
submitted to Journal of Space Weather and Space Climate
c© The author(s) under the Creative Commons Attribution 4.0 International License (CC BY 4.0)

Application Usability Levels:1

A Framework for Tracking Project Product Progress2

A. J. Halford1, A. C. Kellerman2, K. Garcia-Sage3,4, J. Klenzing4, B. A. Carter5,3

R. M. McGranaghan6,7, T. Guild1, C. Cid8, C. J. Henney9, N. Yu. Ganushkina10,11,4

A. G. Burrell12, M. Terkildsen13, D. T. Welling14,10, S. A. Murray15, K. D. Leka16,5

J. P. McCollough9, B. J. Thompson4, A. Pulkkinen4, S. F. Fung4, S. Bingham17,6

M. M. Bisi18, M. W. Liemohn10, B. M. Walsh19, and S. K. Morley20
7

1 Space Sciences Department, Aerospace Corporation, Chantilly, Virginia, USA. e-mail:8

Alexa.J.Halford@aero.org9

2 Department of Earth, Planetary, and Space Sciences, University of California, Los Angeles,10

USA.11

3 Catholic University of America, Washington D.C., USA.12

4 NASA GSFC, Heliophysics Science Division Greenbelt, MD 20771, USA.13

5 School of Science, RMIT University, Melbourne, Australia.14

6 NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California,15

USA.16

7 University Corporation for Atmospheric Research, Boulder, Colorado, USA.17

8 Departamento de Fı́sica y Matemáticas, Universidad de Alcalá, Alcalá de Henares (Madrid),18

Spain.19

9 Space Vehicles Directorate, Air Force Research Laboratory, Kirtland AFB, New Mexico, USA.20

10 University of Michigan Climate and Space department, Ann Arbor, MI, USA.21

11 Finnish Meteorological Institute, Helsinki, Finland.22

12 Space Science Division, U.S. Naval Research Laboratory, Washington, DC 20375, USA.23

13 Space Weather Services, Bureau of Meteorology, Sydney, Australia.24

14 Physics Department, University of Texas at Arlington, Arlington, TX, USA.25

15 School of Physics, Trinity College Dublin, Ireland.26

16 NorthWest Research Associates, Boulder, Colorado, USA.27

17 Met Office, Fitzroy Road, Exeter, Devon, EX1 3PB, UK.28

18 RAL Space, Science & Technology Facilities Council - Rutherford Appleton Laboratory,29

Harwell Campus, Oxfordshire, OX11 0QX, UK.30

19 Center for Space Physics, Boston University, Boston, USA.31

20 Space Science and Applications, Los Alamos National Laboratory, Los Alamos, NM, USA.32

ABSTRACT33

The space physics community continues to grow and become both more interdisciplinary and34

more intertwined with commercial and government operations. This has created a need for a35
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framework to easily identify what projects can be used for specific applications and how close36

the tool is to routine autonomous or on-demand implementation and operation. We propose the37

Application Usability Level (AUL) framework and publicizing AULs to help the community38

quantify the progress of successful applications, metrics, and validation efforts. This framework39

will also aid the scientific community by supplying the type of information needed to build off40

of previously published work and publicizing the applications and requirements needed by the41

user communities. In this paper, we define the AUL framework, outline the milestones required42

for progression to higher AULs, and provide example projects utilizing the AUL framework.43

This work has been completed as part of the activities of the Assessment of Understanding and44

Quantifying Progress working group which is part of the International Forum for Space Weather45

Capabilities Assessment.46

Key words. Tracking Progress – Metrics and Validation – Applied Space Weather

1. Introduction47

As a field, space physics has quickly evolved beyond science inquiries and pure research.48

We are currently at the point where new opportunities and a need for interdisciplinary and49

applied space weather research have notably increased. As such, research-to-research and50

research-to-operations communication frameworks have become important tools. These tools51

expedite both multidisciplinary research and the transition of research tools to applications. It is52

important that, as a community, we are able to identify which research applications are ready53

to be transitioned into technology and provide useful information for users. It is important that54

the scientific community is able to clearly communicate the progress of the transition process. It55

is equally important to provide a measure of the usability of a research project to a user-defined56

application. To effectively accomplish this task, researchers need clear communication of a user’s57

requirements, needs, and metrics for successful use of an application. In this paper, we introduce a58

new framework to aid in communication and collaboration of space physics research applications.59

1.1. Previous Tracking Frameworks60

Our new framework was developed to address needs not met by existing tracking frameworks.61

The most well-known example of such a tracking framework is the Technology Readiness62

Level (TRL) system, which categorizes the maturity of a particular technology and its use63

for instrumentation (e.g., Mankins, 1995, 2009; Azizian et al., 2011; Olechowski et al., 2015,64

and references therein; European Space Agency (ESA) TRL definitions can be found at65

http://sci.esa.int/sci-ft/50124-technology-readiness-level/). The clear, consistent definitions of the66

TRLs allow the readiness of an instrument for a specific use to be determined independently and in67

comparison to currently available options.68

NASA’s Earth Sciences division’s applied science program employs the Application Readiness69

Level (ARL) framework. The ARL framework is used to communicate how “ready” a given model70

or data analysis effort is for a particular utilization and industry partner. The framework’s focus on71

research and development involves the industry partner at the project’s start (Pulkkinen et al., 2017,72

see Figure 1, or https://www.nasa.gov/sites/default/files/files/ExpandedARLDefinitions4813.pdf).73

This includes forming the application requirements around the user needs. This framework has74
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aided in the identification of obstacles. It is also used to assess programmatic health by comparing75

a project’s progression through the framework against the distribution of funding across projects at76

different levels(e.g., see the Earth Sciences Division, Applied Science Programs Annual Reports:77

https://appliedsciences.nasa.gov/library-page).78

Both ARLs and TRLs use single-digit level identifiers. They are used to communicate the79

advancement of applied products to the scientific, engineering, and funding communities. Though80

the two frameworks are designed for different types of products, the identifiers communicate similar81

information. The level identifiers enable researchers, funding agencies, and users to easily interact82

with each other and communicate progress towards the routine usage of these products.83

1.2. A New Tracking Framework for Heliophysics84

The existing frameworks each focus on tracking a particular type of product, and so do not fully85

meet the needs of the heliophysics community. Space physics products include observational data,86

derived indices, modeled outputs, and more. These products are often used together for different87

purposes. Each user will have different requirements for the application in terms of the type of88

product, robustness, and accuracy.89

The unique needs of the space weather community led to the modification of existing90

research-to-application communication frameworks to create the Application Usability Level91

(AUL) framework. Applying AULs to model and data analysis efforts can benefit space physics92

research. These benefits include improving access to collaborators, project transparency, and93

communication of project results. As the requirements and user interests for each application94

are unique, the AUL framework uses specifically-tuned metrics. For instance, a research user95

interested in upper atmospheric coupling may want to know the flux and characteristic energy96

of precipitating electrons. Similarly, a satellite industry partner may want to predict satellite drag97

during a geomagnetic storm. A single research project may be able to provide both users with the98

products they need. However, the different outputs will require different metrics, implementation99

strategies, and time frames for implementation. Since the AUL framework is highly adaptable, it100

can help a single research project meet and track both of these user needs.101

The AUL framework can bolster communication between researchers, users, funding bodies, and102

stakeholders. Using a standard framework provides a clear path for users and researchers to follow.103

This improves efficiency assuring that all components from the researchers’ project to the user needs104

are considered. It enables communication about a proposal’s development status, requirements for105

further progress, and achievable goals. Improved communication leads to better-targeted funding106

opportunities and proposals. The AUL framework can simplify comparisons of different projects107

working towards a specific application. This enables operational and funding services to select the108

most appropriate proposal for their requirements. It can also highlight gaps in knowledge, data,109

and technology, to aid the characterization of needs for new missions, instruments, and research or110

model development proposal calls.111

In this article we introduce the AUL framework, a new heliophysics-focused112

research-to-application framework for communicating the usability and readiness of a product to its113

user. The AUL framework is constructed similarly to the existing TRL and ARL frameworks. The114

framework terminology is described in section 2. The details of the AUL framework are provided115

in section 3. Section 4 provides examples of AULs at different usability levels. The potential impact116
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of using AULs is described in section 5. Full examples and tools to help aid in the adaptation of117

AULs are provided in the appendix and supplemental information.118

2. Framework Terminology for Targeted Research119

The AUL framework can be applied to any project where an expected outcome is the ongoing120

use of a product by another party (targeted research). In a very general sense, the framework121

can be applied as described in subsection 2.1. This paragraph contains italicized words that we122

have identified and defined in subsection 2.2. These definitions are included to avoid the confusion123

commonly encountered in interdisciplinary, multidisciplinary, and transdisciplinary projects. One of124

the strengths of AULs is its ability to enable communication between different groups. This includes125

researchers in the same field (unidisciplinary or interdisciplinary), scientists across disciplines126

(multidisciplinary or transdisciplinary), and with industry partners (transdisciplinary or applied).127

2.1. AUL Framework General Use Example128

We, a group of researchers, have a project. We believe that there is an application that it can be129

used for, and have determined that we will use the AUL framework and its phases to communicate130

the progress of this project towards a specific application to the specified user, as well as to131

the scientific community. First, we will identify and reach out to a potential user who might be132

interested in routinely using the project’s product. We then determine if the project is viable based133

on the user’s requirements. If it is, then we continue by defining metrics for verifying the viability134

and feasibility for the specific application with the user’s requirements in mind. If the project135

is not deemed viable or feasible, then the current project should be re-examined and potentially136

held off on until it is deemed both viable and feasible. As the project continues, dissemination of137

the progress, metrics, and validation efforts should be reported to both the user and the scientific138

community. Once the product is validated and demonstrated to work within the relevant context,139

it is transitioned over to regular on-demand use. Validation and verification efforts continue, now140

focusing on sustained usage in the operating environment. Each step in this development effort141

towards application readiness is given an AUL level number. For every step in this process, an AUL142

number is designated to denote and communicate the current state of the project.143

2.2. AUL Terminology144

Application - A specific use for a project, such as a data product from a mission, a service such145

as satellite hardware anomaly assessments, or a forecast of a specific quantity from a numerical146

model. Each application has its own unique requirements and metrics for validation. For instance,147

an application may be forecasts of surface charging events that have an 85% success rate and less148

than a 5% rate of false alarms.149

Applied Research - Research pursued with a focus on providing a practical application or new150

technology, often in an operational environment.151

152
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Fig. 1. Application Usability Level (AUL) diagram. The progress of a project towards an application
moves from AUL 1 to AUL 9, passing through three main phases: discovery, development, and
implementation. Each of these are described in the main text.

AUL - The Application Usability Levels (AULs) are the scale that tracks the progress of work on153

a given project for a specific application, as summarized in Figure 1 and Table 1. More details154

about the three phases and nine levels of the AUL framework are found in Section 3.155

156

Feasibility - The ability to achieve success with the available resources.157

158

Metric - A quantitative measure of project or application performance. When applied to project159

progress, this constitutes measures that define whether the project meets its goals and160

milestones. When applied to applications, metrics consist of quantities appropriate for measuring161

performance, such as accuracy, bias, or skill score.162

163

Operations to Research (O2R) - Through the process of transitioning targeted or applied research164

to operations, new phenomena or discoveries can be found and inform subsequent research165

projects. This part of the feed back process is refereed to as Operations to Research (O2R)166

Operational Environment - The conditions in which the application will be used. For example,167

a geophysical research model that will be delivered to the Community Coordinated Modeling168

Center (CCMC) for on-demand runs will define their operation environment as the computer169

system used by CCMC.170

171

Phases - AULs are grouped into three phases: 1) discovery and viability; 2) development, testing,172

and validation; and 3) usability, final validation, and implementation. Each of these phases is173

discussed in more detail in the following sections and summarized in Figure 1 and Table 1.174

175
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Product - A project outcome that is routinely used to enhance the decision making process of a user176

or provide input to another research project or application.177

Project - A research or development initiative designed to make progress towards a single178

application. Examples of projects include the development or modification of models, new uses179

for available data, using a data product to improve decision making, and using current knowledge180

to develop future projects.181

182

Research to Research (R2R) - A targeted research project where both the ’researcher’ and ’user’183

are researchers who may be in the same sub-field, or in completely different disciplines.184

Research to Operation (R2O) - A targeted or applied research project which takes a research185

application and transitions it into the operational environment.186

Requirements - The set of necessary conditions outlined by the user, which may include metrics,187

time frames, and operational environments that the project must meet for the resulting application188

to be considered successful.189

Relevant context - The environment in which the project must be validated and verified (e.g.,190

during geomagnetic storm periods or in interplanetary space).191

192

Targeted Research - Investigations pursued with a specific objective.193

194

Transition - The process or set of activities that take a product or service from a testing environment195

and move it to an operational environment.196

197

User - The anticipated person or group who will make use of or operate the project’s application.198

