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Noted Synergies
• Communications, policy, and guidelines

- Highlighted particularly and frequently in the End-Users Survey and SWx TTX
- Communication within the government
- Communications with partners and adversaries internationally (from government)
- Communications to the public
- Whole-of-government plus academia/research sector plus commercial/industry plus international collaboration is 

necessary to do this right
- From the End-Users Survey: “Surveyed participants noted a lack of specific regulations requiring consideration of space 

weather…”
- From the End-Users Survey: “There is a lack of a framework for clear and common best practices, guidelines, and 

standards related to policies, education, and training”

• Education and general awareness 
- Highlighted particularly and frequently in the End-Users Survey and SWx TTX
- Needed across all SWx communities (research, ops, end-users) and for policy-makers and for the media and for the 

general public

- Training tools for end-user communities
- From the end-users survey: “I'm almost embarrassed at the lack of knowledge…some kind of educational tool to just make people 

aware of the risks of space weather” – survey participant, a pilot in the aviation sector
- See, e.g., SWx training from FEMA: “Preparing the Nation for Space Weather Events (IS-0066)”
- SWx programs in university curricula (akin to meteorology as a field of study)
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Noted Synergies
• Data accessibility and archiving

- Highlighted frequently in all three documents
- User-friendly and meaningful indices, including end-user sector specific
- Backward compatibility/translatability with historic datasets
- Sharing of relevant situational awareness data: Power utilities with GICs; satellite sector with anomalies, space 

traffic management; etc.

• Model development
- Highlighted frequently in all three documents, but particularly the DS and End-Users Survey
- Model validation, uncertainty estimation and reporting, and usage of ensemble modeling
- Machine learning and advanced data mining applications
- Partner end users with researchers for model/tool improvement and development
- Use of OSSEs and OSEs for developing and proving value of new operational systems
- Need for higher fidelity and resolution (spatial) nowcasts (situational awareness) and forecasts – “regionalization”

• Observational gaps
- Highlighted frequently in all three documents
- Need for more comprehensive observatory networks, both space- and air- and ground-based
- Need for higher fidelity and resolution (spatial and temporal) observations – “regionalization”
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Noted Synergies
• R2O2R cycle and the “valley of death” in applications transitions from applied research results 

to usable operational products
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FIGURE 3-3 The space weather research to operations to research process illustrates the multiple steps 
needed before a basic research result is implemented as an operative service. Proving grounds and 
testbeds provide critical platforms for validation, performance demonstration, and user feedback. 
NOTE: O2R, operations to research. 
SOURCE: NOAA Space Weather Prediction Testbed, “R2O2R Overview,” 
https://testbed.swpc.noaa.gov/r2o2r/r2o2r-overview, accessed May 21, 2024.  

 
FIGURE 3-4 Six-element strategy for space weather. Each of these elements contain conclusions and 
recommendations detailed in Section 3.2 and integrated with the overall solar and space physics strategy 
in Chapter 5. 
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Noted Synergies
• Employ a systems science approach to space weather

- Highlighted in End-Users Survey and Helio DS
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FIGURE 3-5 Spatial length and arrival times of a solar flare and associated energetic particles. Arrival 
times of the first flare-accelerated particles is tens of minutes, whereas the coronal mass ejection (CME) 
arrives in 2–4 days. If the CME is geoeffective (i.e., couples effectively with and has a dramatic effect on 
Earth’s magnetosphere), then the recovery time for the magnetosphere is as long as a week.  
NOTE: ICME, interplanetary coronal mass ejection; SEP, solar energetic particle. 
SOURCES: Composed by AJ Galaviz III, Southwest Research Institute; Adapted from Georgoulis et al. 
(2024), https://doi.org/10.1016/j.asr.2024.02.030. CC BY-NC-ND 4.0.  

 
FIGURE 3-6 Space weather research themes follow the Sun–Earth connection process starting with solar 
inputs, through their effects on the physical system to their impacts on infrastructure and human health. 
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Noted Synergies
• SWx is critical to proliferated LEO and 

successful space traffic management
- Highlighted frequently in all three documents
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There is a great need for accurate forecasts of thermospheric density changes during severe 
geomagnetic storms because these forecasts are used to estimate storm-time trajectory changes of LEO 
satellites and debris. Currently, NOAA SWPC uses the Whole Atmosphere Model-Ionosphere 
Plasmasphere Electrodynamics (WAM-IPE) physics-based model that provides the thermospheric density 
and composition and includes the effects of solar activity.  

