkkinen et al. (2013) challenge led to several follow-
studies by individual research teams (e.g., Toth et al., 2014) and other CCMC inter-model comparisons (e.g.,
Glocer et al., 2016).

3. Suggestions From the GEM Community

We have had several discussions during sessions at past GEM Workshops and Mini-GEMs about best practices
for community challenges. Here are some helpful highlights that have emerged as repeated themes in these
discussions. In addition to the narrative below, specific website links suggested by the community as potentially
helpful to future challenge leaders are listed in Appendix B.

3.1. Formation and Setup

When recruiting researchers to participate in the challenge, it is good to follow best practices of group formulation
(NRC, 2015, and references therein). These include the following: (a) thinking about the breadth of skillsets and
backgrounds of the group members, including non-traditional skills (e.g., story tellers, or code developers); (b)
actively encouraging a broad mix of people to participate in the challenge; (c) creating a plan for keeping track of
“membership” in the challenge activity; and (d) having a plan for how to bring in new researchers after the
challenge is underway. Also, organizers should strive to make the community conducting the challenge as diverse
as possible; it has been shown that such an approach will, on average, yield more creative and impactful science
results (e.g., Guterl, 2014; Hunt et al., 2018; Medin et al., 2014; Rock & Grant, 2016; Stark et al., 2021). This has
even been found to be true within the Earth and space sciences (e.g., Lerback et al., 2020; Moldwin &
Liemohn, 2018).

A regularly occurring topic is that of how to interact as a geographically dispersed and diverse group of colleagues
toward this common goal. One critical step is to agree on a code of conduct—how to act respectfully toward
others during the discussions. There are several examples given in the Additional Resources (Appendix B). This
plan should be not only formulated and enacted but also revisited—to remind the group and inform new members
about this code—and revised, should any concerns about it arise.
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Another important decision in group dynamics is choosing how to interact. There are many possible options for
community communication channels, from simple methods like email groups to more formal project workspaces
like Trello or Monday.com. Conversations can be conducted via informal group networks like Slack or Discord,
or over a more structured process like a group Github website. However, care should be taken to ensure that all
who want to participate can, as some institutions limit which tools can be used. A decision on a file management
process needs to occur, such as using a shared drive as a repository or requiring “files on request” from the
originator. If a single independent group is gathering model output and conducting the data-model comparisons,
then sending files directly to them would most likely be easier than creating an online structure. Some groups find
a formal “Rules of the Road” agreement to be useful in creating organizational and interactional structure, while
other groups have found such agreements to be too strict and limiting on the scientific collaborations. This needs
to be discussed early and a consensus reached so that all participants understand the expectations of involvement.

A related topic is the question of an open science policy. Following the FAIR principles is best; it ensures
openness throughout the challenge process and enables follow-on studies that would build on the methods and
findings of the challenge effort. This places a burden on community volunteers, so a discussion should take place
and several questions need to be considered. Will observational data be made accessible and easily adoptable for
model comparisons? Will numerical model output, and observational data be available to all, or kept within the
control of the originating scientists or a select group of designated analysts? Will analysis code be freely shared
between challenge participants, or will each researcher have to develop their own methods for their particular
analysis? The discipline is moving rapidly toward a fully open science paradigm, but this takes time and effort to
maintain. (Generally, NASA satellite mission teams are required to provide public access to science-quality data;
however, higher-order or derived products have not always been made available.) If choices toward openness are
made, then who will curate the repositories for the data, model output, code, or more general computational
analysis environments? The research community embarking on a challenge should discuss this and make
groupwide consensus decisions about the process.

3.2. Defining the Challenge

A major point that keeps arising in discussions about community challenges is the need to have a clear science or
validation objective for it. These are not the same; a scientific objective might produce little in determining which
model is best suited to possible operational requirements, and vice versa. The leaders—or, if they choose, then the
community as a whole—needs to decide on the purpose of the challenge. Focusing on relevance to the particular
Focus Group goals, and being timely with current interests within the research community, will most likely
maximize involvement in the challenge.

The other crucial choice about a community challenge is whether to focus on one or a few selected event intervals
or not. This entirely depends on the answer to the first major point on the purpose. Choosing times keeps the
challenge centered, especially for a validation effort. If, however, the focus is on a particular science issue, then
perhaps several events, or even leaving the event list open, perhaps all the way to the point of including large-scale
statistical studies, allows that science topic to be investigated in the way that each participant thinks is best and is
able to be studied with their model/set of observations. Events with diverse observations are, in general, more
appealing to a broader cross section of the research community and might increase participation. There is no
single, correct answer to the number of events to be assessed, not a set method recommended here to reach this
decision, but a choice needs to be made on the event or event list early in the process.

