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�I.  Introduction



As the world moves into the twenty-first century, our civilization is relying more and more on technology that is affected in some way by conditions in the space environment.  To prepare ourselves to deal with these vulnerabilities, several U. S. government agencies have developed a program called the National Space Weather Program (NSWP). “Space weather” refers to conditions on the sun and in the solar wind, magnetosphere, ionosphere, and thermosphere that can influence the performance and reliability of space-borne and ground-based technological systems and can endanger human life or health. This document presents the implementation plan for the NSWP. It is the culmination of months of multi-agency coordination  and represents a dedicated effort by Federal agencies to improve capabilities in an area that has critical societal impacts.



I.A.  Scope of the Program



The National Space Weather Program encompasses all activities necessary for the timely specification and forecast of natural conditions in the space environment that may impact technical systems.  The domain of primary interest to the program includes the sun and solar wind, the magnetosphere, the ionosphere, and the thermosphere.  Because of the vastness and complexity of the region of interest, all traditional areas of space sciences can contribute to achieving the program goals.  For example, the study of planetary atmospheres and magnetospheres are important in testing our understanding of the fundamental physical processes that govern the terrestrial environment.  Similarly, laboratory studies of plasmas and chemical reaction rates can help to improve our ability to observe and understand phenomena that occur in space.



Space weather begins at the sun's surface, the source of radiative and particle energy impacting Earth.  Solar activity changes the radiative and particle output of the sun, producing corresponding changes in the near-Earth space environment, as well as at Earth's surface.  The most dramatic events on the sun, insofar as space weather effects are concerned, are solar flares and coronal mass ejections.  Although longer term variations in solar emissions do not produce dramatic space weather effects, they are important in helping us understand the underlying processes behind the short-term variations.



Changes in the radiative output from the sun directly affect the state of the upper atmosphere and ionosphere through the excitation and ionization of atoms and molecules. Particle emissions from the sun include both energetic particles and the low energy plasma comprising the solar wind.  Both particles and fields evolve as they flow outward from the sun, expecially as they create or interact with interplanetary shocks.



The solar wind moves outward from the sun and impinges on Earth.  The plasma and magnetic field of the solar wind interacts with Earth's atmosphere and geomagnetic field creating a tear-drop shaped region called the magnetosphere.  The surface of this region, referred to as the magnetopause, is at a distance of 5 to 10 Earth radii in the sunward direction and extends to distances beyond the orbit of the moon in the antisunward direction.  The magnetopause represents a barrier that prevents all but a fraction of the energy carried by the solar wind from entering the magnetosphere.  Under normal conditions, this energy is stored in the form of the particles and fields of the magnetosphere, but under some conditions it is impulsively released into Earth's atmosphere.  This impulsive release of energy is referred to as a magnetospheric substorm.  It is characterized by the appearance of bright, dynamic aurora and the development of intense ionospheric currents.  During substorms the magnetic field in the magnetosphere suddenly assumes a new configuration followed by a recovery period that takes many hours.  



While substorms describe a relatively short-lived response of the magnetosphere to solar wind stimulus, geomagnetic storms are a sustained, long-lived (days to weeks) response to prolonged period of solar wind flow characterized by a strong, southward interplanetary field.  This condition leads to a substantial energization of the ring current - a belt of quasi-trapped protons and heavier ions, and therefore significant geomagnetic fluctuations at low geographic latitudes.  Magnetospheric particles precipitate into the polar caps, heating the neutral atmosphere and launching ionospheric disturbances.  Substorms punctuate periods of geomagnetic storms, adding to the mix.  Once solar wind conditions return to undisturbed, the magnetosphere and ionosphere require hours to days to recover.



Because Earth's magnetic field permeates the magnetosphere, most magnetospheric processes are manifested in some way by changes in the properties of the ionosphere and thermosphere, for example, electrical currents, auroral emissions, frictional heating, ionization and scintillation.  All of these phenomena are elements of near-Earth space weather.  These effects are also influenced by processes originating at lower altitudes, such as gravity waves, and direct energy deposition from solar radiation and cosmic rays.  Space weather effects also include the electrical currents induced within Earth's surface as a result of changes in ionospheric currents.



This brief description of the space weather system demonstrates the vastness of the region of interest to the National Space Weather Program and the complexity of the physical processes that must be understood.  Adding to this complexity is the high degree of coupling between the various regions.  The NSWP will emphasize the importance of dealing with the space environment as a seamless system in which processes occurring in one location cannot be understood without adequate knowledge of the way the entire system is linked together.



The National Space Weather Program is primarily concerned with naturally occurring phenomena in the space environment.  Thus, the Program does not specifically address the possible impact of orbital debris on satellite systems.  However, the NSWP will contribute to the accurate tracking of objects in space by improving the specification and prediction of variations in atmospheric density which affect the drag on orbiting objects.



Similarly, the NSWP does not deal directly with the engineering aspects that enter into the design and development of technical systems.  Here again, the Program can be of benefit to the community by providing detailed information about the space environment so that engineers can better design these systems.  Often accurate specification of the range in environmental parameters to which a piece of equipment will be subjected can result in significant cost savings.



The goal of the NSWP is to provide products to a community of customers that is continually changing.  Each of these customers may have different requirements, making it a formidable task to provide customized products.  The routine production of information tailored to meet specific customer requirements is not within the scope of the NSWP.  The specification and forecast information provided by the forecast centers will be sufficient to allow such tailored products to be developed either by the customers themselves or by others offering to provide these services.  In particular, the need for these services constitute opportunities for small businesses or other profit-making enterprises.  In the case of the DoD customers, it is expected that the DoD itself will take responsibility for its own tailored products. Agency representatives and customers involved in the NSWP will routinely evaluate the status of NSWP products and agree upon the level of information falling within the scope of the program.



I.B.  Relevance to the Nation



Space weather is working its way into the national consciousness as we see an increasing number of problems with parts of our technological infrastructure, such as satellite failures and widespread electric power  brown outs and black outs.  As our society grows more dependent on advanced technology systems, we become increasingly more vulnerable to malfunctions in those systems.



For example, long-line power networks connecting widely separated geographic areas have increased the probability of power grids absorbing damaging electric currents induced by geomagnetic storms; the miniaturization of electronic components on satellites makes them potentially more susceptible to damage by high-energy particles; aircraft designed to fly at 60,000 feet have increased human risk to radiation exposure during severe space weather.  Table I.1 lists some significant space weather events and their impacts over the past several years.



National vulnerabilities to space weather include the following:



Engineering Aspects

Engineers use space environment information to specify the extent and types of protective measures that are to be designed into a system and to develop operating plans that minimize space weather effects.  However, engineering solutions to some problems may be very costly or impossible to implement.  After the fact, engineers use space environment information to determine the source of failures and develop corrective actions.  Significant economic and societal benefits can be realized if designers of emerging technology:  (1) can anticipate the properties of the space environment to which the hardware will be subjected;  (2) can depend on accurate and timely predictions of space weather, and (3) can take advantage of post-event analysis to determine the source of system anomalies and failures and build a database for future planning. 





March 24, 1940.  A “great” geomagnetic storm rendered inoperative 80% of all long-distance telephones out of Minneapolis, Minnesota.  Electric service was temporarily disrupted in portions of New England, New York, Pennsylvania, Minnesota, Quebec, and Ontario.



February 9-10, 1958.  A geomagnetic storm caused severe interruptions on Western Union’s North Atlantic telegraph cables and rendered voice communications very difficult on the Bell System transatlantic cable from Newfoundland to Scotland.  Toronto, Canada experienced a temporary blackout.



August 4, 1972.  A severe geomagnetic storm caused a 30-minute shutdown of the Bell System coaxial cable link between Plano, Illinois and Cascade, Iowa.  A power transformer failed at the British Columbia Hydro and Power Authority.



November 26, 1982.  The GOES 4 visible and infrared spin-scan radiometer, which maps cloud cover, failed 45 minutes after the arrival of high-energy protons from a major solar flare.  The untimely failure occurred as a series of intense storms hit the California coast.



March 13-14, 1989.  A severe geomagnetic storm caused a system-wide power failure in Quebec, Canada, resulting in the loss of over 20,000 megawatts.  The blackout cut electric power to several million people.  Time from onset of problems to system collapse was about 90 seconds.  HF radio frequencies were virtually unusable worldwide, while VHF transmissions traveled unusual distances and created interference problems.  A Japanese communications satellite lost half of its dual redundant command circuitry.  A NASA satellite dropped 3 miles in its orbit due to the increase in atmospheric drag.



April 29, 1991.  A transformer at the Maine Yankee Nuclear Plant catastrophically failed within a few hours of a severe geomagnetic storm onset.



January 20-21, 1994.  Two Canadian communications satellites failed, interrupting telephone, television, and radio service for several hours.   The failures occurred after an extended period of high electron levels in the satellite environment.



                       Table I.1.  Impacts of Significant Space Weather Events� 



Satellite Systems

Space weather affects satellite missions in a variety of ways, depending on the orbit and satellite function.  Our society depends on satellites for weather information, communications, navigation, exploration, search and rescue, research, and national defense.  The impact of satellite system failures is more far-reaching than ever before, and the trend will almost certainly continue at an increasing rate.



Energetic particles that originate from the sun, from interplanetary space, and from the Earth's magnetosphere continually impact the surfaces of spacecraft.  Highly energetic particles penetrate electronic components, causing bit-flips in a chain of electronic signals that can result in spurious commands within the spacecraft or erroneous data from an instrument.  These spurious commands have caused major satellite system failures that might have been avoided if  ground controllers had had advance notice of impending particle hazards.  Less energetic particles contribute to a variety of spacecraft surface charging problems, especially during periods of high geomagnetic activity.  In addition, energetic electrons responsible for deep dielectric charging can degrade the useful lifetime of internal components.  Overall radiation dose can ultimately determine satellite lifetime.



Highly variable solar ultraviolet radiation continuously modifies terrestrial atmospheric density and temperature, affecting spacecraft orbits and lifetimes.  Major geomagnetic storms result in heating and expansion of the atmosphere, causing significant perturbations in low-altitude satellite trajectories.  At times, these effects may be severe enough to cause premature re-entry of orbiting objects, such as Skylab in 1979.  It is important that satellite controllers be warned of these changes and that accurate models are in place to realistically account for the resulting atmospheric effects.  The Space Shuttle is also vulnerable to changes in atmospheric drag;  re-entry calculations for the orbiter are highly sensitive to atmospheric density, and errors can threaten the safety of the vehicle and its crew.



Power Systems

Modern power grids are extremely complex and widespread.  The long power lines that traverse the nation are susceptible to electric currents induced by the dramatic changes in high-altitude ionospheric currents that occur during geomagnetic storms.  “Surges” in power lines from induced currents can cause massive network failures and permanent damage to multi-million dollar equipment in power generation plants.  The resulting social chaos, economic impacts, and threat to safety during wide-spread power outages could far outweigh the cost of repairing the electricity availability problem, considering the significant national dependence on reliable power.  



The electric power distribution system has developed an increased susceptibility to geomagnetically induced currents because of widespread grid interconnections, complex electronic controls and technologies, and large inter-area power transfers.  The phenomenon occurs globally and simultaneously, and industry operations allow for little redundancy or operating margin to absorb the effects.  Mitigation of such effects is fairly straightforward provided advance notice is given of an impending storm;  specific strategies presently exist within the power industry.  An economic issue almost equally important to the industry is to minimize costly false alarms.  



Navigation Systems

The accuracy of maritime navigation systems using very low frequency signals, such as LORAN and OMEGA, depends on knowing accurately the altitude of the bottom of the ionosphere.  Rapid vertical changes in this boundary during solar flares and geomagnetic storms can introduce errors of several kilometers in location determinations.  



The Global Positioning System (GPS) operates by transmitting radio waves from satellites to receivers on the ground, aircraft, or other satellites.  These signals are used to calculate location very accurately.  However, significant errors in positioning can result when the signals are refracted and slowed by ionospheric conditions.  Future high-resolution applications of GPS technology will require better space weather support to compensate for these induced errors.  Accurate specification and prediction of the properties of the ionosphere will aid in the design and operation of these emerging systems. 



Communications

Communications at all frequencies are affected by space weather.  High frequency (HF) radio wave communication is more routinely affected because this frequency depends on reflection from the ionosphere to carry signals great distances.  Ionospheric irregularities contribute to signal fading;  highly disturbed conditions, usually near the aurora and across the polar cap, can absorb the signal completely and make HF propagation impossible.  Accurate forecasts of these effects can give operators more time to find an alternative means of communication.  Telecommunication companies increasingly depend on higher frequency radio waves that penetrate the ionosphere and are relayed via satellite to other locations.  Signal properties can be changed by ionospheric conditions so that they can no longer be accurately received at the Earth's surface.  This may cause degradation of signals, but more importantly can prohibit critical communications, such as those used in search and rescue efforts and military operations. 



Manned Space Flight

Besides being a threat to satellite systems, energetic particles present a hazard to astronauts on space missions.  On Earth we are protected from these particles by the atmosphere, which absorbs all but the most energetic cosmic ray particles.  During space missions, astronauts performing extra-vehicular activities are relatively unprotected.  The fluxes of energetic particles can increase hundreds of times, following an intense solar flare or during a large geomagnetic storm, to dangerous levels.  Timely warnings are essential to give astronauts sufficient time to return to their spacecraft prior to the arrival of such energetic particles.  High altitude aircraft crews and passengers on polar routes (e.g., SST, U-2) are also susceptible to radiation hazards during similar events.



I.C.  Summary of the Strategic Plan



Recognizing the need for a more coordinated effort to improve present capabilities in specifying and forecasting conditions in the space environment, federal agencies representing the research, operations, and user communities have initiated the NSWP.  The overarching goal of the program is to achieve an active, synergistic, interagency system to provide timely, accurate, and reliable space weather warnings, observations, specifications, and forecasts within the next 10 years.  By building on existing capabilities and establishing an aggressive, coordinated process to set national priorities, focus agency efforts, and leverage resources, the National Space Weather Program provides the path to attain this goal.  The activities that the NSWP will conduct are listed in Table I.2 and the specific goals of the program are enumerated in Table I.3.



The National Space Weather Program will



		(	Assess and document the impacts of space weather 

		(	Identify customer needs 

		(	Set priorities		

		(	Determine agency roles

		(	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



                       Table I.2.  National Space Weather Program Activities



The key elements of the Space Weather Program are described below.



Forecast and Specification Services.  The predominant driver of the Program is the value of space weather forecasting services to the Nation.  The accuracy, reliability, and timeliness of space weather specification and forecasting must become comparable to that of conventional weather forecasting.  Early warning capabilities of impending dangerous conditions must become equally reliable to be valuable for mitigation purposes.  The strengthening of services includes modernization of facilities;  implementation of new models and other analysis and forecast techniques;  improved education and training;  improved production, design, and dissemination of forecast products;  and improved communication with the users of the services.  Proposed operational models, instrumentation, and techniques will be evaluated according to their potential to improve forecasting services. 



