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FIGURE C.3  (a; left) 4800 nT/min geomagnetic field disturbance at 50° geomagnetic latitude scenario. The regions outlined 
are susceptible to system collapse due to the effects of the GIC disturbance. The region impacted would be of unprecedented 
scale and involve populations in excess of 130 million. (b; right) A map showing the at-risk EHV transformer capacity by 
state for this disturbance scenario. Regions with high percentages could experience long-duration outages that could extend 
multiple years.

likely lead to prolonged restoration time and long-term chronic shortages of electric energy supply capability to 
the impacted regions.

Given the potentially enormous implications of power system threats due to space weather, it is important to 
develop effective means to prevent a catastrophic failure. Trends have been in place for several decades that have 
acted to unknowingly escalate the risks from space weather to this critical infrastructure. Procedures based on 
K-index-style alerts provide very poor descriptions of the impulsive disturbance environments and lead to uncertain-
ties about the adequacy and efficacy of operational procedures during large storms, because these indices saturate 
at relatively benign intensity levels. Much good work is being done to develop better means of characterizing and 
forecasting the threat environments so that power system operator situational awareness of this important threat is 
better communicated. In terms of the entire grid itself, remedial measures to reduce GIC levels are needed and cost-
effective. The installation of supplemental transformer neutral ground resistors to reduce GIC flows is relatively 
inexpensive, has low engineering trade-offs, and can produce 60-70 percent reductions of GIC levels for storms 
of all sizes. Additional research work is already under way by the EMP Commission on this task.

Air Force Current Space Weather Infrastructure

Herbert Keyser, USAF, Space and Intel Weather Exploration

The U.S. Air Force (USAF) provides space weather capability for the Department of Defense (DOD) and the 
nation. Air Force Space Command (AFSPC) is responsible for flying space-based DOD space weather sensors, 
and Air Force weather procures and operates ground-based space weather sensors and operational space weather 
models. The Air Force Weather Agency (AFWA), working in conjunction with the National Weather Service’s 
Space Weather Prediction Center (SWPC), collects data, analyzes and forecasts the space weather environment, 
and provides that information to its customers. 

The USAF is focusing on a presidential policy for providing space situational awareness to the nation, to 
address not only DOD interests, but civil and commercial interests as well. USAF weather and AFSPC are pro-
gramming to recapitalize current capabilities, develop new capabilities, and mitigate the loss of capability from the 
National Polar-orbiting Operational Environmental Satellite System (NPOESS) post-Nunn-McCurdy restructuring. 
With suitable investments, not only by DOD but also by all national partners, we can improve our space weather 
forecasting capabilities.
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The environment is critical in all DOD operations. Specifically, space weather impacts all military operations, 
whether using communications, Global Positioning System (GPS) services, or flying satellites. When problems 
occur, the first step is to rule out the environmentand to do this, we need to know the environmental conditions 
in detail. As the science improves and space weather forecasts become reliable and usable, we can then start plan-
ning around expected space weather events, and even configure systems to take advantage of the environment.

Various space weather events cause effects on myriad DOD systems and missions. For instance, an energetic 
particle event could cause problems with troops communicating in the field, it could expose aircrews to hazard-
ous levels of radiation, or it could interfere with the launching of a satellite. We use various systems to observe 
and forecast these events, both ground- and space-based; however, we need to be able to do better. This is where 
modeling comes into play. 

Just as in terrestrial weather, we cannot measure the environment everywhere. Currently, AFWA is fielding the 
first generation of assimilative, physics-based modeling. The Global Assimilation of Ionospheric Measurements 
(GAIM) model is running at AFWA, with plans to upgrade to a full-physics version in the next couple of years. 
Models for the magnetosphere, Sun, and solar wind are not as mature; however, AFWA is working to make sure 
that they can be incorporated, as appropriate.

The DOD network of space weather sensors is in need of a refresh. To this end, the USAF director of weather 
created a plan to “get well” that focused on our roleground sensors and modeling. The solar observing sensors 
and network of ionosondes have been around for a while and are becoming impossible to maintain. USAF weather 
is taking a phased approach to modernize these systems, with ionosondes being purchased and development work 
started on the optical solar observing system. We are also increasing our investment to transition current space 
weather modeling capabilities into operations. 

AFSPC is working on replacing capabilities lost on NPOESS as well as helping to sample the rest of the space 
environment. Because a free-flying satellite would be too expensive, AFSPC is pursuing individual sensors to fly 
on rides of opportunity from our national and commercial partners. They will also invest in modeling to provide 
knowledge of effects on their systems. At the same type, we are advocating to NASA and NOAA the development 
of partnerships to collect information from the rest of the space domain, particularly a solar wind sensor.

As the director of weather says, space weather is a “team sport.” No one agency or institution can go it alone. 
To that end, we already partner with others to get the data we need. First and foremost is the SWPC. Our two 
forecast centers share virtually all the data, and make combined forecasts every day. Also, the U.S. Geological 
Survey provides vital magnetometer data to both centers. The USAF also leverages NASA JPL TEC (total electron 
content) data as well as helping to fund the international tracking of ACE. We have started talks with the National 
Solar Observatory to get GONG data to AFWA to fill in the gaps in our solar observing and help out while we 
upgrade our solar optical system.

Of course, to take advantage of the increased data, we need to make corresponding investments in models. 
USAF weather is increasing its investment in its Space Weather Analysis and Forecasting System (SWAFS) to better 
use these data, as well as to improve modeling capabilities. AFSPC is making a corresponding investment in effects-
based decision aids to take advantage of the improved capability to specify and forecast the environment.

Finally, USAF weather is making sure that we continue to have the needed experts to carry out the space 
weather mission. We will continue to create advanced academic degree space weather officers, as well as formalize 
an internal USAF space weather training program.

SPACE WEATHER IMPACTS ON THE ELECTRIC POWER SYSTEM

Frank Koza, PJM Interconnection 

Exposure and Vulnerability

The impacts of space weather events on the power system have been well documented. The fact that the major 
elements of the power system are exposed and particularly vulnerable to space weather can be disconcerting to 
power system operators. The superposition of extraneous currents onto the normal operational flows on power 
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system equipment can create conditions that are capable of causing damage in a very short period of time, such 
that operator action cannot respond in time. Fortunately, most events have relatively benign power system impacts. 
However, the occasional serious event can have wide-ranging impacts. 

March 1989 Event

During March 1989, a solar superstorm created severe impacts on the power system. Most notably, the prov-
ince of Quebec was blacked out, and there were less severe but serious impacts in other portions of the system. In 
Quebec on March 13, 1989, a large solar magnetic impulse caused a voltage depression that could not be mitigated 
by automatic voltage compensation equipment. The failure of the compensation equipment resulted in a voltage 
collapse in the province in an event that took only 90 seconds to propagate.

Also, during this storm, a large step-up transformer failed at the Salem Nuclear Power Plant, located in southern 
New Jersey. That failure was the most severe of approximately 200 separate events that were reported during the 
storm on the North American power system. The other events ranged from generators tripping out of service, to 
voltage swings at major substations, to other lesser equipment failures. 

Assessment of Risk

The operators of the North American power grid constantly review and analyze the potential risks associated 
with space weather events. Grid operators have access to space weather forecasts, monitor voltages and ground 
currents in real time, and have mitigating procedures in place. PJM, as an example, has monitoring devices in 
place at key locations on its system, which are monitored in real time. At the onset of significant ground currents 
at the monitoring stations, PJM will invoke conservative operations practices that will help mitigate the impacts 
if the solar event becomes more severe. 

What has changed on the power system since 1989? The evolution of open access on the transmission system 
has fostered the transport of large amounts of energy across the power system in order to maximize the economic 
benefit of delivering the lowest-cost energy to areas of demand. The magnitude of power transfers has grown, 
and the risk is that the increased level of transfers, coupled with multiple equipment failures, could aggravate the 
impacts of a storm event.

The “Perfect Storm”

In trying to conceive of an event that could pose serious implications to the power system, one would think 
that the peak load case could produce the most severe impacts. However, at peak loads, almost all of the genera-
tors are running and there is a lot of spinning mass on the system. Loss of multiple facilities at this time, while 
problematic, can be handled with emergency procedures and other well-established practices. 

The situation that could be more troublesome is a light load case with unusually heavy transfer patterns, as 
is prevalent in the middle of the night. Loss of multiple facilities at lighter loads and high transfers sets up the 
potential for voltage collapse with minimal ability for mitigation. (The 1989 Quebec blackout occurred at 2:45 
a.m.) It would take the loss of several elements at strategic locations, but if such losses happened at about the same 
time, a voltage collapse and associated blackout would be possible.

Space Weather:  
Public Vulnerabilities, Institutional and Public Policy Issues

Todd M. La Porte, Jr., George Mason University School of Public Policy

Space weather potentially affects large complex technical systems that are vital for economic and social 
stability and functioning. Assuring that such systems, principally electric power, communications, and naviga-
tion systems, are not damaged or disrupted is a critical problem. Severe space weather events are rare but could 
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wreak considerable havoc, as has occasionally occurred in previous solar cycles. Such events are known as low-
frequency/high-consequence events.