If choosing real events for the challenge, then the question of which data-model comparison metrics to choose
needs to be answered. Also discussed in Section 2.1, this is a recurring theme in GEM community discussions on
challenges and an additional point can be made. If the challenge is focused on validation for possible future usage
in an operational setting, then these end users should be included in conversations about data-model comparisons,
not only of which aspects of the model output should be compared to which data sets, but also of which method of
comparison (i.e., metric choice) should be used (e.g., Halford et al., 2019; Morley, 2020). If the challenge has a
science objective, then data-model comparisons take on a different focus, and a different set of metrics might be of
higher interest. See, for example, the study of Liemohn et al. (2006), who chose to focus on metrics of the large-
scale morphology of inner magnetospheric plasma populations rather than fine-scale data-model comparisons
(such as of particle fluxes in individual energy channels). It could be, for example, that in validation for operations
the main concern might be only the extreme values, while for an example scientific objective the emphasis might
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be more directed at getting a good overall fit. One metric cannot do both. Summary lists of metrics are given in
Appendix A to help with this selection. While choosing several metrics is usually a preferred method, it should be
an appropriate set of metrics optimized for the purpose of the challenge. Again, this can take a lot of time, so
conducting these discussions and decisions on metrics fairly early in the challenge timeline can optimize the
chances for a successful challenge.

Of course, there is always the option of developing contrived scenarios for the challenge, as was done with the
GEM Reconnection Challenge. Idealized but well-specified initial and boundary conditions greatly clarify model-
model comparisons, allowing for similarities and differences to be identified and discussed. In this case, there are
no data-model comparisons that need to be selected.

Once defined, a big question facing the challenge leadership is how to motivate people to participate in the
challenge. In addition to following the suggestions above, another tactic is to broadly publicize the challenge
through a variety of methods, and to do this well before any publication deadlines. In addition, challenges should
be designed to be model agnostic, not a priori favoring one modeling style (or even one particular code) over
others. Challenge leaders need to steer clear of the winner-loser mindset when defining challenges requiring
modeling and simulations, as this is a huge disincentive to participation. (As was demonstrated especially well by
the reconnection challenge, the physics represented by different modeling regimes are all useful depending on the
different physical scenarios and spatiotemporal scales of interest, and much can be learned from differences in
modeling outputs for these challenges.) Furthermore, a good strategy for a well-run challenge is to define clear
deliverables and benefits. This encourages people to participate because they know what is expected of both them
and of the challenge as a whole.

Regarding participation, NSF subsidizes student attendance and participation in the summer workshop. Students
generally tend to have more time for sustained engagement, so it is natural for FG leaders to consider the inclusion
of students in challenge activities. Students are often being trained on the latest data science techniques (e.g., Al/
ML software stacks) and computational platforms (e.g., Colaboratory and Jupyter Lab computational notebooks,
Cloud computing workflows). Some examples of this participation could be developing and maintaining a
website or file repository, conducting model runs or analysis, or compiling a literature review of the topic for use
in any publications arising from the challenge. Depending on their level of effort, they could even lead the
presentation and publication of the study. Senior scientists involved in a challenge should take the group activity
as an opportunity to interact with students and perhaps, if the situation is appropriate, offer to more formally
mentor them in conjunction with their research advisor.

3.3. Additional Suggestions From the Community

In workshop discussions, the conversation occasionally turns toward “what if” scenarios of other structures,
formats, or considerations regarding GEM challenges. There are three topics that particularly resonated with
researchers.

One suggestion pertains to the way in which the challenge is conducted. Specifically, there was interest in using
the method of a “research sprint” within a challenge, in which people come together for a dedicated multi-day
work-focused (as opposed to presentation-focused) session on the particular topic. This is reminiscent of the
Coordinated Data Analysis Workshops (CDAWSs). Pre-internet, these were a primary means of bringing together
people with expertise on relevant data sets and models for a concentrated effort on a single science objective.
CDAWSs were so successful that the community pushed federal agencies to fund one-stop repository for space
physics data, eventually leading to the creation of NASA's CDAWeb (https://cdaweb.gsfc.nasa.gov/). The
analogous entity on the modeling side is the CCMC. This focused gathering approach is essentially the point of an
international team of the International Space Science Institute (ISSI), for which 8—12 researchers gather in either
Bern, Switzerland or Beijing, China, for two or three weeklong work sessions to accomplish a focused science
goal. While this type of multi-day effort does not fit within the structure of the GEM Workshop, the scientific
productivity of the CDAWSs and ISSI teams (e.g., https://www.issibern.ch/results/) shows that such activities are
worthwhile and could be considered for future GEM challenges.