The National Space Weather Program Goals 

To advance

		(	observing capabilities

		(	fundamental understanding of processes

		(	numerical modeling

		(	data processing and analysis

		( transition of research into operational				   techniques and algorithms

		(	forecasting 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 

		(	disruption of communications via satellite, 				HF, and VHF radio	

		(	disruption of long-line telecommunications

		(	errors in navigation systems

		(	excessive radiation doses dangerous to 				human health



                            Table I.3.  National Space Weather Program Goals



Research will include intensive efforts in understanding the fundamental physical processes that affect the state of the sun, solar wind, magnetosphere, ionosphere, and atmosphere, with a focus on answering research questions that impede progress in improving forecasting capability.  Radiative, dynamical, electrical, and chemical coupling between different regions will be studied using data from existing ground and space-based instrumentation.  Theoretical investigations in these areas will help to define the needed observations and will aid the development of operational models.



Observations.  The Program will build on existing capabilities and include a determination of new data needs and the value of current data.  As the Program progresses, observations in support of research and forecasting are expected to grow, as critical parameters for forecasting are identified, measurement techniques are defined, and new space and ground-based platforms are developed.  The initial focus will be on better coverage of data-void or data-sparse regions, and on the deployment of systems that will provide data with appropriate accuracy, resolution, and timeliness.  Because instrumentation development is an evolutionary process, the Program will emphasize rapid exploitation of observational capabilities and efficient communication between data analysts, researchers, and instrument designers.



Modeling efforts for specifying and predicting the space environment have been under way for several years, but operational benefits have not yet been realized.  The Program will coordinate these modeling and integration efforts to ensure the consistency and optimal performance of the models.  A primary goal is to develop physics-based specification and forecast models covering the forecast period out to 72 hours for solar events and 48 hours for near-Earth space weather phenomena.  Evaluation of these models will be conducted in close collaboration with research and observation efforts and with regard to user requirements.  Gaps and deficiencies in these models will be identified and used to set requirements for future models. 



Education activities supported by the Program will enhance public awareness of space weather and its impacts; will help ensure a sufficient supply of educated scientists and engineers to maintain expertise in all space weather related fields; and will improve training of forecasters, observers, and system operators.  An educated public and commercial sector will be better able to utilize space environment forecasting services;  student research will supply fresh ideas to explore; and knowledgeable government officials and the media will help realize the socio-economic benefits.  



Technology transition and integration processes must be improved and focused to facilitate the transfer of tools, techniques, and knowledge from the research or commercial communities to the operational forecasting activities.  This effort, now often a bottleneck, is critical to the success of the Program.  Innovative means must be explored to establish a dynamic process for technology exploitation and transition to improve forecasting capability, utilize all relevant research, and rapidly realize benefits.



II.  Capabilities, Goals, and Strategy



II.A.  Current Capabilities



II.A.1.  Background



Space weather services are presently provided by the Space Environment Center and the USAF 50th Weather Squadron, both in Colorado.  The former serves civilian customers, while the latter serves the needs of the Department of Defense.  At these centers, space weather is approached in much the same way as forecasting tropospheric weather.  Data are collected, checked for quality, analyzed, fed into models, and displayed graphically.  Forecasters mentally integrate numerical products, images, and other analyses, using experience, physical understanding, and empirical tools.  A “most likely” scenario emerges of what the forecaster believes the state of the environment will evolve to from its present state.  If a significant event (severe weather) is forecast, it must be assigned onset time, intensity, duration, and, if possible, how it will affect specific regions of the environment.  



In assessing present capabilities we distinquish between four different types of space weather products:  warning, nowcasts, forecasts, and post-analysis.



A warning is given for an event that has the potential to harm satellites, equipment, and humans in near earth space environment or on the ground.  Warnings apply to phenomena that require a customer to take action in order to protect assets.  The Earth-bound analogy is a warning issued for thunderstorms, tornados, etc.  The key to a warning is the ability to specify when an event will occur, how intense it will be, and how long it will last. Warnings cover the 0-24 hour period and are based on observations of causal events (like solar flares), observations of actual events (such as a geomagnetic storm onset), or extrapolations of trends (such as increasing proton fluxes).  Most warnings are issued immediately (within minutes) upon observation of a certain event or condition.



A nowcast begins with a specification of current conditions, typically based on observations and models that assimilate data and fill the gaps, then projects those conditions into the near future.  The time range for this projection is usually slightly shorter than the  time required to update the observations.  Nowcasts are issued on a regular basis and may include a warning if an event is in progress.



The forecast differs from the nowcast in the timeframe it covers and the techniques involved in producing it.  Short-term forecasts cover the period from 6 hours to several days.  Mid-term forecasts extend these forecasts out to several months.  Long-range forecasts can cover some parameters of the solar cycle out through ten years. Short-term and mid-term forecasts provide general conditions and may also include warning-type events, but they are not intended to provide the timing accuracy necessary to give the fidelity that a customer may want for taking protective action.  They are issued on a daily schedule which allows time for the full use of all computing tools, albeit within a rigid timelines.  Longer range solar cycle forecasts are issued monthly and computed automatically.



Post-analysis is used to identify the space weather factors that may have contributed to the operational anomaly of systems affected by space weather.  Observations are critical for analyzing the state of the environment when the anomaly occurred.  Immediate post-analysis is required to identify whether a communications outage is due to an engineering problem or is due to a space weather effect.  Post-analysis is a valuable tool in providing input into improvements in engineering designs of systems.



While not a product, specification is the starting point for the products described above.  Specification refers to the fusion of all available observations into a coherent and realistic representation of the state of the environment at the time of the observations.  This step is critical in order to accurately initialize predictive models, perform after-the-fact analyses, and provide the forecaster with a reliable picture of present conditions.  The ability to nowcast is only as good as the quality and timelines of the observational data received and the effectiveness of models in fusing the data into coherent representations of the environment.



Table II.1 illustrates current capabilities in each space weather region to warn, nowcast, forecast, and provide post analysis products for space weather events.  Red means there is no capability to meet the requirements for the events in the given region, yellow/red indicates very limited capability, and yellow means some capability short meeting operational requirements.  No areas are coded green because user specified needs cannot be met in any area at the present time.

  

 �Warning�Nowcast�Forecast�Post-Analysis��Solar/Interplanetary�yellow/red�yellow/red�yellow/red�yellow��Magnetosphere�red�yellow/red�red�yellow/red��Ionosphere�red�yellow/red�red�yellow��Neutral Atmosphere�red�yellow/red�red�yellow/red��

                 Table II.1.  Current Capabilities Based on Requirements



Warnings.  Very little capability to warn for space weather events exists.  Causal solar events can be detected in real time, but warnings based on these events lack sufficient reliability for immediate mitigation actions and do not provide useful leadtime or information on magnitude and duration of the event.  Capability is strongest (albeit very limited) in the solar/interplanetary region because of the 24 hour observing system of solar observatories.



Nowcast.  Limited capability based on rudimentary models exists at operational centers.  However, the models offer little capability beyond informations available from empirical methods and climatology.  Capability is best when data to initialize the models are received in a timely manner.



Forecasting.  Forecasting capability suffers from the same weaknesses as warning capability except that the challenge is greater because forecasting requires longer leadtimes.  This in turn requires a more complete understanding of both the solar events which drive space weather and the way the space environment reacts to those events.    



Post-Analysis.  Current capabilities are the strongest in support of post-analysis requirements; however, significant deficiencies still exist.  The relatively strong capability in this area derives from the fact that some post analyses are not required in real time.  This allows the analyst to gather data which may not have been immediately available to operators and to assimilate it at leisure.



In summary, these limited capabilities come from a basic understanding of space weather combined with a limited observation base and early computer models.  They address all the requirements listed in Table II.1, but lack the necessary accuracy and four-dimensional detail to meet operational requirements.



II.B.  Operational Goals



The goals of the National Space Weather Program are listed in Table II.2, which shows the parameters which must be specified and forecast in 15 space weather domains.  These were established by the civilian and DoD communities in response to customer operational support requirements.  Some of these parameters, the neutral atmospheric temperature, for example, are used to drive forecast models.  Others, such as the occurrence of coronal mass ejections, are needed to enhance warning capabilities.  This list is subject to change as the NSWP proceeds.  It will be reviewed and updated periodically as research improves the physical understanding of space weather and customer needs change.



II.C.  What Needs to be Done



In order to substantially improve forecasting abilities, several advancements must take place.  We can make some, albeit limited, progress without improving our understanding of the physical mechanisms which generate space weather.  This will require examining and applying data to develop or improve statistical or empirical models.  However, in parallel, as our understanding of the space environment improves, physics-based research models will be developed and modified as part of the process of improving our understanding.  These models will express what we have learned, serve as a test bed for new concepts, and tell us where we still need more work before our understanding is

SPACE WEATHER DOMAIN�GOAL��Solar Coronal Mass Ejections�Specify and forecast occurrence, magnitude and duration.��Solar Activity/Flares�Specify and forecast occurrence, magnitude and duration.��Solar and Galactic Energetic Particles�Specify and forecast at satellite orbit.��Solar UV/EUV/Soft X-Rays

�Specify and forecast intensity and variations.��Solar Radio Noise�Specify and forecast intensity and variations.��Solar Wind�Specify and forecast solar wind density, velocity, magnetic field strength and direction.��Magnetospheric Particles and Fields�Specify and forecast global magnetic field, magnetospheric electrons and ions, and strength and location of field aligned current systems.  Specify and forecast high latitude electric fields and electrojet current systems.��Geomagnetic Disturbances�Specify and forecast geomagnetic indices and storm onset, intensity, and duration.��Radiation Belts�Specify and forecast trapped ions and electrons from 1 to 12 RE.  ��Aurora�Specify and forecast auroral optical and UV background and disturbed emissions, the equatorward edge of the auroral oval, and total auroral energy deposition.��Ionospheric Properties�Specify and forecast electron density plasma temperature, composition, and drift velocity throughout the ionosphere.��Ionospheric Electric Field�Specify and forecast global electric field and electrojet current systems.��Ionospheric Disturbances�Specify and forecast sudden and traveling ionospheric disturbances.  Specify and forecast critical propagation parameters.��Ionospheric Scintillations�Specify and forecast between 200 and 600 km.��Neutral Atmosphere (Thermosphere and Mesosphere)�Specify and forecast density, composition, temperature, and velocity from 80 to1500 km��

                                       Table II.2.  Space Weather Domains and Goals



sufficient to meet operational goals.  When our understanding of  physical processes is satisfactory, we must field operational sensors and transition our research models into operational models which can run on simple computer systems, assimilate operational data, and produce results within operational timelines.



This overall process is expressed in Figure II.1, the NSWP Roadmap.  Research will be conducted in three areas--physical understanding, model development, and observations.  Crosscutting these areas are the three regions of the space environment--solar, solar wind, magnetosphere, and  ionosphere/thermosphere.  Appendix A provides research objectives and detailed background information on these areas of research for each region of the environment.



When the research has provided sufficiently mature knowledge, the new information will be adapted for operational use through a well planned and executed technology transfer (T2) process, which has as its core a rapid prototyping center concept.  This process is described in Section V.  The result will be a series of physics-based models which are coupled to account for the interactions between processes in the three regions of the environment.  These operational models will be supported by observations from operational sensors, which again will come from the results of research on sensor requirements and technology, and a planned program of technology transition.



The suite of new models, supported by deployed sensors, will provide a description of the environment sufficient to support production of tailored products--products designed to address a customer’s specific need at a given location and time--to meet the needs of commerce, defense, and society as a whole.  The Air Force will issue tailored products to support DoD customers.  NOAA will use the model output to provide warnings and alerts to civilian users, and will otherwise provide model output to allow private sector users to generate their own tailored products.

       � EMBED PowerPoint.Show.4  ���       

Figure II.1.  NSWP Roadmap





III.  Research



An operational Space Weather forecast system requires an improved understanding in three broad areas of research:  (1) the sun and solar wind, (2) the magnetosphere, and (3) the ionosphere/thermosphere system.  In June of 1995, three working groups were assembled to formulate plans for addressing Space Weather goals in each of these three research areas.  Each of the three groups was given the goals listed in Table II.2 and asked to identify what was needed in terms of physical understanding, observations, and models.  The fifteen items in Table II.2 were divided among the three groups as indicated in Table III.1.

   

Sun/Solar Wind:��	Coronal Mass Ejections��	Solar Activity/Flares��	Solar and Galactic Energetic Particles��	Solar UV/EUV/Soft X-rays��	Solar Radio Noise��	Solar Wind��Magnetosphere:��	Magnetospheric Particles and Fields��	Geomagnetic Disturbances��	Radiation Belts��Ionosphere/Thermosphere:��	Aurora��	Ionospheric Properties��	Ionospheric Electric Fields��	Ionospheric Disturbances��	Ionospheric Scintillations.��	Neutral Atmosphere��

Table III.1.  Domains for Space Weather Research



A detailed description of the plan developed by these working groups is contained in Appendix A.  Here we provide a summary of the overall plan and discuss the way in which the research results in the three areas will be merged into a seamless system, starting at the Sun and ending at the Earth.  We begin with a description of the physical understanding required in each of the areas, then we describe the model development, and finally the observations.



III.A.   Physical Understanding



As outlined in Section II, the NSWP goals involve the ability to predict the state of the space environment.  Hence, basic scientific research must be conducted to improve our fundamental understanding of the physical processes involved.



We begin our discussion with the sun.  One basic research objective relevant to NSWP is to understand the processes by which coronal mass ejections occur, including the factors that influence their sizes, shapes, masses, speeds and magnetic field configurations.  Equally important is an understanding of solar activity in general.  This requires study of how the solar dynamo works and the identification of precursors to solar activity, such as short term development of active regions and the long term build-up of polar magnetic fields.  This involves the dynamics of magnetic energy in the solar corona and the role of magnetic fields in the occurrence of flares.  It is also important to understand the origins of high energy solar particles and how they propagate through the interplanetary medium.  Similar processes play a role in modulating the fluxes of cosmic rays originating in galactic space.  Solar radiation at UV, EUV, and soft X-ray wavelengths has a direct effect on Earth's atmosphere.  Research in this area is aimed at understanding the variability of the Sun at these wavelengths and how this variability influences the state of the ionosphere and thermosphere.  The origin of solar radio noise, which impacts communication systems, must also be understood.  Finally, the solar wind has direct influence on the state of Earth's magnetosphere, so it is vital that we understand the processes by which the solar wind is heated and accelerated in the solar corona, as well as the transient perturbations and shocks created by flares and CMEs.