This may be another researcher, broker, or industry partner. Other common terms for user,199

appropriate for different fields, include ‘end user’, ‘forecaster’, ‘customer’, or even ‘another200

collaborator’.201

202

Validation - The determination of the skill of the project’s outputs, quantified by identified metrics203

for the defined operating environment and relevant context.204

205

Verification - The determination that the product conforms with the project requirements, as206

described in the relevant design documents.207

208

Viability - The project’s value or level of return for the researchers and users.209
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Table 1. A brief description of the AUL phases and levels

Phase Phase definition AUL Level description
1 Basic research

Phase 1 Discovery and Viability 2 Establishment of users and their requirements
3 Assess viability and current state of the art
4 Initial integration and verification

Phase 2 Development, Testing, 5 Demonstration in the relevant context
and Validation 6 Completed validation

7 Application prototype
Phase 3 Implementation and Integration 8 Validation in relevant context

into Operation 9 Approved for on-demand use

Terms may have different definitions within different communities. For example, the terms210

validation and verification which can be particularly confusing. Their definitions differ between211

the operational and modeling communities. The operational community typically uses verification212

to mean that a system meets end-user requirements and uses validation to mean that the system213

is right for the project. The modeling community typically uses verification to mean that the code214

operates correctly and uses validation to mean that the results are accurate. For this paper, we have215

settled on the listed definitions based on commonalities between the two communities. Both identify216

verification as meeting basic requirements and validation as the appropriateness of the result within217

a given environment.218

3. The Application Usability Level (AUL) Framework219

The new AUL framework benefits research by providing a structured approach for tracking the220

progress of a project towards an application. Once the needs of a specific application have been221

defined, the same metrics may be used by the community to assess the progress of several222

projects towards the same application. This allows for easy comparison of projects and provides223

insight into a project’s progress. In this section, we will define each of the three phases in224

the framework, the individual levels that make up each phase and step through the necessary225

milestones to achieve a given AUL. A summary figure of the AUL levels and phases can226

be seen in Figure 1 and is outlined in Table 1. A checklist for the three phases is provided227

in the supplemental information. More resources can be found through our team website at228

https://ccmc.gsfc.nasa.gov/assessment/topics/trackprogress.php.229

3.1. Phase I: Discovery and Viability230

Phase I is where fundamental research meets applied science. Not all research will or should231

progress beyond the very first AUL. However, if a potential user is identified (whether they are232

a fellow researcher or an industry partner), then the steps in this phase will determine whether the233

project should progress to phase II. Phase I provides researchers with justifiable confidence that their234

work is leading to a product for a specific application that will provide the user with the information235
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they need. The first step in the progression of any project towards an application requires contacting236

a potential user to begin forming a partnership. The user’s needs must be established through237

effective and clear communication about the requirements and metrics of the application. The238

researchers must determine if the project will be viable and feasible to satisfy the requirements239

for that specific application. It should be determined whether the current project represents the240

current standard or an improvement upon the state-of-the-art for that specific application.241

3.1.1. AUL 1: Basic Research242

This level is where the basic scientific concepts and projects are created and potential applications243

are identified. A project is considered to have an AUL 1 if the following milestones are achieved:244

Milestones:245

a) Basic research is documented and disseminated for the project, so that the usability may be246

assessed by way of the AUL method.247

b) Ideas for how the project output(s) may enhance decision making or be applied to an end user248

application are generated.249

c) Potential interested users are identified, but not necessarily contacted. This could occur, for250

example, through a literature search, conference attendance, or workshop participation.251

3.1.2. AUL 2: Establishment of users and their requirements for a specific application252

In this level, the application and project concept is formalized. An interested user is contacted, and253

their needs for a specific application are identified. This includes establishing requirements and254

defining metrics for measuring success. It should be noted that at this level, it is not necessary to255

show that the current research endeavors will result in the successful production of the identified256

application. A project is considered to be at AUL 2 if the following milestones are achieved:257

Milestones:258

a) Decide on the user(s), contact the user(s), and establish a reliable channel of communication that259

is used at a suitable frequency.260

b) Formalization of the application and project concept.261

c) Identification and formalization of the requirements and metrics necessary for successful262

application of the project for the user’s needs.263

3.1.3. AUL 3: Assess viability of concept and current state of the art264

To reach AUL 3, the feasibility and viability of achieving success for a specific application265

as defined in AUL 2, must be assessed by both the users and researchers. Building upon266

a proof-of-concept study, the requirements for project improvement and chosen metrics are267

re-examined and updated as needed. A demonstration that the project represents the state-of-the-art,268

an improvement, or value-add to the state-of-the-art is completed. A project is considered to have269

an AUL 3 if the following milestones are achieved:270

Milestones:271
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a) Documentation and dissemination of the project’s expected advancements from the current272

state-of-the-art used towards the identified application along with the proposed metrics for the273

specified application.274

b) Perform the initial analysis of the individual project components, to determine the viability and275

feasibility of the entire project.276

c) Complete a detailed characterization of the baseline performance and limitations with respect to277

the application.278

d) Determine the viability and feasibility of the proposed project towards improving upon the state279

of the art for the identified application. If the project is deemed not viable or feasible, the project280

is put on hold until the identified roadblocks are removed.281

3.2. Phase II: Development testing and validation282

In Phase I, the current state of the art is identified, basic research into current limitations283

and expected areas for improvements is completed, initial communication with the end user is284

established, and a proof-of-concept and show of viability is made. Phase II focuses on finalizing285

development of the new state-of-the-art project integrating the resulting tools into the identified286

applications, demonstrating the feasibility of the new product and validating the new system.287

3.2.1. AUL 4: Initial integration and verification288

In this level, the basic prototype is completed and initial integration into the user application is289

started. To achieve AUL 4, it must be verified that all components work together. In addition, a290

project is considered to have AUL 4 if the following milestones are also achieved:291

Milestones:292

a) Integration of the individual components into the application.293

b) Organizational challenges and human process issues (if applicable) are identified and managed.294

3.2.2. AUL 5: Demonstration in the relevant context295

In this level the viability of the project is determined for the specified relevant context (e.g.,296

storm, substorm, or quiet time conditions). A project is considered to have AUL 5 if the following297

milestones are achieved:298

Milestones:299

a) The project team must articulate and disseminate the viability for the improvement upon the state300

of the art.301

b) Application components integrated into a functioning application system for use during the given302

relevant context parameters.303
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3.2.3. AUL 6: Complete validation304

While in AUL 5 the potential is articulated, in AUL 6 the potential is fully demonstrated, and this305

is stated as a major increase in the applications usability and ability to become the new standard306

for the user. Any application components already deployed in the user’s operating environment are307

tested in their operational and/or decision making context. A project is considered to have AUL 6 if308

the following milestones are achieved:309

Milestones:310

a) Prototype application system beta-tested in a simulated operational environment.311

b) Projected improvements in performance of the state-of-the-art and/or decision making activity312

demonstrated in simulated operational environment.313

c) Documentation and dissemination of the specific application and associated metrics and the314

projects progress towards this application.315

3.3. Phase III: Implementation and Integration into operational status316

While Phase I and II focused on the development and initial validation of the new model/data317

analysis effort for a specific application, Phase III is where it becomes handed off and fully318

integrated into the end user’s application. This also includes new validation efforts to determine319

how well the new model/data analysis effort performs in a “real world” setting. Validation and320

continued use in an operational environment drives discovery of new science questions, problems,321

and new applications. Although this is the final phase for the current application with its specific322

requirements and metrics, the search for the next new and improved application continues.323

3.3.1. AUL 7: Application prototype324

All portions of the new project are integrated into the user’s application and the functionality has325

been established. A project is considered to have AUL 7 if the following milestones are achieved:326

Milestones:327

a) The system must be fully integrated into the operational environment specified by the user.328

b) The system’s functionality is tested and demonstrated in the user’s specified relevant context.329

c) Project team must demonstrate the functionality of the new system for the user’s application and330

disseminate the results.331

3.3.2. AUL 8: Validation in relevant “real world” environment332

At AUL 8, the new project is fully integrated into the user application system and is initially333

validated by the user. The application is proven to work in its final form in the relevant context334

and operational environment either meeting or surpassing the initially identified requirements335

and metrics. In addition, user documentation including verification and validation/metric results,336

any limitations of the new project, training documentation, and maintenance documentation are337
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completed. Ideas for future developments are documented. A project is considered to have AUL 8338

if the following milestones are achieved:339

Milestones:340

a) The user must approve the addition of the new project to their operational application system.341

b) Finalized application system tested, proven operational, and shown to operate within the specified342

requirements and metrics.343

c) Applications qualified and approved by the user.344

d) User documentation and training completed.345

3.3.3. AUL 9: Approved for on-demand use towards stated application346

At AUL 9, the project is the new state of the art and has been proven to work in a sustained manner.347

Continued validation efforts, completed by the user(s) and likely in concert with the researcher(s),348

are performed for the project’s sustained use in the operational environment. A project is considered349

to have AUL 9 if the following milestones are achieved:350

Milestones:351

a) Sustained and repeated use of the application by the specified users.352

b) The continued validation of the project in the operational environment.353

c) Dissemination of the validation efforts, metrics, and new state of the art project to the relevant354

community for the specific application.355

3.4. The next application356

The AUL outline and process shows the path and progress from research to application. It does not357

as explicitly show the feedback from application or operations to research. As with all research,358

there are always new questions and better tools and methods which become available and allow for359

improvements, better forecasting, smaller error bars, etc. Once a project has reached AUL 9, there360

are often new areas for improvements which have been identified, new science questions which were361

uncovered during the process, and of course, new potential applications realized through working362

with the users. This framework is less of a line and more of a set of branching trees as shown in363

Figure 2 or a spiral as shown in Figure 3. In sections 4 and A, the AUL framework is applied to364

cutting edge research and R2O processes. In many of these examples, refinements of the metric365

criteria and completely new applications or users are identified. Thus, with each new application366

(along with specific metrics and operating criteria), the model or data product begins a new AUL367

branch.368

3.5. Dissemination of Results369

Throughout the AUL framework there are 6 milestones that require the dissemination of results.370

AUL 1 requires that the basic science has been documented. AUL 3 requires that the expected371
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Fig. 2. Each AUL can spawn many branches through working with users and whole new trees which
may remain connected through their common roots, the same basic research (like an aspen grove)
as suggested in Sections 4.1 and 4.4. These new applications may be identified at any stage through
the process and will have their own users, requirements, and metrics and will progress through the
AUL framework at their own pace.

advancements are shared while AUL 5 requires documentation of the viability for improvement372

upon the state of the art. All three of these milestones help determine the viability and feasibility of373

the proposed project to address the needs of the user. The finalized metrics and requirements of the374

specific application are documented in AUL 6, and in AUL 7 the new functionality of the project375

in the user environment is shown. Continued validation, and how the project is the new operational376

state of the art is documented in AUL 9.377

Peer Reviewed Papers: Although it may depend on who the researchers and users are, one natural378

method for dissemination of the project’s progress is through peer-reviewed papers. For many379

projects, this would be the ideal method for completing the relevant milestones in AULs 1, 6, and380

9. This has two primary benefits; 1) the assessment of the new AUL standing is reviewed by an381

independent assessor and 2) it advertises the application and the advancements of the project. In382

order to help facilitate the adaption of instrument-like or “AUL papers”, we have provided both383

LATEXand Microsoft word templates on our team website at the CCMC and as of this publication384

can be found at https://ccmc.gsfc.nasa.gov/assessment/topics/trackprogress.php. We expect that an385

AUL paper would be a concise piece, outlining the application, the researcher, the user, and the386

requirements along with the relevant advancements through the milestones. It should also include387

references to previous AUL papers or other research actives (papers, conference talks, ect.) to show388

previous progress to the current AUL as well as any new milestones met. These templates may also389

guide the introduction of AULs into more traditional paper formats.390

The above paragraph assumes that the researcher would be writing the AUL papers, however, it391

has been proposed that the user may also be interested in writing such papers. One of the current392

hurdles in completing targeted, transdisciplinary, or applied research is identifying who may have393
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Fig. 3. While working through an AUL, roadblocks can appear which will temporarily lower the
AUL of the project, similar to how a change in an instrument project can lower the TRL of a
hardware project. An example of this would be a component of a large model may have changed
and need to be validate, or a change to the processing of the data which is an input to the project.
Anecdotal experience has shown how reaching an AUL 9 does not mean the end of a project. By
the time an application reaches AUL 9, new requirements are often defined and a new application
and project are created. This may be as simple as the same user has identified the need of new
requirements and metrics for a new (perhaps an improvement on the same, but now identified as a
new) application, leading to a spiraling of the AULs, as suggested and demonstrated in Sections 4.3
and 4.7

the required research and who may benefit from the research. It has been suggested at workshops394

on AULs that users may be interested in writing AUL 1 papers as a call for help finding interested395

researchers to address their needs.396

Conference Talks and Posters: Presenting results and advancements at conferences is another397

method for disseminating results and advancements through the AUL framework. For many398

projects, this would be the ideal method for completing the relevant milestones in AULs 3, 5, and399