A second suggestion relates to the way in which we disseminate the results and findings from a challenge.
Specifically, the lessons from investigative dead ends are often not captured in published literature. Publication
length limits tend to hinder the inclusion of the trials and errors that didn't work toward the eventual successful
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experiment and analysis that did lead to a new scientific finding. With Open Access publishing, however, many
journals are removing length limits, which allows for the possibility of including more of the unfruitful methods
and analysis. There is value in others knowing about these attempted endeavors, if nothing else so that others do
not invest serious time repeating a process that won't lead to new results. It is therefore encouraged that, when
writing a paper from a challenge, to write up all paths taken during the research project. For the GEM workshop
sessions devoted to results from a challenge, it is encouraged to include presentation of unsuccessful work.
Explaining why the analysis failed is a large part of explaining why the successful path succeeded. In fact, it is
encouraged for the GEM M&V RG to hold a regular session devoted to this—an honest conversation about
investigative dead ends in science methodology.

A third topic of interest to many in the GEM community is the intersection of machine learning (ML) models with
respect to challenges (and, more broadly, data-based empirical models developed by any method). Previous
challenges have not specifically sought the inclusion of ML techniques within the model set, and only a few have
intentionally included empirical models in the analysis (e.g., Pulkkinen et al., 2013). Development of such models
require a large data set that is split into training, validation, and test subsets, and if the chosen event intervals fall
within the first two, then that ML model has a distinct advantage in outperforming other codes. There are other
ways in which models can be tuned to best match specific features or intervals, and this is true for not only ML
codes but also empirical and physics-based models. There is now a resource group within the GEM program on
this exact topic of machine learning codes for space physics. It is encouraged to develop strategies for best using
ML models in research community challenges.

4. GEM Challenge Logistics
4.1. Proposing a GEM Challenge

Because of the structure of the GEM program, the act of initiating a GEM community challenge is the task of
Focus Group leaders. Often, FG leaders will include a challenge within their proposal, as one of the key activities
to be conducted during their 5-year term. A quick glance through the FG proposals reveals that most include a
challenge. This means that, of these, less than half actually follow through with conducting a community chal-
lenge (at least one that resulted in one or more publications that specifically mention the existence of a challenge
motivating the study). Not every FG requires a challenge to accomplish their proposed science goals, so it is not
surprising that some exclude this activity. That some FGs propose a challenge but then do not carry through with
one is often the result of the direction taken by the community during the breakout sessions for that FG. While the
FG leaders enter the process with a plan, the execution of that plan is accomplished with the input and partici-
pation of the research community, and the implementation sometimes leads to other FG actions.

4.2. M&YV Resource Group Interactions With Challenge Leaders

There are several strategies that seem to work well for beneficial interactions between the leadership of a GEM
challenge effort and the M&V RG leadership. The first is that the M&V RG leadership should be aware of the
proposed activities of all FGs, especially the new ones, and be aware of the timeline for each FG that proposes a
challenge as part of their 5-year plan. The M&V RG leadership should then actively reach out to FG leaders and
regularly work with them throughout the formulation of the challenge, when many of the best practices above
need to be implemented. As stated above, the M&V RG leadership strongly encourages the adoption of open
science best practices, toward the FAIR model (e.g., Wilkinson et al., 2016), as is being mandated by many
funding agencies, journals, and in other research communities. Elements of this include providing data (scien-
tifically useful observational or numerical number sets) on searchable platforms with readily understandable
metadata that clearly explains the content and format of the larger number set files. Code sharing for greater use of
available data is also a key element of the FAIR model, enabling the reuse of data in follow-on studies. When the
challenge is ending, the M&V RG leadership should encourage the challenge leaders to produce a summary
document (hopefully peer reviewed and published) that includes a lessons-learned section on their experience
running the community challenge.

5. Key Recommendations

This paper reviewed the history of GEM challenges and detailed many of the lessons learned from those past
challenges. It also distilled the conversations about the GEM challenge process that the community has had over
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Table 2

Summary of Recommendations for Running a Community Challenge, Such as a GEM Challenge

Aspect Recommendation Comments
Scope/purpose Three main options for focus: science topic (real events or idealized set Decide this very early

Organizational framework

Overall duration

Metrics selection

File management

Participation

Student participation

Group interactions

M&V RG coordination

up); science aspects of selected real events; validation of models for
eventual operational implementation (statistical or case study)

Two main styles: distributed analysis by all; independent analysis (by,
e.g., CCMC)

Keep it to under 2 years

Choose data-model comparison metrics based on the science/validation
aspects of key importance

Decide on “openness of data” policy; then designate a person/group to
manage data and model output availability for others

Actively encourage a broad swath of the specific disciplinary
community to engage

Actively encourage students to take on challenge-related tasks

Develop a code of conduct, regularly remind people of it, and
periodically review/revise it

Reach out to coordination and validation experts, such as, within GEM,
the M&V RG leaders, for configuring the challenge, logistical
support, cross-FG coordination, and guidance on difficulties that
arise

Decide this very early

Motivation and participation wanes for longer duration
activities

Plan on significant discussion time for this

Decide this early to maximize participation

This might require personalized invitations

Students tend to have more bandwidth for sustained
engagement and more familiarity with new tools

Establish this early

You are not alone

the past several years. It has even made some suggestions for future elements of challenges that have not been
tried yet.

