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PREFACE

The space environment around Earth is becoming of ever-increasing importance for the
successful operation of commercial, government, and national security infrastructure essential to
the Nation. The U.S. National Space Weather Program (NSWP) is a Federal interagency (seven
agencies) initiative whose overall objective to speed improvement of space weather services in
order to prepare the country to deal with technological vulnerabilities to variable conditions in
the Earth’s space environment (space weather). Such vulnerabilities are well documented in
numerous reports and research papers and were highlighted in the Space Weather Transition
Architecture Plan section of the fiscal year (FY) 2000 National Security Space Architecture
Report of the U.S. Department of Defense (DOD 2000).

This assessment report responds to actions in FY 2005 of the Federal Committee for
Meteorological Services and Supporting Research (FCMSSR) and the Interdepartmental
Committee for Meteorological Services and Supporting Research (ICMSSR), which directed the
Office of the Federal Coordinator for Meteorological Services and Supporting Research (OFCM)
to conduct a comprehensive review of the NSWP. To perform this review and assessment, the
Federal Coordinator for Meteorology convened a committee of six individuals with expertise
encompassing the science and applications aspects of space weather. The Assessment
Committee’s findings and recommendations, stemming from its comprehensive review of the
NSWP, are reported here.

The Assessment Committee thanks the personnel of the OFCM for outstanding support of its
activities. Especially important has been the dedicated service of U.S. Air Force Lt. Col. Robert J.
Rizza, who served as the Executive Secretary of the Committee and provided outstanding
professional advice, assistance, and guidance throughout all of the Committee’s activities and
deliberations. The Committee thanks Jennifer Rumburg of the National Aeronautics and Space
Administration for her leadership role in staging and processing the community and user
electronic questionnaires. It thanks Science and Technology Corporation, the OFCM support
contractor, for superb administrative and logistical support of the Committee’s activities. The
Assessment Committee also thanks the individuals in the numerous agencies that were visited
(see Appendix C) for supporting its visits, for their informative briefings, and for timely
responses to subsequent inquiries.

ouis J: 1nzerq&i
ASigna :

Louis J. Lanzerotti
Chair
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CRITICAL FINDINGS AND RECOMMENDATIONS

The National Space Weather Program (NSWP) Assessment Committee concluded that, since the
program’s inception in 1995, it has had a number of noteworthy achievements, most of which likely
would not have been attained without the program’s existence. The committee also found shortfalls in the
program. Based upon the conclusions of the committee as contained in this report, continuation of the
NSWP is strongly warranted because of the enormous potential to enhance the Nation’s space weather
mission over the next 10 years through improved operational capabilities, which capitalize on the
transition of innovative research. Moving NOAA’s operational space weather prediction center (i.e., the
Space Environment Center) from its research organization to the National Weather Service was a positive
step to improve operational focus within the NSWP. The committee made specific recommendations to
further strengthen the NSWP in four key areas:

To centralize program management, set national funding priorities, and increase the effectiveness of
the NSWP—
e Establish a space weather expert as the permanent Executive Secretary to the Committee for
Space Weather under the National Space Weather Program Council
e [Establish a focal point for the program in OSTP/OMB
e Create a joint, cross-agency, space weather organization, the “Center for Space Weather Research
to Operations.”

The Committee firmly believes that NSWP leadership and organization must be strengthened. The NSWP
should have a permanent executive secretary with the ability to establish funding priorities between and

among agencies. Focal points and expertise within the White House Office of Science and Technology
Policy (OSTP) and the Office of Management and Budget (OMB) are also required.

For continuity of data sources critical to space weather forecasts and operations—
e Develop and execute strategy and funding for L1 sensor continuity
e Maintain critical ground-based assets such as USGS magnetic observatories.

The Federal government must ensure the continuity of critical data sources used in the NSWP.
Particularly crucial are space-based sensors at the Earth-Sun L1 Lagrange point, now supported by NASA.
The potential for use of new, lower-cost micro-satellite technologies must be examined. National
attention must be given to continuity of essential ground-based data sources (including the magnetic
observatories of the U.S. Geological Survey) and to arrangements with other countries for sharing of data
from ground- and space-based observations.

To strengthen the science-to-user chain—
e Maintain and strengthen both targeted and strategic space weather research
e Enhance emphasis and resources for transition of models to operational users
e Increase the private sector role in supplying products and services.

The NSF has served as the leader in focusing applicable research results toward products for users. A
strengthened NSWP leadership must enhance the process of transitioning research to DOD and NOAA
operational users. Strategic research resources in the DOD and NOAA must be cultivated and maintained.
The NSWP must strive to encourage the emerging private sector in providing products and services.

To emphasize public and user awareness of space weather for critical national needs—
e Quantify the national benefits that arise from the NSWP
¢ Enhance academic and professional education programs for new space weather professionals.

The NSWP must increase public, congressional, and administration awareness of its value by better
quantifying the benefits of NSWP activities. An emphasis on maintaining an academic pipeline of first-
rate space weather professionals, begun with the NSF’s new faculty development program, must be
continued; it can be enhanced by participation of NASA and other agencies.
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EXECUTIVE SUMMARY

National Space Weather Program

The United States National Space Weather Program (NSWP) is a Federal government
interagency initiative with the overall objective of speeding improvement of space weather
services in the United States in order to prepare the country to deal with technological
vulnerabilities that can occur due to the space environment. Agencies currently involved in the
NSWP (www.nswp.gov) are the National Science Foundation (NSF), the National Oceanic and
Atmospheric Administration (NOAA), the National Aeronautics and Space Administration
(NASA), the Department of Defense (DOD), the Department of Energy (DOE), the Department
of the Interior (DOI), and the Department of Transportation (DOT).

The NSWP builds on existing governmental and civil capabilities in order to establish a
coordinated process to set national priorities, focus agency efforts, and leverage national
resources. The program encourages contributions from the user community, operational
forecasters, researchers, modelers, and experts in instruments, communications, and data
processing and analysis—across the government, in research universities, and from industry.

The program is implemented and managed by the National Space Weather Program Council
(NSWPC), operating within the Office of the Federal Coordinator for Meteorological Services
and Supporting Research (www.ofcm.gov) under guidance of the Federal Committee for
Meteorological Services and Supporting Research (FCMSSR). The NSWPC consists of
representatives from the seven agencies that participate in the NSWP. The Committee for Space
Weather was established by the NSWPC as the principal agent for advancing the goals of the
program.

The National Space Weather Program began in 1995; its latest implementation plan is more than
5 years old. In 2005, the FCMSSR and the Interdepartmental Committee for Meteorological
Services and Supporting Research (ICMSSR) directed the OFCM to undertake a comprehensive
review of the program. The stated purpose of the review was “to quantify and document the
progress toward meeting the NSWP stated goals in observations, research, modeling, transition
of research to operations, and education and outreach; to see if the program is still on target and
moving in the direction pointed to by the strategic plan; to determine whether the strategic goals
should be adjusted at this time based on emerging/evolving requirements; and to suggest a way
ahead which will form a basis for a new strategic plan covering the next 10 years.” The full
charge to the Assessment Committee, which was formed to conduct the review of the NSWP, is
contained in Appendix A.

Committee findings are numbered by the chapter in which they are developed, followed by a
sequential number. Recommendations are numbered for the finding on which they are based,
followed by a sequential number. For example, finding 3.2 is the second finding in chapter 3, and
recommendation 3.2.1 is the first recommendation based on finding 3.2.

Finding 2.1. The First Decade. Since its inception in 1995, the National Space
Weather Program (NSWP) has had a number of noteworthy achievements, most of

vii
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which likely would not have been attained without the program’s existence.
Significant strides have been made toward institutionalizing forecast and protection
mechanisms for safeguarding against space weather events that may impact many of
the significant technology systems on which the United States depends for security,
commerce, and advances in science. Despite many notable advances, significant
shortfalls in the program also exist and are outlined in this report.