7. Often it is expected that these advancements would be shared within the appropriate science400

sessions. However, the Assessment of Understanding and Quantifying Progress working group401

has convened sessions at the Geospace Environment Modeling (GEM) workshop, the American402

Geophysical Union Fall meeting, et cetra convened specific sessions that have focused on sharing403

examples of AUL progressions, and discussions of research to operations and transdisciplinary404

research. We encourage and support the idea of more sessions at conferences focused on reporting405

on new applications, advancements of projects, and lessons learned.406

Websites and Online Documentation: Peer-reviewed papers and conference presentations are407

not the only methods for disseminating results, although they are perhaps the most familiar to408
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researchers. The Assessment of Understanding and Quantifying Progress working group which is409

part of the International Forum for Space Weather Capabilities Assessment has been developing410

a website for the dissemination and tracking of applications and projects. The website will411

host applications with the specified end users and their requirements and the projects working412

towards the specific application. This will also allow for new researchers to find applications and413

their requirements which may be applicable for their research. It will also enable users to find414

applications relevant to their need and researchers who may be able to address their application415

needs.416

3.6. Best Practices417

The above framework was purposefully written in a general format so that it can be adapted to the418

needs of the researcher, the user, and the specific project. However, many projects will have a set419

of best practices (e.g., software (Burrell et al., 2018, e.g.,), data set production (Wilkinson et al.,420

2016, e.g.,)) and below we will discuss a few which will be important for many if not all projects421

and applications.422

Training: In AUL8, milestone d) training must be completed. This is a very important step in423

making sure that the user understands the full capabilities of the product, and will use the product424

properly. It is necessary to train not just on the typical types of events or runs expected, but to also425

train for the less likely or extreme scenarios. This is especially important for applications related426

to space weather forecasting where training should occur on both real-time data, and the range of427

events where different decisions would need to be made.428

Determination of availability of data and robustness of the system: When looking at the429

feasibility of a project, it is important to consider the impact of data outages. This can be mitigated430

by having redundancy in the system. It is important to test the robustness, the likelihood of an outage431

in order to determine if the project is feasible.432

Version Control: As data, codes, and programming languages evolve, version control is vital.433

Version control ensures that stable releases are available, while further testing and development434

continue. As new data, models, ect. are developed, they will also go through the AUL framework435

to show their advancement to the application, and validate their usage.436

Continued testing of operational availability: In phase 3, best practices dictate that project437

validation and the determination of a project’s operational availability continue.438

Standardized formats: There are likely to be either multiple projects working towards a single439

application (e.g., the CME arrival scoreboard, or for data management FAIR (Wilkinson et al.,440

2016, e.g.,)) or multiple projects which use similar data types. In order to make it easy for others to441

adopt the outputs of the projects, or use the data for inputs, it is important to use data and meta-data442

standardized practices. There are many groups working towards defining the appropriate set of443

standardizations including the Information Architecture group through the International Forum for444

Space Weather Capabilities and Assessment.445

These are just a few of the best practices one needs to keep in mind (for example, software best446

practices are outlined in Burrell et al., 2018), but they largely fall under the AULs which are focused447

on determining either the feasibility and viability of the project, or in the transitioning of the project448

from the researcher to the user. It is important for both the researcher and user communities to449
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continue to evaluate what best practices are needed and include them when completing the relevant450

milestones.451

4. Summary of Example Projects using AULs in the Appendix452

Here we will present a summary of examples that cover many different aspects of the heliosphere453

and how the AUL framework can be applied. Extended versions of these examples can be found454

in the appendix A. For each example in the appendix, we’ll reflect on how the AUL framework455

could be used to assess the progress of each project towards the specified application. Many of456

the projects were initially developed without the AUL framework, however, they all exhibited best457

practices and hence we can use the AUL framework to measure their progress, and point out how458

and where it may be useful in each case. The Phase I Example 4.1, describes a research area which459

has identified multiple potential applications but has not yet identified a user. Example 4.1 also460

provides a look at how to start the AUL process and targeted research more generally. The Phase II461

examples include Example 4.2 has a research user whereas Example 4.4 which has a government462

agency as the user and Example 4.5 has an industry user. Example 4.3 shows how as a project moves463

through the AUL levels, new applications can be found by a change in the requirements of the user.464

The Phase III examples include Example 4.7 where one can see how an AUL 9 project often leads465

to the identification of a new application and thus a new project at AUL 1. Example 4.6 shows that466

there may be many different user communities interested in the product and application. And finally,467

Example 4.8 shows how a project may not be finished through a single funding opportunity, and in468

this specific example, each phase in the AUL framework was funded through a separate opportunity.469

For the ease of the reader, we have provided a table of the examples, a brief summary of the470

project, phase, and user, which section they are in, where the longer version of the example can be471

found (Table 2).472

4.1. Identifying a potential new application to track with the AUL framework: Phase I AUL 1473

project474

J. Klenzing and A. G. Burrell475

The following is a summary of a phase 1 AUL 1 example from the ionospheric community. This476

example shows a data project, and how one can start using the AUL framework. A full version of477

this example can be found in Appendix A.1478

The use of average solar extreme ultraviolet (EUV) as a potential driver of479

ionosphere-thermosphere (I-T) models is an example of an early-phase AUL 1 project. This480

radiation heats the thermosphere and creates the ionosphere through direct ionization. I-T models481

use proxies for this radiation, such as Sunspot Number or the F10.7 index. These proxies are used482

in part because they are long-running history and continuity. However, observations during the483

recent solar minimum have suggested that their utility may not extend to periods of extremely low484

solar activity Emmert et al. (2010); Klenzing et al. (2011); Solomon et al. (2013). Additionally,485

their variability over the 27-day solar rotation cycle shows significant deviation Chamberlin et al.486

(2007).487

This project is classified at AUL 1 as it uses existing published scientific knowledge to present488

a new idea for improving a specific group of space weather applications. To advance to an AUL489
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Table 2. Table of examples given in the paper

Example Phase AUL Research
Sub-field

Primary User longer
example

4.1 Identifying a new
application

1 1 Ionosphere Researcher models A.1

4.2 Application for
another researcher

2 5 Ionosphere The AMIE model A.2

4.3 Branching
applications

1, 2 2, 5 Magnetosphere External Business A.3

4.4 Transitioning a
research model to a
government user

2 6 Ionosphere Australian Bureau
of Meteorology

A.4

4.5 Validating in an
operational environment

2 6 Magnetosphere Industry/government A.5

4.6 Identifying new
transformative research
by working with the
user

3 8 Solar Government/Air
Force

A.6

4.7 Identifying new
applications

1, 3 1, 9 GICs Red Eléctrica de
España, REE

A.7

4.8 Funding
applications through the
three phases

3 9 Magnetosphere British Antarctic
Survey

A.8

of 2 or higher, the project developers need to work with I-T model developers to determine if490

an improved solar EUV forcing index is viable and feasible for improving specific applications491

(for example, satellite drag calculations) and specify the level of improvement required for the492

application. Multiple AUL 2 applications could be identified from this AUL 1 project, Figure 2,493

each with different requirements.494

4.2. An application for another researcher: Phase II AUL 5 project495

R. M. McGranaghan496

The following is a summary of a phase 2 AUL 5 example from the ionospheric community. This497

example shows a modeling project which has another research team as a user. A full version of this498

example can be found in Appendix A.2499

In this example the user is a researcher using the Assimilative Mapping of Ionospheric500

Electrodynamics (AMIE) Richmond et al. (1988) which requires an ionospheric conductance model501

to infer global polar maps of electrodynamic variables on a roughly 1.5◦×10◦ latitude×longitude502

grid at variable time resolution, where the time resolution is dependent on the cadence of503

input observations. As researchers in the ionospheric and magnetospheric communities need504

event specific outputs of electrodynamic fields run on demand, the operating environment is the505

researcher’s local computer and the relevant context changes for the specific research application.506

The metrics needed for this application has been outlined in Cousins et al. (2015) and McGranaghan507
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et al. (2016), in which the accuracy of the conductance model is determined by the extent to which508

it provides consistency between AMIE output using two different sets of input observations.509

All milestones through AUL 5 have been completed. Because current efforts are underway510

to demonstrate the potential performance improvement to the AMIE model provided by the511

conductance model, requirements for AUL 6 have not yet been completed. Therefore, this512

application is currently at AUL 5.513

4.3. Branching applications identified through continued communication with users during514

development: Phase I and II projects515

A. C. Kellerman516

The following is a summary of a phase 2 AUL 5 example from the magnetospheric community.517

This example shows a modeling project which has an industry user. It also serves to demonstrate518

that while a project may be at a higher AUL for one application, even a small change in the needs519

of the end user necessitates that the AUL be reassessed, and likely reverted back to an earlier level520

(see Figure 3). It is then necessary to work through each level again to ensure that the new needs521

can, and will be met in a systematic and robust manner. A full version of this example can be found522

in Appendix A.3.523

A fast real-time data assimilative framework has been developed, to produce a hindcast/forecast524

of the Earth’s radiation belt electron dynamics. In 2016, contact was made with an external business525

that was interested in utilizing the real-time hindcast data to provide a real-time tool for determining526

if recent spacecraft anomalies were a result of space weather. A personal meeting was set up527

and the needs/requirements were discussed with the interested party. In this initial interaction, the528

need was to provide a regular output of the hindcast and forecast electron PSD and to provide529

a full explanation of the content and format of the available files. Through these interactions, all530

milestones through AUL 5 would be satisfied. However, since complete validation has not been531

completed and disseminated to the community, this project would not have reached AUL 6.532

After further discussions with the user, there was a new requirement that errors be included with533

the hindcast and forecast. Since this information was not readily available at the time, the project534

would be assessed at AUL 2, as the same user and communication channels exist, the project has535

a new formalized application, and there are new requirements that address the needs of the user.536

Note that a revision of the users’ needs necessitates the definition of a new application, as the537

metrics/requirements of the project have changed, and one may no longer compare the project AUL538

for this new application with the previous one.539

4.4. Transitioning science to a government user: Phase II AUL 6 project540

B.A. Carter and M. Terkildsen541

The following is a summary of a phase 2 AUL 6 example from the ionospheric community. This542

example shows a modeling project which a government user. This example also shows how one can543

work towards completing higher milestones while working to overcome others at lower levels. A544

full version of this example can be found in Appendix A.4.545

A series of recent and ongoing studies into modeling the occurrence of EPBs using the546

Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) – a global547

coupled 4-D model of the ionosphere-thermosphere system (Qian et al., 2014, and references548
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therein) – are discussed here in the context of the AULs where the user is Australia’s Bureau549

of Meteorology (BoM). The Bureau of Meteorology’s Space Weather Services (BoM-SWS)550

is Australia’s sole provider of space weather products and forecasts. Therefore, an ongoing551

collaboration with BoM-SWS has helped bridge the communications and knowledge gaps between552

researchers and potential users of scintillation forecasts. This project is currently at an AUL 6 and553

has completed all previous milestones.554

The Raleigh-Taylor (R-T) growth rate threshold was chosen by eye to be 0.4 × 10−3s−1 for all555

six stations, which may not be appropriate for stations in different longitude sectors. One further556

complication is that the R-T growth rate is not a measurable quantity, so it cannot be directly verified557

against direct observations. As such, a more rigorous and systematic analysis that investigates the558

TIEGCM R-T growth rate threshold is needed before the Milestones of AUL 6 are achieved.559

Initial work is being done towards achieving AUL 7. The scintillation forecasting scheme560

used by Carter et al. (2014b) in an operational environment, with the intention of providing561

‘beta’ scintillation forecasts for key users. Proceeding into AUL 7 will help with the challenge562

of verifying the scintillation forecasts and advisories in terms of user experience. Proceeding563

with the development of a working prototype and delivering forecasts has the added benefit of564

informing/educating the users of potential vulnerabilities to their system(s).565

4.5. Validating in an operational environment for multiple users, industry and government: Phase566

II AUL 6 project567

T. Guild568

The following is a summary of a phase 2 AUL 6 example from the magnetospheric community.569