A key issue affecting our ability to prevent disruption to large technical systems is the difficulty of developing 
the appropriate institutions to deal with the problem on a long-term basis. We know from other emergency and 
disaster management and planning agencies that institutional development occurs most often under conditions of 
frequent accidents or errors. When nothing bad appears to happen from one year to another, sustaining preparedness 
and planning in out-years is extraordinarily challenging. Consequently, space weather is not on the radar screen 
of many people outside the small technical community and some businesses.

In addition, the systems that would be affected by severe space weather epitomize contemporary society: net-
work systems such as electric power, or navigation and timing systems such as GPS, are increasing (inter)dependent. 
Operating these systems such that they virtually never fail is critical to economic and social order and human 
welfare. At the same time, running them is extraordinarily challenging: so-called highly reliable organizations are 
rare; taken for granted; not well understood; hard to replicate; costly; involve many institutions, technologies, and 
publics; and require very specific political and administrative conditions. Space weather may threaten failure-free 
operation of large complex technical systems and organizations. 

Developing robust institutions that can respond to extreme space weather events in the absence of a catastrophe, 
for example a solar superstorm or “solar tsunami,” is difficult. There are many discouraging examples: Hurricanes 
Katrina and Rita, the Christmas tsunami, Three Mile Island, and the shuttle explosions, among others. 

But there are some instructive examples as well: e.g., FAA air traffic control and navigation systems, Cali-
fornia’s earthquake hazard mitigation and management, nuclear power plant safety practices, Dutch storm surge 
management and engineering institutions, and U.S. nuclear weapons stewardship. All have experienced catastrophic 
failures in the past, or face clear existential threats in the present. All have institutionalized political constituen-
cies, policy networks, and regulatory structures. All exhibit characteristics of highly reliable organizations as well. 
Again, understanding the institutional dimension of large technical system operation is critical.

Dependency creep, risk migration, and new technologies are additional potential problems for large techni-
cal system operators. As systems become more complex, and as they grow in size, understanding and oversight 
become more difficult. Subsystems and dependencies may evolve that escape the close scrutiny of organization 
operators. Dependencies allow risk present in one part of the overall system to “migrate” to others with potentially 
damaging results. GPS and electric power systems have clearly accelerated dependency creep, and consequent risk 
migration. New technologies, such as nanoscale components, may not be adequately understood in the context of 
11-year solar cycles. 

One of the most fundamental concerns for operators of large technical systems is the efficiency-vulnerability 
trade-off, i.e., how much reserve capacity is available to deal with uncertainty and contingencies. In stable protected 
environments, systems operate with excess capacity: costs are passed on to users and the society. In competitive 
market but benign environments, however, systems operate at close to their efficiency frontiers. Slack resources 
are consumed, buffers shrink, costs fall, and profits rise. But in competitive market and hostile environments, 
systems become brittle and have trouble operating outside relatively narrow parameters. Vulnerability can be the 
consequence of increased efficiency. “Security externalities” emerge due to interdependencies, lack of knowledge, 
lack of slack, lack of trust, and lack of ways to overcome coordination problems. The communities most affected 
by severe space weather all face this situation.

How might we think about designing for severe space weather events? Space weather is not just a technical 
matter. It is also importantly a problem of institutions and of society. Solving the recurrent problem of severe 
space weather entails a number of thorny issues that may ultimately not be resolved without a catastrophic failure 
to prompt reforms. 
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User Perspective on Space Weather Products

James McGovern, ISO New England, Inc.

Impact on Electric Power System

The North American electric power grid acts much like a large antenna, picking up electromagnetic radia-
tion from Earth’s geomagnetic field during times of solar storm activity. Only a few amps from geomagnetically 
induced currents (GICs) in the grounding connections of bulk electric system power stations can wreak havoc on 
power system operations.

GICs can overload the capability of the electric power system, especially with respect to voltage regulation. 
They can cause misoperation and malfunction within power relay and protection systems, which can degrade 
overall system reliability. 

Forecast and Real-time Situational Awareness

When a significant amount of solar storm activity occurs, in order for an electric power system to be able 
to withstand the impact of GIC flows and the resulting harmonics, a system operator must have available timely 
information that can allow for efficient system re-dispatch and posturing of generation and transmission resources. 
Without accurate forecast and real-time situational awareness of such solar events, power system failures are likely 
to occur. 

Case in point: On March 13, 1989, at 0245 hr, with Montreal temperatures at minus 15 degrees Celsius, GICs 
saturated Quebec bulk power system transformers, resulting in a system-wide collapse. 

It was over an hour before the system operators realized that the cause of the electrical system failure was a 
geomagnetic storm of K9 intensity, which resulted in a significant amount of GICs.

Develop Modeling Tools

Additionally, data on solar storms and coronal massive ejection (CME) events made available early on to 
the operator could allow for a more timely and effective response to their impacts. Also, in the future it may be 
necessary to develop models of the North American bulk power grid overlaid on a model of the crustal and upper 
mantle to determine ground resistivity to GICs.

When a frontal or side branch CME event occurs, a forecast of intensity is derived and ultimately provided to 
the system operator. Often, the estimated time for the ejected matter to reach Earth’s surface is not known, due to 
a lack of understanding of the speed at which the ejected matter is traveling toward Earth.

An understanding of the directional polarity of the ejection is also a critical indicator, as the polarity is a key 
factor influencing how the event will interact with Earth’s geomagnetic field and create GICs. However, often 
such information is also not available. 

In summary, detailed information on space weather forecast data incorporated into a model that correlates 
the data with the characteristics of the North American bulk power grid is critical to ensure that the system opera-
tor has adequate time to posture the system. Regional system operators will also require initial and continuing 
training to understand their assigned roles and responsibilities in protecting the power system during solar events 
using these new tools.
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Space Weather: Aviation Vulnerabilities and Solutions

Thomas McHugh, Department of Transportation FAA

Background

The Federal Aviation Administration (FAA) is in the process of transitioning the National Airspace System 
(NAS) to utilize space-based navigation as the primary means of navigation. This transition is part of an overall 
modernization of the NAS to implement integrated Communications Navigation and Surveillance (CNS). Aug-
mented GPS and un-augmented GPS will provide the space-based navigation function. The transition to integrated 
CNS utilizing space-based navigation will take a long time, and equipage will still be minimal by the next solar 
peak.

Un-augmented GPS has been in use by aviation for many years. Un-augmented GPS utilizes Receiver Autono-
mous Integrity Monitoring (RAIM) to provide integrity. Currently RAIM only supports non-precision modes of 
navigation.

The Wide Area Augmentation System (WAAS) is the FAA’s Space Based Augmentation System (SBAS). Other 
SBASs are under development or already in service. WAAS augments GPS for both non-precision and precision 
flight operations and covers the entire NAS as well as most of Canada and Mexico. Japan’s MSAS was commis-
sioned for non-precision operations in September 2007. MSAS is the acronym for MTSAT Satellite Augmentation 
System. The European Geostationary Navigation Overlay Service (EGNOS) SBAS is in the final stages of being 
certified. The Indian GPS Aided GEO Augmented Navigation (GAGAN) SBAS completed initial proof of concept 
testing in July of 2007 and entered full-scale development testing.

In addition to SBAS systems, Ground Based Augmentation Systems (GBASs) are under development. The 
first GBAS was recently commissioned in Europe. GBASs are eventually expected to support Category 3 (CAT-3) 
instrument approaches. Currently SBASs are not believed to be capable of supporting CAT-3 approaches unless 
the aircraft assumes more of the safety burden.

Space Weather, the Ionosphere, and GPS

The ionosphere delays the GPS signal proportional to the path length, the total electron count (TEC) density 
along the path, and the frequency of the GPS signals. The density of TEC varies with height, time of day, latitude, 
and point in the 11.5-year solar cycle, and with solar weather. At midlatitudes TEC density is reasonably well 
behaved except during strong solar weather events. At equatorial latitudes small quickly moving holes of low TEC 
and significant levels of scintillation can be observed even under benign solar weather.

GPS is designed to use the difference in delay between the L1 frequency signals and the L2 frequency signals 
to compute the ionosphere delay at either of the frequencies. 

Currently all civil aviation GPS receivers use only the L1 C/A signal. Un-augmented single-frequency GPS 
receivers use the Klobuchar model (Jack Klobuchar, Boston College) to estimate the ionosphere delay. That model 
uses a set of polynomial coefficients to describe a lumped vertical (zenith) ionosphere delay on a surface at a fixed 
altitude above the surface of Earth. Those coefficients are estimated well in advance and broadcast as part of the 
GPS navigation message. This type of model is sometimes called a thin shell model. SBAS systems broadcast a 
set of ionosphere grid points to define a patch of a thin shell based on real-time measurement data. WAAS updates 
the information every 5 minutes. For a GBAS, the ionosphere delay is common between nearby aircraft and the 
ground system so that the lumped differential correction broadcast by the GBAS includes the ionosphere delay 
correction.