Table 2 summarizes the key recommendations for running a community challenge, such as a GEM challenge.
There is no single “right” way to run a community challenge. There are, however, guidelines for making it run
smoothly, for optimizing its impact on the targeted focus, for maximizing participation, and for getting through
the problems that inevitably arise. It is hoped that these guidelines for running a community challenge will be of
use not only to the magnetospheric physics community but also in general for group research activities conducted
by other research fields.

One key point to remember is that a community challenge is a large-scale group effort, and bringing together a
broad scope of expertise will help optimize the definition of the challenge and maximize the intended return.
Participation should not be ignored or left to passive publicity to garner involvement but rather proactively
solicited, including from those with experience running challenges.

This study has focused on gleaning the best practices from published reports about community challenges and in-
person discussions at the GEM workshops. One aspect of challenges that has not been documented, here or
elsewhere, is a systematic, quantitative assessment of success criteria for the GEM community challenges. Some
of this exists within the annual leadership reports archived in the GEMStone newsletters (https://gem.epss.ucla.
edu/mediawiki/index.php/GEMstone_Newsletter), but these are anecdotal summaries of workshop proceedings
and activities, not a comprehensive review. The published articles cited in earlier sections are a better source of
impact assessment, but these are often published during or shortly after the conclusion of the challenge and
therefore most likely miss those studies that took longer to develop and any follow-on work. Furthermore, a robust
assessment of this nature would be a serious time investment; more than an typical volunteer effort, even of GEM
program leadership.

It is recommended, therefore, that such an assessment of the efficacy of GEM challenges be commissioned and
conducted. Such an endeavor would most likely encompass a large-scale literature and bibliometric review as
well as interviews with key participants. This effort could include an analysis of metrics such as the number of
related publications, number of researchers involved, citations to those publications, early career investigators
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trained through the challenge activities, and advancements in software tools (both data analysis methods and
numerical approaches). Going beyond first-tier citations and analyzing the larger related-paper “tree” would
provide a measure of the long-term impact of each of these challenges, especially when compared to a similar
analysis of randomly selected non-challenge-related papers.

Another possible follow-on study to this one could be a systematic review of the social psychology research into
group dynamics. One such collection is the National Research Council report “Enhancing the Effectiveness of
Team Science” (NRC, 2015). While many elements of the nine summary recommendations from the NRC report
overlap with the guidelines summarized in Table 2, that report is targeted at a single but large project team and
some aspects of those recommendations do not readily transfer to this more specialized context. Therefore, it
would be useful to commission the creation of a review of the social dynamics scholarship specifically for
research community challenges.

We have seen how challenge events have had multiple benefits for the GEM community, and we hope would be
beneficial to others as well. Specifically, the challenge events have (a) helped to achieve dedicated study of
challenging physics issues, open questions, and event intervals which have pushed our fundamental under-
standing of the space environment further, (b) enabled cross comparisons of modeling techniques both validating
model results as well as understanding which physics may be dominant among the processes during these
challenge events, and (c) bring collaboration and collegiality to broader discussions within a research community,
which otherwise could easily become competitive.

Appendix A: Metrics Options

The following is a quick guide to some prominent metrics that could be of use to GEM challenge organizers. Itis a
compact and updated version of what appeared in Liemohn et al. (2021) and Liemohn (2023). They are arranged
in two major groupings—based on the style of the data-model comparison approach—and then by specific
categories based on the facet of the data-model relationship that they assess.

The two groupings are fit performance metrics (also called continuous metrics) and event detection metrics (also
called dichotomous metrics). The first grouping uses the exact values of the two number sets (the observed values
and the model output) while the second grouping converts all of the values into a yes-or-no binary classification
based on whether the value is within some range to be called an “event” (or not). More specific details of each of
these groupings are given below.

The categories listed here follow the definitions of Murphy (1991) as expanded by Kubo et al. (2017) and
Kubo (2019). For additional descriptions of the meaning of the metrics categories, see Chapter 8 of Wilks (2019).
Potts (2021) is a thorough discussion of categories of metrics, including definitions for some, like the skill score.
Murphy (1991) paper on weather forecast verification provides a good discussion of why multiple metrics are
needed for robust assessments and discusses these metrics categories. It is good to take an expansive approach to
data-model comparisons. Each metric only assesses a single aspect of the relationship, and therefore it is useful to
use many metrics that tackle different perspectives. Recent reviews on this topic (e.g., Delzanno & Bor-
ovsky, 2022; Zheng et al., 2024) advocate for this system-wide approach to model assessments. This has also been
the case for the review articles written by the International Space Weather Action Teams (e.g., Liemohn
et al., 2018; Robinson et al., 2019; Welling et al., 2018; Zheng et al., 2019), as well as from terrestrial weather
model assessments (e.g., Hoffman et al., 2017).