This example shows a modeling project an industry and government user. It also provides an570

example of how a state of the art and ”operational” tool may not be at an AUL 9. A full version of571

this example can be found in Appendix A.5.572

The SEAES tool grew out of a need to quickly assess the likelihood of the space environment573

causing a satellite anomaly. It has been developed at The Aerospace Corporation Koons574

and Gorney (1988); O’Brien (2009). The SEAES algorithms produce a hazard quotient. This575

environment/anomaly likelihood relationship is derived from associating historical anomalies or576

their proxies to space environment measurements on the same satellites. A key user requirement for577

SEAES is speed: providing a hazard quotient, or likelihood that an anomaly is due to space weather,578

in near-real-time to influence decisions made during satellite anomaly investigations.579

SEAES completed its Phase 1 milestones working closely with satellite operators during anomaly580

investigations where the space environment’s role needed to be determined. The interaction581

with users informed the development of a prototype application, outlined the requirements, and582

culminated in a published description of the algorithms in O’Brien (2009). The SEAES algorithms583

have been implemented in an operational environment at NOAA/SWPC and are available to SWPC584

users at the following link: https://www.swpc.noaa.gov/products/seaesrt. This completes Phase 2,585

through AUL 6. However, the SEAES application has never been validated the user environment,586

nor have the results been disseminated, failing AUL 7 and above.587
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4.6. Transformative and translational research identified by the needs of the user: Phase III AUL 8588

project589

C. J. Henney590

The following is a summary of a phase 3 AUL 8 example from the solar community. This example591

shows a modeling project for a government user. This example also shows how two projects when592

combined for a new application initially start at an AUL1 and must advance through all AULs with593

the new requirements. A full version of this example can be found in Appendix A.6.594

The ADAPT (Air Force Data Assimilative Photospheric Flux Transport) project Arge et al. (2010,595

2011); Hickmann et al. (2015) provides a sequence of best estimates of the instantaneous global596

spatial distribution of the solar photospheric magnetic field as a function of time. Initiated in 2008597

and driven by community user interests, the objective of the ADAPT project combined two Phase II598

(AUL 5) projects Worden and Harvey (2000); Hickmann et al. (2015), to produce global magnetic599

maps with realistic estimates of the uncertainty ( Milestones a-c of AUL 1). An essential element600

during development of ADAPT has been the vital feedback and collaboration with active users601

( Milestones a-c in AUL 2) to assess the viability of the global maps ( Milestones a - d AUL602

3). Another set of fundamental steps was to integrate the ADAPT software within a prototyping603

environment ( Milestones a-b in AUL 4), iterate on map quality, and meta-data improvements604

(Milestones a-b AUL 5). The ADAPT model has been running at the National Solar Observatory605

for 5 years, generating public global magnetic maps for user validation ( Milestones a-c AUL 6).606

The core functionality is installed at NOAA/SWPC (early stages of AUL 8 a-b) to be validated for607

driving WSA-Enlil, in collaboration with the CCMC.608

4.7. Identifying new applications and research projects from previous targeted research: Phase III609

AUL 9 project610

C. Cid611

The following is a summary of a phase 3 AUL 9 example from the ground induced current612

community. This example shows a data project for a government user. This example also shows613

how through completion and continued validation of an AUL 9 project can lead to the funding of614

new targeted basic research and AUL 1 projects. A full version of this example can be found in615

Appendix A.7.616

After the October 2003 Halloween Storm, affecting electric utilities in South Africa Kappenman617

(2005), low, and mid geomagnetic latitude countries were made aware that their power grids might618

be vulnerable to this hazard. The magnitude of the Spanish geomagnetic latitude is similar to South619

Africa. This fact was the impetus for a chain of projects that concluded with the development of a620

new index for nowcasting geomagnetic disturbances and the geomagnetically induced currents risk621

in Spain.622

This project has fulfilled all the milestones through AUL 9. LDi and LCi products have been623

implemented through the ESA SSA Space Weather Service Network (http://swe.ssa.esa.int). The624

validation of the products continues while working in an operational environment. However, this625

is not the end of the story, new research goals were formed to answer the questions opened during626

the previous project. Now that we know that the new geomagnetic indices LDi and LCi are useful627

for nowcasting the disturbances at the ground level for local users, our aim is to forecast these628

indices from solar wind data. Revising the performance of the models that forecast ground magnetic629
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disturbances from solar wind data, we discovered that they provide good results for smooth changes630

in local ground records, but not for fast changes, which are the most relevant for power grid users. To631

achieve this new goal, we need to understand the complex physics that solar wind-magnetosphere632

interactions rely on during transient phenomena. Some steps have already been taken Saiz et al.633

(2016) and a basic research project, funded by the Spanish government, is ongoing and now at AUL634

1.635

4.8. Funding an application’s progress through the three phases: Phase III AUL 9 Project636

N.Yu. Ganushkina637

The following is a summary of a phase 3 AUL 9 example from the magnetospheric community.638

This example shows a modeling project for researcher and government users. This example also639

shows how projects may be funded as they go through different phases. A full version of this640

example can be found in Appendix A.8.641

The Inner Magnetosphere Particle Transport and Acceleration Model (IMPTAM) was developed642

for purely scientific purposes (Ganushkina et al., 2000, 2001). IMPTAM moved to the AULs in643

Phase I when the project called SPACECAST was funded in 2011. The main goal of this project644

was protecting space assets from high energy particles. The identified users for IMPTAM were645

BAS (British Antarctic Survey, Cambridge, UK) and ONERA (Office National D’Etudes et de646

Recherches Aerospatiales, Toulouse, France). The first nowcast version of IMPTAM for < 100647

keV electrons (Ganushkina et al., 2013, 2014) running online in real time (http://fp7spacecast.eu/)648

was developed. Validation of the IMPTAM output has been ongoing since the initial operation649

online (Ganushkina et al., 2015). Phase II continued during the next project, SPACESTORM650

(http://www.spacestorm.eu/) and at the completion of the milestones in AUL 6 and previous levels.651

This application of IMPTAM fully entered into Phase III as the integrated system was implemented652

at the user’s system.653

At present, IMPTAM is in another AUL spiral, Figure 3, as part of the on-going project654

PROGRESS funded by the European Union’s Horizon 2020 research and innovation programme.655

In this project, IMPTAM is undergoing transformations to operate as a predictive tool.656

5. Summary and Discussion657

The proliferation and variety of models and data sets is a sign of the advancement and complexity658

of our field. As our field becomes more inter, multi, and transdisciplinary, researchers need to659

provide a wide array of information, data, and predictions. Our field now regularly encompasses660

collaborations including coupling and interactions across the heliosphere, data collection for661

Earth and astrophysical sciences, and applications to planetary and exoplanetary environments.662

Communication within our field and with related research areas is crucial to the effectiveness of our663

research outcomes. Similarly, there is a strong need for better communication with communities664

outside of academic research. One necessary step for R2R, R2O, and O2R is recognizing the665

needs of the user and how those needs inform requirements. This includes identifying the most666

useful metrics, accuracy, and format of information. As technology becomes more susceptible667

space weather, the challenge for researchers is to communicate clearly to users the capabilities of668
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their research and how it can be beneficial for their needs (e.g., National Research Council, 2009;669

Caldwell et al., 2017; Cassak et al., 2017, and references therein).670

To further enable communication of a project’s progress towards defined outcomes, we have671

proposed the Application Usability Level framework. The AUL framework provides a step-by-step672

approach for tracking a project’s progress towards a specific application. The framework we have673

presented here is intended for communication both within basic research fields and with industry674

users. As such, we have framed this work around two populations: researchers and users. The675

users may refer either to non-academic users or to other researchers. However, in the case of676

non-academic fields, users and researchers alike may benefit from a translator, i.e. a broker, who677

may help with the effective transition of research to operations or from one research field to678

another. In such cases, the expected users may not have the means or resources to fully explore679

the possibilities of a given model or data product for their application. Likewise, researchers might680

not be best positioned to appreciate the user’s needs. Independent subject matter experts can be681

critical as brokers. They can ensure that the AULs are developed and tailored correctly for a given682

project. Brokers can include forecasters at government agencies (e.g., NOAA and the UK Met683

Office), government and government-funded scientists (including FFRDCs and government labs),684

academics or industry partners. Brokers should be sought out as needed early in the AUL process.685

In many cases, the brokers will become the user for many AUL pathways.686

Within the AUL framework, the validation needs and subsequent definition of metrics are set687

early in the process (AUL 2). While the framework described in this paper applies to individual688

users with specific needs, the space physics community as a whole has a role to play in enabling689

the discovery and viability testing in Phase 1. The definition of a standard set of metrics for a given690

application, such as the CCMC’s CME arrival scoreboard, can simplify the process in Phase 1.691

This can help ensure that each user is applying the right tool for the job. The validation and metric692

needs in the case of benchmarking involve the uniform application of metrics across different data693

or model frameworks which can measure improvement over time. The Community Coordinated694

Modeling Center (CCMC) has a unique role in helping to define and retain standards for use across695

the Heliophysics community. These efforts can be found through the work done in the International696

Forum for Space Weather Capabilities Assessment working groups (For more information on, and697

to get involved with these efforts see https://ccmc.gsfc.nasa.gov/assessment/forum-topics.php and698

other papers in this special issue). Community efforts such as Coupling, Energetics, and Dynamics699

of Atmospheric Regions (CEDAR), GEM, and Solar Heliospheric and INterplanetary Environment700

(SHINE) also play a role in testing these metrics. They provide an arena to test their ease of701

application, their usefulness for a constantly evolving scientific community, and in employing the702

standard metrics with cutting-edge models that may not yet be available at the CCMC.703

As implied above, previous large scale community-driven efforts have focused on the validation704

of models and cross-calibration of instruments. These community efforts have been vital to the705

progression of our field but have often been centered around the needs of the researcher. The706

initial vision for the GEM workshop was to create multiple magnetospheric modules that would707

eventually be combined to produce a comprehensive model of the geospace environment and its708

interactions with the solar environment Roederer (1988). Efforts like the GEM Workshop (e.g.,709

Raeder et al., 1998; Birn et al., 2001; Jordanova et al., 2006; Rastätter et al., 2013), the CCMC710

(e.g., Bellaire, 2006; National Research Council, 2003, 2013), and the Center for Integrated Space711

weather Modeling (CISM) (e.g., Spence et al., 2004; National Research Council, 2013) were712
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instituted to enable coordination and intercommunication within and between codes. Specifically,713

these groups encourage the coupling of codes solving for different regions of space for the purpose714

of predicting the properties and variability of the space environment. The CCMC has played a715

crucial role in making these models available to the public. The CCMC has further helped in the716

validation of models and communication with users outside the space physics community. These717

and many other efforts continuing to make strides in improving and validating predictive models,718

defining metrics, and enabling communication within the field (e.g., Owens et al., 2008; Quinn719

et al., 2009; Shim et al., 2012; Honkonen et al., 2013; Pulkkinen et al., 2013; Rastätter et al.,720

2013; Gordeev et al., 2015; Glocer et al., 2016). The AUL framework can help with identifying721

and providing the data products for inputs into these models as shown in example 4.1. It can also722

help with the coordination of coupling models, as shown in examples 4.2, and 4.6. And finally,723

the AUL framework can inform industry users and forecasters as to the usability of the project as724

demonstrated in examples 4.4−4.7, and 4.8.725

In this paper, we outlined the AUL framework and defined the different phases, levels, and the726

milestones necessary to reach each step for a project’s AUL. We discussed potential methods727

of disseminating results as well as best practices. Several example summaries were provided,728

and full examples can be found in the appendix, A, which shows how this framework can be729

applied to current projects as well as how working with users can lead to scientific discoveries730

and future projects. Development of the AUL framework began at the first working meeting for731

the International Forum for Space Weather Capabilities Assessment by members of the Assessment732

of Understanding and Quantifying Progress working group. The aim of this working group is to733

develop a framework to aid in tracking the progress of our field and to provide a path for clear734

communication between researchers, funding agencies, and users.735

Appendix A: Longer version of example projects using the AUL framework736

Within the appendix we provide longer more explicit versions of the examples within the primary737

text of the paper.738

A.1. Identifying a potential new application to track with the AUL framework: Phase I AUL 1739

project740

J. Klenzing and A. G. Burrell741

The use of average solar extreme ultraviolet (EUV) as a potential driver of742

ionosphere-thermosphere (I-T) models is an example of an early-phase AUL 1 project. A743

brief outline follows for the start of a project set to use the AUL framework.744

The specific EUV radiation that is used as a fundamental driver of I-T models is the spectra from745

0.05−105.0 nm. This radiation heats the thermosphere and creates the ionosphere through direct746

ionization. Historically, I-T models have used proxies for this radiation, such as Sunspot Number747