Recommendation 2.1.1. The highly successful National Space Weather Program
should continue as an interagency program; however, it should be updated and
modified as detailed in the further recommendations of this report.

NSWP Assessment by Plan Activities

The NSWP was assessed against a set of program activities that were specified for it by the 1995
NSWP Strategic Plan (OFCM 1995). The Assessment Committee added an assessment category
for private sector participation and international collaboration—issues that cut across the plan-
specified set of activities.

Activities: Assess and Document the Impacts of Space Weather; Identify Customer
Needs

The NSWP has supported significant efforts to investigate economic and industrial space
weather impacts. Such impacts are now discussed in scholarly science journals and in the
industrial and popular literature. The program has significantly increased overall awareness of
space weather and assisted in the compilation of a variety of assessment documents.

Agencies participating in the NSWP have devoted considerable attention and resources to the
identification of customer needs in the period since the 2000 Implementation Plan (OFCM 2000).
These needs have continued to change and evolve with time as the technologies and systems that
can be impacted by space weather have evolved and shifted in importance for commercial,
governmental, and national security interests.

At the same time, the chain of causality for the forecast of a space weather event to its ultimate
economic or social benefits remains complex. To date, few in-depth studies have been done of
the benefits to society, both economic and social, of space weather forecasts.

Finding 3.1. The NSWP lacks a coordinated effort to identify and quantify, where
possible, the benefits to society of providing space weather forecasts.

Recommendation 3.1.1. The NSWP should institute a coordinated effort to fund a
series of space weather benefit studies that would cover the primary topics of
concern to operators of space weather—vulnerable systems.

Activity: Determine Agency Roles

The NSWP has been a loose confederation of agencies in which participants coordinate their
space weather activities as individual agency funding and statutory directives permit. The seven



Executive Summary ix

NSWP member agencies, of which four (NSF, NASA, NOAA, DOD) act as cochairs of the
Committee for Space Weather, cannot always speak and act with one voice. Although each
agency has demonstrated considerable interest in, and commitment to, the NSWP, each agency
must adhere to its own mission statement and authorizing legislation.

Activities: Coordinate Interagency Efforts and Resources; Set Priorities; Ensure
Exchange of Information and Plans

The NSWP has numerous important responsibilities in the areas of agency coordination, priority
setting, and information exchange. These are discussed in depth in section 3.4 of the report.

Space weather issues for civil aviation are related to all three areas. When the NSWP began in
1995, space weather needs for civil aviation were rarely noted, although such needs were widely
recognized for DOD missions, especially high-altitude reconnaissance missions or those in polar
regions. Significant changes have occurred in civilian requirements since the end of the cold war.

Finding 3.2. The FAA Air Traffic Organization’s advisory User Needs Analysis
identifies biological radiation exposure as a specification and prediction issue. The
FAA Civil Aeromedical Institute has a rudimentary interface for public use available
on the internet.

Recommendation 3.2.1. The NSWP should encourage and facilitate collection
and analysis of real-time background radiation levels at space and aircraft
altitudes. As a body, the NSWP should devote interagency resources to
incorporate estimated dosage from energetic particle events into cosmic radiation
exposure estimates and to make the specifications and results easily accessible,
usable, and interpretable by the public via the Internet.

The Assessment Committee received little data comparing performance to the metrics outlined in
the NSWP 2000 Implementation Plan. This information was not proffered by individual agencies
or in the Committee for Space Weather briefings.

Finding 3.3. Little information was available on program performance as related to
the metrics given in the latest (2000) NSWP Implementation Plan.

In terms of coordination, the confederation nature of the agency participation in the NSWP often
appears to hinder effective assignments of responsibilities and priorities.

Finding 3.4. The National Space Weather Program Council does not have the
authority to mandate roles, responsibilities, or priorities for space weather
infrastructure needs. Nor can it allocate resources.

Activity: Encourage and Focus Research

The agencies in the NSWP have successfully seeded a number of research initiatives that have
contributed to the national efforts in space weather. These have taken the form of both targeted
research and strategic research.
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Many of the targeted research initiatives have been science missions that have finite lifetimes
and cannot be expected to contribute to space weather applications into the far future. Two
important space missions that fall into this category are the ACE and the SOHO missions, which
are located near the L1 Lagrange point.

Finding 3.5. Many data sets that are critical for both civilian and national security
elements of the NSWP are obtained from science programs of often limited duration
(some of these sources are already beyond their design lifetimes) or from sources
originally designed for other objectives. Relatively little discussion and contingency
planning are underway as to how the NSWP will incorporate possible foreign sources
of critical space weather data if some national data sources become unavailable.

Many instruments designed as data sources for operational space weather applications—on the
ground or in space—need not have the high precision of measurements usually required for
scientific research objectives.

Recommendation 3.5.1. The cooperating agencies in the NSWP should
investigate immediately the feasibility of using micro-satellites with miniaturized
sensors to provide cost-effective science and operational data sources for space
weather applications.

Measurements of solar and interplanetary phenomena at L1 are essential for many important
space weather operational objectives. Arrangements for the continuation of such key
measurements are uncertain at the present.

Finding 3.6. It is particularly critical to ensure continuity of space weather
observations at L1 and continuity in delivery of that data in near real time. Planning
for continuity is necessary prior to the failure of current scientific instruments at L1.

Recommendation 3.6.1. Micro-satellites and other small missions should be
seriously pursued as an option for providing continuity of critical space weather
data from observations at L1.

The DOD, NSF, and NASA each have strategic research components in support of their
individual agency’s goals. Strategic research is closely related to the level of space situational
awareness that may—or may not—exist in the relevant agencies at a given time and over major
planning cycles.

Finding 3.7. The benefits of having space weather strategic research and space
situational awareness must be more meaningfully assessed and promulgated.

Recommendation 3.7.1. The NSWP must enhance its efforts to educate the U.S.
Government, wider technical communities, and the public on the importance of
strategic research and space situation awareness to national interests, particularly
about the possible consequences of space weather events for national interests.
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Activity: Facilitate Transition of Research into Operations

Significant advances have occurred in both empirical and physics-based modeling since the
inception of the NSWP. The 2000 Implementation Plan identified three primary transition-to-
operations objectives: the Community Coordinated Modeling Center (CCMC) and Rapid
Prototyping Centers (RPC) at the NOAA SEC and within the DOD, and the radiation belt
modeling in the DOE. The CCMC exists and is interacting strongly with the research community.
The NOAA RPC is currently understaffed. Because the Air Force Space Weather Center of
Excellence is scheduled for realignment and reorganization within the DOD, its future ability to
provide prototyping support is unclear.

Finding 3.8. There is an absence of suitable connection for “academia-to-operations”
knowledge transfer and for the transition of research to operations in general.

Recommendation 3.8.1. The agencies involved in the NSWP should continue to
support basic research modeling efforts and, if possible, provide increased
resources for modeling that has space weather operational potential. New
resources should be made available within NSWP agencies for transition of
research models to an operational environment, including validation and revision
of existing models. Present resources and human capital should be carefully
evaluated, strategically invested, and wisely managed.

Improving the transition process will require quantitative assessments of the accuracy of data,
models, and products, with overall progress to be measured in terms of improvements in these
metrics. Although many models and many data streams exist, still lacking are quantitative
estimates of the accuracy of this information that can be effectively communicated to users of
space weather services.

Finding 3.9. There currently are few overall verification and wvalidation
methodologies that can be used to assess the reliability of space weather models and
operational products.

Recommendation 3.9.1. The NSWP should establish standards for data and
model archives and for access to them. The NSWP should establish standards for
modeling frameworks in order to facilitate model coupling, flexible execution,
and data assimilation.

Recommendation 3.9.2. The NSWP should work towards the establishment (and
application) of metrics for space weather capabilities.