While there are several ways to cluster the wide array of available metrics, here we list five major categories:
Accuracy, assessing the overall closeness of the model values to the data set values; Bias, examining the similarity
in the centers of the two number sets; Precision, providing information on the likeness of the spread of the two
number sets around their centers; Association, including measures of how well the model reproduces the timing of
the up-and-down trends within the data; and Extremes, comparing the outliers of the number sets. There are two
categories based on subsets of the full data-model paired set: Discrimination metrics, which are those that only use
a portion of the full set as defined by a limited range of observational values; and Reliability metrics, which use
only a portion of the numbers as defined by a limited range of modeled values. A final category is Skill, in which
the metric score of the new model is compared to that of a reference model (for which there are some standard
choices, but also could be any previous model or even guess at the data values).
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Table A1

A first step to any data-model comparison should be to make a set of plots—histograms, scatter plots, line plots,
heat maps, quantile-quantile plots, or camulative probability distributions. A nice discussion of introductory data
visualization and data-model comparisons is given in the review by Kleiner and Graedel (1980). Forecast
Verification (Jolliffe & Stephenson, 2011a) has useful information on data-model comparison techniques,
regarding both visualization and metrics. The opening chapter (Jolliffe & Stephenson, 2011b) has a useful
description of model goodness of fit and how to qualitatively assess it. The later chapters present quantitative
aspects of data-model comparison. Liemohn (2023) also has a lengthy description of data visualization techniques
and best practices for designing a good data-model comparison. The two subsections of this appendix provide a
summary both fit performance and event detection metrics. Please see the cited works for additional details and
usage advice.

Al. Fit Performance Metrics

Table Al lists many common continuous metrics used in space physics data-model comparisons. In these for-
mulas, the variables are as follows: M is the model output number set; O is the observed value number set; N is the
total number of data-model pairs; M; is an individual model output value (from the ith data-model pair); O; is an
individual observed value; o is the standard deviation (of either the modeled or observed number set); y is the
skewness coefficient (of either the modeled or observed number set); k is the kurtosis coefficient (of either the
modeled or observed number set); and d is the degrees of freedom in the model. This last term is the number of

Summary of the Fit Performance Metrics

Metric

Formula Range Perfect score Name and notes

Accuracy Metrics

MSE

RMSE

MAE

MAPE

SMAPE

MSA

Bias Metrics

1
N-d

N

1 M- 0,

100 71 21‘—0 |
e

[0,00) 0 Mean square error; only good for low variability

N
2
El M; = 0i) number sets (LNVS); comparable to variances

[0,00) 0 Root mean square error; only good for LVNS;

N
N—d > M = O[)z comparable to standard deviations
=1

[0,00) 0 Mean absolute error; only good for LVNS; comparable

N
N-d igllM i = O to mean absolute differences

[0,00) 0 Mean absolute percentage error; good for LVNS or
HVNS but explodes if any O; is close to zero;
comparable to mean absolute differences converted
to a percentage error

[0,00) 0 Symmetric mean absolute percentage error; good for

100,55 ||
N-d &4 | +0)/2 LVNS or HVNS but not for number sets that

straddle zero; comparable to mean absolute
differences converted to perc. errors

lOO(exp [Median(‘ln <%)D] _ 1) [0,00) 0 Median symmetric accuracy; good for LVNS or

HVNS; only for positive-definite number sets; not
influenced by outliers

ME q N (—00,00) 0 Mean error; only good for LVNS; comparable to mean
N & I(M" - 0) absolute differences or standard deviations

ME, .4 Median(M;) — Median(0O;) (—00,00) 0 Median error; good for LVNS or HVNS; not influenced

by outliers; comparable to IQRs
MEgeo " N i N (—00,00) 0 Geometric mean error; good for HVNS; comparable to
eXP\ v Z:l(ln(M,-)) — eXPly EI (In(0;) IQRs calculated on log values

SSPB lOO(sign[Median(ln (%))D (epoMedian(ln (%))H _ 1) (—00,00) 0 Signed symmetric percentage bias; good for LVNS or