The Klobuchar model has limited accuracy and is not real time. During solar maximum, the accuracy decreases 
as the nominal magnitude of the delays increases. Since the Klobuchar model is not real time, it does not react to 
solar storms, and the error increases further during those events.

The SBAS thin shell model reacts in real time. However, the SBAS thin shell model becomes invalid during 
severe disturbances in the ionosphere. For example, two different receivers using the same pierce point from two 
very different look angles could experience significantly different ionosphere delays but would calculate the same 
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correction. When WAAS detects this type of condition it increases the uncertainty on the ionosphere corrections. 
This increased uncertainty disables precision navigation.

When the ionosphere is heavily disturbed by solar storm activity there will often be significant scintillation. 
During very severe events the scintillation could be enough to cause loss of reception on multiple GPS satellites 
simultaneously. If the scintillation were to be bad enough, it is conceivable that GPS positioning service could be 
temporarily interrupted.

During at least two events in the last several years, solar flares have emitted radiation in the GPS frequency 
bands and caused degradation in the received signal-to-noise levels. For WAAS the degradation was about 6 to 
10 dB and did not cause significant problems. It is conceivable that a much stronger event could cause enough 
jamming to cause all GPS reception to be lost for the duration of the portion of the flare emitting radiation at that 
frequency.

Solution

The first part of the solution is the addition of the L5 civil GPS signals starting with the GPS Block IIF sat-
ellites. The first of 12 IIF satellites will be launched in mid-2009. Civilian use of L5 will mitigate the problems 
with the Klobuchar and SBAS thin shell models. L5 is a protected frequency and has about 400-MHz frequency 
diversity from L1. The L5 signal design is better than the L1 C/A signal design. The frequency diversity and signal 
characteristics of L5 will help mitigate unintentional interference.

The second part of the solution is backup navigation systems independent of GPS. Even without considering 
space weather, backup navigation systems will be needed to mitigate the threat from intentional interference.

The FAA currently plans on maintaining a subset of the existing inventory of ground-based navigation aids 
for the foreseeable future. This subset of ground-based navigation aids is referred to as the “basic” or “backbone” 
network. I do not foresee the FAA decommissioning critical navigation aids until the user fleet has installed the 
necessary satellite navigation equipment. Equipage changes do not happen quickly to that fleet.

Existing ground-based navigation aids do not provide as much capability as GPS and do not fully support the 
needs of ADS-B and NextGen. Both of those programs have performed backup studies with no clear winner. A mix 
of eLORAN, DME-DME RNAV, and inertial navigation are the front runners as the backup for the requirements 
not met by the backbone network. There are also proponents for multilateration. Multilateration is a concept of 
using the difference in time of arrival of the aircraft’s transponder replies at multiple ADS-B locations to compute 
the position and trajectory of the aircraft.

National Infrastructure

As much as it is becoming more dependent on the national infrastructure component known as GPS, the FAA 
is already dependent on the national infrastructure for telecommunications and power. If an extremely massive 
solar weather event disrupts power and telecommunications over a large area, then the FAA will most likely be 
affected.

The FAA extensively uses terrestrial communications and satellite-based communications. The contracts for 
those services require high reliability and diversity, but if both the primary and the backup suppliers were affected 
simultaneously over a wide area, then there would be impacts on the NAS. 

All critical FAA systems are required to have backup power. This essential power is usually provided by a 
hybrid of battery and motor generator uninterruptible power supplies. Short power outages would not severely 
impact the NAS. However, there are procedures that constrict the functions some facilities are permitted to perform 
while operating on backup power. If the power outages were widespread and of a long duration, then the NAS 
would eventually be impacted.
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Disclaimer

Opinions expressed in this paper are the technical opinion of the author and are not an official statement of 
FAA policy.

The International GNSS Service and Space Weather

Angelyn W. Moore, Jet Propulsion Laboratory, California Institute of Technology

The International GNSS Service (IGS; formerly the International GPS Service) is a voluntary federation 
of more than 200 worldwide agencies that pool resources and permanent GNSS station data to generate precise 
GNSS products.� Participants include mapping agencies, space agencies, research agencies, universities, and 
so on. Currently the IGS supports two GNSS: GPS and the Russian GLONASS. Over 350 permanent, geodetic 
GNSS stations operated by more than 100 worldwide agencies constitute the IGS network. These civilian, dual-
frequency stations contribute data to multiple data centers at a minimum on a daily basis at a 30-second sampling 
rate; subsets contribute hourly and four times hourly, and an IGS real-time pilot project is getting under way. The 
IGS maintains a vendor-neutral stance and only specifies functional requirements; the network is therefore very 
heterogeneous in instrumentation. The IGS dataset is analyzed independently by multiple analysis centers to form 
the suite of IGS products, including precise orbits, clocks, station positions, and atmospheric products at a range 
of latencies. All IGS data and products are openly available and are used routinely by Earth scientists and related 
applications around the globe. Investigators leverage the collective effort of the IGS’s network, archive, and analysis 
infrastructure when they use IGS products with their own GPS and related data.

The material presented in this talk will sample the IGS’s response to the October 2003 ionospheric storms 
from several perspectives. A representative station suffered intermittent loss of tracking on some or all channels 
during periods of this storm. The effect of such a loss of data will vary according to how many stations in the area 
are available and whether all of them are affected, and on the application under consideration. The IGS Ultrarapid 
orbits are a key IGS product that in 2003 were generated twice daily. Through the final week of 2003, some deg-
radation of the Ultrarapid accuracy can be discerned: not all IGS analysis centers were able to contribute orbit 
products, and accuracies slipped a few centimeters. Nevertheless, the combined IGS Ultrarapid product achieved 
<10-cm accuracy for most satellites throughout the week. This would generally not have much of an impact on 
some types of geodetic processing, such as long-term monitoring of plate motion. However, high-rate and real-
time GPS analysis is rapidly improving in detecting seismic surface waves and co-seismic displacement.�,�,� Brief 
or partial loss of tracking due to space weather during a critical event could certainly degrade applications with 
societal and economic impacts, such as tsunami warning systems.� The IGS historical dataset is an openly avail-
able archive that can be used to evaluate sensitivity to past space weather events; however, care must be taken 
when using historical data to allow for the improvement over time of the quality of equipment in the network and 
the density of the network.

The IGS has an active Ionospheric Working Group with four centers routinely analyzing the IGS dataset to 
produce ionospheric total electron content (TEC) maps: Center for Orbit Determination (CODE), Berne, Swit-
zerland; European Space Operations Center (ESOC), Darmstadt, Germany; Jet Propulsion Laboratory (JPL); and 
Universitat Politecnica de Catalunya (UPC). The chair is at the University of Warmia and Mazury in Poland.

�Dow, J.M., R.E. Neilan, and G. Gendt, The International GPS Service (IGS): Celebrating the 10th anniversary and looking to the next 
decade, Adv. Space Res. 36(3):320-326, 2005, doi:10.1016/j.asr.2005.05.125.

�Larson, K.M., P. Boudin, and J. Gomberg, Using 1-Hz GPS data to measure deformations caused by the Denali fault earthquake, Science 
300:1421, 2003, doi:10.1126/science.1084531.

�Choi, K., A. Bilich, K. Larson, and P. Axelrad, Modified sidereal filtering: Implications for high-rate GPS positioning, Geophys. Res. Lett. 
31: L22608, 2004, doi:10.1029/2004GL021621.

�Bock, Y., L. Prawirodirdjo, and T. Melborne, Detection of arbitrarily large dynamic ground motion with a dense high-rate GPS network, 
Geophys. Res. Lett. 31:L06604, 2004, doi:10.1029/2003GL019150.

5Blewitt, G., C. Kreemer, W.C. Hammond, H.-P. Plag, S. Stein, and E. Okal, Rapid determination of earthquake magnitude using GPS for 
tsunami warning systems, Geophys. Res. Lett. 33:L11309, 2006, doi:10.1029/2006GL026145.
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The Ionospheric Working Group notified the IGS community of extremely high TEC values in the 2003 event, 
and the combined IGS product reflects the magnitude of the storm. Like the raw dual-frequency data from the 
IGS network, the IGS ionospheric products (Table C.1) are openly available and archived indefinitely, and can be 
valuable tools for researching past space weather events. 

Current Space Weather Services Infrastructure

William Murtagh, NOAA Space Weather Prediction Center

NOAA’s Space Weather Prediction Center (SWPC) 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 program develops space weather observational requirements for 
NOAA’s sensors, ingests and processes NOAA’s (and others’) data, and transitions research into operations to 
improve services. 

The SWPC staffs a 24-hour/day Operations Center, through which both in situ and remotely sensed data and 
imagery flow. SWPC forecasters analyze solar images to assess the current state of the solar-geophysical environ-
ment (from the Sun to Earth and points in between). Space weather forecasters also analyze the 27-day recurrent 
pattern of solar activity. Based on a thorough analysis of current conditions, comparing these conditions to past 
situations, and using a limited suite of space weather models, forecasters are able to predict space weather on 
times scales of hours to weeks. 