Activity: Foster Education of Customers and the Public

The NSWP has had success in many aspects of education: (a) professional education, (b) formal
advanced education, (c) formal undergraduate education, and (d) informal public education.

Some of the NSWP agencies show awareness of the need for workforce education and
development in support of the national space weather effort. Other agencies are less clearly
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committed to workforce development. The NSWP agencies will need to work with the academic
community to encourage it to develop new approaches to attract science and engineering
students who can become space weather professionals.

Finding 3.10. There is a lack of a systematic approach to ‘grow’ new space weather
professionals.

Recommendation 3.10.1. The NSWP agencies should make a more unified and
concerted effort to educate a new generation of professionals who have the
systems view of space weather.

Private Sector Activities

The private sector has demonstrated interest in supplying tailored and unique space weather
products and services as supplements to and enhancements of (added value to) the public
products available from Government sources such as the NOAA Space Environment Center and
the Air Force Weather Agency. Companies are interested in supplying tailored products to both
governmental and private-sector entities.

Finding 3.11. The role of the private sector in providing space weather products,
including potential for investment, is still being defined.

Recommendation 3.11.1. The NSWP should work with the growing commercial
sector for space weather services and products to enable this sector to flourish as a
vital part of the national space weather program.

Recommendation 3.11.2. The NSWP should work with the private sector to
understand better the economic and social values of space weather knowledge and
of products and services based on that knowledge.

International Activities

Individual agencies within the NSWP have pursued international collaboration for specific
projects. International cooperative efforts could assist in gathering and distributing space weather
data if there were coordinated plans for encouraging other countries to participate in these
collection and distribution efforts.

Finding 3.12. The NSWP has made relatively little effort to consider international
partnering opportunities for collecting space weather data and distributing space
weather information products. The worldwide space weather community would
benefit by much more aggressive collection of space weather data by other countries.

Recommendation 3.12.1. The NSWP should consider the benefits (and possible
drawbacks) of establishing a formal international coordination mechanism for the
promotion, collection, and distribution of space weather data, including all forms
of space weather data from satellites and ground-based sensors.
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National Space Weather Program: Management Issues

The Assessment Committee identified a number of important management issues related to the
program as a whole, as well as to individual agencies. Addressing these issues will enhance the
effectiveness of the national effort.

National Space Weather Program Structure

The current arrangement of the NSWP as a loose confederation of agencies has made it difficult
for the program to achieve the type of operational coordination that is essential to provide the
national leadership needed for addressing the key space weather issues in the civil, governmental,
and national security arenas.

Finding 4.1. Organizational Matters. The NSWP is an outstanding example of a
Federal government program in which a significant number of executive branch
agencies have important national interests and where the individual agencies have
natural areas of experience and expertise. However, the program management
organization under the Office of the Federal Coordinator for Meteorological Services
and Supporting Research (OFCM)—namely, the National Space Weather Program
Council (NSWPC)—needs to be strengthened and needs to take a more active role in
the execution of its overarching responsibility to ensure that the NSWP can move
forward in achieving its goals. Without further strengthening of the NSWPC as an
interagency integrated program, the chances of meeting the challenging national
needs in space weather will be greatly diminished.

Recommendation 4.1.1. Oversight for the NSWP should be established in the
Executive Office of the President, as is currently done for several other critical
cross-agency activities of the Federal government. Policy and technical
implementation aspects should be coordinated under the aegis of a space-
knowledgeable staff member in the Office of Science and Technology Policy
(OSTP). Budgetary coordination and review for the NSWP agencies should be
carried out under a designated examiner in the Office of Management and Budget
(OMB).

Recommendation 4.1.2. The NSWPC Chair should review the council’s
membership and consider additional membership to increase the visibility of the
program’s fiscal and other challenges and to increase support for overcoming
those challenges. The NSWPC should review and update its now 10-year-old
charter to describe clearly its oversight responsibilities. These should include, but
not be limited to, the authority to: (1) address and resolve interagency issues,
concerns, and questions; (2) reprioritize and leverage existing resources to meet
changing needs and requirements; (3) approve priorities and new requirements as
appropriate and take coordinated action to obtain the needed resources through
each agency’s budgetary process; (4) identify resources needed to achieve
established objectives; and (5) coordinate and leverage individual organizational
efforts and resources and ensure the effective exchange of information.
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Recommendation 4.1.3. A joint working group should be established for all
cooperating NSWP agencies similar to that described in the NASA/NOAA
Congressional Directive (2006 NASA Reauthorization Bill H.R. 3070, Section
306) and with similar reporting requirements.

Recommendation 4.1.4. A full-time space weather expert should be appointed as
Executive Secretary to the Committee for Space Weather under the NSWPC.

Recommendation 4.1.5. The NSWPC should direct that a new NSWP Strategic
Plan be written that takes into account the successes and the limitations achieved
under the current plan, changes that have occurred in technologies susceptible to
space weather, and advances made in scientific understanding.

Recommendation 4.1.6. The NSWPC should direct that a new NSWP
Implementation Plan be written following a new strategic plan.

Recommendation 4.1.7. The NSWPC should create a joint, cross-agency, space
weather organization, the “Center for Space Weather Research to Operations.”

National Space Weather Program Agencies

Solar and solar-terrestrial programs in NASA have unified leadership within that agency,
whereas the management of the corresponding programs within NSF is currently divided
between two directorates.

Finding 4.2. The current management structure of the NSF solar and solar-terrestrial
research programs does not always operate optimally to foster basic solar and solar-
terrestrial research or the links from this research to space weather.

Recommendation 4.2.1. The solar and solar-terrestrial program elements of the
NSF should be managed as one, possibly division-level, program so as to have a
unified overview of both the basic research and space weather elements.

The 2002 Decadal Research Strategy in Solar and Space Physics, from the National Research
Council, recommended that both NASA and NSF fund bridged faculty positions at universities to
bring solar and space physics into the academic curriculum, commensurate with the national
resources that are being devoted to these research endeavors (NRC 2002).

Finding 4.3. While the NSF has implemented a program to support bridged positions
for academic faculty in solar and space physics, NASA has yet to address this
recommendation of the National Research Council’s Decadal Research Strategy in
Solar and Space Physics.

Recommendation 4.3.1. NASA should institute a bridged faculty program in solar
and space physics.
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At times in the past, some programs and offices under the DOD and NOAA sponsored
extramural research (primarily academic research) in solar and solar-terrestrial research at
funding levels considerably above those at present. That level of research support enabled close
interactions between in-house laboratories and the outside community of researchers and helped
to develop analysis tools and models in support of space weather applications.

Finding 4.4. The continuing decline in the resources available to the DOD and
NOAA for contracting peer-reviewed research, both targeted and strategic, to the
extramural community, especially the academic community, means that the
interactions and interchanges between the government and nongovernmental sectors
in space weather are far from optimized.

Recommendation 4.4.1. Resources should be restored to the operational agencies
to allow greater extramural research inputs. NOAA and the DOD should thereby
provide competitive peer-reviewed funding for contributions from the
nongovernmental sector to space weather program research elements.






1 NATIONAL SPACE WEATHER PROGRAM

The United States National Space Weather Program (NSWP) began 10 years ago as a
collaborative enterprise among the National Science Foundation (NSF), the National Oceanic
and Atmospheric Administration (NOAA), the National Aeronautics and Space Administration
(NASA), and the Department of Defense (DOD). Other agencies that participate include the
Department of Energy (DOE), the Department of the Interior (DOI), and the Department of
Transportation (DOT).