B 8 HVNS but not for number sets that straddle zero;

comparable to the MSA metric
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Metric Formula Range Perfect score Name and notes
Precision Metrics
YI max(M) —min(M) [0,00) 1 Yield (or modeling yield); only good for LVNS; should
max(0) — min(0)
be “close to 17
Y10, log[max(#)] ~ log[min(A)] [0,c0) 1 Log yield; good for LVNS or HVNS but not for not for
log[max(0)] — log[min(0)] . « I
number sets straddling zero; should be “close to 1
P ratio oyloo [0,00) 1 Precision ratio; should be “close to 17
P, gite Oy — 0Op (—00,00) 0 Precision difference; comparable to standard deviations
Association Metrics
R >2(0:=0) (M;-M) [-1,1] 1 Pearson correlation coefficient; only good for LVNS;
\/Z (0,-0) S w1y should not only be statistically significant but also
be “good”
0,1 - .
R? [2(0, ~o)(M, ,M)]z [0.1] 1 Coefficient of determination; only good for LVNS
Y (0,-0) Y (v -M)’
Ry > (rank(0;) — rank) (rank(M;)  rank) [-1,1] 1 Spearman rank-order correlation coefficient (also
\/Z e 0[)_m)z Z i )_m)z ROCC)} good for LVNS or HVNS; not influenced
by outliers; evaluated like R
Riog > (log 0;—log 0) (log M; —Tog M) [-1,1] 1 Log correlation coefficient; good for LVNS or HVNS
\/Z (O =0 3 (=T ‘t{ut only positive-definite number sets; evaluated
like R
Extremes Metrics
LEDE, M, — O, (—00,00) 0 Low-end distribution error; ¢ is the quantile at which
the value is extracted from each number set; usually
eis [0.01, 0.1]; good for LVNS and HVNS
HEDE, M,_, — O_, (—00,00) 0 High-end distribution error; “1—¢” is the quantile at
which the value is extracted from each number set;
good for LVNS and HVNS
7a Yu — Yo (—00,00) 0 Skew difference; only good for LVNS; measures
goodness of tail directionality; comparable to skew
coefficients
N ky — ko (—00,00) 0 Kurtosis difference; only good for LVNS; measures
heaviness of distribution tails; comparable to
kurtosis coefficients
Skill Metrics
PE [ - > ;=0 (—00,1] 1 Prediction efficiency; only good for LVNS; anything
> (o -0y higher than 0 is “better than the observational
average”
SSuise |- > ;-0 (—00,1] 1 MSE-based skill score like PE but compared against
> (M -0,) previous model; only good for LVNS; anything
higher than 0 indicates that the new model is better
SS SCOreNew Model — SCOICRe Model (—o0,1] 1 Generic skill score formula; may be used with any

Scoreperfect — SCOreRer Model

metric from the categories above; anything higher
than 0 indicates that the new model is better than the
reference model

data-based values or free parameters used in the definition of the model. While this could be difficult to accurately
define, especially for complicated, coupled models, it can often be ignored when N >> d.

There are several good sources for more information on these metrics. Armstrong (1985) includes several
chapters devoted to fit performance metrics, including a good discussion of when to use certain metrics based on
the variability of the number sets being inspected. Another good source for a discussion of different fit
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performance metrics, with a space weather focus on data sets that span multiple orders of magnitude, is given by
Morley, Brito, and Welling (2018). Murphy (1988) offers a robust introduction to prediction efficiency and other
fit performance skill scores. The book by Wilks (2019) contains discussion of a few of these metrics, and the book
by Jolliffe and Stephenson (2011a) also covers aspects of fit performance metrics; of particular use for fit per-
formance metrics is Chapter 5 by Déqué (2011). A couple of other excellent reviews on fit performance metrics
are Goodwin and Lawton (1999) and Hyndman and Koehler (2006).

Although never used in a GEM challenge thus far, another approach to this type of assessment is probabilistic
forecasting, in which a range of model outcomes are compared against an observed outcome. Smith et al. (2020)
use the Brier skill score for assessing storm sudden commencements, and Meredith et al. (2023) similarly used
probabilistic forecasting for extreme cases of radiation belt fluxes. A related approach is defining the charac-
teristics of a “once in a decade” event (or some other, often longer, time interval), as has been done by
Love (2012), Love et al. (2015), Riley (2018), and Hapgood et al. (2021). A related technique is uncertainty
quantification of numerical models, such as the study by Morley, Welling, and Woodroffe (2018), who conducted
an ensemble of geospace simulations by varying the upstream conditions and assessing the variability of the inner
magnetospheric predictions.

Note that Table A1 does not contain any listings for metrics in the discrimination and reliability categories. That is
because there are no unique fit performance metrics for these categories; any of the listed metrics can be used on a
portion of the full paired number set; as subset by a range of observed values (discrimination) or modeled values
(reliability). Accuracy metrics are the most common to use with these methods, but using a variety of metrics from
different categories is useful for a robust assessment. Calculating metrics based on such subsetting is encouraged
because it could be highly informative: a discrimination procedure reveals the portions of the data range for which
the model works well, while a reliability test reveals the portions of the model range for which the model works
well.