(SSN) or the F10.7 index. These proxies are used in part because of the long-running history and748

data continuity. However, observations during the recent solar minimum have suggested that the749

utility of these proxies may not be extended to periods of extremely low solar activity Emmert et al.750

(2010); Klenzing et al. (2011); Solomon et al. (2013). Additionally, the variability of these proxies751

over the 27-day solar rotation cycle shows significant deviation Chamberlin et al. (2007). Because752
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the solar atmosphere can have different transmission properties for wavelengths of nm (EUV) vs753

cm (F10.7), the day-to-day variability of these parameters can match quite well at times while being754

substantially different at other times.755

This project is classified at AUL 1, since it uses existing published scientific knowledge to756

present a new idea for improving a specific group of space weather applications. To advance to757

an AUL of 2 or higher, the project developers would need to work with I-T model developers to758

determine if an improved solar EUV forcing index is viable and feasible for improving specific759

applications (for example, satellite drag calculation and collision avoidance due to thermospheric760

heating) and specify the level of improvement required for the application. Potentially, multiple761

AUL 2 applications could be identified from this AUL 1 project, as shown in Figure 2, each with762

different requirements.763

A.2. Example of a Phase II project - R. M. McGranaghan764

A.2.1. Application: Conductance models to calculate high-latitude ionospheric electrodynamic765

fields766

In this example the end user is the Assimilative Mapping of Ionospheric Electrodynamics (AMIE)767

Richmond et al. (1988) which requires an ionospheric conductance model to infer global polar768

maps of electrodynamic variables (electric and magnetic fields and horizontal and field-aligned769

currents) on a roughly 1.5 x 10◦ latitude x longitude grid at variable time resolution, where the time770

resolution is dependent on the cadence of input observations. As researchers in the ionospheric and771

magnetospheric communities need event specific outputs of electrodynamic fields run on demand,772

the operating environment is the researcher’s local computer and the relevant context changes for773

the specific research application.774

Metrics to validate the conductance model are challenging due to the fact that conductance cannot775

be directly measured. However, the metric needed for this application has been outlined in Cousins776

et al. (2015) and McGranaghan et al. (2016), in which the accuracy of the conductance model is777

determined by the extent to which it provides consistency between AMIE output using two different778

sets of input observations (i.e., space-based magnetic perturbation observations from AMPERE and779

ground-based ionospheric convection observations from SuperDARN). The specific bounds in the780

error of the AMIE procedure due to the conductance model will depend on the goals of the specific781

research application. There are a number of efforts currently working on providing the necessary782

inputs to the AMIE model which are described below.783

A.2.2. GLobal airglOW (GLOW) model Soloman et al 1988784

The conductance model makes use of the GLOW electron transport and upper atmospheric785

chemistry model with specification of the auroral particle precipitation by Defense Meteorological786

Satellite Program (DMSP) satellites observations to calculate in-track conductance estimates, and787

then performs an assimilation of these in-track data to obtain global high-latitude conductance788

distributions McGranaghan et al. (2015, 2016).789

For this application one set of users are research modelers using the AMIE procedure introduced790

above. The GLOW model is currently being validated for various geomagnetic conditions which791

cover the environmental conditions necessary for this specific application. However, the assimilative792
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GLOW model has already been examined for a characteristic event containing several periods of793

both quiet and geomagnetic storm and shown to provide greater accuracy than conductance models794

currently in wide use McGranaghan et al. (2016). The GLOW model will be able to provide the795

conductances necessary to run AMIE in the required environments for the end user and thus this796

application has passed the AUL 1 benchmarks.797

This application has been deemed feasible for the research application by both the end user798

researchers as well as the developers. The assimilative conductance model is capable of providing799

the necessary conductances at the spatial and temporal resolutions required by the AMIE model and800

can be run on demand in a timely manner. The model has been tested and validated McGranaghan801

et al. (2016) and the detailed characterization of the baseline performance and limitations have been802

completed. Thus, Phase I development is completed by meeting the AUL 3 along with all previous803

Milestones and Levels.804

Phase II is focused on the development, testing, and validation of the conductance model for805

the application of providing on-demand conductances for input into the AMIE model for research806

purposes. The model is running in the operational environment and has been demonstrated to be807

able to be run on demand for the end user needs. The organizational challenges have been managed.808

These activities satisfy the AUL level 4 milestones. Future efforts to validate the global809

conductance patterns from the assimilative GLOW model will involve systematic testing across810

different relevant contexts. Additionally, ongoing efforts are comparing GLOW model output to811

other conductance models in various forms (e.g., Grubbs et al., 2018) and may lead to new812

metrics for this application. To complete the AUL 5 Milestones, we have articulated the potential813

improvement upon the state of the art McGranaghan et al. (2016) and created the capability to run814

the model during the relevant context conditions necessary for the research (quiet and storm time).815

During both quiet and storm conditions the model can meet the requirements needed for the AMIE816

procedure, and, thus, Milestones and Levels through AUL 5 have been fulfilled. Finally, because817

current efforts are underway to demonstrate the potential performance improvement to the AMIE818

model provided by the conductance model, requirements for AUL 6 have not yet been completed.819

Therefore, this application is currently AUL 5.820

A.3. Example of a Phase III project: AUL 9 - A. C. Kellerman821

A.3.1. Hindcasting and Forecast Radiation Belt Electron Fluxes822

The Versatile Electron Radiation Belt (VERB) code Subbotin and Shprits (2009) has been recently823

combined with a Kalman filter Kalman (1960), data from the Van Allen Probe MagEIS Blake824

et al. (2013) and REPT Baker et al. (2013) instruments, and data from the GOES MAGED and825

EPEAD instruments in order to develop a data-assimilative code Shprits et al. (2013); Kellerman826

et al. (2014). The computational requirements for a full three dimensional Kalman filter may827

be quite large in the domain required for radiation belt simulations an alternative split-operator828

approach was introduced Shprits et al. (2013). The data-assimilative code was applied to study829

the March 1991 superstorm, leading to the discovery of a 4-zone structure in the Earth’s radiation830

belts, identification of local acceleration events during a historical geomagnetic superstorm, and the831

development of the first data-assimilative radiation belt forecast model Kellerman et al. (2014). The832

forecast model runs at UCLA has been in operation online since February 2015, and has recently833

been adapted to provide output for users, outside of the research community.834
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The on-line forecast model is largely a research model, adapted to run automatically every835

two hours, producing a hindcast and a forecast. The hindcast assimilates available spacecraft836

observations, in this case real-time GOES primary and secondary data, and the real-time Van Allen837

Probes MagEIS and REPT data. The forecast utilizes the VERB code and forecast Kp to predict the838

change in electron phase space density (PSD) across multiple values of the three adiabatic invariants839

Roederer (1970); Schulz and Lanzerotti (1974).840

A.3.2. Phase I841

The first step required to take the project forward was to identify how this tool may be used for842

decision making or a particular application. The forecast model provides a recent hindcast of the843

state of the Earth’s radiation belts, and a forecast of the state up to two days in the future. Several844

recorded failures of spacecraft electrical systems have been reported in the past as a result of845

geomagnetic activity. One such example is the failure of the attitude control system on the Galaxy846

4 spacecraft in 1998 Baker et al. (1998). In order to determine whether a recent failure is due to847

geomagnetic activity it may be useful to have a real-time monitor of the radiation environment,848

which provides information to operators. The identification of this application satisfies Milestone849

a) in Phase 1, AUL 1.850

The development of the VERB code 2 has been documented in the literature Subbotin and851

Shprits (2009), the code has been tested for numerical accuracy Subbotin and Shprits (2009),852

and validated against spacecraft observations Subbotin et al. (2011); Kim et al. (2012). The data853

assimilative model was tested for sensitivity to the datasets included in Kellerman et al. (2014).854

Current documentation of the code is available to all users, and there is an extensive set of examples855

which provide ease of access to the code. Both of these products are available on request, and are856

maintained on a dedicated Gitlab server. The data assimilative aspect of the code has been tested857

and published in the literature Shprits et al. (2013); Kellerman et al. (2014), and example scripts to858

load the reanalysis and conduct investigations are available also via a Gitlab server. Together these859

items satisfy Milestone b) in Phase 1, AUL 1.860

Over the past few years, contact has been made between researchers and users who may be861

interested in the real-time operational forecast model output. Most of the contact occurred at862

national and international conferences, and through email exchange. This list of potential users863

addresses Milestone c) in Phase 1, AUL 1, and hence the project should be rated AUL 1864

Contact was made with business who was interested in utilizing the real-time data to determine865

potential risks to spacecraft as a result of deep dielectric charging Meulenberg (1976). A personal866

meeting was set up and the needs/requirements were discussed with the interested party. In this867

initial interaction, the need was to provide regular output of the hindcast and forecast electron868

PSD, and to describe the file format and any other information associated with the data contained869

in the files. Email and telephone methods for communication were set up, and a schedule of870

activities/contact times were agreed upon. These conditions address Milestones a) and b), Phase871

1, AUL 2872

At this stage, the application has been identified - An industry user who wants to develop873

risk-assessment software, and at this stage just wants to begin using the data for testing. It was also874

decided at this stage that it would not be feasible (or necessary) to implement the model remotely,875

and so the implementation would remain at UCLA. Therefore, the only metric for success were to876
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ensure a sufficient storage device, 24/7 access, and some file format changes for brevity. With the877

metrics for success identified, Milestone c), Phase 1, AUL 2 is complete, and the project should be878

rated at AUL 2.879

At the initiation of the project, no other data-assimilative radiation belt forecast model was in880

existence, and hence the project can be considered state of the art. In the given application, the881

research model may be used to inform decision making for the satellite industry, and there will882

be a user who will regularly look at the output from the model. Both of these are beneficial for883

the research direction, as feedback will be received that may help to inform model development884

in the future. As mentioned previously, there was only a few modifications necessary to achieve885

success, in terms of AUL ascension, for this project, which likely would provide great feedback886

to research and development, hence the project is considered viable and implementation will be887

feasible. Milestones a)-c), AUL 3, Phase 1 is complete. The project should be rated at AUL 3.888

A.3.3. Phase II889

The user requires a model that can provide information for determining whether deep dielectric890

charging may have occurred for a recent anomaly. The forecast version of the data-assimilative891

VERB code, was developed largely from the published version Kellerman et al. (2014), and892

implements the validated and tested VERB code Subbotin and Shprits (2009); Kim et al. (2012);893

Drozdov et al. (2015); Aseev et al. (2016) to provide model-matrices for the assimilation894

framework. The code was implemented into an operational framework, capable of producing895

electron PSD nowcasts and forecasts. All organizational challenges were overcome, and the project896

has been integrated into the environment required by the application, completing Milestones a) and897

b), AUL 4, Phase 2. The project should be rated at AUL 4.898

The model was set up to run automatically, producing documented output files required by the899

user every 2 hours. These files are currently being loaded remotely by the user on a regular basis.900

The application has been integrated into a functioning application system, providing state-of-the-art901

estimates of electron PSD in real time. The project should be rated at AUL 5.902

The application has been tested first in a simulated environment, and now in an operational903

environment. Documentation and further testing is still underway for this project, and hence it can904

not be rated at AUL6.905

A.3.4. Back to Phase I906

Since implementing the project, there has been further discussions with the user. There is a new907

requirement that errors be included with the hindcast and forecast electron PSD. A data product with908

known errors requires further investigation, and development of the model. For this new application909

the project should be rated at AUL 2, as the milestones for AUL 3 require some further work before910

they can be considered complete. Note that a revision of the users needs necessitates that one treats911

the application as a new application, as the metrics/requirements have changed, and one can no912

longer compare the project AUL for this new application with the older one.913

This example serves to demonstrate that while a project may be at AUL 5 for one application,914

a small change in the needs of the end user necessitates that the AUL be reassessed, and likely915

reverted back to an earlier level. It is then necessary to work though the levels again to ensure that916

the new needs can, and will be met in a systematic and robust manner.917
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A.4. Example of a Phase II project: AUL 6 - B.A. Carter and M. Terkildsen918

A.4.1. Ionospheric scintillation prediction919

Equatorial Plasma Bubbles (EPBs) are low plasma density structures that rise up into the high920

plasma density in the Earth’s ionosphere during the nighttime hours (e.g., Kelley, Michael C. and921

Makela, Jonathan J. and de La Beaujardière, Odile and Retterer, John, 2011). EPBs, also known922

as Convective Ionospheric Storms, generate a spectrum of plasma waves/irregularities that cause923

random fluctuations (i.e., “scintillations”) in the amplitude and phase of radio waves that propagate924

through them; e.g., those used for Positioning, Navigation and Timing (PNT). The amplitude and925

phase scintillation can cause Global Navigation Satellite System (GNSS) receivers to loose lock926

with one or more satellites, which can adversely impact the PNT results. The impact of ionospheric927

disturbances was highlighted in the 2015 multi-agency Space Weather Action Plan (National928