Many Space Weather applications require knowledge of the particle populations and electromagnetic fields throughout the magnetosphere.  This dynamic environment can only be understood by studying the coupling processes between the solar wind and magnetosphere, the transport and energization of plasma in the magnetosphere, and the onset, expansion and recovery phases of storms and substorms.  The strong magnetic coupling between the magnetosphere and Earth results in geomagnetic disturbances.  The ability to predict geomagnetic disturbances depends on our understanding of the role played by the magnetosphere, ionosphere, and neutral atmosphere in modulating the strength of electric currents in space.  It is also important to quantify the electrical currents induced in the ground by dynamic currents in the magnetosphere.  The magnetospheric radiation belts represent a serious hazard to space systems.  Because parts of the radiation belts have been observed to vary significantly, research must be conducted to understand the transport, production, and loss processes that determine the particle flux levels in both quiet and storm times.



Ionospheric properties, including electron density, electron and ion temperature, and composition, are determined by solar radiation, auroral particle impact, and Joule heating.    Advances in predictive capabilities in this area depend on our understanding of the formation mechanisms responsible for large-scale and medium-scale electron density structures, and the production, transport, and loss mechanisms associated with these electron density structures.  These mechanisms are dynamic in nature and respond to both geomagnetic storms and substorms. The day to day variability of large-scale ionospheric features and small-scale plasma density irregularities must be understood to determine their effects on radio wave propagation during quiet and disturbed times.   It is also necessary to study the relation between ionospheric irregularities and radiowave scintillation, in particular, the interactions that control the formation  and evolution of 10 km to 50 m electron density irregularities that produce scintillations.  Understanding of auroral energy input requires knowledge of the processes that guide, accelerate, and otherwise control particle precipitation, both in quiet times and in times of magnetic storms or substorms.  Ionospheric electric fields that drive currents and produce Joule heat must be accurately specified for accurate prediction of ionospheric properties.  In particular, it is important to study the small-scale E-field structures and the large-scale electrostatic fields and identify the ways in which they couple to the magnetosphere and respond to changes in the interplanetary magnetic field.  Further research must be conducted on the process by which high latitude electric fields penetrate to low latitudes.  Ionospheric and thermospheric research is strongly coupled and advancements in the two areas must proceed in parallel.  For the neutral atmosphere(the thermosphere and mesosphere), basic research needs to be conducted to understand the chemical, radiative, and dynamical processes that act to modify and redistribute energy and constituents throughout the upper atmosphere.



III.B.  Model Development



There are many different types of models that are important for achieving the goals of the NSWP.  The ultimate goal is to develop an operational model that incorporates basic physical understanding to enable specification and forecast of the space environment by following the flow of energy from the sun to the earth.  This coupled system of models is to be constructed by merging parallel models for the sun/solar wind, the magnetosphere, and the ionosphere/thermosphere.  In addition to this, several other types of models will be necessary.  Any forecast model must begin with a detailed specification of the current state of the system, which is provided either by empirical models or by assimilative models that take in available observations and fill in gaps.  Also, during the course of development of the full operational model, other approaches including empirical predictive methods will be developed and tested to ensure that the most efficient and accurate method is used in the final system.



The ability to predict coronal mass ejections and their subsequent effects requires models of the initiation process and 3D MHD simulations of the resulting disturbances in the solar wind.  Models of particle acceleration in the CME-driven interplanetary shocks are also necessary for predicting the intensity and time of arrival of particle events at Earth's orbit.  Models of radio emissions from CMEs are important for optimizing the use of radio noise as a remote sensing tool.



In modeling solar flares, it is necessary to know the magnetic field in the corona.  The only method for determining this field is to observe it at the photosphere and use numerical modeling to extrapolate it into the corona.  Simulating the flare itself requires 3D models of magnetic reconnection in active regions, including consideration of the processes that determine the distribution and magnitude of resistivity. Models relating to the processes by which solar flares accelerate particles and generate UV, EUV, and X-ray bursts are also necessary for accurate prediction of flare effects.



Models for the solar wind include 3D MHD simulations of the coronal acceleration region and the solar wind extension into interplanetary space.  A coupled version of these two models can be used as a proxy for specifying solar wind velocity prior to its expansion into interplanetary space.  Because it is likely that IMF data will come from a satellite at the L1 point, a model is also necessary to predict solar wind and IMF conditions at the magnetosphere as extrapolated from the available information.



To predict solar UV, EUV, and X-ray emissions, it is necessary to develop 3D models of the solar atmosphere and improve the solar spectrum calculations covering all significant lines and bands from atoms, ions and molecules.



Although there are several models in existence that specify and predict the particles and fields in the magnetosphere, one in particular, the Magnetosphere Specification Model (MSM), has just been implemented at the space forecast centers.  Currently, a slightly more advanced model, the Magnetospheric Specification and Forecast Model (MSFM), is being prepared for operational use.  Both of these models depend on accurate specifications of magnetic and electric fields, and ionospheric conductances, including the effects of auroral precipitation.  Continuing development of these models will improve and extend the capabilities of the MSM and MSFM.  The MSFM represents only one approach to numerical magnetospheric prediction codes.  Another approach incorporates global MHD simulations that self-consistently solve for the plasma distributions and electric and magnetic field configuration.  Because MHD simulations do not account for thermal drifts where spatial gradients are strong, a merger of an MSFM-like code and a global magnetospheric MHD code may represent an important step toward developing a physics-based predictive magnetospheric model.  Approaches which utilize adaptive grids show new promise to resolve features over many scale lengths.  A desired by-product of the magnetospheric model is the specification of currents throughout the magnetosphere and ionosphere system.  From this information, other codes can be developed that predict geomagnetically-induced currents and the magnetic disturbance indexes derived from them.  The MSM and MHD models do specify the energetic particle populations in the radiation belts.  Static models for the radiation belts already exist, but there is an urgent need to develop dynamic models to account for the variations in energetic particle fluxes that are observed during storm conditions.



Approaches to modeling the ionosphere include empirical models based on world-wide data sets, assimilative models that incorporate real-time observations, and three-dimension, time-dependent physical models.  Models constructed to describe the climatology of the ionosphere have been very successful in specifying general properties and their variation with universal time, season, solar cycle, and geomagnetic activity.  To achieve predictive capabilities it is important to focus future work on dealing with large-scale and medium-scale structures in a self-consistent manner, and to incorporate the effects of storms and substorms.  This may require the development of nested grid and adaptive grid models.  More realistic boundary conditions must be applied with the eventual goal of developing a fully coupled model that encompasses the mesosphere, thermosphere, and ionosphere using computationally fast, empirical-numerical hybrid models.  As with magnetospheric models, the electric field configuration is an important element in accurate predictions of ionospheric behavior.  The electric field can be specified, analytically, semi-analytically, or empirically, but in all cases is driven by interplanetary parameters and magnetospheric processes.  These models must be able to account for the penetration of high latitude electric fields to low latitudes, and the coupling to neutral atmosphere winds.  Ionospheric structures, such as sporadic E, descending layers, equatorial plasma bubbles, auroral blobs and polar cap patches must be accounted for in specifying the state of the ionosphere.  From the standpoint of satellite  based communication and navigation systems, it is most important to also include the effects of small-scale irregularities associated with these structures that cause ionospheric scintillations.  To be operationally useful, the presently available climatological model that specifies scintillation for any radiowave propagation path at any frequency needs to be driven by real-time data from a network of stations.  The ultimate goal is to develop a physics-based model incorporating the processes which lead to structuring at all scale sizes.



Neutral atmosphere modeling efforts focus on numerical thermosphere-ionosphere-electrodynamics general circulation models which can self-consistently calculate density perturbations and neutral wind systems on a global 3-dimensional, time-dependent basis from physical principles.  These models must continue to be upgraded validated and tested.  Empirical, semi-empirical, and assimilative models of the neutral atmosphere are also important to specify the starting point for physics-based models.



III.C.  Observations



Observations in support of the NSWP include both operational data and research-oriented data sources.  Ground-based operational observations include magnetometers, ionosondes, and ground-based solar observations at both radiowave and optical wavelengths.  Future enhancements in ground-based operational sensors include extending the current networks, adding scintillation monitoring systems, upgrading solar observations, and adding a network of solar coronagraphs and interplanetary scintillation monitors.  Ground-based observations for research purposes include the array of HF and incoherent scatter radars, riometers, and optical instrumentation.  Future enhancements include the Polar Cap Observatory which extends the existing chains of incoherent scatter radars into the geophysically important region poleward of the auroral zone.



Space-based sensors for the NSWP must be deployed in many different orbital configurations.  Low-earth orbiting satellites, such as Defense Meteorological Satellite Program (DMSP) or measuring properties of the ionosphere and thermosphere, as well as the plasma processes at low altitudes along auroral field lines.  Highly-elliptic, polar-orbiting spacecraft are needed to study ionosphere-magnetosphere coupling.  Ideally, they should also carry optical and X-ray imagers for determining the instantaneous distribution of auroral precipitation.  Geosynchronous satellites, such as those operated by the DoE must continue to monitor the energetic particle populations in the magnetosphere and the solar X-ray emission.  The particle monitors on the GPS satellites can also be used to specify radiation belt flux levels.  Extremely critical to the success of the NSWP is a satellite at the L1 point between the Earth and Sun to monitor the solar wind.  This requirement is being filled presently by the WIND satellite and will be in the near future by the ACE satellite.  Plans should be developed for a follow-on to these satellites, ideally incorporating solar imaging capability in addition to the plasma monitors.  The satellites described above will all provide operational data for space weather forecasters.  Also important to meeting NSWP objectives is the existing and planned satellites that are part of the DoD and NASA space missions.  These satellites are described in more detail in Appendix A.



III.D.  Summary



Progress in pursuit of NSWP goals will be enabled by synergistic advances in physical understanding, model development, and observations.  As shown in Figure III.2, each of these elements both depends upon and aids the other two.  After developing these plans, members of the three working groups were asked to develop timelines for the accomplishment of the objectives.  These timelines are presented in the next section, along with a list of items for near-term emphasis.  A critical challenge for the space weather research effort will be to provide the linkage between the broad regions(sun/solar wind-magnetosphere-ionosphere/thermosphere) of the sun-Earth system.



IV.  Timeline and Near-term Emphasis



IV. A.  Timelines



The observations and models described in the previous sections have been combined into three overall 10-year timelines: 1) The Solar/Solar Wind Timeline; 2)  The Magnetosphere Timeline; and 3) The Ionosphere/Thermosphere Timeline.  These timelines are based largely on the results of a workshop involving members of the research communities in these areas of interest.



The overall strategy for the three timelines is shown in Figure IV.1.  Operational models for solar/solar wind, magnetosphere, and ionosphere/thermosphere are developed in parallel.  Expected operational results of the development in each area is indicated by color coding according to the scheme used in Table II.1 to show current capabilities to meet operational requirements for providing warnings, nowcasts, forecasts, and post-analysis.  At present, only the magnetosphere model is being used in an operational center.  Because the magnetosphere is influenced both by the ionosphere/thermosphere system and the sun and solar wind, this model provides the core to which the other models will eventually be linked.  As indicated in Figure IV.1, we expect the linkage to the ionosphere/thermosphere model to occur first.  Later, the merged magnetosphere/ionosphere/thermosphere model will be coupled to the solar/solar wind model to produce the final seamless specification and forecast system.  Note that the present magnetosphere model is already coupled to the solar wind as an input driver, however the ultimate goal is to couple the predictive models to achieve true forecasting capabilities.



The individual timelines for model development in the three domains are shown in Figures VI.2, VI.3, and VI.4.  The horizontal axis of the figures is meant to indicate a time scale of approximately ten years.  In the top row we indicate when each of the models may transition to the operational forecasting centers.  Beneath these milestones, we show the observations we expect to be available as input to these models.  Only operational sensors are shown, meaning that they have satisfied strict requirements as to data continuity and reliability.  The third row of the information shows the research-frade models to be developed as precursors to the operational models.  The timeline shows the approximate time that these research-grade models will be available for validation and test.  At appropriate times successful models will be transitioned to operational status.  The bottom row in the figures shows the observations that we expect to be available for use in scientific studies and model development and test.  These observations are distinct from those in the second row in that they are not expected to provide routine measurements that can be used in an operational scenario.  Nevertheless, they are critical to achieving the scientific breakthroughs necessary to reach the operational milestones.  Underlying the entire process, but not indicated in the figures, is a broad and continuous research effort aimed at acquiring a deep understanding of the physical processes that drive the space weather system.  The success of the space weather program depends on a sustained effort in the study of these basic processes.  
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Figure IV.1.  NSWP Operational Model Development





IV.B.  Near Term Emphasis



The timelines shown above indicate the long term milestones that must be achieved in reaching the goals of the National Space Weather Program.  In addition to these long term goals, there are also a number of near-term objectives.  These near term objectives will be reviewed and updated annually.  



Physical Understanding.  Initially, several broad research areas will be targeted for emphasis.  These represent significant gaps in present understanding and need to be addressed early in the Program.  They are as follows:



understanding and prediction of processes affecting solar activity and solar wind, such as CME’s and solar flares.  

coupling between the solar wind and the magnetosphere.

the origin and energization of magnetospheric plasma.

the triggering and temporal evolution of substorms and storms.

the processes that govern spatial distribution of ionization.

the evolution of ionospheric irregularities and scintillations.

thermospheric dynamics and its coupling to the ionosphere.



Models.  There is a critical need for model development, validation and testing in all areas of the space weather system.  Near term emphasis will be placed on:



validation and testing of existing models.

continued development of research models that are nearly ready to transition to operations.

development and application of numerical methods for event forecasting. 



Observations.  In the observational requirements, it is important to continue and improve existing ground-based networks for solar, magnetic, and ionospheric observations.  Similarly, space-based measurements must be continued, both for routine observations and to address critical problems in understanding the space weather system.  In particular, emphasis should be placed on:



maintaining ground-based observing systems such as magnetometers and radiowave and optical remote sensing capabilities.

maintaining sensors on polar orbiting and geosynchrounous satellites.

progressing with NASA’s Solar Connector satellites (TIMED, HESI, and MI).

taking advantage of data from existing satellites such as ISTP, FAST and MSX.

establishing a real time data link with the ACE satellite.

deploying an operational solar X-ray imaging instrument.

establishing a new ground-based facility near the magnetic polar cap.



Technology Tranfer.  The challenges of technology transfer must be addressed very early in the program.  One of the more promising means by which research quality models can be prepared for transfer to the operational arena is through the development of rapid prototyping centers.  The early implementation of such facilities will allow new models to be tested and validated using realistic simulated data streams.



Education.  Another important area of early concentration in the Program is customer education.  There must be a well-defined procedure by which the scientific community, the forecast community, and the customers can interact and exchange information.  A regular series of workshops with appropriately selected attendees is an ideal vehicle to facilitate this type of coordination.