The NSWP is a Federal government interagency initiative whose overall objective is to speed
improvement of space weather services in the United States in order to prepare the country to
deal with technological vulnerabilities that can occur due to the space environment. As stated on
the program’s web site (www.nswp.gov), “The overarching goal of the NSWP is to achieve an
active, synergistic, interagency system to provide timely, accurate, and reliable space weather
warnings, observations, specifications, and forecasts.” From the beginning, the program was
intended to build on existing governmental and civil capabilities and to establish a coordinated
process to set national priorities, focus agency efforts, and leverage national resources. Also from
the beginning, the program has encouraged and included contributions from the user community,
operational forecasters, researchers, modelers, and experts in instruments, communications, and
data processing and analysis — across the government, in research universities, and from industry.
The program was conceived and structured as a partnership among academia, industry, and
government.

At the Federal level, the program is implemented and managed by the National Space Weather
Program Council (NSWPC). The council operates within the Office of the Federal Coordinator
for Meteorological Services and Supporting Research under guidance of the Federal Committee
for Meteorological Services and Supporting Research (FCMSSR).' The NSWPC consists of
representatives from the seven executive branch agencies, listed above, that have mission-related
involvement in space weather. The NSWPC provides oversight and policy guidance to ensure
common needs are met and the interests of each agency are addressed. The Committee for Space
Weather, which is co-chaired by NSF, NOAA, NASA, and DOD, was established by the
NSWPC as the principal agent for advancing the goals of the program.

The National Space Weather Program is based upon several published documents, including a
10-year strategic plan, approved in August 1995 (OFCM 1995), and an implementation plan; the
first edition of which was published in January 1997 (OFCM 1997), with a second edition in July
2000 (OFCM 2000).”

The NSWP has been in existence for more than a decade, and the latest implementation plan is
now more than 5 years old. Policy considerations and research and user understandings related to

! The OFCM homepage on the Internet is www.ofcm.gov.
? These NSWP foundational documents are available online as PDF files at
http://www.nswp.gov/nswp_docs.htm.
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space weather and national interests continue to evolve in important ways. In view of this history,
as well as the growing international interest and presence in research and applications related to
space weather, the FCMSSR and the Interdepartmental Committee for Meteorological Services
and Supporting Research (ICMSSR) directed that the OFCM undertake a comprehensive review
of the NSWP. The stated purposes of this review were “to quantify and document the progress
toward meeting the NSWP-stated goals in observations, research, modeling, transition of
research to operations, and education and outreach; to see if the program is still on target and
moving in the direction pointed to by the strategic plan; to determine whether the strategic goals
should be adjusted at this time based on emerging/evolving requirements; and to suggest a way
ahead which will form a basis for a new strategic plan covering the next 10 years.” The NSWP
strategic goals alluded to in this purpose statement (table 1-1) were listed in the Strategic Plan
and both editions of the Implementation Plan.

To conduct the review as directed by the FCMSSR and ICMSSR, the Federal Coordinator for
Meteorology formed a committee of six individuals from outside the immediate responsibilities
of the involved agencies, yet knowledgeable about the program and active in aspects of space
weather research and applications. The formal charge to this Assessment Committee is in
Appendix A, and the committee membership is listed in Appendix B.

Table 1-1. National Space Weather Program Goals

To advance
e Observing capabilities
Fundamental understanding of processes
Numerical modeling
Data processing and analysis
Transition of research into operational techniques and algorithms
Forecast accuracy and reliability
Space weather products and services
Education on space weather

To prevent or mitigate

Under- or over-design of technical systems

Regional blackouts of power utilities

Early demise of multi-million dollar satellites

Disruptions of communications via satellite, HF, and VHF radio
Disruption of long-line telecommunications

Errors in navigation systems

Excessive radiation doses dangerous to human health

Source: OFCM 1995, pg. 5; OFCM 2000, pg. 1-10.

These goals of the NSWP were to be achieved through nine specified activities:

Assess and document the impacts of space weather
Identify customer needs

Set priorities

Determine agency roles
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Coordinate interagency efforts and resources

Ensure exchange of information and plans

Encourage and focus research

Facilitate transition of research results into operations
Foster education of customers and the public.

The detailed program assessment presented in chapter 3 is organized under these nine previously
specified activities, plus an additional category for crosscutting private sector activities and
international activities.

To carry out its review and assessment tasks, the Committee used the following means, in
addition to the knowledge of the NSWP and space weather issues brought by the individual
members:

e Meetings with relevant agency officials, held in the offices of the OFCM
e Visits to key sites and activities related to space weather, around the nation

e Requests for comment about the NSWP from the general research community and the
user community.

The requests for comment were advertised widely to obtain, insofar as possible, a cross-section
of responses. Appendix C lists the committee’s information-gathering meetings, with the
meeting agendas. Appendix D contains responses to the requests for comment.






2 SPACE WEATHER

2.1 Space Weather and Human Technologies

Space weather events have been noted to affect, or even disrupt, human technologies since the
development and deployment of the first electrical telegraphs in the 1840s. Electrical currents
induced in the Earth by ionosphere and magnetosphere processes caused serious disruptions of
telegraphy for decades. Indeed, the great solar storm of 1859 disrupted telegraph operations
around the world, causing articles to be published in many major newspapers at that time.
Degradation and disruption of wireless signals by space weather effects on the ionosphere have
been observed ever since Marconi sent his first transmissions across the Atlantic in December
1901.

Military needs for space situational awareness were evident long before the official beginning of
the space age. During World War II, radar signals were a primary element of British defense
against the Luftwaffe. Solar radio noise would at times fill the airways, prompting investigations
of German jamming capabilities. In fact, particularly severe radar jamming during a large solar
event in 1942 led to the discovery of solar radio bursts (only reported following the end of the
war). The first measurement of high energy solar cosmic rays was also made during this solar
event (by ground-based detectors) and was also reported following the war.

The first transatlantic telephone cable (between Newfoundland and Scotland) was disrupted by
the geomagnetic storm of 1958. At the same time, the entire Toronto area lost electrical power
because of the storm. Radio communications faltered during that storm in several locations. An
Air Force plane loaded with passengers and flying from New Zealand to Antarctica made the
2,000-mile journey without radio contact. The first telecommunications satellite, Telstar 1®,
which launched on July 10, 1962, was put out of service after 8 months in orbit by a combination
of natural and human-induced radiation in the Van Allen belts. (The Starfish nuclear explosion
occurred on July 9, 1962.)

The advent of the space age demonstrated conclusively that ever-advancing technologies—for
both civilian and national defense purposes—trequire an evermore sophisticated understanding of
the space environment. Reliable forecasts of changes in this environment—space weather—are
now essential for ensuring reliable operations of both space- and ground-based systems. The
operations of these systems have often encountered surprises because of solar-terrestrial effects
(e.g., Barbieri and Mahmot 2004). Further, “older” problems, such as the disturbance of radar by
solar radio noise, require revisiting and reanalysis in the context of newer communications
technologies that use different frequencies and implementations than in the past (for instance, the
Global Positioning System [GPS] and other positioning, navigation, and timing services;
wireless telephony and data transmission services). Contemporary examples of space-weather
impacts on many modern technical systems are schematically illustrated in figure 2-1. Details of
some of these technological impacts are discussed in side-bar boxes in chapter 3 and at relevant
points in the report narrative.
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Figure 2-1. Impacts of solar-terrestrial processes on technologies.

2.2 The Emergence of Space Weather Services in the United States

Daily civilian space weather services by the Federal government celebrated their 40™ anniversary
in 2005, the same year in which the NSWP celebrated its tenth anniversary. The emergence of a
coordinated, interagency approach to space weather services and the R&D necessary to support
those services began even earlier.

Awareness by civilian agencies of space weather (although not called that at the time) grew
considerably at the time of, and following, the International Geophysical Year in 1956-1957.
Routine civilian Federal space weather services began a decade later in 1965, the same year that
several scientific entities within the Department of Commerce—the Weather Bureau, Central
Radio Propagation Laboratory (CRPL), and U.S. Coast and Geodetic Survey—were brought
together as the new Environmental Science Services Administration (ESSA), headquartered in
Boulder, Colorado. Through several changes in name and organization, a piece of CRPL was
transformed into the current Space Environment Center (SEC) within NOAA’s National Weather
Service (NOAA/NWS). In 2004, the SEC joined the NWS family of prediction centers, known
as the National Centers for Environmental Prediction (NCEP).