NOAA radiation storm and solar flare radio blackout alerts and forecasts are dependent primarily on GOES 
data. All SWPC space weather alert messages for geomagnetic phenomena are based on real-time data from the 
Boulder-NOAA magnetometer, which can be taken as a proxy for other midlatitude locations. Most alert products 
correspond with the NOAA Space Weather Scales thresholds.

During severe storm periods, these products are distributed both by Web access over the Internet and by direct 
contact with high-priority customers. These data types are also key for the U.S. weather enterprise, and they sup-
port the private and commercial sector in the development of products and services using space weather-related 
information. The USAF provides critical operational data from the Solar Optical Observing Network (SOON) and 
the Radio Solar Telescope Network (RSTN). 

NASA provides key science data from its research satellites (SOHO, ACE, and STEREO) and plans to provide 
science data from future approved missions. Data from these research satellites are now deeply ingrained in SWPC 
forecasting processes. The United States Geological Survey (USGS) provides key ground-based data. SWPC also 
receives data from many countries and their space agencies throughout the world. 

These diverse data streams are analyzed continuously, and that information is applied to both predictions and 
specifications of various aspects of the space environment. These include the behavior of the geomagnetic field, 
the character of the ionosphere, and the strength of the near-Earth radiation environment. 

SWPC currently relies on a limited suite of empirical and physics-based models. SWPC is committed to bring 
the new generation of numerical space weather prediction models into the forecast office. To accomplish this, 
SWPC will leverage the prediction and specification models developed by partner agencies (NASA, NSF, and 
DOD) and transition them to operations. Data-driven and data-assimilative, physics-based models will provide 
more accurate, longer-lead-time predictions of severe space weather storms on regional and local scales.

SWPC provides a comprehensive database and Web display of space weather products. SWPC also has a 
product subscription service that allows customers to register to receive products via e-mail. This allows customers 

TABLE C.1 The Suite of IGS Ionospheric Products

Accuracy Latency Updates Sample Interval

Final Ionospheric TEC Grid 2-8 TECU ~11 days Weekly 2 hours; 5 deg(lon) by 2.5 deg(lat)
Rapid Ionospheric TEC Grid 2-9 TECU <24 hours Daily 2 hours; 5 deg(lon) by 2.5 deg(lat)
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to manage their own records and product selections, while providing SWPC with specific customer and product-
usage information. Over 6500 unique customers subscribe to SWPC’s product subscription service. Many data 
files and products are also available on an anonymous FTP server. Selected products are also distributed on the 
NOAA/NWS Dedicated Broadcast Systems. 

The SWPC customer base is large and growing. More than 50 million files are transferred from the SWPC 
Web page each month. Over 500,000 files are created monthly with near-real-time data for 176 different products 
serving more than 400,000 unique customers every month in over 120 countries. 

Accurate and timely space weather information is vital in mitigating the potential impact of these storms 
on our technological infrastructure. Geomagnetic storms can cause widespread electrical blackouts, which could 
result in significant loss of life, as well as a potential GDP loss in the billions of dollars. Polar flights rerouted 
due to space weather can cost the airline over $100,000 per flight. If airborne survey data, or marine seismic data, 
are useless or poor because of solar activity, the financial impacts are significant, with costs in the $50,000 to 
$1 million range. Primary users of SWPC data include the following: 

 
•	 Electric power grid operators use geomagnetic storm detection and warning systems to maximize power 

grid stability and to mitigate power grid component damage and large-scale blackouts. 
•	 Spacecraft launch operators use radiation products to avoid electronic problems on navigation systems and 

thus prevent launch vehicles from going off course and being destroyed or misplaced.
•	 Spacecraft operations and design rely on space weather products to ensure spacecraft survival in the face 

of electronic problems. Space weather effects on satellites vary, but effects range from simple upsets to total mis-
sion failure.

•	 Manned spaceflight activities are altered to avoid or mitigate effects of radiation storms that impact crews 
and technological systems.

•	 Navigation systems users need space weather data as a critical input to ensure the integrity and safe use of 
electronic (i.e., GPS, Loran) navigational systems.

•	 Aviation uses crucial information on space weather impacts, such as communication outages, potentially 
harmful radiation, and navigation errors to adjust routes and altitudes.

•	 Communications operators anticipate and react to space weather over a wide range of communications 
frequencies used by emergency management officials, search and rescue systems, and many others.

•	 Surveying and drilling operations rely on accurate and timely space weather data for safe and efficient 
high-resolution land surveying and sea drilling.

A growing number of customers are realizing social and economic benefits from applications of SWPC prod-
ucts and services. Expect this trend to continue as we become increasingly dependent on space-based systems and 
other technologies vulnerable to hazardous space weather. 

Space Weather Extremes

T. Paul O’Brien, Aerospace Corporation

In general, systems are and will continue to be designed to operate through extremes of the space environ-
ment over their designed life. This assumes an accurate climatology, which is not always available. My expertise 
is in the area of hazards to the health and operation of satellites, so I will use that as the backdrop for a story 
about extremes of the space environment. For hazards to spacecraft, the principal concerns are surface charging, 
internal charging, single-event effects, and total dose. Where possible, I will try to highlight general principles 
that can be applied broadly. 

The reader is advised of an important distinction: “space weather” is the description of a short-term phenom-
enon: a new forecast might lead to a change of operations. “Space climatology” is a long-term statistical descrip-
tion: a new climatology model might lead to a change of system design.
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Planning for Extremes

Engineers typically design to operate through the extremes. It is highly atypical to intentionally design a 
system to have a likely susceptibility to extremes of the space environment. Trying to operationally forecast spe-
cific instances of extremes of the space environment may be of limited value: either we do not know the thresh-
old beyond which to expect a negative impact on any specific technological system, or we do know because it’s 
happened before and therefore is not unusual or very extreme. There are exceptions: e.g., human extravehicular 
activity and large-scale infrastructure based on GPS. 

A solar radio burst on December 6, 2006, resulted in ~25 dB loss in the signal/noise ratio for many GPS receiv-
ers (Carrano and Bridgwood, 2008). The radio flux in the GPS L1 and L2 bands likely exceeded 106 solar flux 
units. Based on climatology (Nita et al., 2002), this should occur about once very 30 years, perhaps less often. For 
most consumer uses, an outage every few decades is reasonable. However, for critical uses, like aircraft navigation, 
a backup system or an engineering mitigation must be implemented (see also Gary, 2008).

Extremes are often not known well, and sometimes designs fail to meet specifications: mission assurance is 
a systems engineering approach to ensuring that systems meet specifications; climatology is a scientific approach 
to ensuring accurate characterization of worst cases.

At present, important aspects of space environment climatology are not explicitly included in NASA, NOAA, 
and NSF observation objectives. Climatology is obtained as a side-effect of some other priority (e.g., fundamental 
science, situational awareness), or it is not obtained at all. See Table C.2.

Extreme Value Analysis

Extreme value analysis is a statistical method, primarily developed in the financial and insurance industries. 
The analysis determines the shape of the “tail” of the statistical distribution of a quantity. It characterizes intensity 
of the N-year event (e.g., the 100-year flood). Sometimes (especially for geophysical phenomena) it determines a 
finite upper limit to the intensity or size of the largest possible event. The results allow designers to quantitatively 
trade design and specifications against risk. Most relevant space environment phenomena appear to have finite upper 
limits, but quantitative knowledge of those limits is often poor due to a relatively short history of observations.

The extreme value distribution describes the distribution of largest values taken from multiple independent 
sample sets, where H gives the probability that any sample maximum will be larger than x. H has three parameters: 
position, μ; scale, σ; and shape, k. Depending on the sign of k, one obtains one of three different families of the 
extreme value distribution. 

TABLE C.2   The Present State of Space Environment Hazard Climatology of Extremes

Hazard Responsible Particles Climatology Extreme Value Analysis?

Internal charging 100s keV to MeV 
electrons

Fennell et al. (2000), 
O’Brien et al. (2007), 
NASA-HDBK-4002a

Yes, finite upper limit expected

Surface charging 10s keV electrons MIL-STD-1809, NASA-
TP-2361

No

Single-event effects MeV protons, ions October 1989 event, 
Xapsos PSYCHIC model

Yes, finite upper limit expected 
(debated)

Total dose over mission eV to keV electrons, 
protons, oxygen

keV to MeV electrons, 
protons

MeV to GeV protons, 
heavy ions (cosmic 
rays)

Partial: Thomsen et 
al. (2007), JPL91 and 
Xapsos models, AE-8 and 
AP-8

Partial: only for solar particles, 
similar to SEE
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Figure C.4 illustrates the three families of the extreme value distribution. Using a maximum likelihood method, 
one can obtain the parameters of H, with the most important being k. O’Brien et al. (2007) applied this method 
to the electrons that cause internal charging in the outer radiation belt and found a finite upper limit to the fluxes 
over a large spatial and energy domain. My own analysis (not shown) and that of Tsubouchi and Omura (2007) 
show that the tail of the distribution of the Dst index of magnetic storm intensity does include the Carrington 
event (September 1-2, 1859) type intense magnetic storm (Dst < −1600 nT; Tsurutani et al., 2003). Extreme-value 
analysis thus allows us to bound the largest events expected and to put extremely large events in context.