A piece of information listed in the notes column of Table Al is the type of number set for which that metric
works well. There are some metrics that are only good with number sets that span only one or two orders of
magnitude. We will call such number sets low variability number sets, or LVNS, in the table. Other metrics are
good for number sets spanning two or more orders of magnitude, what we call high variability number sets, or
HVNS. If either the observed values or the model output is an HVNS, then the metrics that only work for LVNS
should be used with caution, if at all.

Also listed in the notes column of Table A1 are suggestions about how to assess the goodness of the metric score.
When a number set parameter is suggested, like standard deviation, it should be remembered that the parameters
for both the observed and modeled number sets should be considered in this goodness assessment. For example,
for mean square error (MSE), it might look really good against the observed variance, but could be bad against the
model variance. Also, keep in mind that all of these goodness guidelines are merely possibilities and should not be
considered definitive cutoffs.

Finally, the generic skill score formula is given at the end of the Skill list of metrics (labeled as SS). The
placeholder “Score” within its formula can be any of the metrics listed earlier in the table and that “ref model” can
be any previous model to which you want to compare.

A2. Event Detection Metrics

Table A2 lists common dichotomous metrics used across the disciplines within space physics. These are all based
on a conversion of the exact values into yes-or-no binary values. Two event identification thresholds must be
defined—one of the observed number set and one for the modeled number set—to which the values are compared.
These two thresholds are often the same but do not have to be identical. From each data-model pairing, four
options are possible based on the event status of each value, and the counts of these options populate the cells
within the contingency table (sometimes called a confusion matrix). While several naming conventions exist for
the cells of a contingency table, we adopt this one: Hits (H) are when both the data and the model values are in
event state (yes-yes); Misses (M) are when the data value is in event state but the model value is not (yes-no);
False Alarms (F) are when the model value is in event state and the data value is not (no-yes); and Correct
Negatives (C) are when both the data and model values are not in event state (no-no). Note that because the exact
values are only used to define the cell counts in the contingency table and then not used again, all of the metrics
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Table A2
Summary of the Event Detection Metrics

Metric Formula Range Perfect score Name and notes

Accuracy Metrics

PC (H + C)/N [0, 1] 1 Proportion correct; includes correct negatives in both numerator and denominator
CSI H/(H +M + F) [0, 1] 1 Critical success index; like PC but removes correct negatives from the equation
F, 2H/(2H + M + F) [0, 1] 1 F — 1 score

Bias Metrics
FB (H + F)/H + M) [0, o0) 1 Frequency bias; modeled events divided by observed events

Precision Metrics
Precision H/(H + F) [0, 1] 1 Precision; equivalent to the reliability metric positive predictive value (below)
Recall H/(H + M) [0, 1] 1 Recall; equivalent to the discrimination metric probability of detection (below)

Association Metrics

0 (H-C)/(M-F) [0, o0) 1 Odds ratio; is 0 if either H or C is 0, is undefined if either F or M is 0
ORSS % [-1,1] 1 Odds ratio skill score; defined as (@ — 1)/(0 + 1) to convert 0 to a skill-score-like range
MCC (H-O)—(F-M) (1= 1] 1 Matthews correlation coefficient

V(H + F)(H + M)(F + C)(M + C)

Extremes Metrics

EDS W -1 [-1,1] 1 Extreme dependency score; focused on a comparison of H relative to observed events
SEDS 2:-In(N) —11‘1(%+i‘42;)1"<” +n _ 1 [, 1] 1 Symmetric extreme dependency score; symmetric in its usage of observed events and
n| — Inf

modeled events

Discrimination Metrics

POD H/(H + M) [0, 1] 1 Probability of detection; focused on observed events subset
POFD F/(F + C) [0, 1] 0 Probability of false detection; focused on observed non-events subset
FNR M/(H + M) [0, 1] 0 False negative rate; focused on observed events subset
Specificity C/(F + O) [0, 1] 1 Specificity; focused on observed non-events subset
Reliability Metrics
PPV H/(H + F) [0, 1] 1 Positive predictive value; focused on modeled events subset
MR M/M + C) [0, 1] 0 Miss ratio; focused on modeled non-events subset
FAR F/(H + F) [0, 1] 0 False alarm ratio; focused on modeled events subset
NPV Cc/(M + C) [0, 1] 1 Negative predictive value; focused on modeled non-events subset
FR H/F [0, c0) 1 Forecast ratio; focused on modeled events subset

Skill Metrics

HSS 2[(H-C)=(F-M)] [-1,1] 1 Heidke skill score; symmetric use of table cells; please do not use anymore (see Liemohn
H+MM+C) +(H+F)F+0)
et al., 2025)