V.  Technology Transition and Data Management



V.A.  Developing Operational Models



For the National Space Weather Program to succeed requires that the knowledge and models of the space weather system generated by the research community be incorporated into operational models of use to forecasters and/or external customers.  The goal of the research model is to demonstrate understanding of the physics appropriate to the bounded system being modeled.  Input may or may not include realistic data and output is typically in the form of scaled parameters that illustrate the behavior of the system under a variety of conditions, mostly idealized.  In contrast, an operational model must be able to use existing real data to produce clear cut results applicable to all types of conditions.



The strict requirements imposed on operational models has made the development process slow and difficult.  A high priority in the implementation of the NSWP is the creation of a system to incorporate research results into operational models quickly and efficiently.  Figure III.1  illustrates the proposed rapid prototyping process.  At the core of the process is a Rapid Prototyping Center (RPC).  At the RPC, immediate feedback is provided to the development team as their new ideas are tested in a quasi-operational environment.  RPCs allow competing methodologies or techniques to be examined quickly, cheaply and creatively, often generating a product with more capability than originally envisioned.
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Figure V.1.  Development Process for Operational Models 



As illustrated in Figure V.1, the rapid prototyping process uses research models in

conjunction with a realistic data stream.  The models are evaluated according to their ability to produce accurate results under the full range of possible input values.  They must be suitable to the task at hand, produce reliable results and be easily useable to the space weather forecaster.  The operational models must deal with momentary or extended data drop outs, different data sampling rates and rapid rates of change in sensor output that may or may not be noise.  Sometimes models must knit together sets of data from very different and non-collocated sensors, extrapolating data, if necessary or filling in with proxy data.  Output errors must be controlled as the model moves forward in time or space, and all model outputs must be self-consistent.  The successful operational model should also validate itself against actual measurements and reinitialize itself, or notify operators that errors have become unacceptable.  Finally the model should accommodate forecasters with various skill levels, adapt to a variable production demand, and be relatively easy to modify if new data, products, or hardware or software upgrades become compelling.



Once the research models have undergone testing at the RPC, they are ready for deployment at the operational centers:  the 50th Weather Squadron (military) or the Space Environment Center (SEC) (civilian).  The 50th Weather Squadron, which supports military users of space weather data, produces a set of tailored products from the model outputs for specific military needs and provides unclassified data to the Space Environment Center.  These data, along with other data generated at the SEC are available for civilian customers.  In addition, these data can be used to help industry and, perhaps, universities, tailor civilian products in response to specific customer demands.  An exciting possibility is the formation of small businesses aimed specifically at tailored product development.



V. B.	Data Management



The National Space Weather Program will guide improvements of the capability to process, assimilate, and analyze increasingly complex data sets.  Rapid advances in computer technology have opened a realm of possibilities for development of expert systems, image feature recognition, real-time data access, and database systems.  Near-real-time data assimilation is also required for initialization and updating of forecast models.



Space weather services depend on data collection and processing in the same way that tropospheric weather forecasts do.  Data need to be collected from a large number of sensors strategically placed on the Earth’s surface, in Earth orbit, and in interplanetary space.  The forecast centers need computer systems that can rapidly process and analyze large volumes of observational data; run fairly complex models in real time; display and manipulate imagery; derive, generate, and disseminate useful products; and facilitate data sharing and back-up responsibilities.  Acquisition of new data sets and development of advanced models, with complex calculations, will require greatly enhanced computer systems at the core of space weather services.  The forecast centers must replace and continually upgrade both hardware and software to deal with the growing computational needs.



Climatological studies and products also need improving to satisfy the need of planners and engineers to know the range of conditions their systems may encounter and the probabilities of those conditions.  A critical need in this area is a system of quality control for the data and an effective method of archiving checked data so that it is readily accessible to the research community.



The National Space Weather Program will promote and coordinate development of  improved standards for data collection, formating, communication, and management.  This improvement will facilitate processing and use of the increasing volume of observations, model output, and products within and between operational centers and customers.  



VI.  Education



Educational activities to be planned under the NSWP include those aimed at grade school children, college students, users of space environment data, forecasters, and the general public.  In this section we discuss the educational activities as they pertain to the different target groups.



VI.A.  Formal Education 



Given children's tremendous interest in space, space weather forecasting is certain to be exciting and appealing to a broad spectrum of students.  The National Space Weather Program will develop efforts that will use this natural interest in space to further national science and mathematics education goals.  Those goals, as enunciated in documents such as Benchmarks for Science Literacy (developed by the American Association for the Advancement of Science), National Science Education Standards (developed by the National Academy of Sciences), and the National Council of Teachers of Mathematics Standards, stress the need for students to acquire what are generally referred to as "process skills."  These include the ability to observe and measure, to manipulate those data in meaningful, quantitative ways, to draw conclusions from such investigations, and to communicate those conclusions to others effectively.  These are skills needed by all members of our society, and a central element in the current wave of reform is "science for all."  Furthermore, the aforementioned documents call for closely tying science to 

technological and social issues so that students can see the relevance of science in their lives.  The National Space Weather Program will contribute to achieving these goals by supporting both formal and informal science education.



The interest students have in space will  mean that the materials and programs to support formal science education in schools developed as part of the National Space Weather Program will have widespread impact.  One possibility of improved formal studies is to develop a small number of  instructional modules on problems related to space weather, for example flares, CME's, the solar wind, geomagnetic storms, the effect of solar activity on  Earth climate, etc. These modules should be designed to be easily incorporated  into existing courses, and should strive to teach science to a general college  audience by exposing them to the field's current research. The module on  geomagnetic storms for instance might be incorporated into an Earth sciences  course that explores the near-Earth space environment, and could be designed to demonstrate the importance of the magnetosphere-ionosphere coupling by briefly  exploring current magnetospheric modelling efforts, and showing how critically  models depend on the way currents close in the ionosphere. 



An example of the manner in which research and education can be integrated is the involvement of students in auroral observations.  Using visual scanning and some recording photometers, the students would report on their auroral observations and would analyze the photometer data and send it back to a central site.  Similarly, schools could be provided with digital magnetometers for measuring the magnetic field.  Students would be instructed on methods to analyze the data for waves and variations and send the data to a central site for archiving.



VI.B.  Informal Education



In addition to formal science education, informal education will play an important role in the National Space Weather Program.  The National Science Foundation and other federal agencies stress that to foster a scientifically literate citizenry, science education needs to extend beyond formal education into centers of informal learning such as museums and science centers.  These institutions need to reach people of all ages, interests, and backgrounds.  Museum programs and interactive exhibits on Space Weather themes will be developed in close collaboration with the science museum community, including forging a long-term relationship with the Association of Science-Technology Centers.



VI.C.  Educational Programs for Space Scientists



Simultaneously, programs will be developed to provide space scientists with the latest information concerning science education and to train interested space scientists to work effectively with students, teachers, and science museums.  Efforts by Dr. Bruce Alberts (President of the National Academy of Science) and others has shown that the informed participation of scientists can contribute significantly to science education reform.  Thus the educational programs and materials developed by the National Space Weather Program will be informed by the best current thinking in science education.  Moreover, the active participation of the Space Physics community can help efforts to promote gender equity in science education.  The field has a relatively high percentage of female scientists, many of whom have achieved considerable prominence, such as Dr. Marcia Neugebauer, President of the American Geophysical Union (AGU), and Dr. Janet Luhmann, President of the Space Physics and Aeronomy Section (SPA) of the AGU.  Furthermore, the SPA Education Committee and the SPA Public Information Committee have both resolved to mobilize the space physics community in support of education efforts tied to the National Space Weather Program.



VI.D.  Educational Programs for Operations Personnel and Space Weather

       Customers



VII.  Program Management 



The NSWP will be implemented by scientists, engineers, and technicians in government, academia, and industry.  The program is intended to build on existing capabilities and establish an aggressive, coordinated process to set national priorities, focus agency efforts, and leverage resources to gain the biggest return.  Organization and planning of the program will require a structure guaranteeing effective feedback and communication between the various communities involved.  Points of contact and sources of information to facilitate this interaction are given in Appendix C.  



This section covers management structure, metrics to track progress toward achieving operational goals, and agency participation in the program.



VII.A.  Background



In 1993, members of the space science community contacted the National Science Foundation (NSF) and raised the issue of improving the nation’s ability to specify and forecast space weather.  In response, the NSF organized a meeting at which representatives from government, industry, and academia met and discussed the current status of space weather research and operational systems.  These discussions highlighted deficits in current capabilities and suggested that much could be gained by better coordination of efforts across Federal agencies.  Other issues presented at the meeting included the limitations imposed by budget constraints and the reluctance of industry to reveal problems with current systems.  It became clear that an overarching program to coordinate space weather activities would help to more effectively apply limited resources, and that such a program should be overseen by an organization composed of only government agencies so that industrial participants would be more willing to identify problems with existing systems.  



Because the Office of the Federal Coordinator for Meteorology administers multi-agency programs, it was selected as the focal point for developing the space weather program.  Furthermore, the Committee for Space Environment Forecasting (CSEF) was already in place within the OFCM structure.  Planning for a space weather program represented a logical extension of the responsiblities of that committee.  The CSEF appointed a working group for space weather and charged it with developing a strategic plan.  Work began in the summer of 1994 involving representatives from NSF, DoD, NOAA, NASA, DoE, and DoI.  In parallel with these efforts, the Working Group recommended that a Program Council be created to provide high-level, multi-agency oversight for the emerging program.  The Working Group developed a draft charter for the Program Council, and on August 4, 1995, the Program Council met for the first time.  At that meeting, the charter was adopted and the Strategic Plan was approved.  Program Council then directed the Working Group to develop an implementation plan for the NSWP.  This process began with the identification of customer requirements for space weather services.  Once these requirements were specified, representatives from the research community met to develop a road map laying out research, modeling, and observational requirements which would lead to achievement of the goals.  An early draft of this Implementation Plan was released for community comments in December 1995, and the final version was presented to the Program Council in XXXXXXX 1996. 



VII.B.  Management Structure



The management structure for NSWP has been organized within the Office of the Federal Coordinator for Meteorological Services and Supporting Research, more briefly known as the Office of the Federal Coordinator for Meteorology (OFCM).  It includes the National Space Weather Program Council (NSWPC), and the Committee for Space Weather (CSW).



VII.B.1.  National Space Weather Program Council



The National Space Weather Program Council (NSWPC) is a multi-agency group designed to provide oversight and direction to the integrated process of setting national priorities, focusing agency efforts, and leveraging existing resources.  It was established with the approval of the Federal Committee for Meteorological Services and Supporting Research (FCMSSR) in December, 1994.  The NSWPC establishes policy, coordinates interagency efforts, and approves interagency agreements developed within the scope of the program.  It also defines and coordinates the implementation of the National Space Weather Program.  The NSWPC ensures that common needs are met and the interests of each agency are addressed.  Member agencies retain responsibility for planning, programming, and budgeting their own resources to meet agency obligations to the National Space Weather Program.



The NSWPC consists of designated representatives from Federal agencies involved in space weather activities.  The representatives are the official spokespersons for their agencies on matters such as program scope, requirements, and resource commitments.  Agencies involved are the Departments of Defense (DOD), Commerce (DOC), Interior (DOI), and Energy (DOE); the National Aeronautics and Space Administration (NASA); and National Science Foundation (NSF).



The Charter of the National Space Weather Program Council is contained in Appendix B.



VII.B.2.  Committee for Space Weather (CSW)



The Committee for Space Weather will replace the Working Group for the National Space Weather Program (WG/NSWP) and Committee for Space Environmental Forecasting (CSEF).  The WG/NSWP was originally established under CSEF to establish the National Space Weather Program by developing 1) a charter for the NSWPC, 2) the NSWP Strategic Plan and 3) the NSWP Implementation Plan.  With the completion of these tasks, the NSWP became a viable enterprise, and restructure of OFCM bodies working in the space weather arena became appropriate.  The National Space Weather Program addresses issues encompassing and considerably broader than the traditional role of  CSEF.  With this in mind, the NSWPC has recommended to the Interdepartmental Committee for Meteorological Services and Supporting Research (ICMSSR), CSEF’s parent organization, that a new group be formed to absorb the roles of the WG/NSWP and CSEF.  The newly constituted Committee for Space Weather will be aligned under ICMSSR and function as a steering group responsible for tracking NSWP progress, identifying problems which threaten to delay or interrupt the program, and recommending corrective active to the Program Council.  Like the Program Council the CSW is a multi-agency organization.  It is comprised of representatives from the Department of Commerce, the Department of Defense,  the National Aeronautics and Space Administration, the Department of the Interior, the Department of Energy, and the National Science Foundation.



VII.B.3.  National Coordination with U.S. Research Community

 

The Implementation Plan will be a living document with annual updates.  The basis for the updates will be regular and open communications with researchers, operators and customers.  In particular the research community will be updated and comments will be solicited at both Annual meetings of the American Geophysical Union and at the annual Workshops of CEDAR, GEM and SHINE. 



A very important aspect of implementing the research plan is an annual multi-agency research opportunity.  In FY 1996, NSF and the DoD will make $1.2M to augment space weather research in key areas.  This annual competition is expected to continue and grow both in dollar value and in number of participating agencies.  To help in determining the research areas of critical need for the future announcements of opportunity, the National Academy of Science’s Committee on Solar Terrestrial Research (CSTR) will annually  review past progress and make recommendations to the CSW.   Based on those recommendations as well as the comments and insights of the community, the CSW will formulate the updated research announcement of opportunity.  



The CSTR will also conduct a comprehensive review of the progress of the research program after approximately 5 years. 



VII.C.  Metrics



Metrics are standards of measurement used to evaluate program progress.  When applied to a complex system such as the NSWP, metrics allow managers to objectively identify problem areas and serve as the catalyst for corrective actions.  Metrics can be qualitative measure-of-merit or quantitative numbers which can be compared to contractual or historical standards.



Major milestones for the NSWP involve implementation of operational models with observations available to support them.  The timeline for implementation of these models is given in Figures IV.2-4.  These detailed actions (research, model development, observations, etc.) lead up to the major milestones shown in Figure IV.1.  The CSW will establish milestones for the detailed actions and determine the critical path for each of the three first-generation operational models shown in Figures IV.2-4.  The CSW must establish communication with the agencies/institutions/individuals developing the individual components (including research) making up the NSWP so as to ensure collection of the appropriate metric data.  The need to collect  metric data regularly may require modification of existing contracts and must be included in any new contracts or research grants associated with NSWP.  