Science & Technology Council, 2015 (Lanzerotti, and references within), and NASA’s Heliophysics929

Living with a Star Program identified “Physics-based Scintillation Forecasting Capability” as one930

of seven Strategic Science Areas in their recent decadal plan NASA (2015). Therefore, a current931

focus of the ionospheric research community has been to understand the driving mechanisms of the932

growth of EPBs, with the end-goal of developing an accurate EPB forecasting capability.933

EPBs are known to be caused by the Generalized Rayleigh-Taylor (R-T) plasma instability (e.g.,934

Sultan, 1996), in which a sharp vertical gradient in the plasma density in the bottom of the F layer,935

coupled with an upward plasma drift, creates instability in the ionospheric plasma. The plasma936

perturbations generated in the bottom-side of the F layer (approx. 150-200 km altitude) undergo937

rapid nonlinear growth into large ‘bubbles’ of low-density plasma that rise towards the topside of938

the F layer.939

Empirical and phase screen propagation models have been shown to be very useful in not only940

capturing the EPB occurrence climatology, but also reproducing typical scintillation levels that are941

observed on the ground; the Wideband ionospheric scintillation model (WBMOD) Secan et al.942

(1995) and the Global Ionospheric Scintillation Propagation Model (GISM) Béniguel, Yannick943

and Hamel, Pierrick (2011) are notable examples. On the other hand, the development of a944

physics-based prediction capability for EPBs has two primary challenges. Firstly, physics-based945

predictions must have the ability to predict the occurrence of EPBs by simulating the background946

ionospheric conditions; particularly the daily changes in the upward plasma drift near sunset.947

The next challenge is to then numerically model the formation and small-scale structure(s) of the948

EPBs themselves (see review by Yokoyama, 2017). In achieving both of these challenges, an EPB949

prediction capability would be able to forecast the occurrence of EPBs, their spatial extent and their950

impact on radio waves. The AUL example discussed here deals with the first of these challenges;951

i.e., daily EPB occurrence.952

A series of recent and ongoing studies into modeling the occurrence of EPBs using the953

Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) – a global954

coupled 4-D model of the ionosphere-thermosphere system (Qian et al., 2014, and references955

therein) – are discussed here in the context of the AULs.956

A.4.2. Phase I957

AUL 1: Basic Research958
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While GNSS and Satellite Communications users are now widely recognized as the primary959

end-users, EPB prediction has been a topic of significant research effort since before the Global960

Positioning System was deployed. As such, the community benefits from decades of basic research961

into what began as a pure scientific curiosity into “Equatorial Spread F” Booker and Wells (1938).962

Basic research into EPBs is an ongoing topic, but the physical mechanism that drives the generation963

of EPBs is well-understood to be the R-T plasma instability.964

The field has been working with the rationale that scintillation event forecasts would be useful965

for both Satellite Communications and GNSS users. This AUL framework would help enable966

communication with potential end users and help publicly track the progress of this project towards967

meeting their needs/requirements. Therefore, the AUL 1 Milestones have been achieved.968

AUL 2: Establishment of users and their requirements for a specific application969

Currently, the global community of GNSS users spans across many key industries, and one970

of those is aviation, with which weather forecasting agencies, such as Australia’s Bureau of971

Meteorology (BoM), have existing communications channels. Further, the Bureau of Meteorology’s972

Space Weather Services (BoM-SWS) is Australia’s sole provider of space weather products973

and forecasts. Therefore, an ongoing collaboration with BoM-SWS has helped bridge the974

communications and knowledge gaps between researchers and potential end users of scintillation975

forecasts.976

From this collaboration, we’ve learned that both GNSS-based positioning and surveillance and977

the use of Satellite Communications in the aviation sector are growing rapidly in line with the978

move to Performance Based Navigation. Amplitude scintillation can have a significant impact979

on aircraft using GNSS for Required Navigation Performance-based flight navigation. Further,980

ionospheric scintillation may disrupt satellite communications-based technology used by aircraft,981

with the potential to impact both communications and surveillance. The aviation sector, through the982

International Civil Aviation Organization (ICAO), have identified ionospheric scintillation (both983

current and forecast conditions) as one of a number of space weather information requirements984

for aviation users. These requirements will be formalized in ICAO Standards and Recommended985

Practices, as a recommendation for ICAO-nominated space weather centres to provide ionospheric986

scintillation advisories and forecasts to aviation users at not more than 6 hourly intervals. With these987

requirements in mind, the Milestones for AUL 2 have been achieved.988

AUL 3: Assess viability of concept and current state of the art989

Currently, scintillation products are built around recent or current observations from990

ground-based GNSS receivers, or based on climatological models (e.g., Secan et al., 1995;991

Béniguel, Yannick and Hamel, Pierrick, 2011). Very few scintillation forecast products are currently992

openly available, and to the authors’ knowledge, those that do exist are largely built around993

climatology or extrapolating recent conditions. Consequently they tend to capture the seasonal994

climatology, but not necessarily the day-to-day variability in ionospheric scintillation, which is995

necessary for end users to implement effective mitigation strategies.996

Therefore, an EPB/scintillation prediction that is capable of capturing daily variability could997

significantly advance the state-of-the-art scintillation modeling/forecasting capabilities, and is998

the focus of the current project. The initial results of this analysis into the viability of using999

physics-based modeling for this purpose were published in Carter et al. (2014c) (discussed in further1000

detail below), thus the AUL 3 Milestones have been completed.1001
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A.4.3. Phase II1002

AUL 4: Initial integration and verification1003

Carter et al. (2014c) was the first to use the TIEGCM to directly calculate the flux-tube integrated1004

R-T linear growth rate derived by Sultan (1996). In Carter et al. (2014c)’s work, a daily variation1005

in the maximum R-T growth rate was revealed, and this variation showed a clear resemblance to1006

the occurrence of amplitude scintillation, as measured using a ground-based GPS receiver. Further1007

analysis in that study, and in a subsequent study Carter et al. (2014a), examined the source of1008

the TIEGCM R-T growth rate daily variability, and found it to be caused by variations in the1009

TIEGCM’s magnetospheric input in the high-latitude region; i.e., the electric potential patterns that1010

drive horizontal plasma drift. The high-latitude plasma flow variations were found to influence the1011

thermospheric winds in the equatorial region hours later, and these changes were found to influence1012

the strength of the R-T growth rate. These thermospheric wind variations that were modeled by the1013

TIEGCM is understood to be the “disturbance dynamo” effect Blanc and Richmond (1980).1014

The analyses discussed above focused on the peak EPB season, when EPB occurrence is dictated1015

by conditions that suppress, not enhance, EPB growth. As such, the TIEGCM’s ability to show a1016

decreased R-T growth rate on one day compared to the day prior represents an ability to model (and1017

potentially forecast) daily variations in EPB activity. This analysis effectively completed the AUL1018

4 Milestone.1019

AUL 5: Demonstration in the relevant context1020

To demonstrate the feasibility of employing the TIEGCM R-T growth rate results in an1021

operational EPB prediction environment, Carter et al. (2014b) used the Wing et al. (2005) forecast1022

Kp index to drive the TIEGCM in a 5-month EPB prediction trial for six locations across Africa1023

and Asia. In this analysis, a threshold R-T growth rate of 0.4×10−3s−1 was used to classify whether1024

the day would be an EPB day or a non-EPB day. During peak EPB season, it was shown that the1025

TIEGCM R-T growth rate predictions were successful in capturing non-EPB days, as measured by1026

the ground-based GPS receivers.1027

Figure A.1 shows a 2-month subset of the results from the 5-month period analyzed by Carter1028

et al. (2014b). In this analysis, the amplitude scintillation S4 index, which is measured each minute1029

for each satellite-to-ground link, is used. Each hour, the 90th percentile of the S4 index from1030

all satellite links 30◦ above the horizon, GPS S 490, is taken to indicate the presence of elevated1031

scintillation activity. The black solid curves in Figures A.1a-f are the daily maxima of the GPS S4901032

(GPS S490max) throughout March and April 2014 for three GPS station locations in Southeast1033

Asia (Bangkok, Bangdun and Calcutta) and three locations in Africa (Kampala, Kisumu and1034

Zanzibar). The blue curves indicate the daily maximum R-T growth rates that were calculated from1035

the TIEGCM. The orange curves show the predicted GPS S490max from WBMOD Secan et al.1036

(1995), for comparison with state-of-the-art. The horizontal dashed lines indicate the chosen GPS1037

S490max=0.4 threshold (i.e., the difference between an EPB day and a non-EPB day) and the chosen1038

R-T growth rate threshold of 0.4×10−3s−1. Based on these thresholds, the Heidke Skill Scores were1039

calculated and are shown in the top-right of each panel, alongside the percentage of days with an1040

accurate EPB occurrence forecast for each model. The black percentage indicates the success of the1041

“persistence” forecast; i.e., what happened yesterday will happen today. Finally, Figure A.1g shows1042

the nowcast Kp index (KpEst, black), the 1-hr Wing Kp forecast (Kp1Hr, green) Wing et al. (2005)1043

and the F10.7 solar flux (blue).1044
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Fig. A.1. (a) to (f) The daily GPS S 490max observed by each GPS station throughout March and
April of 2014 in black. The orange lines show the WBMOD predictions for GPS S 490max and the
blue lines show the TIEGCM R-T growth rate. In the top-right of each panel is the corresponding
Heidke Skill Score and the percentage of correct EPB/non-EPB days forecast. The black percentage
indicates the “persistance” forecast result. The dashed horizontal line indicates the S4 and R-T
growth rate thresholds. (g) The real-time observed Kp (KpEst, black), the 1-hour predicted Kp
(Kp1Hr, green) and the F10.7 solar flux (blue) throughout this period.

In this demonstration, it can be seen from both assessment metrics that the TIEGCM R-T growth1045

rate is generally better at capturing the EPB daily variability than both the ARFL WBMOD and1046

the persistence forecasts. The non-EPB days, e.g., April 13th for all stations, are characterized with1047
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R-T growth rates of less than the 0.4× 10−3s−1 threshold. It should be noted that the TIEGCM does1048

not capture all non-EPB days; e.g., April 9th for both KAM and KIS stations.1049

Importantly, as the TIEGCM was driven using the 1-hr Wing Kp index forecast, this1050

demonstration was designed to be comparable to an operational prediction environment that would1051

or could be used by space weather forecasting agencies. With prediction accuracies generally1052

consistently higher than those from WBMOD, and consistently higher than the persistence forecast,1053

the TIEGCM was shown to be useful in the prediction of EPBs on a daily basis during peak EPB1054

season, effectively completing the AUL 5 Milestones.1055

AUL 6: Complete validation1056

While this initial assessment is promising, there are some further questions that need answering1057

prior to completely achieving AUL 6. In particular, the thresholds used for both the scintillation1058

level and the R-T growth need to be further investigated.1059

The primary challenge with using a single S4 threshold is that the background electron density1060

is proportional to the scintillation level Whalen (2009). Therefore, stations located under the1061

equatorial anomaly trough (i.e., at the magnetic equator) are going to register lower S4 values1062

compared to stations located under the anomaly crests. The levels across these different locations,1063

which are also likely to change with time (e.g., season, solar activity, etc.) need to be quantified.1064

In the work discussed above, the R-T growth rate threshold was chosen by eye to be 0.4×10−3s−1
1065

for all six stations, which may not be appropriate for all stations in different longitude sectors;1066

Carter et al. (2014a)’s analysis uncovered notable differences between the optimal R-T growth rate1067

thresholds between different longitude sectors. One further complication is that the R-T growth rate1068

is not a measurable quantity, so it cannot be directly verified against direct observations. As such, a1069

more rigorous and systematic analysis that investigates the TIEGCM R-T growth rate threshold is1070

needed before the Milestones of AUL 6 are achieved.1071

Both of these aspects are part of ongoing work.1072

A.4.4. Current work and future plans1073

Firstly, current research is focused on quantifying the optimal/most reliable scintillation and1074

R-T growth rate thresholds for given locations, and exploring the conditions under which these1075

thresholds should be adapted. Verification of scintillation forecast products in terms of ground-based1076

S4 estimates is straight forward and a good amount of high quality S4 data exists for this purpose.1077

Many space weather agencies are also using proxies for ionospheric scintillation such as ROTI, and1078

these show good correlation with scintillation indices.1079

Also, some initial work is being done towards achieving AUL 7 (i.e., Application prototype),1080

in collaboration with the Australian BoM-SWS, and in consultation with the TIEGCM developers1081

(National Center for Atmospheric Research, NCAR). The current goal is to set up the scintillation1082

forecasting scheme used by Carter et al. (2014b) in an operational environment, with the intention1083

of providing ‘beta’ scintillation forecasts for key end-users (such as aviation).1084