Space environmental forecasting efforts by NASA and the Air Force began in 1962. DOD’s
space weather forecasting centers have since migrated from the Air Weather Service to the Air
Force Space Command (AFSPC) and then to the Air Force Weather Agency (AFWA).
Forecasting research activities began in 1966 at the predecessor to the current Air Force
Research Laboratory (AFRL). Currently, the Space Weather Operations Center (SWOC), located
at Offutt Air Force Base in Omaha, Nebraska, is a functional element of AFWA.
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In the course of assessing successes and achievements during the first 10 years of the NSWP,
this report also documents the continued growth in demand for space weather services from both
governmental (defense, regulatory, and scientific missions) and civilian interests. Knowledge
about the complex system formed by the Sun and the Earth’s environment continues to increase,
and capabilities for modeling and predicting this dynamic system continue to grow rapidly.

In The Sun to the Earth—and Beyond: A Decadal Research Strategy in Solar and Space Physics,
a survey committee of the National Research Council devoted a chapter to space weather
research and its applications (NRC 2002). In discussing the importance of the NSWP, the
authoring committee stressed that “A key function of the National Space Weather Program is to
develop processes and policies for monitoring the space weather environment.” The survey
further stated that “technological changes are occurring at a very rapid pace in both large-scale
systems and small-scale subsystems that can be affected by solar-terrestrial processes. This is
true for both ground- and space-based systems.” For example, the electric power grid system in
the United State is becoming more interconnected through the use of power-sharing pools and
other multi-company arrangements. Due to this interconnectedness, a problem caused by a space
weather event in one geographical region of the power grid could potentially cascade to a distant
region not directly affected by that event. At the opposite extreme of the size scale, rapid
advances continue in microelectronics and in the miniaturization of circuits, Some of these
changes can make the components and the systems containing them more vulnerable to effects of
space radiation. The increasing use of commercial off-the-shelf components in national security
programs (as well as in commercial programs) can also make space subsystems and systems
more susceptible to space radiation effects.

Over the past decade, the NSWP has produced a number of very visible and notable
achievements. For example, the program has fundamentally changed how researchers approach
the study of the Earth’s space environment. Today, because of the efforts of the seven agencies
in the program, the generation of space weather in the context of its effects on critical
technologies is understood as the result of an integrated physical system in which all components
from Sun to Earth interact. Hence, researchers increasingly tend to regard space weather and the
Sun-Earth system in which it occurs as a whole, rather than as a diverse collection of parts.

This systems understanding, together with the need to be able to predict space weather events,
has led to the development of NASA’s Community Coordinated Modeling Center (CCMC). This
center is a multiagency partnership to provide access to modern space science simulations and to
support the transition to space weather operations of modern space research models.

As a second example, the NSWP stimulated the initiation of the technical journal/magazine
Space Weather: The International Journal of Research and Applications. This Internet-
distributed technical magazine (with a hardcopy Quarterly edition), published by the American
Geophysical Union, contains peer-reviewed technical articles, plus shorter feature articles, news,
commentary, and editorials (http://www.agu.org/journals/sw/).

The NSWP has engendered major efforts in the academic community to construct usable models
for portions of the solar-terrestrial system, as well as for more inclusive Sun-to-Earth models. All
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these models have been designed to address user needs and concerns. The modeling activities are
conducted in several major modeling centers supported by the DOD, NASA, and NSF.

The DOD has supported three Multidisciplinary University Research Initiatives (MURIs) that
address important space weather modeling problems. The DOD has also supported the
development of an undergraduate-level textbook on space weather.

NSF awarded one of its grants for a National Science and Technology Center (NSTC) to a multi-
university, multi-institution activity devoted to creating a physics-based numerical simulation
model that describes the space environment from the Sun to the Earth. This Center for Integrated
Space Weather Modeling (CISM) involves several universities, government laboratories, and
industry.

NASA has initiated the Living With a Star (LWS) program, a research program focused on space
weather applications (http://lws.gsfc.nasa.gov/). The importance of space weather understanding,
monitoring, and prediction has been heightened by the recent U.S. commitment to human
exploration of the Moon and Mars. This exploration will expose astronauts and spacecraft to a
hazardous space weather environment that will need to be better understood and predicted. The
United States has made a good beginning in supporting NASA's ambitious Exploration Initiative,
which owes much to the LWS program and the NSWP. However, the work thus far is only a
start; much remains to be accomplished in understanding and predicting space weather
conditions for human space travel.

Popular interest in the emerging discipline of space weather is on the rise. The NSF cosponsored
development of an IMAX® movie production about the recent solar maximum (high point of the
solar cycle). Two popular texts, articles in National Geographic, and the Internet-based outreach
programs funded by NSF and NASA focus on educating the public about space weather and its
origins in the Sun-Earth system. Congressional awareness of space weather increased when the
Halloween solar storms of 2003 coincided with funding decisions for NOAA/SEC.

The requests for data and service products from the SEC have increased continually since the
NSWP began, largely because of the growth in awareness of the SEC’s capabilities for space
weather forecasts and services. Through the SEC’s Space Weather Week, held each spring in
Boulder, Colorado, researchers, governmental and nongovernmental users of forecasts and
services, and private sector vendors have the opportunity to interact and to develop new concepts
for migration of space weather research into useful products and services. The interests of the
space weather user community, as expressed at Space Weather Week, continue to expand. For
example, a prominent user group with enhanced participation at the most recent Space Weather
Week (April 2006) represented the civil space transport and tourism industry.

Despite these notable advances, the NSWP has also experienced some significant shortfalls and
difficulties. Some data collection capabilities have declined or will decline in the near future. For
example, if current plans hold, the United States will be flying fewer space weather sensors on
future NOAA weather satellites than are currently being flown. This outcome will surely cause a
sizeable decrease in capabilities to predict space weather events. Further, resources for the
creation and implementation of improved operational forecasts (the so-called transition of
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research to operations) have declined in the past several years. The SEC has experienced
resource instabilities that have hindered provision of national space weather services.

Finding 2.1. The First Decade. Since its inception in 1995, the National Space
Weather Program (NSWP) has had a number of noteworthy achievements, most of
which likely would not have been attained without the program’s existence.
Significant strides have been made toward institutionalizing forecast and protection
mechanisms for safeguarding against space weather events that may impact many of
the significant technology systems on which the United States depends for security,
commerce, and advances in science. Despite many notable advances, significant
shortfalls in the program also exist and are outlined in this report.

Recommendation 2.1.1. The highly successful National Space Weather Program
should continue as an interagency program; however, it should be updated and
modified as detailed in the further recommendations of this report.
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National Oceanic and Atmospheric Administration

NOAA'’s Space Weather Program monitors, measures, and specifies the space environment and
provides timely and accurate operational space weather forecasts, warnings, alerts, and data to
end users in the United States and around the world. The end-to-end program develops space
weather observational requirements for NOAA’s space-based sensors, ingests and processes their
(and others’) data, performs research to understand the processes that cause severe space
weather, transitions research into operations to improve services, archives data from NOAA and
the DOD, and makes the archived data accessible to government and private users.

NOAA'’s Space Weather Program includes activities within the National Weather Service
(NWS) and the National Environmental Satellite, Data, and Information Service (NESDIS).
NWS activities are conducted through the Space Environment Center (SEC), which is part of the
National Centers for Environmental Prediction (NCEP). NESDIS activities are conducted by the
National Geophysical Data Center. These two centers, which are both located in Boulder,
Colorado, are direct components of the Space Weather Program. In addition, NOAA’s Office of
Marine and Aviation Operations provides staff support, and the National Geodetic Survey,
within NOAA’s National Ocean Service, provides data, as does the Satellite Services Program
within NESDIS.