It is important to clarify what metrics are, and are not, especially associated with university or laboratory research.  First and foremost metrics are tools to help managers  gauge progress on particular subelements which have to be “added together” in a particular sequence in order to achieve the desired end state.  A slip in the anticipated availability of any particular subelement may impact the availability, or need date, of other subelements.  For example, to reach fully coupled, physics based solar-magnetospheric-ionospheric-thermospheric forecast system, we will progress through many useful  intermediate states (or milestones).  The CSW is the management body overseeing the day-to-day activities of the NSWP.  As such, the CSW will use metrics to determine progress to particular intermediate states--the first intermediate goal is to have predictive, albeit uncoupled, models of each of the three regimes making up the space weather domain (solar/solar wind, magnetosphere, and ionosphere/thermosphere) as shown in Figure IV.2-4.  The next intermediate state is to couple specific regimes in a particular sequence based on the maturity and skill of regime models to make reliable forecasts.  Metrics are NOT  focused on judging the “quality” of  research or researchers--peer review is still the best tool to make quality judgments.  The CSW recognizes that the progress of research, especially basic research, is not easily measured by linear timelines or checklists.  Just because a research project is progressing at a slower pace than expected does not mean it is bad research.  However, the CSW must continually monitor progress so as to make appropriate adjustments in schedules of other elements making up the target milestone.   



When a delay or failure threatens a particular milestone, the CSW will determine the source of the problem and develop a plan of action.  If the action plan requires redistribution of funds or significant milestone adjustment, the CSW will recommend that the Program Council meet to review the issues and approve the action plan.



VII.D.  Agency Roles and Responsibilities in the NSWP



NOAA, USAF, NASA, DOI, DOE, and NSF recognize common interests in space weather observing and forecasting.  Aware of the need for prudent employment of available resources and the avoidance of duplication in providing these services and support for agency mission responsibilities, the cooperating departments have sought to satisfy the need for a common service program under the National Space Weather Program.



NOAA and the USAF have separate, distinct, statutory roles in providing space weather data, operational support, supporting research, data archival, and forecast and warning services to the civil community, DOD, and other Federal agencies.  NOAA, through the Space Environment Center (SEC),  provides centralized space weather support to non-DOD government users, such as NASA, and to the general public, such as the commercial airline industry.  The USAF, through 50th Weather Squadron, provides unique and classified support to all DOD users.  To avoid duplication, the two agencies share responsibilities to produce certain space weather databases, warning, and forecast products.



SEC operates and maintains a national real-time space weather database to accept and integrate observational data from all sources, to provide operational support and services in the space and geophysical environment, to provide  services to public users in support of the national economy, and to serve as the US Government focal point for international data exchange programs.  The 50th Weather Squadron serves as the DOD focal point for space weather forecasting support and services.  The USAF maintains a worldwide network of both ground-based and space-based observing networks in order to provide accurate, reliable, and timely support to military communications, surveillance, and warning systems that operate in or through, or use the upper atmosphere and near space.  The cooperative agreement between NOAA and USAF states:



USAF and NOAA contributions follow distinct statutory roles in providing space weather observations, nowcasts, forecasts, and warning services.  50th Weather Squadron provides tailored forecasts, alerts, warnings, and other services to DOD agencies as directed by USAF.  SEC provides real-time alerts and daily forecasts as common services to other Federal agencies and public users.  USAF and NOAA freely exchange unclassified data and products of mutual interest.



50th Weather Squadron and SEC provide cooperative support and backup for each other in accordance with existing agreements.  USAF assigns personnel to 50th Weather Squadron, Operating Location A, collocated with SEC, to assist in the operations of SEC and to participate in activities of mutual interest and benefit to the USAF and NOAA. 



NOAA procures, operates, and maintains SELDADS as the national system for collection, integration, and distribution of solar-geophysical data received in real-time from ground-based observatories and satellite sensors.  Collection, processing, monitoring, and storage of the data occur continuously, 24 hours per day, 7 days per week.  Displays and interactive analyses of the data are used by SEC to provide alerts, forecasts, and data summaries to a user community consisting of industrial and research organizations, and Government agencies in the United States and abroad.  DOD disseminates its nowcasts, forecasts, and warnings using dedicated  DOD communications.



VII.D.1.  Department of Commerce (DOC)



The Department of Commerce is the primary provider of civilian space weather services, including singular and joint responsibilities for the following functions, which will be

described more fully below:



Procuring and operating solar and space environment monitors 

Ingesting solar and geophysical data from other national and international agencies

Serving as a space weather operations center

Conducting research into the cause and consequences of fluctuations in the space environment

Transitioning research into operational algorithms and guidelines (f)  educating users and the general public about the consequences of fluctuations in the space environment

Archiving and distributing solar and space environment data



Procuring and Operating Solar and Space Environment Monitors

The NOAA National Environmental Satellite and Data Information Service (NESDIS) has the responsibility for obtaining and operating the Geostationary Environmental Operational Satellites (GOES) and the Polar Orbiting Environmental Satellites (POES) and their on-board monitors.  Normal operations require 2 fully-functional GOES at all times, one stationed over the Atlantic and the other over the Pacific, to meet the need for weather observations.  The space environment monitors on GOES continuously measure the solar x-ray flux in two energy bands (0.1-0.8 nm and 0.05-4.0 nm), the omnidirectional proton flux in eleven channels with energy ranges between 0.6 and approximately 850 MeV, and the energetic electron flux in three energy channels (greater than 0.6, 2, and 4 MeV).  



In like manner, two fully-functional POES are flown, one well-positioned over the USA in the morning and the other in the evening.  The space environment monitoring package onboard POES measures energy input into the upper atmosphere by incoming charged particles.  The POES program is being converged with similar DOD and European satellites for cost-saving joint operation. Requirements have been set for the converged POES programs to carry space environment monitors.



Ingesting Solar and Geophysical Data from Other National and International Agencies

Both NESDIS and the Space Environment Center (SEC) receive solar and geophysical data, but on different priorities and for separate purposes.  Data arriving in real-time or near-real-time are needed to assess concurrent conditions and for analysis for forecasting. These include single numbers (e.g. the daily 10.7 cm solar flux measurement from Penticton, Canada), to 1-minute resolution vector measurements of geomagnetic fields measured on the ground and in space, to images provided by the USAF Solar Optical Observing Network (SOON) and cooperating solar observatories such as the National Solar Observatory at Kitt Peak, AZ (among others).  Verified data and data products (e.g. global indices and maps) are received by the NOAA National Geophysical Data Center in batches for archival and distribution, as discussed below.



Serving as a Space Weather Operations Center

The joint NOAA-USAF Space Weather Operations (SWO) center operates continuously (24 h/day, 7 days/week). Tasks include interpreting, analyzing and summarizing space environment conditions;  alerting users of extreme/hazardous conditions; forecasting space environment conditions and warning of expected hazardous conditions. Products vary from immediate telephone alerts and warnings to daily summaries of solar events and forecasts of expected geophysical conditions. 



Conducting Research into the Cause and Consequences of Fluctuations in the Space Environment

The Research and Development Division of NOAA's Space Environment Center directly supports space weather services by conducting research into solar and interplanetary disturbances, and the physical processes and effects of those disturbances in the near-Earth space environment and atmosphere.  Joint projects with the University of Colorado through the Cooperative Institute for Research in the Environmental Sciences, and with the National Research Council through their Research Associateship program also focus attention on scientific questions associated with space weather operations. 



The National Geophysical Data Center maintains close contacts with the scientific community with an active visiting scientist program.  Data must be exercised and used in order to verify its quality. New data products are routinely developed for use by the research community.



Transitioning Research into Operational Algorithms and Guidelines

The Space Environment Center's mission expressly includes the application of research to operational needs, including both nowcasting and forecasting, and ingesting new data streams such as x-ray images from the Japanese YOHKOH satellite and real-time solar wind data from the NASA WIND mission.  The SEC is proposing to develop a rapid prototyping center, a new approach to transitioning research into operations, in FY98.



Educating users and the General Public about the Consequences of Fluctuations in the Space Environment  

Both OAR/Space Environment Laboratory and NESDIS/National Geophysical Data Center prepare educational materials for users, including World Wide Web home pages.  In addition, the Space Environment Center has prepared teaching guides and student worksheets, and provides speakers for classroom lectures. Public tours of the SWO are routine, and groups may schedule specialized tours through a Customer Service specialist. SEC also actively seeks feedback from our users by holding User Conferences and conducting internal and third-party customer-satisfaction surveys. 



NGDC Information Booths are available at large scientific meetings several times each year.  Flyers and data announcements advertise availability of data and educational slide sets, and their scientific staff are available to help users understand and interpret databases.  





Archiving and Distributing Solar and Space Environment Data

Solar and geophysical data are archived by the NESDIS/National Geophysical Data Center in Boulder, Colorado.  This agency also fulfills the functions of a World Data Center in accordance with the ICSU Guide to International Data Exchange Through the World



Data Centers and various ad hoc arrangements with other WDCs and sources of data. Data include solar images, sunspots, energetic particles, cosmic rays, geomagnetic measurements, ionospheric soundings, auroral images, auroral particles and activity indices. Several satellite databases (DMSP, GOES, NOAA/TIROS) provide auroral images and in situ measurements of particles and fields. Until they are 30 days old, data may be available at the Space Environment Center.  NGDC holds over 163 Gigabytes of digital data from about 340 worldwide observatories and stations and many miles of microfilm.  NGDC includes in its mission a data rescue effort and maintains data archives for 204 closed solar observatories and 79 closed cosmic ray neutron monitor stations, in addition to archives from many closed geomagnetic and ionospheric stations. 



NGDC collects and quality controls space weather data and disseminates these databases via the on-line GOLD (Geophysical On Line Data) system that includes world wide web access http://www.ngdc.noaa.gov as well as gopher.ngdc.noaa.gov, ftp anonymous ftp.ngdc.noaa.gov and bulletin board access.  A new on-line search and browse capability for space weather plots, SPIDR (Space Physics Interactive Data Resource), is now available for geomagnetic, aurora and ionospheric data.  Solar data will be included in SPIDR in the near future.  A monthly publication Solar-Geophysical Data (SGD) available on a subscription basis includes historical solar activity data compiled from worldwide observatories and related satellite and ground-based geomagnetic and cosmic ray indices that document effects on the Earth environment.  Popular solar and geomagnetic indices are distributed quickly via the monthly Solar Indices Bulletin and the Geomagnetic Indices Bulletin.  Large digital space weather databases are available via CD-ROM or other media as requested.



VII.D.2.  Department of Defense (DOD)



The DOD will continue to support observing, forecasting, modeling and research efforts towards supporting operational assets in the near-Earth space.  Through the 50 WS the DOD will continue to monitor data from various ground sites and space-based observation platforms to provide warning, observing, and forecasting support for both military and civilian assets in conjunction with the SEC.



In support of the NSWP, modeling techniques will be developed by the AF Phillips Lab (PL) and various contracting agencies for use at the 50th WS.  PL will continue to be the focal point for space weather models for the DOD; models from outside agencies will be validated and transitioned with the help of PL.  



The DOD will support research into understanding space weather phenomena, particularly in the near-Earth regions.  The department recognizes that knowledge of the solar and interplanetary phenomena is critical to forecasting in the magnetosphere and ionosphere, and it continues to advocate for research in those areas as well.  Efforts to develop sensors and spacecraft to measure the space environment will be leveraged with other agencies to build and deploy effective platforms.  Data from these systems will then be assimilated into the operational models and archived for climatological studies.



VII.D.3.  National Science Foundation (NSF)



VII.D.4.  National Aeronautics and Space Administration (NASA)



VII.D.5.  Department of Interior (DOI)



VII.D.6.  Department of Energy (DOE)



The Department of Energy will continue its ongoing program to supply energetic particle and plasma sensors at geosynchronous and GPS orbits and to support the analysis and distribution of those data in a timely manner.  In addition, the DOE should be considered as a candidate agency to provide similar environmental sensors for other future magnetospheric monitoring tasks within the NSWP.



The DOE's Los Alamos National Laboratory has supplied plasma monitors for many NASA solar wind missions.  Through Los Alamos, the DOE will provide real-time solar wind data from the ACE spacecraft, as well as the expertise necessary to support it.  The DOE should also be considered as a candidate agency to provide sensors for future NSWP solar wind spacecraft to follow ACE.



Los Alamos carries out an extensive program of space physics research which is sponsored by both the DOE and NASA and which includes data analysis and interpretation as well as space plasma theory and modeling.  The DOE will continue to support this activity as a contribution to the Research and Modeling components of NSWP activity.



VII.E.	Coordination with the International Space Environment Service



The International Space Environment Service (ISES--formerly the International Ursigram and World Days Service (IUWDS)) is the organization through which the U.S. participates in international, real-time exchange of data and forecasts for the space environment.  The ISES consists of regional warning centers in major areas of the world.  The Warning Centers serve their own regions by collecting data and exchanging it for data from other warning centers.  Each warning center provides daily forecast advice to the World Warning Agency, operated by NOAA as a part of the Space Environment Center in Boulder.  Each day, the Boulder center issues a consensus set of forecasts and summaries of activity back to the regional warning centers. Data collected in near-real-time include geomagnetic and ionospheric observations as well as other solar-terrestrial data.  The ISES data exchange program is currently evolving as various centers convert their data services to use of the Internet.  The ISES plans that various regional centers can assume responsibility for some part of the effort of providing forecasts and alerts.  The ISES is also evolving as a vehicle for arranging tracking of satellites such as Advanced Composition Explorer (ACE).  DoC will work with the regional warning centers to arrange for additional collection of data needed for the NSWP and for cooperation in implementing improved space weather services.



The ISES organizes a series of international workshops to evaluate requirements and methods of improving solar-terrestrial predictions.  These are held at approximately five-year intervals and cover methods of observing and forecasting activity from the sun through the interplanetary space and into the neutral atmosphere, ionosphere, and magnetosphere.  The last workshop was held in Japan in 1996.  The next one is expected in about 2000 or 2001.



As a way of improving the relevance of the workshops, the ISES is considering a proposal to conduct coordinated international campaigns to test improved prediction techniques with the involvement of scientists who have developed the techniques, along with the end users (forecasters and customers).  If the proposal is accepted, the SEC Space Weather Operations is planning to be involved as a central forecast center in the prediction campaigns in several ways, including the coordination of calling the campaigns, the provision of data, and the actual execution of the campaigns from the perspective of forecasting and research and development.  These campaigns will provide a window for international participation with U.S. participation in the National Space Weather Program.





APPENDIX A.

NATIONAL SPACE WEATHER PROGRAM RESEARCH



To acheive the goals of the National Space Weather Program, we must improve our physical understanding of space environment, develop physics-based models that adequately specify and forecast that environment, and develop a suite of sensors to provide the observations necessary to drive those models.  This appendix provides detailed information on how those objectives may be accomplished.  For each of the three primary areas of research--physical understanding, model development, and observations--the information is organized by space weather domain as presented in Table II.2.  For reference, these domains are listed below.