PSS H-O=(M-F) [-1,1] 1 Peirce skill score; discrimination-focused skill; please do not use anymore

(H+M)(F+C)
CSS H-O)—M-F) [-1,1] 1 Clayton skill score; reliability-focused skill; please do not use anymore

(H+F)M +C)
GSS __ H-Hy [-0.33, 1] 1 Gilbert skill score; H .. = (H + F) (H + M)/N; deemphasizes correct negatives, which only

H+F+M—Hy . )
° appears in the denominator of H.,; please do not use anymore

SS SCOreNew Model — SCOrERet Model (=00.1] 1 Generic skill score formula; may be used with any metric from the categories above;
Scoreperfect = SCOTeRef Model o o o8 5
anything higher than 0 indicates that the new model is better than the reference model

listed in Table A2 work well regardless of the variability of either number set (i.e., for both LVNS and HVNS)), as
well as for number sets straddling zero.

Binary event metrics are thoroughly discussed by Hogen and Mason (2011). Wilks (2019) also has extensive
discussion of nearly every metric mentioned below. Kubo (2019) calls out a few “best choice” event detection
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metrics for the category definitions used here. Matthews (1975) popularized the contingency-table-based cor-
relation coefficient (labeled MCC below). A nice description and application of the extreme dependency score for
atmospheric science is given in Stephenson et al. (2008).

Although not used previously for GEM challenges, multilevel event detection methods are often used in terrestrial
weather forecasting. Further information on this can be found in the books by Jolliffe and Stephenson (2011a) and
Wilks (2019). An example of a space weather usage of multilevel event detection analysis is that of Kahler and
Darsey (2021), who used it for assessing a solar energetic particle prediction model.

For event detection, metrics for the discrimination and reliability categories are easily defined because there is a
natural split of the number sets at the event definition threshold. Therefore, these two categories have metrics of
their own that only use two of the four cells of the contingency table.

In Table A2, most skill scores are listed in the final category block (Skill), but some are listed elsewhere in the
table if they measure some facet of the data-model comparison within that more specific category. For example,
the odds ratio skill score is listed in Association because it is defined from the odds ratio, 6, as (8 — 1)/(6 + 1). For
most (but not all) of these predefined skill scores in the event detection grouping, the “reference model” to which
the new model is compared is the “random reshuffling of events” matrix defined by Gilbert (1884), for which the
events in both the observed and modeled number sets are rearranged along the timeline. As argued by Liemohn
et al. (2025), the Heidke skill score, Peirce skill score (also known as the True Skill Statistic), the Clayton skill
score, and the Gilbert skill score (also known at the Equitable Threat Score) are flawed and should not be used.
They are listed below for completeness (because they have been widely used in GEM challenges), but Liemohn
et al. (2025) present new skill scores with independent reference models that should be used instead.

Appendix B: Additional Resources for GEM Challenges

Here is a list of websites with additional resources that could be of value to GEM challenge organizers and
participants.

GEM-specific pages:

¢ GEM Program main webpage: https://gem.epss.ucla.edu/mediawiki/index.php/Main_Page.

¢ Focus Group listing, including links to their original proposals: https://gem.epss.ucla.edu/mediawiki/index.
php/GEM_Focus_Groups.

¢ GEM M&V Resource Group website: https://gem.epss.ucla.edu/mediawiki/index.php/RG:_Modeling_
Methods_and_Validation.

¢ GEMStone newsletters: https://gem.epss.ucla.edu/mediawiki/index.php/GEMstone_Newsletter.

Modeling and data-model comparison tools:

e CCMC Model Catalog https://ccme.gsfc.nasa.gov/models/?statuses=Production&statuses=Result+Only.

o CAMEL (Comprehensive Assessment of Models and Events using Library Tools (CAMEL) Framework
(following open science practice: validation codes and data are open to the community), including a list of
validation campaigns using this toolkit https://ccmc.gsfc.nasa.gov/tools/CAMEL/.

¢ Kamodo https://ccmc.gsfc.nasa.gov/tools/kamodo/.

» PyHC tools https://heliopython.org/.

o Application Usability Levels https://www.swsc-journal.org/articles/swsc/full_htm1/2019/01/swsc190028/
swsc190028.html.

Open science resources:

o The GO FAIR website: https://www.go-fair.org/fair-principles/.

o The AGU site on FAIR principles and data leadership: https://www.agu.org/learn-about-agu/about-agu/data-
leadership.

¢ The AGU news and posts on open data and software: https://www.agu.org/Channel/Open-and-FAIR-Data-
and-Software.

¢ Committee on Publication Ethics: https://onlinelibrary.wiley.com/.
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e American Geophysical Union: https://www.agu.org/plan-for-a-meeting/agumeetings/meetings-resources/
meetings-code-of-conduct.
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