The outcome of this research focus area is to develop an accurate and reliable thermospheric 
density model that incorporates advanced data assimilation capabilities and produces a 24–48 hour 
forecast of thermospheric density during geomagnetic storm conditions. This requires basic research to 
quantify the lower atmospheric influences on the ionosphere–thermosphere system—for example, 
through gravity and large-scale waves. To increase the forecast skill, prediction capability, and accuracy, 
physics-based modeling needs to be improved via data assimilation, artificial intelligence, and multimodel 
ensembles. Furthermore, additional environmental measurements are needed at LEO with good coverage 
in both altitude and latitude.  

 
 

 

FIGURE 3-9 Space debris and urgency for mitigating actions. Low earth orbit is the most critical region 
both for the number of spacecraft, space debris, and sensitivity of the orbits to space weather impacts. The 
red, yellow, and green traffic lights indicate the urgency for mitigating actions to maintain operational 
safety. In the next decade, space weather research will contribute an accurate and reliable thermospheric 
density model to help develop mitigating actions. 
SOURCE: Image courtesy of Pablo Carlos Budassi.  
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Noted Synergies
• Human spaceflight, return to the Moon, and onward to Mars
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full-Sun (including the poles and all longitudes) measurements of the magnetic field and solar 
atmospheric structure combined with coronagraphic imaging. Advanced data assimilation methods are 
then able to track active regions over their lifetimes, establish magnetic connectivity to the solar source 
regions from any point in the inner solar system, and determine CME and energetic particle trajectories as 
they launch from the solar surface. SEP event predictions also require analysis of CME propagation from 
the Sun to Earth’s environment (see below).  

 

 

FIGURE 3-8 Space—the next frontier. Astronaut safety is critically dependent on the ability to monitor 
and forecast solar energetic particles in near-Earth space as well as in the lunar environment.  
SOURCE: NASA (2024a).  

Coronal Mass Ejections  

CMEs impacting Earth’s space environment drive the largest geomagnetic storms and associated 
space weather impacts. The out-of-the-ecliptic interplanetary magnetic field (Bz) polarity and magnitude 
and the solar wind speed are the key attributes of a CME that drive explosive reconfiguration events. 
When a CME is “geoeffective,” high-particle fluxes are produced in the magnetosphere, which are 
hazardous to space infrastructure and large electric currents in the auroral ionosphere and have the 
potential to damage power networks and disturb communications, navigation, and positioning systems.  

Currently, the radial velocity of an Earth-directed CME is deduced from coronagraph 
observations to some degree of accuracy, which gives a lead time of 24–48 hours before the CME impacts 
Earth. However, the magnetic field orientation is only measured in situ in the solar wind, and such 
observations available from the Lagrange point L1 provide only 30–60 minutes of lead time before arrival 
at Earth. While 24-hour geomagnetic storm severity forecasts desired by many users may be beyond reach 
in the next decade, any increase in the lead time will be a significant improvement. For example, 
spacecraft operators need lead times of 6 to 12 hours to anticipate impacts from a CME-driven space 
weather event. 

The outcome of this research focus area is a 12-hour lead time forecast of the CME magnetic 
field and a 2–3 hour upwind nowcast of other CME characteristics. The magnetic field forecast requires 



4 February 2025 8

Relevant Graphics and 
Figures

• From Helio DS:
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FIGURE S-4 Three space weather themes and their associated research focus areas. Each research focus 
area has operational outcomes (shown in Table S-1). Implementing the research strategy in the next 
decade results in significant progress on most focus areas and, consequently, progress on the operational 
outcomes. 
SOURCES: Composed by AJ Galaviz III, Southwest Research Institute; Background image from  
NASA.  

Further unifying scientific research and space weather application is the realization that 
advancement of both requires a vibrant and engaged solar and space physics community. Focus areas of 
improvement for the state of the profession are organized into the following four themes: Demographics 
of the Workforce, Solar and Space Physics Education, DEIA+,13 and Expanding Public Outreach and 
Participation.  

With research focus areas identified for science, space weather, and the state of the profession, a 
comprehensive research strategy was developed, reflecting the intimately linked nature of these goals.  