The United States Air Force is an especially strong partner, providing services and data, as well
as detailing staff to the SEC. NASA provides key science data from its research satellites and
plans to provide science data from future approved missions. The U.S. Geological Survey
(USGS) provides key ground-based data. The Space Weather Program also receives data from
many countries and their space agencies throughout the world. NOAA is also the lead partner in
the International Space Environment Service (ISES), the body responsible under the
International Council for Science (ICSU) for coordinating the worldwide provision of space
weather services.
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National Aeronautics and Space Administration

Science both enables exploration and is enabled by it. A NASA goal in the era of the
Vision for Space Exploration is to develop a balanced program of space science within
the Science Mission Directorate. The Heliophysics Division in the Science Mission
Directorate is organized to address three broad science objectives:

Opening the Frontier to Space Environment Prediction. Investigate and communicate
the fundamental physical processes of the space environment—from the Sun to Earth, to
other planets, and beyond to the interstellar medium.

Understanding the Nature of Our Home in Space. Discover and document how human
society, technological systems, and the habitability of planets are affected by solar
variability and planetary magnetic fields.

Safeguarding the Journey of Exploration. Using new scientific insight, maximize the
safety and productivity of human and robotic explorers by developing the capability to
predict the extreme and dynamic conditions in space.

To achieve these goals the Heliophysics Division organizes and executes scientific space
flight missions to investigate physical conditions and processes found in the solar system.
It also conducts programs of theory and research to support these missions through
development of new theories and numerical models, creation of national-class databases
for conservation of data and scientific results, support for development of new scientific
assets such as an extended mission fleet and a guest investigation program, and the
training and support of the next generation of explorers.

Where possible, NASA’s research and analysis mission is extended to the utilization of
new knowledge for societal benefit by forming partnerships with industry, academia, and
other governmental agencies that are also engaged in the development of the emerging
field of space weather research and predictive capability.

Figure 2-2. The Sun and the Earth observed from space.
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Department of Defense

The DOD supports the National Space Weather Program primarily in three areas of
strategic priority: forecasting and specification, observation, and technology transition
and integration.

The DOD’s primary space weather concern is the state of the ionosphere as it impacts
communications, navigation, and targeting operations. The U.S. Air Force is responsible
for providing space environmental services to all of DOD. The Air Force Weather
Agency (AFWA) reports solar activity and conducts forecasting of the ionosphere and
magnetosphere, working in close coordination with NOAA/SEC.

The DOD provides reliable, ground-based and on-orbit space environmental observations
to the community. DOD solar observatories in Hawaii, New Mexico, Massachusetts, Italy,
and Australia detect and report optical flares and their radio signatures on discrete VHF,
UHF, and SHF frequencies and from coronal plasma movements. The DOD characterizes
the lower portion of the ionosphere by maintaining two dozen ionospheric sounders
around the world. It captures the upper portion of the ionosphere with in situ and remote
sensing instruments carried on satellites of the Defense Meteorological Satellite Program
(DMSP).

Both AFWA and the Air Force Space Command (AFSPC) facilitate technology transition
and integration. AFWA implements models for operational use, most notably the Global
Assimilation of Ionospheric Measurements (GAIM) model starting in 2006. AFSPC
integrates space environmental forecasts directly into joint operations at the Joint Space
Operations Center. AFSPC is also developing a system to directly integrate space
environmental information into combatant commanders’ command and control systems.

Additionally, the DOD conducts research related to space weather and develops sensors
and systems through the Air Force Research Laboratory, the Naval Research Laboratory,
and the Air Force Office of Scientific Research.
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National Science Foundation

Currently, the NSF supports about $2 million annually in focused space weather research
grants. It also supports related space physics research programs in aeronomy,
magnetospheric physics, and solar-terrestrial physics. Special NSF research programs
within these broad space physics programs include: Coupling, Energetics, and Dynamics
of Atmospheric Regions (CEDAR); Geospace Environment Modeling (GEM); Radiative
Inputs of the Sun to Earth (RISE); and Solar and Heliospheric Interplanetary
Environment (SHINE). The NSF currently supports a number of space weather modeling
programs, including the Center for Integrated Space Weather Modeling (CISM), a
National Science and Technology Center established in 2002.

In addition to the basic research programs, NSF supports a variety of ground-based
observing instruments and major facilities of relevance to the NSWP. Facilities include a
chain of incoherent scatter radars located in Jicamarca, Peru; Arecibo, Puerto Rico;
Millstone Hill, Massachusetts; and Sondre Stromfjord, Greenland. NSF also supports the
U.S. component of the Super Dual Auroral Radar Network (SuperDARN). Also
important to space weather is the NSF support of the National Solar Observatory and the
National Center for Atmospheric Research (NCAR), including the High Altitude
Observatory. NSF also supports relevant space weather research using instrumentation
installed in the Antarctic and Arctic regions.

The latest space weather facility, the Advanced Modular Incoherent Scatter Radar
(AMISR), is currently under construction in Fairbanks, Alaska. Using state of the art
technology, AMISR sets a new world standard in upper atmospheric research facilities,
and its unique design features allow the radar to be disassembled and moved as scientific
needs dictate.

July 15
13:18:59

Figure 2-3. Computer simulation of Earth’s magnetosphere.

This illustration of an early magnetospheric model developed by CISM is tightly
coupled to a realistic model for the polar ionospheres and is driven by solar wind
plasma and magnetic field data forward of the calculation domain. Although lacking
important physical processes in both the magnetosphere and ionosphere, this is the
simplest possible self-consistent model based on first-principle representations.
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Department of the Interior Geomagnetism Program

The Geomagnetism Program of the Department of the Interior’s U.S. Geological Survey
(USGS) serves the NSWP by providing high-quality, ground-based magnetometer data
over a wide range of timescales from 14 observatories distributed across the United
States and its territories. The Geomagnetism Program collects, transports, and can
disseminate these data in near-real time. The Geomagnetism Program also has significant
data-processing and data-management capacities. The USGS Geomagnetism Program’s
data services form the basis of many space-weather diagnostics used by NOAA/SEC,
AFWA, other scientific agencies, and the nongovernmental sector.

On an international scale, working through the Intermagnet organization and with other
national geomagnetism programs, the USGS Geomagnetism Program assists in
coordinated international monitoring of the Earth’s magnetic field.

The program has a small research element which concentrates on the analysis of ground-
based magnetic observatory data. Additional information can be found at:
http://geomag.usgs.gov and http://www.intermagnet.org

=% £ T T == -
Hﬂ?ﬁf__#% * r—’_ifa B _-;;i-'l"’ér'{r T e
= o Ay c o« G
W e TP GIRES ST T e
o f !r"'“'-f.,m - % - )
- 9 Ty . §:§ N
™~ I‘\M oS M o e
L .’“j; j' n”( MLW
{ . ‘ o
T ‘? o A o
S ol - !;_L Y
{g‘ . . = i
L]
.
= T &

Figure 2-4. World map of locations of Intermagnet observatories.




3 NSWP ASSESSMENT BY PLAN ACTIVITIES

In this chapter, the committee assesses the performance and current status of the NSWP in terms
of a set of nine activities called for in the NSWP Strategic Plan and the two editions of the
Implementation Plan as the means to achieve program goals. In its assessment, the committee
focused on the activity descriptions in the second edition of the Implementation Plan (OFCM
2000) as providing the most recent and most detailed specification of what these activities should
achieve. Three of the nine activities have been assessed together because they overlap
extensively. The three foundation documents also called for the NSWP to pursue activities to
foster enhanced private sector and international coordination. These crosscutting activities are
addressed in the final section of the chapter. Table 3-1 lists the resulting set of assessment
categories, which correspond to the major headings of the chapter.