Concluding Observations

With accurate climatology of extreme events, engineers can make sensible cost-benefit decisions about worst 
cases: harden design or accept risk. Policy makers must be aware when designs accept risk, just as with earthquakes, 
hurricanes, and so on. Critical systems must either be hardened or have robust backups.

The following recommended actions might ameliorate the shortcomings of the present state of knowledge of 
space weather extremes, especially for satellite operations: First, break down cultural and systemic barriers that 
prevent engineers and scientists from working together to set priorities and develop solutions. Second, promote 
long-term space environment observation or monitoring as a legitimate scientific objective for NASA; currently, 
only NSF and NOAA seem to be allowed to do this, while NASA has historically flown the most capable sensors. 
Given the longer operational life of non-NASA missions, it may be most cost-effective for NASA to exploit more 
missions of opportunity on operational vehicles.

C.4 2006sw00240-op01.eps
bitmap

FIGURE C.4  The three families of the extreme value distribution. The Weibull family, k < 0, exhibits a finite upper limit and 
is common in geophysical data. From O’Brien et al. (2007). Copyright 2007 by the American Geophysical Union. Reproduced 
by permission of the American Geophysical Union.
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Meeting The Challenges of Nature— 
The Impact of Space Weather on Positioning Services 

Solar Cycle Progression and the Maturing of GPS

Lee Ott, Omnistar, Inc.

Background of OmniSTAR Groups

OmniSTAR companies were formed by Fugro NV in 1996 to provide differential GPS signals to the offshore 
oil and gas industry and to the agriculture and geographic information system (GIS) industries. There are three 
operating companies responsible for the entire world. OmniSTAR, Inc., is responsible for North and South America. 
OmniSTAR BV is responsible for Europe, Africa, and the Middle East, while OmniSTAR Pty is responsible for 
Australia and Asia. The three OmniSTAR groups maintain and operate over 130 reference sites around the world. 
Their task is to retrieve real-time data from reference sites and to create data that are injected into over 14 L-band 
satellite beams. Due to the criticality of user-base operations, elaborate mechanisms are in place to ensure quality 
control for the inbound data and in the formation of the broadcast streams to provide integrity to users. All areas 
of the world are covered by more than one satellite beam, and all uplinks to the satellites can be controlled from 
each of the OmniSTAR network control centers (NCCs). Each satellite beam contains information for four differ-
ent types of services. These services are called the VBS, HP, Glonass, and Iono.

Service Descriptions

The VBS service provides GPS single-frequency corrections to users that have single-frequency receivers. 
The process in the user receiver calculates L1 range corrections using a weighted average of near-reference-sta-
tion corrections. The process creates range corrections for a virtual base station that is effectively at the user 
position. This process uses the Klobuchar Iono model to calculate ionosphere delays. The problem with the VBS 
process is that when the ionosphere delays are disrupted due to space weather phenomena, the accuracy of the 
VBS solution is degraded. To alleviate this problem the reference stations around the world were upgraded to 
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dual-frequency receivers, and measurements of the local ionosphere delays are calculated. These delays are then 
sent to the NCCs and broadcast over the satellite beams, which is our Iono service. VBS users can augment or 
replace the ionosphere delays calculated by the Klobuchar model with actual delay calculations from nearby sta-
tions. Further, a user with a dual-frequency receiver can actually use ionosphere-free measurements to calculate 
a position. However, on average the ionosphere-free solution has more high-frequency noise due to the codeless 
tracking of the L2 GPS signal.

The Glonass service is simply a differential Glonass similar to the VBS process. Clients that have a combined 
GPS-Glonass receiver use this.

The HP (high precision) service consists of two different modes and combinations of both. The first service 
provides ionosphere-free code and carrier information from its reference sites. The process in the user receiver 
navigates using the phase measurements only. Code measurements are used at startup to estimate the initial phase 
offsets and position. The second service does not use reference station information, but rather only precise orbit 
and clock corrections. It is a phase-based process as well. This service is referred to as XP. Another mode where 
users can use the reference station corrections along with orbit and clock corrections is called HP/XP.

Space Weather Effects on OmniSTAR Services

When ionosphere disturbances occur, the single-frequency users suffer the worst. Theoretically, the use of Iono 
service will alleviate some of these issues, but isolated ionosphere disturbances cannot be corrected effectively 
unless a reference site is extremely close to the user.

Since the HP/XP service uses ionosphere-free corrections, the results will not be affected nearly as much as the 
single-frequency user set. However, with severe-enough ionosphere disturbances and codeless L2 tracking, receiv-
ers may not be able to maintain lock on the GPS satellites. Also, because of limited bandwidth on the broadcast 
satellites, corrections may be updated too slowly due to the fast changes in corrections at reference sites.

If receivers cannot maintain lock on a sufficient number of satellites, then the accuracy of the solution is 
degraded due to rising position dilution of precision (PDOP). 

Many of our clients rely on positioning to maintain their operations. They use multiple broadcast beams and 
multiple solutions to maintain reliability and quality control. However, a sudden loss of navigation that can affect 
all systems can occur as a result of severe ionosphere disturbances. If usage losses cannot be predicted in advance, 
then it can become extremely costly to our clients:

•	 Example 1. Oil drilling from a semi-submersible that has to disconnect quickly can easily cost the operator 
a million dollars.

•	 Example 2. Dive boat operations can risk the lives of the divers if the mother ship is driven off position.
•	 Example 3. The cost to an agriculture user is the possible destruction of crops if the guidance system veers 

off. Multiplied by the number of agriculture users this could have a significant impact.

What Is Needed by the User Community

Better alerts and predictions are needed of areas where ionosphere disturbances will occur. Most of the Omni-
STAR user base cannot interpret the information that is currently disseminated. Their only interest is in when their 
navigation system is going to work.

OmniSTAR does send out bulletins to its users via e-mails and postings on our websites when we know that 
conditions are such that accuracy might be affected due to PDOP holes and possible ionosphere disturbances. How-
ever, more often than not our ionosphere predictions do not come to pass for most of our users due to the localized 
nature of the disturbances. Thus, our alerts oftentimes are ignored, because we have cried wolf too often.
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A Space Mission Provider’s Perspective on Space Weather

Ronald S. Polidan, Civil Systems Division, Northrop Grumman Space Technology

As a space mission provider, we recognize two distinct aspects of space weather phenomena: measurement 
and impact. We are interested in helping the science community develop and build future space weather mission 
concepts, and we recognize the impacts of space weather as our primary environmental factor in designing mis-
sions to survive long and well in space and deliver all the mission objectives. 

Northrop Grumman has a long history of building missions with space weather payloads, from the earliest 
Pioneer and Orbiting Geophysical Observatory missions up to the modern-day NPOESS. Since our spacecraft and 
instrument technology continuously evolves we must stay abreast of how this new technology will survive in the 
harsh environment of space. We are also very aware of the variability of space weather phenomena and the research 
that has shown that, prior to our short 50 years in space, space weather events occurred that were much larger and 
would have been more damaging than anything experienced since 1957. In 2001 the Rumsfeld Commission warned 
us of the possibility of a “space Pearl Harbor”an attack on our space assets by an adversary that would leave 
us vulnerable. We feel there is also a real and serious threat to our space assets from major space weather events. 
We would also like to avoid a “space Katrina”a natural space weather storm that severely impacts, disables, or 
destroys our space assets. 

A new factor to be considered when developing future space weather measurement missions is the availability 
of lower-cost launches. Almost everyone is aware of the efforts to develop much lower cost launch vehicles such 
as the Falcon family that is being developed by SpaceX. But there are other approaches for low-cost access to 
space that are less well known. The Lunar CRater Observation and Sensing Satellite (LCROSS), currently being 
built by Northrop Grumman Space Technology for NASA Ames, is expected to launch in 2009 as a secondary 
payload with the Lunar Reconnaissance Orbiter (LRO). The LCROSS mission objective is to guide the upper stage 
of the launch vehicle to an impact in a permanently shadowed lunar crater and analyze the ejecta for the presence 
of water. While this is a very exciting mission, I would like to focus on how LCROSS is getting into space. The 
LCROSS mission is not tiny; it has a wet mass of over 800 kg and has significant on-board propulsion. We are 
looking at LCROSS-based space weather mission concepts that utilize this secondary payload approach for access 
to space. We feel that this can offer much lower launch costs and provide a vehicle with enough propulsion to get 
you where you would like to be to perform your space weather measurements.