 
13 DEIA+ represents a wide range of topics encompassing diversity, equity, inclusion, accessibility, anti-racism, 

accountability, and more.  
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TABLE S-1 Space Weather Operational Outcomes That Are Achievable in the Next Decade 

Space Weather Themes Research Focus Areas 
Operational Outcomes That Are 
Achievable in the Next Decade 

System of Systems: Drivers of 
Space Weather 

Solar flares and solar energetic 
particles (SEPs) 

>12-hour forecast for solar flares 
and >6 hours for SEPs 

Coronal mass ejections 12-hour forecast for coronal mass 
ejections and their magnetic fields 

Atmospheric driving Quantify the contributions of 
gravity waves that may seed 
ionospheric irregularities that 
produce scintillations 

Space Weather Responses of the 
Physical System  

Low Earth orbit (LEO) neutral 
density 

24-hour forecast of thermospheric 
density during geomagnetic storms 
for LEO spacecraft operators 

Ionospheric and magnetospheric 
states 

Nowcast of ionospheric and 
magnetospheric state parameters 
including radiation environment, 
auroras, and ionospheric currents 

Reanalysis Reanalysis capability for 
forecast/nowcast models to assess 
and validate models and forecast 
methods 

Space Weather Impacts on 
Infrastructure and Human Health  

Crewed mission radiation Characterize and monitor space 
radiation environment for crewed 
and robotic missions 

Aviation radiation environment Aviation radiation nowcasts and 
forecasts during large SEP events 

Spacecraft effects Forecasts of spacecraft effects with 
multiday lead time 

Ionospheric high-frequency (HF) 
signal propagation 

1-hour ionospheric HF signal 
propagation disturbance forecasts  

LEO satellite and debris 
trajectories 

Significantly improved models for 
LEO satellite and debris 
trajectories 

Geoelectric field 1-hour geoelectric field variation 
forecasts with 200 km spatial 
resolution for power system 
operators 

NOTES: Because space weather is outcome-driven, each theme has identified focus areas with specific operational 
outcomes. Implementing the integrated research in the next decade results in the operational outcomes for the focus 
areas. 

S.4 THE COMPREHENSIVE RESEARCH STRATEGY 

This decadal survey recommends a comprehensive and balanced research strategy that advances 
the solar and space physics two-pronged mission (Figure S-1)the framework needed to make progress 
on all areas within each science and space weather theme. The strategy includes three elements (Figure S-
5): an integrated HelioSystems Laboratory (HSL) to coordinate the collection of data; the DRIVE+ 
initiative to organize the supporting research and technology programs that enable the scientific 
community to produce scientific results; and preparations for the decade and beyond to prioritize 
investments in preparation for future endeavors. The strategy includes recommendations in each of these 
areas, summarized in Section S.5 below.  
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Relevant Graphics and Figures
• From Helio DS:
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time characterization of the geomagnetic field is required to improve the accuracy of model outputs in 
regions close to the open/closed field boundary where polar latitude flights between the continental 
United States and Europe operate and estimates of dose rates currently contain uncertainties of an order of 
magnitude or more during the most impactful events. Furthermore, improved forecasts of SEP timing, 
intensity, and spectra are needed to achieve actionable lead times for airline operators. 

Because of the growing demands from the aviation industry for forecasts of the radiation 
environment at aviation flight levels, the potential impacts on human health during large SEPs, and 
current nowcasts containing limited actionable information with large uncertainties, the panel assesses 
that it is very important to achieve this goal within the next decade. 

Figure E-7 displays the panel’s assessment of the value and required investment for each of the 
priority goals discussed here. Table E-1 summarizes the information in this section, showing each of the 
goals, the panel’s judgments as to their importance, and what is required to achieve these goals, broken 
into categories of basic research, applied research, and operations. 

 
 

 

FIGURE E-7 Value of achievement versus required investment estimates for each of the priority goals 
described above. Each goal is represented by its number and a shortened title. The color scheme roughly 
corresponds to the panel evaluation of the goals as critical or very important to achieve within the next 
decade. Investment required increases to the right; value of goal achievement increases upward. Both 
investment required and value of achievement are somewhat subjective; no detailed cost-benefit analysis 
was performed in making this diagram. 
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Relevant Graphics and 
Figures
• From Helio DS:
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FIGURE E-8 A conceptual strategy for the development, testing, and deployment of new space weather 
observational systems, both ground-based and space-based. Under this development chain, any concept 
for a new observational system would complete a series of steps and gateways (from top to bottom in the 
figure), which march the concept up through the readiness levels for operational use via a series of OSSE, 
tech demo/prototyping/pathfinder, and OSE proof-of-concept stages. 
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