Table 3-1. NSWP Assessment Categories

Section NSWP Activities Assessed

3.1 Assess and document the impacts of space weather
3.2 Identify customer needs
3.3 Determine agency roles

3.4 Coordinate interagency efforts and resources; set priorities; ensure exchange of
information and plans

3.5 Encourage and focus research
3.6 Facilitate transition of research results into operations
3.7 Foster education of customers and the public.

3.8 Crosscutting Issues

3.1 Assess and Document the Impacts of Space Weather

The Assessment Committee determined that this NSWP activity should cover, and has covered,
two related but distinguishable types of impacts: (1) the impacts of space weather that make it a
safety, security, and economic concern for the Nation, and (2) the benefits that can be gained
from space weather forecasts.

3141 Impacts of Space Weather

The NSWP has supported significant efforts to investigate economic and industrial space
weather impacts. Such impacts are now discussed in scholarly science journals and in industrial
and popular literature. The NSWP has significantly increased overall awareness of space weather
and assisted in the compilation of a variety of assessment documents. The following are
examples of space weather impacts, many of which are cited in the NOA4 Magazine Online,
Story 131 (NOAA 2006):

15
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The effects of a March 1989 space weather storm cost two large utilities, Hydro Quebec
in Canada and PSE&G in New Jersey, an estimated $30 million in direct costs. Hydro-
Quebec’s solution to the blackout was to install devices that block storm-induced currents
from traveling through its transmission lines. Unfortunately, this solution is extremely
complex and expensive ($1.2 billion). Comprehensive real-time protective space weather
prediction services could have significantly reduced damages and costs (Quinn 2000).

In research supported by the National Science Foundation, Forbes and St. Cyr (2004)
used a multivariate economic analysis of one cross-state transmission system to conclude
that space weather produces congestion in that system, which transmits power from the
generating site to the distribution site. For the interval studied—June 1, 2000, through
December 31, 2001—they concluded that solar-initiated geomagnetic activity increased
the wholesale price of electricity by approximately 3.7 percent, or approximately $500
million. The economic conclusions of this analysis have occasioned some controversy,
and further discussions and analyses are in progress.

An aviation insurance underwriter has estimated that $500 million in satellite insurance
claims from 1994 to 1999 were the direct or indirect result of space weather (NOAA
2006, cited under “Satellites” subheading).

The DOD has estimated that disruptions to government satellites from space weather cost
about $100 million a year (Rodgers et. al. 2000).

Solar-initiated geomagnetic storms in 1994 and 1997 appear to have been the cause of the
demise of three communications satellites: U.S. Telstar 401 and Canada's Anik-E1 and
Anik-E2 satellites. Total replacement costs were estimated to be $600 million (Baker et
al. 1994; Chapline 2000). There is not yet agreement in the community on why the
Telstar satellite was lost; the loss occurred on the day following a geomagnetic storm.
The pager satellite Galaxy IV may also have been rendered inoperable from space
weather effects (Baker et al. 1998)

Interruptions to high frequency radio communications during the Gulf War in 1991 have
been attributed to solar storms (NOAA 2003).

Space weather information is commonly employed as important operational input for
determining launch and on-orbit operations of Space Shuttle and International Space
Station (ISS) activities.

Space weather information is crucial for determining time constraints on astronaut
operations external to the Shuttle and ISS (space walks) and for re-entering the vehicle.

During times of high solar activity, polar airline routes are often diverted to lower
latitudes to prevent loss of radio communications and avoid human exposure in case of
increased radiation from solar energetic particles. Such flight diversions can cost airlines
as much as $100,000 per flight for additional fuel, extra flight crews, and additional
landings to refuel. This cost does not include economic and unquantifiable losses to
passengers, such as missed connections. Space weather considerations will be included in
the current Aviation 2025 architecture study by the Federal Aviation Administration
(FAA).
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e Civil and military search and rescue missions can be, and have been, severely impeded by
anomalous radio communication signal propagation under disturbed ionospheric
conditions.

e Many elements of commerce and society have become very dependent on global
positioning, navigation, and timing (PNT) systems. A one percent gain in continuity and
availability of GPS alone is estimated to be worth $180 million per year (Rodgers et. al.
2000).

e In 2004, NOAA/SEC issued the first-ever space weather event assessment (NOAA
2004). This multi-chapter document highlights the physical events and system effects of
the large solar and geomagnetic storms of October and November 2003. NASA
contributed essential information to this study and followed on with a publication in
Space Weather (Barbieri and Mahmot 2004), detailing hardware and communications
issues addressed by the agency in the storm’s aftermath.

The above examples do not include the intangible societal benefits that arise from better
knowledge of space weather and from mitigation actions, based upon this knowledge, that have
been implemented in various technologies. Just as buildings can be designed with more
assurance that they can withstand earthquakes when the Earth’s crust and mantle are better
understood, so too can space- and ground-based technical systems be designed more reliably
when space weather information becomes more accurate and widely available. If systems are
better designed to withstand space weather effects, societal costs such as electrical or
communications outages can be avoided or at least made less severe. It is difficult, if not
impossible, to place monetary figures on technology disruptions that do not occur because some
systems were designed to account for space weather effects where they are deployed. Some
estimates can be made from knowledge of the systems and the steps necessary to protect them
from destructive interruptions. Much more analysis effort in this area is needed in the future.

Despite an increasing awareness of space weather, assessment and documentation of its effects
remain difficult because of industrial or governmental proprietary issues, security classification
constraints, and misunderstanding or lack of understanding about space weather hazards.
Commercial users of space weather products are hesitant to have their concerns with, and
vulnerabilities to, space weather effects publicly highlighted for fear of loss of market share or
investor confidence.

Even members of the DOD, where operations routinely involve space systems, are uncertain
about how best to assess space weather impacts and capabilities. Recently AFWA undertook a
review of the overall contribution of weather to the Air Force Concept of Operations. Although
the resulting report, Value of Weather Services to the Combatant Commands, concentrated on
terrestrial weather, it mentioned space weather, concluding that “...There is some uncertainty
that what is currently measured is actually important to the expected impact on military
systems....Real measures of success for space-weather elements are not currently available in
sufficient quantities to be useful in the Air Force Capabilities Review and Risk Assessment
process” (AFWA 2005). As a result of this uncertainty, the study recommended additional
research and experimentation in the entire area of space weather determine:

(a) What space weather elements should be measured and forecast?
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(b) What kinds of sensors (ground- or space-based) produce the most accurate
observations?

(c) What are the capabilities (accuracy specifications) of these sensors?
(d) What space elements should AFWA forecast (what are the customer requirements)?

(e) What are the forecast verification statistics for these forecast elements?

Since this report, additional work has been done to identify DOD’s space weather needs, as
discussed in the following section. Briefings to the Assessment Committee from the AFWA
staff, AFSPC, AFRL, and the Office of Naval Research indicate that these concerns are widely
recognized, but the resources and authority to address them are lacking.

The Space Weather Architecture Study by the National Security Space Architect (NSSA)
contains discussions of the importance of space weather for national security (NSSA 1999).
Appendix E of this report contains the key summary recommendations from the NSSA study.

3.1.2 Benefits of Space Weather Forecasting

Tracing the complex chain of causality from the forecast of a space weather event to the
economic or social benefits gained may require an interdisciplinary team of economists,
scientists, engineers, and practitioners within the affected agency or industry. Further, many
space weather impacts and the subsequent benefits of space weather forecasts are unquantifiable.
Others cannot be detailed publicly because of their national security sensitivity or because they
would reveal information that companies (e.g., satellite operators) might wish to keep proprietary
for various reasons. As a result, few in-depth studies of the benefits to society, both economic
and social, of space weather forecasts have been done. Past studies have tended to focus on a
single technology or application. Nevertheless, the national space weather effort would gain from
benefit studies, as such studies would help clarify the value of the NSWP to the public, to
Congress, and to the executive branch. Such studies would also provide important guidance for
future investments in space weather research and operations.