1	Coronal Mass Ejections 

2.	Solar Activity/Flares 

3.	Solar and Galactic Energetic Particles

4.	Solar UV/EUV/Soft X-Rays

5.	Solar Radio Noise 

6.	Solar Wind

7.	Magnetospheric Particles and Fields

8.	Geomagnetic Disturbances 

9.	Radiation Belts

10.	Aurora

11.	Ionospheric Properties

12.	Ionospheric Electric Fields

13.	Ionospheric Disturbances

14.	Ionospheric Scintillations

15.	Neutral Atmosphere (Thermosphere and Mesosphere)



While it is convenient to deal with each of these domains separately, the coupling of the physical processes between the regions of the space environment represented in this list (solar/solar wind, magnetosphere, and ionosphere/thermosphere) must not be overlooked.  The goals of the National Space Weather Program can be achieved only when the representation of space weather is coupled into a seamless system, starting at the Sun and ending at the Earth.



A.  Physical Understanding



The greatest challenge in improving our ability to specify and forecast space weather is in understanding the physical processes which drive it.  Until we improve this basic understanding, we cannot develop and deploy valid models.  Nor can we adequately define our observational requirements.  This sections addresses the fundalmental need for basic knowledge in the space weather domains listed above.



Coronal Mass Ejections



The research objective is to understand:



The physics of the CME initiation process, the factors which determine their sizes, shapes, masses, speeds, and internal field strengths and topologies.

How to predict the above on the basis of planned observing systems.

How to predict CME-caused solar wind disturbances and solar energetic particle events near the Earth.



The major non-recurrent geomagnetic storms are generally associated with the solar wind disturbances created by fast coronal mass ejections (CMEs).  In addition, most major solar energetic proton events observed near Earth seem to result from acceleration of some solar wind particles by the CME-driven interplanetary shock wave. Substantial advances in space weather forecasting can be made by learning more about the solar processes that initiate CMEs, and by learning how to predict their interplanetary consequences from in situ solar wind plasma, magnetic field and energetic particle observations and from their observable signatures at the Sun.



The slower CMEs eventually (far from the Sun) attain speeds comparable to that of the normal slow solar wind, but do not generate significant solar wind disturbances, energetic particle events, or geomagnetic disturbances.  On the other hand, the faster CMEs produce major solar wind disturbances as they overtake, compress, and accelerate the slower ambient solar wind ahead.  Large CME-driven interplanetary disturbances are usually preceded by strong shocks that are effective accelerators of particles and sources of radio emission. Strong magnetic  fields are also commonly found in these disturbances both behind the leading shocks and within the CMEs themselves.  These strong fields are primarily a result of compression caused by the CME-ambient wind interaction.  When the compressed fields in the ambient wind and/or within the CMEs have substantial southward components, major geomagnetic storms result as they interact with Earth's magnetosphere. 





Solar Activity/Flares



The research objective is to understand:



The solar dynamo.

The precursors to solar activity--short term process of active region development and long term build-up of polar fields.

The dynamics of magnetic energy build-up in the solar corona and magnetic field topologies, and their role in occurrence of solar flares.



Solar activity (sunspots, faculae, flares, etc.) arises from the eruption of fields formed within the solar interior as part of dynamo processes.  To understand solar activity, it is essential to understand the solar dynamo--how magnetic fields are amplified within the solar interior.  To predict future activity, it is essential to understand the precusors of solar activity--on long time scales the buildup of polar fields, and on short timescales the behavior of individual active region development.



Electromagnetic radiation propagates from the Sun to the Earth on time scales of minutes. Thus any warning capability for UV, EUV, and X-ray or microwave bursts requires some method for flare forecasting. At this time, no completely reliable predictors of flare occurrence are known, although, since flares are due to the release of magnetic energy, an obvious forecasting strategy is to search for signatures of magnetic energy buildup in the solar corona and specific magnetic field topologies that lead to the occurrence of flares. 



Solar activity can take many forms ranging in size from tiny X-ray bright points to giant eruptive flares. All of these forms of activity are believed to share a common underlying physical process, the conversion of magnetic energy in the solar chromosphere and corona to plasma energy. The best-known and, perhaps, most important example of this process is solar flares.  A large flare can release up to 10^32 ergs of magnetic energy into the solar atmosphere on time scales as short as 100 sec. There are several results of flare energy release that are significant for space weather. The main result is that large masses of coronal and chromospheric plasma heat to temperatures in excess of 10 million K. Radiative and conductive cooling of this plasma produces UV, EUV, and X-ray bursts (from 0.1 to 100 nm), which heat and ionize the Earth's upper atmosphere and ionosphere.



Flares also produce enhancements of optical emission, especially in spectral lines formed in the chromosphere, but sometimes even in continuum white light emission.  The term flare has now become synonymous with a large soft X-ray burst, and the commonly used flare classification is now in terms of peak soft X-ray intensity.  Flares are categorized as X, M, C, or B with the strongest flares being category X.  In addition to UV, EUV, and X-ray bursts, flares can produce large numbers of energetic particles that escape to interplanetary space and result in major Solar Energetic Particle or SEP events.  A third important space weather effect of flares is the production of strong radio bursts, although there is considerable ambiguity as to which of these are associated with CME initiation as opposed to the flares themselves. 



Solar and Galactic Energetic Particles



The research objective is to understand:



The origins of high energy (MeV) particles and how they propagate through the interplanetary medium.

The related physical processes that modulate the flux at 1 AU of cosmic rays originating in galactic space.



Very energetic particles, whether of solar or galactic origin, can cause single event upsets or latchups in satellite electronic components, especially highly packed memory chips.   While the exact time of failure of individual components cannot be predicted, the overall rate of upsets is proportional to the flux of particles, which is controlled by solar activity and details of the ambient interplanetary medium.   



Considering solar energetic particle events (particles with MeV energies), two independent mechanisms for particle acceleration have been identified: processes associated with impulsive solar flares, and shock waves driven by a coronal mass ejection.  Particles observed in major solar energetic particle events are accelerated over a period of days over an extended region of solar longitudes, and are associated with interplanetary shocks.  The profiles of flux intensity versus time for both of these types of events  depend on the 3-dimensional topology of the interplanetary magnetic field lines.  Research into the particle acceleration mechanisms for both processes is ongoing.



Considering intergalactic cosmic rays, which are more energetic than solar particles, their influx is negatively correlated with the 11-year solar cycle.  Apparently, the repeated episodes of solar mass ejections prevalent near sunspot cycle maximum create a complex pattern of interplanetary fields that tend to exclude (scatter) cosmic rays away from the inner solar system.  This effect can be seen for individual events -- there are obvious decreases in cosmic ray flux at Earth coincident with shock-associated coronal mass ejections.



Solar UV, EUV, and Soft X-Rays



The research objective is to understand:



The variability of the Sun in the short wavelengths and how these variabilities affect the ionosphere and thermosphere.



The upper atmosphere and ionosphere of the Earth is subject to extreme spatial and temporal variability induced by solar short wavelength radiation with wavelengths less than 180 nm, as well as by charged particles precipitating from the magnetosphere and the polar cap, which may be open to interplanetary space.  The variability in the solar short wavelength radiation occurs on time scales from minutes to that of a solar cycle.  The ability to predict the often rapid changes in the Earth's upper atmosphere and ionosphere rests on our knowledge of the sources of these variations.  At present, most of our understanding of the variability of the solar short wavelength radiation radiative outputs come primarily from measurements made by the Atmosphere Explorer satellite and several rockets flown in the last two decades. 



Variations in the solar short wavelength radiation occur on three basic time scales related to flares, active region evolution, and the solar cycle. The latter two are emphasized here since the flare signature and predictability are essentially covered in the section on flares. However, it should be repeated that the flare-related enhancements of the short wavelength radiation can be quite large (>1000X) and endure for minutes to hours. Over moderate time scales, say to several solar rotations, short wavelength solar radiation can show enhancements of as much as 20-30% in response to the emergence, interaction and evolution of active regions. These variations are further modulated by the passage of the active regions across the visible hemisphere. The variations occuring on these time scales are superimposed on a longer-term modulation of solar radiative output related to and occurring in phase with the solar cycle. During the three to four years in the rise of an activity cycle, the solar emission in the 10 to 100 nm spectral range can increase by a factor of 2 and for wavelengths less than  10 nm by a factor of 10.



Solar Radio Noise



The research objective is to understand:



Solar radio noise emission processes in the upper corona.



The predominant processes responsible for solar radio noise are related to active regions and their formation and development.  Solar radio emission is so closely tied to solar activity that the F10.7 solar radio noise is often chosen as a better proxy for solar activity than sunspot number.  Nevertheless, proxies are not equivalent to understanding or predicting.



As a factor in space weather, solar radio noise is an operational nuisance/hazard to radar and communication operations if the antenna pattern intercepts the Sun and solar noise swamps the desired signal.  The solar radio signals of most interest include noise bursts at 245 MHz and 2.695 GHz (10 cm) because they interfere with commonly used communication frequencies.



The occurrence rate of solar radio bursts is roughly correlated with the solar activity cycle.  However, solar radio noise is also likely simply when there are complex sunspot activity regions in view.  Whether this signifies the occurrence of minor flares or slower CMEs with no other identifiable signatures is unknown at this time.



Solar Wind



The research objective is to understand:



The means by which the solar wind is heated and accelerated, and the nonuniform characteristics of its flow.  



Today, advances in understanding the solar wind are being made because of synergistic developments of theory, modeling and observations. In particular, three dimensional models ranging from source-surface treatments to 3-D magnetohydrodynamics (MHD) coronal and solar wind models have the potential to help us to understand both how to interpret what we experience at Earth in terms of its coronal origins, and the role that the coronal magnetic field geometry plays in determining the solar wind characteristics.  New observations that help to establish the boundary conditions at the Sun have the potential to merge with the models and allow definitive tests of their validity.  However, most of these cross-comparisons have not been done.  Moreover, the processes acting in the solar wind acceleration region are not completely defined in classical MHD models and are not readily observed by present-day remote sensing techniques.



The solar wind establishes the prevailing condition of the magnetosphere prior to transient (e.g. shock, CME) interaction, is the medium through which solar energetic particles travel (and in many cases are generated in), and is itself a source of moderate interplanetary plasma and field disturbances.



Magnetospheric Particles and Fields



The research objective is to understand:



The coupling of the solar wind with the magnetosphere.

The onset, expansion, and recovery of substorms.

The transport and energization of plasma throughout the magnetosphere.



Specifying and forecasting the magnetospheric magnetic field requires a detailed understanding of particles and fields throughout the magnetosphere.  Because the magnetosphere is determined largely by properties of the solar wind, a complete understanding of the magnetosphere depends on our knowledge of the physical mechanism or mechanisms behind its coupling to the solar wind.  The magnetosphere is a dynamic region that undergoes dramatic changes in response to substorms.  Therefore, it is also important to understand the physical processes leading to the onset, expansion and recovery phases of substorms.  Much of the energetic plasma in the magnetosphere resides in the plasma sheet, but our understanding of the origin of the plasma sheet is still incomplete.  A significant part of the plasma sheet ions is provided by the ionosphere, but there is yet no agreement about the mechanisms that transport ions up field lines.  These transport mechanisms depend on both storms and substorms in the magnetosphere.



The magnetic field configuration of the outer magnetosphere varies in complex and dramatic ways with changes in the solar wind.  On the sunward side of the magnetosphere, Earth’s dipole field is compressed by the ram pressure of the supersonically flowing solar wind, and the magnetosphere shrinks when the solar wind ram pressure increases.  On the night side, interaction with the solar wind stretches geomagnetic field lines out into an enormous, long tail that extends for hundreds of Earth radii.  A strong southward component of the interplanetary magnetic field (IMF) increases the degree of magnetic connection between the solar wind and magnetosphere, further stretching the magnetic field in the tail.  In the expansion phase of a magnetospheric substorm, which typically follows a period of southward IMF, nightside field lines collapse to a less stretched shape, releasing energy.  In a magnetic storm--a typical result of a series of strong substorms--the Earth-centered westward ring current increases, inflating the magnetic field.



Geomagnetic Disturbances



The research objective is to understand:



Magnetospheric disturbances and the modulating role of the magnetosphere, ionosphere, and neutral upper atmosphere.

The currents that magnetospheric disturbances induce in the ground.



Magnetic activity at the earth's surface is modified by electric currents in the magnetosphere and ionosphere.  In addition, understanding of geomagnetic disturbances depends critically on our knowledge of induced currents in the ground.  Areas where greater physical understanding are particularly needed include: 1) magnetospheric processes that govern field-aligned currents and conductivity producing particle precipitation, especially during substorms and storms; 2) processes that determine rapid spatial and temporal variations of the auroral electrojets ( it is the rapid temporal variations that are linked to the ground induced current  effects); and 3) the manner in which spatially and temporally varying ionospheric currents interact with non-uniform ground conductivity to induce large potential differences over long distances.



Magnetospheric Radiation Belts



The research objective is to understand:



The transport, production, and loss processes that determine the intensity of radiation belt particles in both quiet and storm times.



The radiation belts are the high energy parts of the populations of electrons and ions that are trapped by the earth's magnetic field.  They are distinguished by the energies of their particles, by their spatial properties, and by the variations in time of the fluxes of their particles.  They are subdivided into inner and outer belts, separated by a region of minimum particle flux, the slot region, located at about 1.5 to 2 Re above the equator.  The South Atlantic Anomaly is the location where inner belt particles come closest to Earth, owing to the offset between the magnetic dipole axis and Earth's center. The outer belt extends beyond the altitude of geosynchronous satellites.



Although typically thought of as regions of trapped radiation, the radiation belts exhibit variations on nearly all time scales: secular, solar cycle, solar rotation, and storm time.  The outer belts exhibit the greatest variability.  The outer-belt MeV electrons, often called “killer electrons” because of their effect on spacecraft, exhibit a persistent behavior during magnetic storms, yet their origin is still not understood. Even the inner belt particle populations, which are usually considered stable, can be modified during large magnetic storms. For example, in 1991 an interplanetary shock wave created a second inner proton belt which, because of the long time scales associated with loss processes, persisted for many months.



The transport, production, and loss processes that determine the fluxes of energetic particles in the radiation belts have been studied for many years, but it is still not possible to account for all the observed variability.  Transport, production and loss of radiation belt particles result from atmospheric processes such as charge exchange and Coulomb collisions, pitch angle diffusion produced by wave-particle interactions, and radial diffusion caused by large-scale magnetic and electostatic impulses associated with magnetic storms and substorms.  The determination of numerical values for the various diffusion coefficients is a critical step for understanding and predicting the evolution of the radiation belts.  This will require a detailed specification of the electromagnetic and electrostatic fields present in the radiation belts, as well as a suitably robust model of the large-scale magnetic field.  