While it may seem premature to proceed into AUL 7 without having completed the validation in1085

AUL 6, we expect that any findings related to the scintillation and modeled growth rate thresholds1086

could be easily translated into an operational ‘beta’ scintillation forecasting system.1087

Proceeding into AUL 7 will help with the challenge of verifying the scintillation forecasts1088

and advisories in terms of end user experience, primarily because end user experience varies1089
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with application, equipment, usage, tolerance, etc. Proceeding with the development of a working1090

protype and delivering forecasts has the added benefit of informing/educating the end users of1091

potential vulnerabilities to their system(s). This direct interaction with end users will also hopefully1092

create a feedback loop that will allow for modifications to an operational scintillation forecasting1093

system in order to make it more useful/informative for them. BoM have a regular program of1094

engagement with the aviation community providing valuable feedback on pilot products and1095

services. These interactions will thus help achieve AUL 8 (Validation in relevant “real world”1096

environment, and eventually AUL 9 (Approved for on-demand use towards stated application).1097

Looking further forward, it is worth mentioning that research on global physics-based1098

ionosphere-thermosphere modeling is continuing to advance; e.g., the most recent release of1099

WACCM-X Liu et al. (2018). Further, data assimilation is being investigated as a tool for capturing1100

daily R-T growth variability (e.g., Rajesh et al., 2017), and ground-to-topside modeling has been1101

used to show that lower atmospheric forcing can be a significant source of daily variability in the1102

R-T growth rate Shinagawa et al. (2018). Thus, research into using global ionosphere-thermosphere1103

models for predicting EPB occurrence is expected to continue to adapt as these models and1104

techniques continue to be expanded upon and improved.1105

A.5. Validating in an operational environment for multiple users, industry and government: Phase1106

II AUL 6 project1107

T. Guild1108

The SEAES tool grew out of a need to quickly assess the likelihood of the space environment1109

causing a satellite anomaly. It was originally developed at The Aerospace Corporation Koons and1110

Gorney (1988) and modernized by O’Brien (2009). The SEAES algorithms produce a hazard1111

quotient, which is the ratio of the instantaneous likelihood of an anomaly to its long-term1112

mission-averaged likelihood of an anomaly. This environment / anomaly likelihood relationship is1113

derived from associating historical anomalies or their proxies to space environment measurements1114

on the same satellites, yielding a translation between environment and hazard. A key user1115

requirement for SEAES is speed: providing a hazard quotient, or likelihood that an anomaly1116

is due to space weather, in near-real-time to influence decisions made during satellite anomaly1117

investigations.1118

SEAES completed its Phase 1 milestones during the early development at Aerospace, working1119

closely with satellite operators during anomaly investigations where the space environment’s role1120

needed to be determined. The interaction with users informed the development of a prototype1121

application, outlined the requirements, and culminated in a published description of the algorithms1122

in O’Brien (2009). This satisfies all of the Phase 1 AUL milestones. This prototype application has1123

been implemented in a relevant DOD computing network to facilitate delivering hazard quotients1124

to users, and feedback to the development team. In addition, the SEAES algorithms have been1125

implemented in an operational environment at NOAA/SWPC and are available to SWPC users at1126

the following link: https://www.swpc.noaa.gov/products/seaesrt. This completes Phase 2, through1127

AUL 6. However, the SEAES application has never been thoroughly validated with user-decided1128

metrics, nor have the results been disseminated, failing AUL 7 and above. We can therefore claim1129

SEAES should be ranked at an AUL 6.1130
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A.6. Transformative and translational research identified by the needs of the user: Phase III AUL 81131

project1132

C. J. Henney1133

Global solar magnetic maps are the primary input driver for most coronal and solar wind1134

models, however, the assembling of such maps is challenging since the solar photospheric and1135

chromospheric magnetic fields are currently only recorded for less than half of the solar surface at1136

any given time. With a limited view of the sun, and the rotational period of the Sun as observed from1137

Earth is approximately 27 days, global maps of the magnetic field include old data, ranging from1138

15 days at mid-latitudes to 6 months at the poles. The primary goal of the ADAPT (Air Force Data1139

Assimilative Photospheric Flux Transport) project Arge et al. (2010, 2011); Hickmann et al. (2015)1140

is to provide sequences of best estimates of the instantaneous global spatial distribution of the solar1141

photospheric magnetic field as a function of time. Initiated in 2008 and driven by community user1142

interests, the objective of the ADAPT project began by combining two Phase II (AUL 5) projects,1143

photospheric magnetic flux transport model based on Worden and Harvey (2000) and rigorous data1144

assimilation based on Kalman Filtering Hickmann et al. (2015), to produce global magnetic maps1145

with realistic estimates of the uncertainty (completing Milestones a-c of AUL 1).1146

An essential element during the ADAPT model development has been the vital feedback and1147

collaboration with active users (completing Milestones a-c in AUL 2) to assess the viability of1148

the global maps within different scientific contexts (completing Milestones a - d AUL 3). For1149

example, the ADAPT global maps have been used with time-dependent MHD simulations of the1150

inner heliosphere Merkin et al. (2016), new techniques for driving non-potential solar coronal1151

magnetic field modeling Weinzierl et al. (2016), ensemble modeling of the large CME during July1152

2012 Cash et al. (2015), scale-dependent data assimilation of solar photospheric magnetic fields1153

Hickmann et al. (2016), and empirically driven time-dependent modeling of the solar wind Linker1154

et al. (2016). Another fundamental step during the project development was to integrate the ADAPT1155

software within a prototyping environment (completing Milestones a-b in AUL 4) and iterating on1156

map quality, along with meta-data improvements, with various users (Milestones a-b AUL 5). For1157

example, the ADAPT model has been running autonomously at the National Solar Observatory for1158

the past 5 years, generating public global magnetic maps for user validation (completing Milestones1159

a-c AUL 6). Integrating and running ADAPT autonomously within a prototype system, identifying1160

and managing challenges, integrating the components, and prototype the system in a simulated1161

operational environment, provided the critical real-world testing and feedback needed to ready the1162

ADAPT software to be installed and run on demand at NOAA-SWPC. The core functionality of1163

the ADAPT model, and this specific application is in the early stages Milestones a-b of AUL 8,1164

now released and installed at NOAA/SWPC to be validated in the context of driving WSA-Enlil, in1165

collaboration with the CCMC. For more background on ADAPT, and access to real-time ADAPT1166

global solar magnetic maps, see www.nso.edu/data/nisp-data/adapt-maps/.1167

While searching for full-disk integrated metric parameters to validate the timing and amplitude of1168

far-side flux evolution and emergence within ADAPT maps, a significant new application branched1169

off the ADAPT development (Figure 2), the SIFT (Solar Indices Forecasting Tool) empirical1170

models. A preliminary viability study of full-disk integrated parameters for global map feedback led1171

to the discovery that flux transport modeling can be utilized to predict the observed F10.7 (i.e., solar1172

radio flux at 10.7 cm) values Henney et al. (2012) and bands within the VUV (vacuum ultraviolet,1173
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between 0.1 and 175 nm, which includes the XUV, EUV, and FUV) solar irradiance Henney et al.1174

(2015). Solar F10.7 and EUV are both key inputs to ionospheric and thermospheric models, and the1175

ability to forecast these quantities more reliably allows for the possibility of advanced prediction1176

of satellite drag and ionospheric structure, as proposed in Section 4.1. After completing the basic1177

research ][see ][]Henn2015, iterating with users on the quality (i.e., showed improvement compared1178

to models utilized by users) and final forecast product format (AUL 1-5), the SIFT model for F10.71179

has been user validated and is operating autonomously in a prototype mode (AUL 7) generating1180

public predictions for users, along with providing real-time feedback on the ADAPT maps. The1181

next step for the SIFT F10.7 forecast model, to progress to AUL 8, is to validate the user application1182

metrics were met within the time specifications. For more background on SIFT, and access to1183

real-time SIFT forecasts, see www.nso.edu/data/nisp-data/sift-forecasts/.1184

A.7. Example of a Phase III project: Developing new geomagnetic indices: LDi and LCi - C. Cid1185

Geomagnetically induced currents (GICs) are a ground level effect of solar activity, affecting1186

electrically-conducting infrastructure (Pulkkinen et al., 2017, e.g.,). The large dependence of1187

society on electric power makes GICs a natural hazard. Consequently, large efforts are being devoted1188

to the assessment of the risk on electric grid at different levels. After the storm events of October1189

2003, affecting electric utilities in South Africa Kappenman (2005), low and mid geomagnetic1190

latitude countries were made aware that their power grids might also be vulnerable to a hazard that1191

it is usually seen as a high-latitude issue. The magnitude of the Spanish (northern) geomagnetic1192

latitude is similar to South Africa (southern). This fact was the impetus for a chain of projects1193

that concluded with the development of a new geomagnetic index for nowcasting geomagnetic1194

disturbances and the GICs risk in Spain, which are discussed in terms of AULs.1195

A.7.1. Phase I: Discover and Viability1196

AUL 1: Basic Research1197

Basic research on geomagnetic indices and their relationship with the solar wind reaching the1198

Earth is an active issue. In the context of a basic research project, Saiz et al. (2008) developed1199

a warning procedure for large Dst with only one input: interplanetary magnetic field (IMF)1200

Bz-component. There were two main concerns in this project: on one hand the severity of the storm1201

(as measured by the peak Dst) was not well-related to the severity of ground space weather effects,1202

which looked better associated with large values of Dst (at this point there were no contact to1203

end-users); on the other, there was a lack of solar wind plasma data during the most severe events1204

(when forecasting was more relevant), and only IMF was available. Moreover, this basic research1205

project was trying to be useful for society, but, for that purpose an open question first needed to be1206

solved: is the Dst a good proxy for severity of the ground effects? To answer this question potential1207

interested users were identified but contacting them was not an easy task.1208

AUL 2: Establishment of users and their requirements for a specific application1209

In March 2011, Spanish Civil Protection organized a workshop on Space Weather inviting1210

researchers and possible end-users. This workshop was an excellent forum for contacting a potential1211

interested user in the project described above: the main Spanish power company (Red Eléctrica de1212

España, REE). A first project was initiated for assessing the space weather risk on the Spanish power1213

grid. The first objective of this project was to search if there was any relationship between failures1214
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recorded by the power company labeled as ‘unknown cause’ and some space weather proxies.1215

Geomagnetic indices commonly used by the scientific community, like Kp or Dst, or even Dst were1216

considered in this study, but no relationship was found.1217

In the framework of this project, Cid et al. (2014) perceived the large discrepancies among1218

magnetic records during the main phase of some extreme storms from different observatories at1219

similar latitude, but at different longitude. Differences between the observatories used to compute1220

the Dst index were larger than 200 nT during the Quebec storm, but the main problem was not1221

the magnitude of the discrepancies in the records, but when the disturbance was positive in some1222

observatories while being negative in others, as happened in 29 October 2003 Cid et al. (2015). In1223

that case, the main hazard for GICs was missed in global indices like the Dst (because of the average1224

process). Then the analysis for assessing the space weather risk was focused in local magnetic1225

records with temporal resolution of minutes. Although not being conclusive in the relationship1226

between the problems in the network and space weather, this collaboration was the start of a new1227

project consisting on the development of a new geomagnetic index useful to nowcast GICs in Spain.1228

AUL 3: Assess viability of concept and current state of the art1229

Regarding the viability and the feasibility of developing a local geomagnetic index with high1230

temporal resolution and in real time, there were two main issues to consider. On the company side,1231

measurements of GICs were needed to quantify the performance of the new index. REE agreed1232

to set up the necessary equipment to continuously measure the current at the neutral of some1233

transformers at specific locations carefully selected considering basic research. There were also1234

local magnetic records continuously available from the San Pablo-Toledo geomagnetic observatory1235

provided through the National Geographical Institute (IGN). On the researchers side, the new1236

index should be obtained from local magnetic records. That seemed to be viable considering the1237

experience of the research team, although due to the mid-latitude location of Spain, to remove daily1238

variation from local magnetic records was clearly out of the state-of-the art. At this point the project1239

has fulfilled all milestones of Phase 1.1240

A.7.2. Phase II: Development testing and validation1241

AUL 4: Initial integration and verification1242

Two new geomagnetic indices were introduced. To give a name to the indices, we used acronyms:1243

LDi, for the Local Disturbance index, and LCi, for the Local Current index. The procedure to obtain1244

the LDi consists on removing quiet variations from the horizontal component of the local magnetic1245

field provided by the magnetometer. If these variations are properly removed, the result, i.e., the1246

LDi, measures the magnetic disturbance. The LCi was obtained as the derivative of the one-minute1247