Finding 3.1. The NSWP lacks a coordinated effort to identify and quantify, where
possible, the benefits to society of providing space weather forecasts.

Recommendation 3.1.1. The NSWP should institute a coordinated effort to fund a
series of space weather benefit studies that would cover the primary topics of
concern to operators of space weather—vulnerable systems.

These studies could include, among other systems affected by space weather, geostationary
satellites, aircraft, electric power grids, and PNT satellite systems. Among other results, such
studies could provide important information for the design and development of new space
weather forecast capabilities by helping NSWP participants understand where to expect the
highest returns from investments in such capabilities.
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Space Weather and Human Space Exploration

Since time immemorial, human beings have explored the Earth—its lands and seas—and have
often endured great personal risk and hardship in doing so. Human exploration into space is also
a difficult and dangerous endeavor. Such an endeavor requires great ingenuity and optimism, as
well as the courage to take measured risks while attempting to optimize safety and success.

In addition to accepting the risks inherent in riding atop millions of pounds of explosives, the
human body must successfully adapt to a unique environment, whether in transit to and from the
Moon, Mars, or other destinations in deep space. One unavoidable environmental challenge is
the radiation environment—solar and galactic cosmic rays—that fills space above Earth’s
atmosphere. The environment must be studied and understood well enough that solar storm
prediction strategies are effective and available mitigation techniques can be employed. All must
be accomplished with sufficient accuracy to allow difficult programmatic decisions weighing
risks versus rewards to be made by those held accountable for costs to the taxpayer and for the
fate of astronauts.

Some considerable experience exists related to astronaut safety during solar events, although
most of it currently derives from experience in low Earth orbit (LEO). For example, the Johnson
Space Center made the following report for the solar storm events of October-November 2003
(NOAA 2004):

“Solar flare activity caused flight controllers to issue contingency directives for the ISS
Expedition 8 crew to briefly relocate to the aft portion of the station’s Zvezda Service
Module and the Temporary Sleep Station (TeSS) in the U.S. Lab. The Expedition 8
crew of Commander Mike Foale and Flight Engineer Alexander Kaleri spent brief
periods of time in the aft section of the Zvezda Service Module, which is the most
shielded location aboard the ISS from higher levels of radiation. During Tuesday
(October 28), there were five 20-minute periods during which the crew was asked to
remain in the aft end of Zvezda.”

Astronauts inevitably note that they are willing to take such
environmental risks to be part of humanity’s exploration away
from our planet. They do so with the understanding that not
only mission success but their very survival depends on the
scientific and operational communities leveraging the best
support each has to offer.

Figure 3-1. The ISS.
Courtesy NASA/SRAG.
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3.2 Identify Customer Needs

Agencies participating in the NSWP have devoted considerable attention and resources to the
identification of customer needs in the period since the 2000 NSWP Implementation Plan.
NOAA/SEC, for example, has a broad government and commercial customer base that continues
to grow as the technologies that can be affected by space weather continue to grow both in
number and in the demands placed upon many of the customers’ operations. During interviews
with the Assessment Committee, SEC staff members reported substantial efforts in identifying
and supporting customer needs in the industries and agencies shown in figure 3-2. The SEC staff
is also actively engaged in working with nongovernmental (commercial) organizations interested
in providing value-added products, services, and data for space weather.

Table 3-2 provides a broad
overview of space weather
hazards as they relate to mission
areas within the DOD. One of the

Commercial Space
Transportation
Airline Polar Flights
Microchip technology
Precision Guided Munitio|

Growth of Space Weather
Customers

SunspotNu

Cell phones
Atomic Clock
Satellite Operations
Carbon Dating experiments
GPS Navigation
Ozone Measurements
Aircraft Radiation Hazard
Commercial TV Relays
Communications Satellite Orientation
Spacecraft Charging
Satellite Reconnaissance & Remote
Sensing Instrument Damage
Geophysical Exploration.
Pipeline Operations
Anti-Submarine Detection
Satellite Power Arrays
Power Distribution
Long-Range Telephone Systems
Radiation Hazards to Astronauts
Interplanetary Satellite experiments
VLF Navigation Systems (OMEGA, LORAN)
Over the Horizon Radar
Solar-Terres. Research & Applic. Satellites
Research & Operations Requirements
Satellite Orbit Prediction
Solar Balloon & Rocket experiments
lonospheric Rocket experiments
Short-wave Radio Propagation

NOAA Space
Environment

Center
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Sunspot'Cycles

Figure 3-2. Customers of the NOAA Space
Environment Center.

primary challenges to DOD space
weather service providers
(internal DOD, other government,
or commercial) is the interface
with a changing customer base.
Mission area program managers
and system or hardware operators
may rotate every 2 or 3 years.
Thus, in some mission areas,
space weather providers may
have as much or more knowledge
about customer needs as the
customers themselves.

When the NSWP began in 1995,
space weather needs of civil
aviation were rarely mentioned,
although such needs were widely
recognized for DOD missions,
especially high-altitude recon-
naissance missions or those in
polar regions. Significant changes
in civilian requirements have
occurred since the end of the cold
war, especially in the past five

years as an increasing number of flights use routes that cross the northern polar cap between
North America and Europe or the Far East. Table 3-3 lists space weather impacts on civilian
aviation and the capabilities needed to mitigate them, as identified in the FAA Air Traffic
Organization advisory user needs analysis that is currently under consideration.
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Table 3-2. DOD Mission Areas Supported by Space Weather Requirements

Space Weather Requirements | DOD Supported Mission Areas

Scintillation

*Communication
*Positioning, navigation, and timing
Intelligence, surveillance, reconnaissance, ballistic missile defense

Radio frequency interference

*Communication,
Intelligence, surveillance, reconnaissance, ballistic missile defense

Radiation and charging

*Spacecraft
*High altitude aircraft

Electron density

*Communication
*Positioning, navigation, and timing
Intelligence, surveillance, reconnaissance. ballistic missile defense

Neutral particle density

*Spacecraft
Intelligence, surveillance, reconnaissance, ballistic missile defense

Ground induced currents

*Electric power

Aurora clutter

Intelligence, surveillance, reconnaissance, ballistic missile defense

*Area of commercial/civilian interest in addition to DOD mission relevance.

Table 3-3. Space Weather Impacts on Aviation and the Observation and
Forecasting Capabilities Needed to Address Them

Impact on Aviation Needed Capability

HF communication
outage in polar
regions

Real-time observation of polar HF radio blackouts.
Forecast of polar radio blackouts 12 hours in advance.
Graphical depiction of forecasting radio blackouts.

HF communication
outage in mid and low
latitudes

Real-time observation of mid- and low-latitude HF radio blackouts due to
geomagnetic storms, graphical product defining intensity, frequencies
affected, and geographical boundaries.

Forecast of geomagnetic activity up to 6 hrs in advance.

Navigation disruption
or outage

Real-time observation of mid- and low-latitude GPS disruption, graphical
product defining intensity and geographical boundaries.

Forecast of geomagnetic activity up to 6 hr in advance.
Graphical depiction of forecast GPS disruption.

Biological radiation
exposure

Provide CAMI access to WMSCR distribution network, with alerts targeted
to airlines and FAA Command Center.

Incorporate estimated dosage from energetic particle events into cosmic
radiation exposure estimates.

Longer lead-time and more accurate prediction.
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The Space Situational Awareness Information Office, which supports AFSPC in Colorado
Springs, has undertaken a study of long-term space-customer needs and likely shortfalls. As
communicated to the Assessment Committee, this study emphasizes that even under the most
optimistic of scenarios, space-based observing capability will not meet customer needs in the
space weather arena.

A similar conclusion was reached by the NSSA in the Space Weather Architecture Study. Again
b