Switching now to the impacts, rather than measurement, of space weather phenomena on space missions, I 
would like to discuss two aspects: the possible impacts of superstorms and what new technologies may be on the 
horizon that could mitigate some of the effects. Fortunately, the possible impacts of a superstorm on our current 
space assets have already been analyzed by Odenwald, Green, and Taylor (Advances in Space Research 38:280-297, 
2006). This excellent paper addresses what might happen to our space assets if a superstorm similar to the 1859 
Carrington-Hodgson event were to occur today. They suggest that the impacts would be widespread and severe, 
especially for geosynchronous and medium Earth orbit (GEO and MEO) missions. 

To mitigate some of the effects of such superstorms we can look to new electronics technologies that are more 
tolerant of space radiation. Radiation-hardened-by-design approaches may yield affordable space electronics that 
could help us “weather” such storms. There are a variety of potential technologies in the marketplace for us to 
draw from to build our future missions. Currently almost all of these technologies are in early stages of develop-
ment and need both a sustained technology development and rigorous testing in an appropriate space environment 
before they are ready for incorporation into a mission. But the promise is high. One small example is the DuraBitTM 
non-volatile memory being developed by TransEL: it offers the possibility of an upset rate of 1 upset per device 
every 108 years in “worst-case” geosynchronous solar storm conditions, and 1 every 1012 years for quiet solar 
conditions. This wide range of new technology needs to be aggressively evaluated by space mission providers to 
assess the true value to space missions.

New approaches and new technology are on the horizon that could make our next 50 years in space more 
affordable, better, and more secure than the first 50 years. We have a better understanding of space weather and 
its effects, but much more information is still needed. We are in the earliest stages of lower-cost access to space 
that could greatly benefit space weather measurement. New electronics technology, currently in development, 
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offers the possibility of mitigating all but the severest effects of space weather storms. We believe that a solid 
and integrated partnership between industry and the space weather community in developing the missions for the 
next 50 years of space can lead to more affordable and survivable missions and reduce the impacts of a “space 
Katrina” on our space assets. 

SPACE WEATHER IMPACTS IN RETROSPECT

M.A. Shea, Air Force Research Laboratory (emeritus) and  
CSPAR Senior Researcher, University of Alabama, Huntsville

The effect of solar-initiated disturbances on Earth’s environment has been known for more than a century. 
Even before the first visual observation of a solar flare, disruptions in telegraph communications were associated 
with geomagnetic disturbances. During World War II radar observations were disrupted during solar radio bursts, 
a fact that was classified until the end of the war. It wasn’t until 1946, however, that the emission of energetic 
particles from the Sun was recognized. 

The International Geophysical Year (1957-1958), which coincided with the advent of the Space Age, provided 
an unprecedented increase in our knowledge of the geophysical and spatial environment. The desire to exploit our 
spatial environment propelled the engineering community to produce increasingly smaller electronics without, at 
first, any concrete knowledge of the harshness of the space environment. While solar activity was very high during 
the 19th solar cycle (1954-1965), this magnitude of activity did not prevail over the next two solar cycles. With 
the exception of the events in August 1972, solar activity was relatively quiet until 1988. The events over the past 
two decades together with the major technological advances in the industrial community have resulted in some 
rather unexpected surprises for scientists, engineers, and even the general public. 

This presentation will summarize the chain of events from major solar activity to conditions in Earth’s environ-
ment that can lead to disruptions in what is now considered to be routine activities. Effects such as communica-
tion disruptions, electronic circuitry upsets, and increased radiation dose will be discussed. Specific examples of 
space weather impacts will be presented. Finally a review of historical solar proton events will be mentioned as 
cautionary advice that technological planners should consider the possibility of these extremely large events in 
the design of their operating systems. 

NASA’s Current Space Weather Services Infrastructure

O. Chris St. Cyr, NASA Goddard Space Flight Center, and  
Charles P. Holmes, NASA Headquarters

Two NASA directorates participate in the national space weather infrastructure: the Science Mission Direc-
torate (SMD) includes the Heliophysics Division, and the Space Operations Missions Directorate (SOMD) spon-
sors the Space Radiation Analysis Group (SRAG), whose concern is radiation exposure for human explorers in 
space.

The focus of the programs of the Heliophysics Division is to “understand the Sun and its effects on Earth and 
the solar system.” In particular the programs seek to understand the following: 

•	 How and why does the Sun vary? 
•	 How do Earth and planetary systems respond? 
•	 What are the impacts on humanity?

In pursuit of these questions, the Heliophysics Division has laid out these research objectives:

1.	 Understand the fundamental physical processes of the space environment from the Sun to Earth, to other 
planets, and beyond to the interstellar medium.
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2.	 Understand how human society, technological systems, and the habitability of planets are affected by solar 
variability and planetary magnetic fields. 

3.	 Develop the capability to predict the extreme and dynamic conditions in space in order to maximize the 
safety and productivity of human and robotic explorers.

The division executes a series of programs designed to achieve these research objectives. The programs include 
the flight missions, suborbital flights, and an active research program employing the data gathered from these flight 
activities as well as pursuing investigations and technologies needed for future missions.

The Heliophysics Division’s flight strategy is to deploy modest-sized space missions, frequently, to form a 
small fleet of solar, heliospheric, and geospace spacecraft that function in tandem to understand the coupled Sun-
Earth system. Operating this group of spacecraft as a single observatory (the Heliophysics Great Observatory, or 
HPGO) allows measurements across distributed spatial scales to be linked with a variety of models and provide 
capabilities for improving techniques for forecasting space weather. The HPGO has 17 missions currently operat-
ing, with 2 scheduled for launch and 4 more under development.

Current members of the HPGO include ACE and STEREO, which have the added feature of real-time data 
beacons that broadcast current space environment data for use by the space environment reporting and prediction 
centers at NOAA, USAF, and others. Also near-real-time data from SOHO provide valuable information on cur-
rent solar activity and warnings of solar energetic particles. The SDO mission’s high-resolution solar imagery will 
be made available in near-real time to the space environment community. Plans are in the works to consider data 
beacons on the future mission RBSP (2012) and possibly MMS (2014).

The Heliophysics Division solicits through NASA Research Announcements up to nine annual competitions 
for investigations directed at achieving the division’s research objectives. Many of the investigations involve 
improving models, theory, or physical interpretations fundamental to space weather topics.

The Heliophysics program incorporates a data environment that retains and broadly distributes data gathered 
from the science instruments of the HPGO. Heliophysics sponsors NASA’s participation in the Community Coor-
dinated Modeling Center (CCMC), a multiagency partnership to enable, support, and perform the research and 
development for next-generation space science and space weather models. The CCMC is a primary vehicle for 
demonstrating that community research models are suitable for consideration for space weather production uses.

Radiation protection is essential for humans to live and work safely in space. The goal of NASA’s Radiation 
Health Program is to achieve human exploration and development of space without exceeding acceptable risk from 
exposure to ionizing radiation. Legal, moral, and practical considerations require that NASA limit postflight risks 
incurred by humans living and working in space to “acceptable” levels.

The Space Radiation Analysis Group (SRAG) at the Johnson Space Center is responsible for ensuring that 
the radiation exposure received by astronauts remains below established safety limits. To fulfill this responsibility, 
the group provides:

•	 Radiological support during missions.
•	 Preflight and extravehicular activity (EVA) crew exposure projections.
•	 Evaluation of radiological safety with respect to exposure to isotopes and radiation-producing equipment 

carried on the spacecraft.
•	 Comprehensive crew exposure modeling capability.
•	 Radiation instruments to characterize and quantify the radiation environment inside and outside the human-

bearing spacecraft.	

The SRAG is NASA’s only real-time space environment operations activity. It is a principal customer of 
NOAA/SWPC. NASA’s Office of the Chief Engineer is conducting a comprehensive study toward understanding 
agency requirements and capabilities needed to support the future human exploration program.
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POLAR OPERATIONS AND SPACE WEATHER

Michael Stills, International Operations Flight Dispatch, United Airlines

When planning polar operations, United Airlines relies on the NOAA Space Weather Prediction Center’s 
website to provide the latest space weather data.

SATCOM capability is lost at approximately 82 degrees north latitude as a result of satellite positioning. 
United has found that solar activity can impede HF capability, and therefore United monitors absorption data in 
the polar region. Degraded HF in the polar region can limit an aircraft’s ability to communicate with air traffic 
control and the company. This situation will be accounted for in the planning process and avoided. United is also 
aware of proton flux levels that may be a reason for concern during solar events.

The Space Weather Prediction Center in Boulder has created on its website the tab “Space Weather for Avia-
tion Service Providers,” which focuses on the information pertinent to airline operations. In conjunction with alerts 
based on the NOAA space weather scales, the aviation tab provides a quick snapshot of current space weather. 

Airline operations require a considerable amount of preplanning, and terrestrial weather forecasts are an inte-
gral part of this process. For polar flights any and all space weather trends or forecasts are taken into account and 
may include avoidance of the region if the severity of the event dictates per internal policy. 

Space weather events do not regularly impact airline operations. There have only been several occurrences 
since 1999 that have caused United flights to deviate from optimum routes. Though infrequent, these events 
have been costly and significantly impact some of the long-haul flights. The duration of the events is also of 
importance.