Auroral Structure



The research objective is to understand:



The processes that guide, accelerate, and otherwise control particle precipitation and produce auroral substorms.



Much has been learned over the past two decades about the climatology of auroral particle precipitation.  As we understand more about where magnetic fields map, we are better able to tie features in the precipitation patterns to source regions in the magnetosphere and magnetosheath and to processes that guide, accelerate and otherwise control particle precipitation.  Adding the dependence of the climatology on the IMF direction may help to define the physics of these processes.  Critical questions still exist relative to the acceleration mechanisms for auroral particles and the causes of structure of arcs and other auroral forms.  We must better understand magnetosphere/ionosphere coupling and feedback processes.   The dynamics of the aurora reflect the extreme temporal variability of the magnetosphere and the coupling processes.  Many of the research models are run under steady boundary conditions to produce diurnally reproducible results.  Time varying effects are often not well modeled.  Yet the solar wind, the magnetosphere and the ionosphere vary considerably on time scales of hours and even minutes.  On the global scale we must evolve from static, statistically based patterns of electric fields, currents and precipitating particles to dynamic time-varying real-time descriptions of the physical processes controlling these phenomena.  Accurate simulation of time varying phenomena at scales of a hundred km to global is an essential part of space weather prediction. 

	

A related problem is the triggering mechanism of substorms and the modeling of the dynamics of the expansion phase.  There is a lack of agreement in the community on the physical processes that cause substorm initiation although focus has moved toward the inner magnetosphere in the last few years.  It is ultimately important that the physics of substorm onset be identified and be the driver of onset in numerical models rather than any ad-hoc mechanism or numerical diffusion within the model.



Ionospheric Properties



The research objective is to understand:



The formation mechanisms associated with large-scale and medium-scale electron density structures, and the basic response of the ionosphere to geomagnetic storms and substorms.

The production, transport, and loss mechanisms associated with electron density structures.



The Earth's ionosphere displays a marked variation with altitude, latitude, longitude, universal time, season, solar cycle, and magnetic activity.  This variation is reflected in all ionospheric properties--electron density, ion and electron temperatures, and ionospheric composition and dynamics.  This is primarily a result of the ionosphere's coupling to the other regions in the solar-terrestrial system, including the sun, the interplanetary medium, the magnetosphere, the thermosphere, and the mesosphere.  The main source of plasma and energy for the ionosphere is solar EUV and UV radiation, but magnetospheric electric fields and particle precipitation also have a significant effect.  The magnetospheric effect is determined, in part, by the solar wind dynamic pressure and the orientation of the interplanetary magnetic field.  Also, tides and gravity waves propagating up from the mesosphere influence the thermospheric neutral densities which, in turn, affect electron/ion production and loss rates. The various driving mechanisms act in concert to determine the global electron density distribution, but there are also important time delays and feedback mechanisms that are associated with the coupling processes. The external driving mechanisms can also be localized, spatially structured, and unsteady.



Of particular importance to space weather systems is the electron density distribution.  Despite the complicated nature of the forcing processes, this distribution exhibits (generally) repeatable features at equatorial, middle, and high latitudes.  At mid-latitudes, the averag electron density distribution tends to be uniform, with a gradual transition from dayside high densities to nightside low densities across the terminator.  At equatorial latitudes, a pronounced latitude variation of electron density in the F-region, known as the Appleton anomaly, is encountered during the daytime.  At high latitudes, additional large-scale density features are evident, including a tongue of ionization, a polar hole, a main trough, and an overall enhancement in the auroral oval.  In addition to these quasi-steady-state features, the ionosphere also exhibits a considerable amount of structure.  There are small-scale (~1 km), medium-scale (~10 km), and large-scale (100-1000 km) density structures, and they can appear at any location and time.  The small-scale structures are usually produced within and on the edges of the larger structures through plasma instabilities and are typically referred to as density irregularities. The medium and large-scale structures at high latitudes can appear in the form of propagating plasma patches, boundary blobs, auroral blobs, and localized depletions, and they can be created by a variety of mechanisms. At the magnetic equator, large scale features known as equatorial bubbles or plasma depletions appear after sunset and are associated with large amplitude density irregularities at a variety of scale sizes.



Ionospheric Electric Fields



The research objective is to understand:



The small scale E-field structures and the large scale electrostatic fields within the ionosphere, how they couple with the magnetosphere, and how they respond to changes in the interplanetary magnetic field.

The penetration of electric fields from high latitudes to low latitudes.

The electric field variability generated by thermosphere-ionosphere interactions in the equatorial region.



A specification of the global electric field is required to adequately understand the behavior of the charged and neutral species in the upper atmosphere.  The electric field forces the ions to move in the ExB direction at high altitudes and in directions closer to the E-field direction at lower altitudes. The resulting plasma transport and ion neutral chemistry affects the ionospheric composition and concentration which in turn affects the neutral atmosphere dynamics by modifying the ion drag.  These processes are further complicated by the fact that the ion-neutral collisions themselves drive currents that may modify the electric field and the resulting ExB drift motion of the plasma.  In order to produce an adequate description of the ionosphere and thermosphere it is therefore necessary to globally specify the electric field distribution.  At the large spatial scales that are relevant to describing the global ionosphere, the magnetic field lines are electric equipotentials and thus the electric field may be specified by describing the spatial distribution of electric potential.  Small scale structure that is superimposed upon the large scale electric field is also important.  The task of describing the global ionospheric electric field may be conveniently divided into two parts:  that pertaining to the specification at high latitudes, where the influences of ionosphere-magnetosphere coupling processes dominate, and that pertaining to middle and low latitudes where ionosphere-thermosphere-mesosphere coupling processes dominate.



At high latitudes the ionospheric electric field is largely dependent on the nature of the magnetosphere/solar wind interactions, and interplanetary magnetic field and solar wind parameters tend to be the major variables affecting the electrostatic potential distribution.  When the IMF is southward a two-cell convection pattern is generally well defined, but the level of detail required to adequately specify the associated ionospheric densities is missing.   When the IMF is northward the variability of the convection pattern is much larger and the convection velocities are generally smaller  than for the southward IMF case.  This suggests that the underlying large scale convection pattern may be disguised by the presence of small scale structure that is present in all cases.   At low and middle latitudes a specification of the electric fields is complicated by the existence of daily and longitudinal variations that are poorly understood.  The relationship between the behavior of the ionosphere and thermosphere and the electrodynamics of the plasma can be quite well modeled but prediction of the wind systems and electric field variations that can dramatically effect the bottomside ionosphere is not presently possible.  A better understanding is required of the processes that determine the spatial and temporal characteristics of electric field penetration from high to low latitudes during ionospheric disturbances, including the establishment or breakdown of magnetospheric shielding effects.



Ionospheric Disturbances



The research objective is to understand:



The day-to-day variability of the large-scale ionospheric features and small-scale plasma density irregularities that affect radio wave propagation during magnetically quiet and disturbed times.



A multitude of structures populate various ionospheric regions at different times, with their spatial and temporal distributions of interest in their own scientific context and of interest to communication and surveillance applications because of their impact on skywave signal channel characteristics.  At meso- and macroscales (i.e., ~50-104 km) the  interest has been in such phenomena as the auroral oval, the equatorial anomaly, the mid-latitude trough, the cusp, intermediate and descending layers, and polar cap patches.  At smaller scale sizes (tens of kms to cms) attention has been on plasma instabilities which play a role in the distribution of ionospheric irregularities.  Through wave-particle interactions the instabilities and associated irregularities can influence currents and energize ions that ultimately populate the magnetosphere.  Many processes (Rayleigh-Taylor, ExB, current convective and universal drift wave modes) depend upon ionospheric structures and their density gradients as energy sources to drive the plasma unstable.  All of the high-latitude ionosphere and the nighttime equatorial region are susceptible to such processes.  These regions are known to impair skywave performance when such instabilities and irregularity structures prevail.  It is to be noted, however, that ionospheric disturbances are not always associated with instability mechanisms.  They can be triggered by geomagnetic storms and attendant variations in electric fields,  thermospheric winds, composition, and plasma density distributions.  



Triggering mechanisms can also include gravity wave perturbations and day-to-day variabilities that can often escape identification with known cause-effect relationships.  In fact, an underlying challenge (perhaps more fundamental than attempting to trace storm-time dynamics) is to define and specify quiet-time conditions (if such a classification truly exists) and their associated day-to-day variability.  Herein lies the fundamental requirement for skywave performance characteristics in ionospheric controls of maximum-usable-frequencies, lowest-usable-frequencies, and frequencies of optimum transmission.  These are link dependent and controlled by the details of E- and F-region characteristics as determined by seasonal, diurnal and solar-cycle controls, and attendant day-to-day variability.  Clearly, an understanding of all structures, laminar and disturbed, will provide a hierarchical perspective on all of the ionosphere and develop insights into the processes that control and maintain the structures themselves, influence the coupling to other geospace domains, and modify the performance of communications and surveillance systems.



Ionospheric Scintillations



The research objective is to understand:



The thermosphere-ionosphere-magnetosphere interactions that control the formation and evolution of 10km to 50m electron density irregularities that cause scintillations.

The relationship between those irregularities and scintillation effects on specific systems.



Spatial irregularities of ionospheric electron densities scatter satellite radio signals and lead to amplitude and phase variations.  Amplitude scintillations induce signal fading and, when this exceeds the fade margin of a receiving system, message errors in satellite communications are encountered and loss of lock occurs in navigational systems. Phase scintillations cause Doppler shifts and may degrade the performance of phase-lock loops, such as in GPS navigation systems. They may also affect the resolution of space-based synthetic aperture radars. In order to provide support to operational communication and navigation systems, the magnitudes of amplitude and phase scintillations and the temporal structure of scintillations need to be specified and predicted.



The scintillation phenomenon is characterized by extreme temporal and spatial variability. The associated electron density irregularities are driven by complex, time-dependent ionospheric plasma instabilities.  Research into the triggering mechanisms for the instabilities is crucial for achieving predictive capabilities. Scintillations are most severe in the equatorial region, where they often occur after sunset, and attain their maximum intensity around the peaks of the Appleton anomaly (15 degrees N and 15 degrees S magnetic). The scintillations have a large and poorly understood day-to-day variability, with active nights sometimes following (or leading) quiet nights with little apparent change in initial conditions. They are particularly severe during solar maximum conditions, and frequently occur during geomagnetically quiet periods.  



At high latitudes, strong scintillation events are related to the macroscale plasma structures that become unstable near their moving boundaries. Under magnetically active conditions and IMF Bz southward orientations, such structures, known as polar cap patches, are convected from mid-latitudes through the dayside cusp into the polar cap and finally into the nightside auroral oval. It is first necessary to specify and predict polar cap patches and their trajectories based on IMF configurations. We then need to define plasma convection in the neutral frame of reference in order that the growth time of plasma instabilities and relative amplitude of mesoscale irregularities may be derived in the non-linear regime of the evolution of plasma instabilities.  At mid-latitudes, weak to moderate levels of scintillation occur and maximize during the solar minimum period in a manner that still awaits explanation. 



The physical conditions necessary for the onset of plasma instability in the equatorial region seem to be associated with the post-sunset enhancement of the eastward electric field and the presence of "seed" perturbations, provided by either geophysical noise or gravity wave activity.  However, the manner in which these parameters control the day-to-day variability of scintillation, remains unresolved. For the purpose of relating scintillations to plasma instabilities on a quantitative basis, it will be necessary to track these instabilities through the non-linear regime and determine the saturation amplitudes of the irregularities with fast computer algorithms.



Neutral Atmosphere (Thermosphere and Mesosphere)



The research objective is to understand:



The chemical, radiative, and dynamical processes that act to modify and redistribute energy and constituents throughout the upper atmosphere.



The atmosphere above about 80 km is a weakly ionized, compressional, multi-constituent medium with a complex and variable morphology that is controlled by a variety of mechanisms, including direct solar heating and other important chemical, radiative, and dynamical coupling processes.  Solar activity directly influences upper atmospheric variability via EUV/UV heating and, indirectly, via the magnetospheric sources of energy, momentum and mass. Consequent variations in the neutral atmospheric state parameters (temperature, density, wind, and composition) have important effects on many operational systems. Direct effects include the perturbation of satellite trajectories in low earth orbit. Indirect effects involve the response of the ionosphere to variations in neutral atmospheric composition and dynamics. For example, changes in thermospheric composition control ionization and recombination rates, while neutral winds act to redistribute the ionospheric layers both horizontally and vertically. Neutral winds can produce feedback on the magnetosphere-ionosphere electrical circuit by modifying the dynamo interaction.  Also, neutral temperatures play a role in determining chemical reaction rates which, in turn, affect all other parameters in the upper atmosphere. 



While sustained progress in understanding the upper thermosphere has occurred over the past decade and most of the important physical processes are known, we still only possess a preliminary climatology.  Moreover, large errors regularly occur when too much reliance is placed on the accuracy of empirical models. This is due, in part, to the large intrinsic variability of the neutral upper thermosphere and its ability to support oscillations of all types and scales (gravity waves, planetary waves and tides).  Much less is known about the behavior of the lower altitude regions--the mesosphere and lower thermosphere/ionosphere (MLTI). 



The MLTI is subject to strong forcings from both above and below, in the form of solar radiation, precipitating magnetospheric particles, magnetospheric electric fields and currents, atmospheric waves of all scales, radiative transfer and the transfer of important neutral constituents with the lower atmosphere.  Many of the most important atmospheric processes in this region remain poorly characterized, including the effects of breaking gravity waves, the variability of tides and planetary waves, the production, transport, and loss of species like nitric oxide and atomic oxygen, radiation cooling under conditions of strong non-thermodynamic equilibrium, and heating by solar radiation, particle precipitation, chemical transformations, and auroral electric currents.



B.  Model Development



The fifteen research areas discussed above can be described in terms of computer models with inputs and outputs.  The National Space Weather Program must support the continued development of these different component models of the solar terrestrial system.  The Program must also foster the merging and integration of these models.  As the models are developed, they must continually be tested and validated against space weather measurements.  This will necessitate both rapid access to existing ground-based and space-based observing platforms, as well as completion of new facilities and satellites. 



Different models are in different stages of maturity.  Some are empirical, some are "physics based"; most are hybrids.  The approach of the National Space Weather Program is to support the evolution from empirical models to coupled physical models.  In the ideal situation, all models are self-consistently coupled so that changes in the driving forces of the system are communicated through the different regions of space.



Finally, the physical models must not only be brought into existence, they must be transferred into operational codes that will allow accurate space weather forecasts and nowcasts.