LDi data, to consider the induction effects related to the temporal variation of the magnetic field.1248

At this point, the final procedure to obtain two new geomagnetic indices was established and1249

implemented to run in a server with a remote and restricted access section for the researchers and1250

the company. The output was a real-time plot showing both indices in the last five days, which was1251

updated automatically every minute.1252

AUL 5: Demonstration in the relevant context1253

The LDi and LCi were computed from historical data during the period 1998 to 2009 (a solar1254

cycle). The indices seemed to work well during quiet time, and also during geomagnetic storm1255

periods. The small deviation from zero value during quiet time allowed to estimate the uncertainty1256
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of the indices. Regarding the disturbed periods, the LDi peak value was -567 nT and was reached1257

on 20 November 2003, matching with the most intense storm in the period analyzed, according to1258

the Dst index. However, for this event, the LCi reached only 15 nT min−1, a very small value when1259

compared, for example, with the 60 nT min−1 reached on 29 October 2003 or the 68 nT min−1 on1260

31 March 2001.1261

GICs measurements were available only during minimum solar activity (the first record was1262

measured on December 2013). The GICs records during the event on 23 May 2014, due to the1263

arrival of a fast stream from a solar coronal hole, show by the first time that the development was1264

going in the right way.1265

AUL 6: Complete validation1266

The event on 7-8 June 2014 provided the first data set with measurements clearly out of noise1267

from the amperemeter at the neutral of one of the transformers to try a cross-correlation between1268

the GICs measurements and the new geomagnetic indices. The results were successful as the LCi1269

showed a linear relationship with those GICs records. The correlation coefficient was 0.7, which1270

was a very good result considering the signal-to-noise ratio of the GICs measurements.1271

These results fully demonstrated the potential of LCi for the end user, but what about the LDi?1272

Was this late index reduced only to the previous necessary step in the procedure of computing the1273

LCi? The answer was definitively not. Even if is this index did not appear as having a potential1274

for REE (but as an intermediate procedure), the measurement of the local geomagnetic disturbance1275

should have at least the same potential as the Dst or the Kp geomagnetic indices. But for that1276

purpose, the LDi needed first to be validated.1277

As the most sensible phase in the development of the LDi was to compute in real time the daily1278

variation, the validation approach consisted on checking whether the quietest days according to1279

the procedure used for LDi were the same as the Q-days considered by scientific community, i.e.1280

the quietest days of each month deduced from the Kp indices [ref]. The validation results were1281

successful and the procedure to obtain the index was documented and sent to the patent office for1282

approval [Guerrero et al., 2016].1283

A.7.3. Phase III1284

AUL 7: Application prototype1285

The new indices appeared not only having potential for REE, but also for other power companies1286

in Spain and neighbor countries. Also, companies affected by ground effects due to solar activity1287

might be interested by these indices. Therefore, the prototype was integrated in SeNMEs, the1288

Spanish Space Weather Service (www.senmes.es), not only for REE, but also for other potential1289

users. The integration was made through two different products: real-time plots showing LDi and1290

LCi for the last five days updated every minute, and also in the form of two color scale graphs1291

or sentinels, one for each index, with a five-levels scale ranging from green (quiet) to red (highly1292

disturbed). The sentinels were conceived as the best option to help decision makers in an operational1293

environment.1294

The products were disseminated to other national potential end-users through a workshop1295

organized by the Spanish Civil Protection and also to the scientific community during the European1296

Space Weather Week.1297

AUL 8: Validation in relevant real world environment1298
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Fig. A.2. The geomagnetically induced current measured at a substation in the Northwest of Spain
by REE during the period from 16 to 20 March 2015 (top panel) and the LCi geomagnetic index
(bottom panel). Shadowed areas in bottom panel corresponds to the five levels scale introduced to
help decision makers in an operational environment. Adapted from Cid et al. [2016]

.

The first severe geomagnetic storm of solar cycle 24, the St Patrick’s Day storm, provided the1299

opportunity to test the application developed and fully integrated in a real environment. Figure A.21300

show (from top to bottom) the LCi index obtained from 17-19 March 2015 and the current measured1301

in the neutral of the transformer of a Spanish capacity. As can be appreciated, LCi and the current1302

recorded were very well related. Even more, the linear relationship was the same as that obtained1303

during the previous period analyzed on 7-8 June 2014.1304

The original plot shown through the application have been colored in Figure A.2 to include1305

the scales considered in the sentinels. As can be noticed, the LCi reached the yellow level1306

according to our scales. Indeed, this storm was classified as C2.1. No consequences were1307

reported by REE, although according to NOAA this was a G4 (severe) storm and the1308

effects foreseen in power systems were the following: ‘Possible widespread voltage control1309

problems and some protective systems will mistakenly trip out key assets from the grid’1310

(https://www.swpc.noaa.gov/noaa-scales-explanation). Moreover, the peak value reached by the1311

LDi during this storm was comparable to the peak value of the Dst index (-223 nT).1312

After the St Patrick’s Day storm, the application was considered to be fully operational and1313

providing the specific requirements made by the power company REE. The user documentation1314

and the training was completed at this stage.1315

AUL 9: Approved for on-demand use towards stated application1316

About 200,000 requests per week to the SeNMes server to check the products related to the new1317

geomagnetic indices, not only from Spain, but also from world-wide locations, can be considered1318

as a proof of interest from other end-users. In addition, these products have been implemented1319

trough the ESA SSA Space Weather Service Network (http://swe.ssa.esa.int). The validation of the1320
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products is continued while working in an operational environment and users are being contacted1321

through campaigns asking for feedback.1322

A.7.4. Back to Phase I1323

This is not the end of the story, but the beginning of new research goals to answer the questions1324

opened during the previous project. Now we are aware that the geomagnetic indices LDi and LCi1325

are useful for nowcast the disturbances at the ground level for local users. Our aim is now to forecast1326

these indices from solar wind data.1327

The former projects reached a very important goal, as good nowcasting can be a good starting1328

point for a good forecasting. Revising the performance of the models which forecast ground1329

magnetic disturbances (non-local geomagnetic indices) from solar wind data, we discovered that1330

they provide good results for smooth changes in ground local records, but not for fast (minute-scale)1331

changes, which are the most relevant for power grid users. Therefore, to reach this goal, we need1332

first to understand the complex physics that solar wind-magnetosphere interaction relies on during1333

transient phenomena. Some steps have already been taken ahead Saiz et al. (2016) and a basic1334

research project, funded by the Spanish government, is ongoing and now at AUL 1.1335

A.8. Example of a Phase III Project: Nowcast of keV electrons in the inner magnetosphere with1336

IMPTAM - N.Yu. Ganushkina1337

The development of the Inner Magnetosphere Particle Transport and Acceleration Model1338

(IMPTAM) was started as a tool to explain the observed features of ion dispersed structures in1339

the inner magnetosphere seen at energy-time spectrograms from the CAMMICE/MICS instrument1340

onboard the Polar spacecraft Ganushkina et al. (2000, 2001). One of the important results obtained1341

from IMPTAM modeling was the ability of the model to reproduce the observed amount of ring1342

current protons with energies > 80 keV during a storm recovery phase Ganushkina et al. (2005,1343

2006) by incorporating, in addition to the large-scale fields, transient fields associated with the1344

dipolarization process in the magnetotail during substorm onset. The name IMPTAM appeared,1345

actually, later in the study of the dependence of the modeled ring current on the representations of1346

magnetic and electric fields and boundary conditions used in simulations Ganushkina et al. (2012).1347

For this initial project, the model was used for purely scientific purposes, without any identification1348

of potential users or specific applications.1349

IMPTAM moved to the AULs in Phase I when the project called SPACECAST was funded1350

by the European Union Seventh Framework Programme (FP7/2007-2013) in 2011 (ended in1351

February 2014). The main goal of this project was formulated as protecting space assets from1352

high energy particles by developing European dynamic modeling and forecasting capabilities. The1353

SPACECAST team consisted of leading experts from several EU countries providing their models1354

for radiation environment for further development and inter-coupling inside the project. At that1355

stage, the identified users for IMPTAM were BAS, British Antarctic Survey, (Cambridge, UK) and1356

ONERA, Office National D’Études et de Recherches Aerospatiales, (Toulouse, France). British1357

Antarctic Survey had their BAS radiation belts model Glauert and Horne (2005) and ONERA had1358

their Salammbô global radiation belt model Beutier and Boscher (1995). Neither model included1359

low energy electrons, the seed population of < 100 keV, which is critically important for radiation1360

belt dynamics. The first nowcast version of IMPTAM for < 100 keV electrons Ganushkina et al.1361
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(2013, 2014) running online in real time (http://fp7spacecast.eu/) was developed providing seed1362

population for both BAS and Salammbô models Horne et al. (2013). All milestones in the three1363

AULs were past in Phase I: basic scientific concepts and potential applications were identified in1364

the beginning of the SPACECAST project (AUL 1); the users together with their requirements were1365

identified (AUL 2); and IMPTAM was at the current state of the art Ganushkina et al. (2014) being1366

able to reproduce the observed variations of keV electrons on the time scale of minutes. All the1367

project’s deliverables were successfully submitted in time, all the deadlines were met which were1368

requirements from the European Commission.1369

IMPTAM moved to Phase II even during the SPACECAST project, since it went through1370

development, testing, and validation. AUL 4 and AUL 5 were reached when IMPTAM was1371

integrated into the functioning system of radiation belt models running at http://fp7-spacecast.eu/.1372

Validation of the IMPTAM output (AUL 6) has been ongoing since initial operation online in real1373

time in February 2013 Ganushkina et al. (2015). In a sense, IMPTAM was already in Phase III,1374

since it has been operational for a full year when the SPACECAST project ended.1375

Phase II continued during the next project, SPACESTORM (http://www.spacestorm.eu/), funded1376

by the European Union Seventh Framework Programme (FP7/2007-2013) in 2013 (ended in March1377

2017). The milestones in AULs 4–6 were completed and these efforts written up in the project’s1378

deliverables for the Commission. At the completion of the milestones in AUL 6 and previous levels,1379

this application of IMPTAM fully entered into Phase III as the integrated system was implemented1380

at the users system. That is, IMPTAM was implemented and integrated into operational status.1381

The SPACESTORM consortium consisted of five partners and the goal was to model severe1382

space weather events and mitigate their effects on satellites by developing better mitigation1383

guidelines, forecasting, and by experimental testing of new materials and methodologies to reduce1384

vulnerability. During the SPACESTORM project, a ”real-world” user was identified which was the1385

group of project participants from ONERA’s DESP, Space Environment Department. The presence1386

of rapidly-varying low energy (<200 keV) electrons causes surface charging effects on satellites,1387

changes in the satellite potential and deg-radiation of satellite surface materials. Therefore, the1388

unique value of IMPTAM’s ability to model the variations of keV electron fluxes at any satellite1389

orbit in the inner magnetosphere was of the exceptional interest for users from ONERA. They1390

identified a current need to determine the risks that extreme events present to critical spacecrafts1391

in GEO and MEO (geosynchronous and medium Earth orbit, respectively). The special software1392

called Spacecraft Plasma Interaction Software (SPIS) has been developed at ONERA under ESA1393

(European Space Agency) and CNES (Centre National D’Études Spatiales, the French government1394

space agency) funding. SPIS is used to assess surface charging levels of spacecraft immersed in1395

severe GEO and MEO environments. The requirements set for IMPTAM were to provide locations1396

and magnitudes of worst case electron fluxes (< 100 keV) at MEO by validating IMPTAM at GEO1397

based on the database of surface charging events observed at LANL spacecraft Matéo-Vélez et al.1398

(2018). This procedure follows all three AULs for Phase III: AUL 7 with application prototype in1399

which the type and specifics of application was determined, AUL 8 with validation in relevant ”real1400

world” environment with the observed surface charging events, and AUL 9 with the on-demand use1401

of IMPTAM by ONERA’s SPIS software to compute surface charging for any event of interest.1402

At present, IMPTAM is part of the on-going project PROGRESS1403

(ssg.group.shef.ac.uk/progress/html) funded by the European Union’s Horizon 2020 research1404

and innovation programme (ends in July 2018). The overall aim of the PROGRESS project1405
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is to develop an accurate and reliable forecast of space weather hazards. In this project,1406

IMPTAM is undergoing transformations to operate as a predictive tool (imptam.fmi.fi,1407

https://ssg.group.shef.ac.uk/progress/html/imptam results.phtml), not only as a near real time1408

tool which it has been so far. To be a predictive tool, IMPTAM required the foretasted solar wind1409

and IMF parameters and geomagnetic indices to drive it. IMPTAM can be considered predictive1410

when reliable forecasts for its driving parameters become available within the PROGRESS project.1411
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