When space weather events cause operational restrictions, the results have caused delays and fuel stops for 
flights normally capable of nonstop operations. Current policies protect for solar events, but having information in 
advance and increasing lead time for planning would be advantageous for the industry. United realizes that much 
of the data currently available is not specifically geared for aviation. 
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Biographies of Committee Members and Staff

DANIEL N. BAKER, Chair, is director of the Laboratory for Atmospheric and Space Physics at the University of 
Colorado at Boulder and is a professor of astrophysical and planetary sciences and a professor of physics there. 
His primary research interest is the study of plasma physical and energetic particle phenomena in planetary mag-
netospheres and in Earth’s vicinity. He conducts research in space instrument design, space physics data analysis, 
and magnetospheric modeling. Dr. Baker has published over 700 papers in the refereed literature and has edited six 
books on topics in space physics. He is a fellow of the American Geophysical Union, the International Academy of 
Astronautics, and the American Association for the Advancement of Science (AAAS). He currently is an investiga-
tor on several NASA space missions, including the MESSENGER mission to Mercury, the Magnetospheric Multi-
Scale (MMS) mission, the Radiation Belt Storm Probes (RBSP) mission, and the Canadian ORBITALS mission. 
He has won numerous awards for his research efforts and for his management activities, including recognition by 
the Institute for Scientific Information as being “highly cited” in space research. Dr. Baker was chosen as a 2007 
winner of the University of Colorado’s Robert L. Stearns Award for outstanding research, service, and teaching. 
He currently serves on several national and international scientific committees and on advisory panels of the U.S. 
Air Force and other federal agencies. He was a member of the Panel on Atmosphere-Ionosphere-Magnetosphere 
of the National Research Council’s (NRC’s) 2003 solar and space physics decadal survey and he was a member 
of the 2006 decadal review of the U.S. National Space Weather Program.

ROBERTA BALSTAD is a senior research scientist at Columbia University and a senior fellow with the Center 
for International Earth Science Information Network (CIESIN) at Columbia University. Dr. Balstad has published 
extensively on science policy, information technology and scientific research, remote sensing applications and 
policy, and the role of the social sciences in understanding global environmental change. Before joining Columbia 
University, Dr. Balstad was the director of the Division of Social and Economic Sciences at the National Science 
Foundation, the founder and first executive director of the Consortium of Social Science Associations (COSSA), 
and president of CIESIN. She is chair of the NRC U.S. National Committee for CODATA, a member of the Com-
mittee on a Survey of the Scientific Use of the Radio Spectrum, and a member of the U.S. National Committee 
for the International Institute for Applied Systems Analysis. Dr. Balstad was chair of the NRC Steering Committee 
on Space Applications and Commercialization.
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J. MICHAEL BODEAU has 28 years of experience in the satellite industry and is currently a technical fellow at 
Northrop Grumman Space Technology. During his career, he has supported the system engineering and detailed 
design of commercial telecommunication satellites, meteorological satellites, NASA great observatories, and 
government satellites. His expertise covers the various impacts space weather has on satellite performance and 
in-orbit anomaly resolution. He has briefed NASA, the U.S. Air Force, NOAA, and other agencies, as well as com-
mercial satellite operators and insurers, on space weather impacts and mitigation. Mr. Bodeau has made multiple 
presentations to the space weather community on the needs of satellite designers, led a satellite industry splinter 
group at the October 2002 NASA-sponsored Radiation Belt Model Workshop, and has worked with the space 
science community to generate new plasma climatology models for GEO satellite design based on 15 years of 
accumulated in-orbit environment data.

EUGENE CAMERON is manager of Global Support Flight Dispatch for United Airlines and is responsible for 
coordinating policies and procedures for United Airlines’ International Flight Dispatch Operations. Mr. Cameron 
has been instrumental in the development of cross-polar operations between North America and Asia. He has been 
associated with the flight dispatch operations of United during his entire career and is active on several International 
Air Transport Association (IATA) working groups, along with various international air traffic working groups, in 
the development of new international routes and procedures. Mr. Cameron was the first airline representative to 
work with the Space Environment Center in 1999 and 2000 to coordinate information exchanges concerning space 
weather effects on commercial flights in the polar region. 

JOSEPH F. FENNELL holds the position of distinguished scientist in the Space Science Application Laboratory 
at the Aerospace Corporation. Dr. Fennell’s recent research has included studies of magnetic storm and radiation 
belt processes, high-altitude plasma sheet, ring current composition studies, and magnetospheric boundary regions. 
Dr. Fennell has been involved in the development, fabrication, testing, and flight of many different particle instru-
ments, ranging from auroral and magnetospheric plasma instruments to medium- and high-energy electron and ion 
sensors. His most recent instrumentation efforts have involved the energetic particle and energetic ion composition 
measurements on the CRRES, POLAR, and Cluster satellites. Dr. Fennell was a member of the NRC Commit-
tee on Solar-Terrestrial Research, and he served on the Panel on Solar Wind-Magnetospheric Interactions of the 
Committee on Solar and Space Physics: A Community Assessment and Strategy for the Future. He is a member 
of the NRC Committee on Solar and Space Physics.

GENENE M. FISHER is a senior policy fellow at the Policy Program of the American Meteorological Society 
(AMS) and a visiting assistant professor of physics at North Carolina State University. Her policy research interests 
include space weather and atmospheric policy, federal funding of science research, and the interaction between 
the federal government, scientific community, and private sector. Dr. Fisher’s work focuses on policy research and 
analyses to improve how decisions are made by space weather scientists, end users, and policy makers regarding 
the impact of space weather on present and future technologies. 

KEVIN F. FORBES is an associate professor of economics and chair of the Business and Economics Depart-
ment at the Catholic University of America, where he teaches courses in microeconomics, industrial organization, 
and econometrics. He is an active participant in Stanford University’s Energy Modeling Forum in which energy 
experts from government, industry, universities, and other research organizations meet to study important energy 
and environmental issues of common interest. With the support of the National Science Foundation, he has also 
written and lectured on the effects of geomagnetic storms on the electricity market. He has recently coauthored a 
study that examines space weather effects on electricity market outcomes in 12 power grids. 

PAUL M. KINTNER is a professor of electrical and computer engineering at Cornell University. Dr. Kintner’s 
research focuses on investigating the interaction of radio signals, both natural and man-made, with Earth’s iono-
sphere or magnetosphere. Dr. Kintner’s studies include the propagation of electromagnetic signals (such as VLF 
signals initiated by lightning or navigational stations), the amplification of both natural and man-made signals 
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in space, the acceleration of ionospheric plasma by waves to form the radiation belts, and the effect of the space 
environment on the propagation of radio signals, specifically GPS signals. Dr. Kintner is an experimentalist who 
acquires electric field and magnetic field measurements from sounding rockets and satellites as well as ground-
based measurements using arrays of GPS receivers. He has served on the Arecibo Scientific Advisory Committee, 
and he chaired the Geospace Mission Definition Team, NASA’s Management Operations Working Group, and the 
Living With a Star-Science Architecture committee. He is a former chair of the NASA Sun-Earth Connections 
Advisory Subcommittee. He was a member of the NRC Committee on Solar and Space Physics.

LOUIS G. LEFFLER retired in June 2006 after a 47-year career in the electric power industry. He was a manager 
of critical infrastructure protection with the North American Electric Reliability Council (NERC), where he helped 
electric utilities develop policy and practices to ensure protection of the nation’s electric infrastructure against 
such hazards as geomagnetic disturbances created by space weather. He also helped develop tools to assist power 
system operators and reliability coordinators to help ensure bulk electric system reliability. Prior to joining NERC, 
he worked for the Public Service Electric and Gas Company of New Jersey, and his assignments included working 
with fossil power production, power station engineering (fossil and nuclear), and power system operations. He 
was chief engineer of a 1300-MW power station and general manager of system operations. As project manager 
for the General Agreement on Parallel Paths, he assisted in shaping policy and practices intended to ensure reli-
able and equitable use of the interconnected transmission systems of the eastern United States and Canada. Mr. 
Leffler was involved in studying the March 1989 geomagnetic storm, and he was a presenter at the Space Weather 
Industry Day in Washington, D.C., in May 2006. He is a registered professional engineer and licensed steam plant 
engineer in New Jersey. 

WILLIAM S. LEWIS is principal scientist with the Space Research and Engineering Division of the Southwest 
Research Institute. Dr. Lewis’ primary research interest is in the area of auroral physics. He has co-authored papers 
on Jupiter’s x-ray and far-ultraviolet aurora, Earth’s proton aurora, Europa’s sputter-produced atmosphere, and 
the Cassini Ion and Neutral Mass Spectrometer (INMS) investigation. He is currently involved in studies using 
data obtained with the far-ultraviolet imaging system on the IMAGE spacecraft, with particular emphasis on the 
proton aurora. Dr. Lewis has been involved in the preparation of several NRC documents. As consultant to the 
Solar and Space Physics Survey Committee, he worked with the committee and NRC staff on the preparation of 
the first decadal survey in solar and space physics, The Sun to the Earth—and Beyond. He has also worked closely 
with the NRC Committee on Solar and Space Physics on the Plasma Physics of the Local Cosmos report and on 
a popular booklet based on the decadal survey report. Dr. Lewis is a member of the American Geophysical Union 
and chaired the Web site committee of the AGU Space Physics and Aeronomy section (1998-2000). He was a 
member of the NRC Committee on Solar and Space Physics and of the Workshop Organizing Committee on Solar 
System Radiation Environment and NASA’s Vision for Space Exploration.

JOSEPH B. REAGAN is a technology and senior management consultant. He retired in 1996 after a 37-year career 
at Lockheed Martin Corporation that included serving as vice president and general manager of the Palo Alto 
Research Laboratories and as a corporate vice president. His primary area of interest is technology development, 
and he has a broad range of experience in developing technologies in the sensor, software, cryogenics, instrumenta-
tion, materials and electro-optical areas. Dr. Reagan spent 25 years of his early career in the study of space radia-
tion and its impact on space systems, the ionosphere, and the atmosphere. He was involved with the first satellite 
measurements of the aurora borealis in 1960 and led more than 20 space experiments during his career. He was a 
principal advisor on space radiation effects to Lockheed military and civil space programs. Dr. Reagan is a fellow 
of the American Institute of Aeronautics and Astronautics and has received numerous awards for his achievements. 
He was elected to the National Academy of Engineering in 1998 and chaired the Aerospace Engineering section 
from 2005 to 2007. He also served as vice chair of the NRC Naval Studies Board from 2000 to 2004.

ARTHUR A. SMALL III is an associate professor in the Department of Meteorology at Pennsylvania State Uni-
versity. Dr. Small, an economist, conducts research that focuses on how variations in weather and climate create 
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economic and financial risks, and on the means to manage these risks effectively. He also applies tools and con-
cepts from quantitative finance to analyze markets for energy products, emissions, and weather derivatives. One 
of his objectives is to develop models of weather risk that can be integrated with financial models to create tools 
for derivative pricing, asset valuation, trading, and risk management. Dr. Small’s research results have appeared 
in publications that include the Journal of Political Economy, Review of Economics and Statistics, Journal of 
Environmental Economics and Management, and the BE Press Topics in Economic Analysis and Policy. He has 
served as an editorial reviewer for numerous scholarly publications and currently serves on the editorial council 
for the Journal of Environmental Economics and Management.

THOMAS A. STANSELL heads Stansell Consulting, which he founded in 1999. Previously he was a vice president 
at Leica Geosystems, where he was involved in technology development and strategic relationships. Mr. Stansell 
is a pioneer of satellite navigation and has served the satellite navigation community for more than 43 years. 
Mr. Stansell began his career in 1960 when he joined the Johns Hopkins University Applied Physics Laboratory 
Navy Navigation Satellite System development program. He led teams that developed the first integrated micro-
computer-based satellite navigation receiver and the first microcomputer-based Doppler survey instrument, also 
called Geoceiver, the primary instrument employed by the Defense Mapping Agency for nearly two decades. In 
the 1980s he led the transition of Magnavox’s commercial satellite navigation and positioning technologies and 
products from Transit (the first operational satellite positioning system) to the Global Positioning System (GPS). 
He also led the development of miniature GPS survey receivers, pioneered precise and real-time GPS control of 
earth-moving machinery, and received patents for multipath mitigation techniques. Mr. Stansell is the recipient of 
the 1996 Institute of Navigation (ION) Weems Award, the 2000 Institute of Electrical and Electronics Engineers 
(IEEE) Position and Navigation Symposium (PLANS) Kershner Award, the 2002 GPS Joint Program Office Navstar 
Award, and the ION Satellite Division’s 2004 Johannes Kepler Award. He is a member of the “GPS World” and 
“Inside GNSS” editorial advisory boards and was elected a fellow of the ION in 1999. Mr. Stansell holds several 
GPS-related patents, and currently he is serving as the ION western regional vice president.

LEONARD STRACHAN, JR., is an astrophysicist at the Smithsonian Astrophysical Observatory. Dr. Strachan 
is a co-investigator with the Ultraviolet Coronagraph Spectrometer (UVCS) team on the Solar and Heliospheric 
Observatory (SOHO) mission. His research involves using space-based ultraviolet spectroscopy to understand 
the physical properties of the solar corona. These measurements are important for understanding the processes 
that drive both steady and dynamic solar wind. His previous experience includes participating in the instrument 
development, science operations, and data analysis for the Spartan 201 Space Shuttle experiment. Dr. Strachan has 
been a member of the NASA Solar and Heliospheric Management and Operations Working Group and the NASA 
Sun-Solar System Connection Roadmap Committee. Most recently he served on the NRC Committee on Solar 
and Space Physics and on the ad hoc Workshop Organizing Committee on Solar System Radiation Environment 
and NASA’s Vision for Space Exploration.

Staff

SANDRA J. GRAHAM has been a senior program officer at the Space Studies Board since 1994. During that time 
Dr. Graham has directed a large number of major studies, many of them focused on space research in biological 
and physical sciences and technology. More recent studies include an assessment of servicing options for the 
Hubble Space Telescope, reviews of the NASA roadmaps for space sciences and the International Space Station, 
and a review of NASA’s Space Communications Program while on loan to the Aeronautics and Space Engineering 
Board. Before receiving her Ph.D. in inorganic chemistry from Duke University in 1990, she carried out research 
focused primarily on topics in bioinorganic chemistry, such as the exchange mechanisms and reaction chemistry 
of biological metal complexes and their analogs. From 1990 to 1994, she held the position of senior scientist at 
the Bionetics Corporation, where she worked in the science branch of the Microgravity Science and Applications 
Division at NASA Headquarters.
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THERESA M. FISHER is a program associate with SSB. During her 25 years with the Academies, she has held 
positions in the executive, editorial, and contract offices of the National Academy of Engineering and positions 
with several NRC boards, including the Energy Engineering Board, the Aeronautics and Space Engineering Board, 
the Board on Atmospheric Sciences and Climate, and the Marine Board.

CATHERINE A. GRUBER is an assistant editor with SSB. She joined SSB as a senior program assistant in 1995. 
Ms. Gruber first came to the NRC in 1988 as a senior secretary for the Computer Science and Telecommunications 
Board and has worked as an outreach assistant for the NAS-Smithsonian Institution’s National Science Resources 
Center. She was a research assistant (chemist) in the National Institute of Mental Health’s Laboratory of Cell 
Biology for 2 years. She has a B.A. in natural science from St. Mary’s College of Maryland.

VICTORIA SWISHER joined the Space Studies Board in December 2006 as a research associate. She recently 
received a B.A. in astronomy from Swarthmore College. She has presented the results of her research at the 2005 
and 2006 American Astronomical Society (AAS) meetings and at various Keck Northeast Astronomy Consortium 
(KNAC) undergraduate research conferences. Her most recent research focused on laboratory astrophysics and 
involved studying the x-rays of plasma, culminating in a senior thesis entitled “Modeling UV and X-ray Spectra 
from the Swarthmore Spheromak Experiment.”
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Select Acronyms and Terms

ACE	 Advanced Composition Explorer
AFSPC	 Air Force Space Command (headquartered at Peterson Air Force Base Colorado)
AFWA	 Air Force Weather Agency
CCMC	 Community Coordinated Modeling Center (a NASA-supported program)
CME	 coronal mass ejection
COST	 Cooperation in Science and Technology 
CRRES	 Combined Release and Radiation Effects Satellite
DOD	 Department of Defense
Dst	 distributed storage time
ESA	 European Space Agency 
EU	 European Union
FAA	 Federal Aviation Administration
GIC	 geomagnetically induced current
GOES	 Geostationary Operational Environment Satellite
GPS	 Global Positioning System
HF	 high frequency (3-30 MHz)
JSpOC 	 Joint Space Operations Center
Kp index	 A planetary index of geomagnetic activity that ranges from Kp0 to Kp9 where Kp9 represents 

the most severe storm
LF/HC	 low-frequency/high-consequence
LRO	 Lunar Reconnaissance Orbiter (NASA Space Exploration Mission)
LWS	 Living With a Star (NASA program)
NSF	 National Science Foundation
now-cast	 near-term space weather forecast
NSWP 	 National Space Weather Program
PCA	 polar cap absorption
R&D 	 research and development
RF	 radio frequency
SA	 situational awareness
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SDO	 Solar Dynamics Observatory
SEC 	 Space Environment Center
SEP	 solar energetic particle
SOHO	 Solar and Heliospheric Observatory
STEREO	 Solar-Terrestrial Relations Observatory
SWENET	 Space Weather European Network
SWPC	 Space Weather Prediction Center (NOAA)
SWWT	 Space Weather Working Team
TEC	 total electron content
USAF	 U.S. Air Force
USGS	 U.S. Geological Survey
WAAS	 Wide Area Augmentation System