CME Models



One basic need in this area is to predict solar wind disturbances at 1 AU (plasma , magnetic field, and energetic particle attributes, including strength of associated shocks, intensities of energetic particle events, flow speeds, densities, and magnetic field magnitudes and orientations), including their onset times and time profiles. Such predictions should eventually be possible on a variety of time scales ranging from less than an hour to greater than several days.  The optimum  means of achieving this goal is through a combination of observations and models. The observations are required both to test the models and to provide the  boundary conditions for model use in making forecasts.  Of particular value in the modeling area for CME space weather effect predictions are the following:

 

Models of the CME initiation process that use realistic observable boundary conditions at the Sun to predict "injection" speed, mass, and intrinsic magnetic field attributes of the ejecta.

3D MHD models of the ambient solar wind (see Solar Wind section).

3D MHD models of CME-generated disturbance propagation in the solar wind from the Sun to beyond Earth's orbit.  These models should strive to simulate the CME structure itself as well as the perturbation caused by the CME in the ambient interplanetary medium. They should ultimately be able to describe disturbance initiation and propagation from the base of the corona to 1 AU using realistic initial conditions for the ambient wind and realistic boundary conditions for the CME disturbance itself.

3D models of particle acceleration by CME-driven interplanetary shocks. These models should be capable of predicting the intensity and time history of the CME-associated energetic particle events at 1 AU given a realistic model of the disturbance propagation as in the above bullet.

Models of the CME-driven shock related radio emission (E&M) process. These models are needed to optimize the use of radio noise as a remote sensing device and as a diagnostic of approaching CMEs.



Flare Models



The magnetic field plays a fundamental role in the production of flares and is the essence of several areas of flare modeling. First, since the coronal magnetic field cannot be observed directly, as yet, the only method for determining the field there is to observe it at the photosphere and use numerical modeling to extrapolate it into the corona. This method has had considerable success in matching observations from present magnetographs and Yohkoh. Since much higher quality data is expected in the next few years, magnetic extrapolation models must be extended to much higher numerical resolution. Second, the fundamental process by which magnetic free energy in the corona is released is believed to be magnetic reconnection. Recently, 2.5D models for magnetic reconnection have been successful in explaining observations of mass acceleration and heating associated with the magnetic energy release in chromospheric explosions.  Solar flare reconnection, however, is intrinsically 3D. Rigorous models for 3D reconnection are the most important challenge to understanding flare physics, and to obtaining a physics-based model for flare prediction. Related to this, investigation of the microphysics that determines the site of reconnection in a particular magnetic field configuration is useful in assessing the potential for reconnection. These processes can generally be parameterized in MHD models to control the locations of the regions of maximum resistivity, and thus minimize the role of purely numerical diffusion.



Models relating to the processes that produce flare-generated transient UV, EUV, and X-ray bursts are potentially valuable for flare effect prediction since they can tell us something about the energetics of the flare and in particular about its potential for producing flare- generated solar energetic particles. Similarly, models of the processes that accelerate particles in flares and determine whether and where they are released from the flare site are useful in building forecasting schemes for this particular component of the SEP population.



The key modeling objectives for flare forecasting are thus the following:



Improvment of magnetic field extrapolation models based on photospheric field measurements, allowing for anticipated high resolution magnetograph observations and eventually higher sensitivity full vector magnetic field data.

Development of 3D models for magnetic reconnection in active regions, including consideration of the processes that determine the distribution and magnitude of resistivity.



Solar Wind Models 



Over the past two decades numerical models of the solar wind of various degrees of sophistication have been developed. The simplest of these are kinematic models which assume the magnetic field and velocity at the Sun and project them to 1 AU. Some of these models incorporate adhoc descriptions of stream interaction effects. At a more computationally demanding and physically rigorous level are 2D and 3D MHD models that can in principle more accurately simulate stream structure.  Solar observations, especially of the photospheric magnetic fields, can be used to specify the boundary conditions at the "source surface", although theoretical extrapolations or approximations are required to map these conditions to the ~20 Rs distance where the flow becomes truly radial and the speed is thought to be fully established.  From a solar wind forecasting perspective, modeling efforts will eventually lead to a capability for predicting local solar wind conditions that can be used in magnetospheric and upper atmospheric models that depend on solar wind behavior, as well as in predictions of CME effects on the ambient interplanetary medium.  Since these models rely on solar observations for their boundary conditions, the lead-time is potentially no shorter than the convection time from the Sun and as long as a solar rotation if the solar magnetic field configuration is steady or slowly changing.  Some examples of specific modeling activities of interest in this area are as follows:



Development of 3-D MHD models of the coronal acceleration region of the solar wind, which use realistic magnetic field configurations.

Development of 3-D MHD models of the solar wind extension into interplanetary space, which use realistic inner boundary conditions.  These include using the critical "geoeffectiveness" parameters of plasma velocity and density, and vector magnetic field.

Couple the above two models to determine an optimum proxy for specifying solar wind velocity prior to its free expansion into interplanetary space.



A key element in forecasting geomagnetic disturbances is the availability of solar wind and IMF data from an L1 station.  Since the L1 point lies more than 200 Re upwind from Earth, and since an L1 station is rarely on a streamline that hits the magnetosphere, there is a need to predict solar wind and IMF conditions at the magnetosphere from the L1 data.  Existing models make such predictions using pure advection based on the assumption that all gradients are parallel to the Sun-Earth line.  It should be possible to improve the accuracy of the predictions by computing the orientation of gradients from the L1 data and taking account of this information together with the propagation of the gradients relative to the wind.  There will be two real-time L1 data stations starting in 1997, WIND and the Advanced Composition Explorer, ACE. A code incorporating data from both stations should give accurate predictions most of the time. The extension of existing code to incorporate these aspects of the solar wind transit process should be undertaken, completed, and tested in a two year time frame.



Solar UV, EUV, and Soft X-Ray Models



Models of the Earth's ionosphere and upper atmosphere rely on the solar 10.7 cm radio flux as a surrogate or proxy of the solar short wavelength radiative input.  The variation in the 10.7 cm radio flux, however, originates in active regions. Recent studies show that a significant contribution to the short wavelength radiation emission levels comes from the dispersed fields of active regions and weak network.  This component of solar activity is not well represented by the 10.7 cm flux. The Ca II K index and He I 1083 nm equivalent width include contributions from active regions, as well as the weaker magnetic structures distributed over the entire surface of the Sun.  However, better estimates of the short wavelength radiative emission can be realized by using solar atmospheric models for different activity structures, such as sunspots, plages, active regions, and the network.  In addition, understanding the physical basis for the variability and improving the development of reliable proxies are valuable.



The most promising research directed at this problem involves combining semi-empirical atmospheric models that fit the spectra of observed spatially-resolved solar features, databases of line and continuum spectra computed in local thermodynamic equilibrium (LTE) and non-LTE, as appropriate, and analyses of the distribution on the solar disk of specific activity features from observations. This procedure yields a synthetic disk image, full-disk spectra, and the absolute full-disk irradiance in selected spectral bands. At the present time, the solar models are  limited to lines formed at temperatures less than 105 K, that is to the chromosphere up to the lower boundary of the transition region.  Comparisons of the calculated Lyman alpha irradiance, for example, with that measured by the UARS satellite show an agreement to within about 10%, indicating the potential of this analysis approach.



Specific modeling tasks include the following:



Develop additional models (e.g. for the penumbra), a finer distinction of modeled structures, and dynamical models which include flows and turbulent diffusion in order to better match the observed solar features and their spectral characteristics.

Improve the solar spectrum calculations with the addition of line opacities in approximately 50 million lines, mostly in the UV, as well as other lines and continua from atoms, ions and molecules. Improve non-LTE computations of metals continua, Fraunhofer lines, and the optically thin transition region and coronal lines.

Develop 3D models of the solar atmosphere that include the transition region and coronal lines formed at higher temperatures than are currently being used.



Magnetospheric Particles and Fields



Magnetospheric models are needed to specify and predict the particles and fields in the magnetosphere and radiation belts, as well as the electrical currents that produce geomagnetic disturbances at Earth's surface.  All magnetospheric models depend on knowledge of the solar wind, and the lead time for magnetospheric predictions can only be as good as the corresponding lead time for the solar wind inputs.



Currently, a magnetospheric model called the Magnetospheric Specification  Model (MSM) is being used operationally to estimate fluxes of electrons and H+ and O+ ions in the distance range from  L ~ 2 to nearly the magnetopause on the dayside and to about 15 to 20 Re on the nightside.  The MSM has at its core a particle drift code, with electric and magnetic field models that are driven by real-time data.  The MSM can specify magnetospheric conditions on the basis of Kp alone, but the quality of its output increases as its input data base increases.  The MSM is limited to providing nowcasts and retrospective analyses.  However, the slightly more advanced  Magnetospheric Specification and Forecast Model (MSFM), which is now being transitioned to operational use, provides forecasts with a typical horizon of about 1 hour, as set by the availability of solar wind and IMF data from an L1 station.  Steps to improve the quality of the MSFM include an improved electric field model, an improved magnetic field model, and the incorporation of a routine for forecasting substorm onsets.



Presently, MSFM computes ionospheric electric fields, conductances, and currents using semi-empirically derived electric potential maps that are modified to fit observed auroral boundaries.  A more realistic approach is to couple the MSFM to models of ionospheric electrodynamics that assimilate data from ground-based magnetometers and radars, as well as polar-orbiting satellites.



A number of quantitative semi-empirical and theoretical models of the magnetospheric magnetic field are currently being developed.  Semi-empirical magnetic field models are partly based on observations, but they also generally conserve magnetic flux and satisfy the Ampere's-Law Maxwell equation.  However, they do not explicitly relate currents and magnetic fields to plasma pressures, densities, or velocities.  These models are usually designed to be user-friendly, and they run quickly on workstations.  Theoretical models, which include the additional theoretical constraint of momentum conservation (and often conservation of mass and energy as well), can represent dynamical processes better, but they can run faster than real time only on the most advanced supercomputers or massively parallel machines, and they are not yet ready for operational use. 



The MSFM represents only one approach to numerical magnetospheric prediction codes. A principal shortcoming is the lack of quantitative, detailed self-consistency between the particle populations it numerically calculates and the magnetospheric magnetic field that it gets from a lookup table.  Such self-consistency between plasma and magnetic field is the strength of global MHD simulations, which represent an alternative approach to numerical magnetospheric predictions.  A principal shortcoming of global MHD simulations is their neglect of thermal drifts, which are important where field gradients are strong.  Thermal drifts are explicitly calculated in the MSFM.  Clearly a merger of an MSFM-like code (i.e., containing non-MHD physics) and a global magnetospheric MHD code represents a goal that should be set in order to advance toward greater capability in numerical space weather predictions.  A plan to develop an operational numerical magnetospheric prediction capability based on integrating non-MHD physics into a global magnetospheric MHD code already exists.  The plan is titled Quantitative Magnetospheric Predictions Program (QMPP).   At the same time the DoD is supporting the development of a particular version of a merger between an MSFM code and a global magnetospheric MHD code.



Geomagnetic Disturbances



For some technical systems, it is not necessary to know the particles and fields everywhere in the magnetosphere.  In some cases, it is sufficient to specify and predict the level of geomagnetic disturbance on the ground, or what is referred to as geomagnetically induced currents (GIC).  A number of statistical algorithms are being developed to specify and forecast geomagnetic disturbances.  These include an input-state space algorithm for the AE index and more than one neural network algorithm for Dst.  A statistical auroral electrojet predictor that specifies when the electrojet will flare, where it will flare, and how strong it will be is being developed for use in making GIC warnings.  These and similar algorithms that take the powerful statistical techniques that have been developed in the fields of nonlinear dynamics and artificial intelligence and use them to predict geomagnetic disturbance indices constitute a potentially rich source of useful specification and forecast products that can be transitioned into operational service in the near term.  While prediction in the long term will be best done by physics-based numerical modeling, new techniques are under development to apply locally linear prediction filtering (of non-linear phenomena) and deterministic chaos theory to characterize the magnetospheric response.  Development of this and similar techniques could provide an alternative means for forecasting substorm activity through prediction of indices such as AE until the physics of substorm onset are better understood.



One deficiency all statistically-based algorithms share is their poorly understood performance characteristics during extreme conditions, for which there are few data with which to fit or train them.  Nonetheless, the mere fact that an algorithm is predicting out of range can have considerable forecast value.  Regarding observational requirements, as a rule, these algorithms need real time values of the index or quantity they predict, and some also need real time upstream solar wind data.  



Radiation Belt Models



Radiation belt particle populations are presently specified by NASA empirical models for inner and outer zone protons, called AP-8 Min and Max, and for inner and outer zone electrons, called AE-8 Min and Max, where Min and Max refer to phases of the solar cycle for which the models were designed.  These models are based on data acquired before about 1990.  All static models show various inaccuracies, especially in the South Atlantic anomalies and in the outer zone.  Even in the more stable inner zone there is a deficiency in specifying >100 MeV protons and >10 MeV electrons. 



Recent data from the CRRES and SAMPEX satellites have demonstrated the extremely dynamic nature of the radiation belts.  Outer zone relativistic electrons exhibit strong variations that are well correlated with the solar cycle, solar rotation, and solar wind speed.  Inner zone protons can suffer sudden changes during magnetic storms; such changes can persist for months.  This deficiency of the present models calls for research into dynamical models.  Examples of such models have already appeared.  The sudden creation by an interplanetary shock wave of a second inner belt has been successfully modeled. A neural network model based on Kp gives reasonably good predictions of the presence of relativistic electrons at geosynchronous orbit.  Newer models of particle fluxes based on data from the CRRES and SAMPEX satellites are now becoming available.  The potential for improving and extending these and other models for operational purposes is great.



Auroral Models



An important element for both ionospheric and magnetospheric models is the ability to specify and predict the location and intensity of auroral precipitation. Current modeling efforts combine statistically based empirical models with known physics to produce reasonable assessments of inner magnetosphere dynamics and the resulting particle precipitation into the ionosphere. The Magnetospheric Specification and Forecast Model provides the first numerical capability to follow magnetospheric particle fluxes and determine the precipitation into the auroral zone and an estimate of the time-varying electric field.  Predictions of up to one hour are possible with solar wind data for input.  However these models are missing good descriptions of time-varying, magnetosphere-ionosphere coupling and the resulting particle acceleration and field aligned currents.  The effects of the magnetospheric energy on the ionosphere can also be estimated with regionally based models that have no magnetosphere-ionosphere coupling.



Global MHD research models are beginning to offer promise for following the dynamics of the magnetosphere-ionosphere system; however, these techniques need to be combined with particle based codes to accurately describe the dynamics of magnetosphere-ionosphere coupling.  Accurate, fully-coupled, global scale models that can follow the coupling between the magnetosphere and the ionosphere will be needed to significantly advance predictive capabilities beyond those of current, regionally-based research models including those currently being transitioned to operational codes. These models can set the framework for operating more detailed meso-scale regional models.  Their operational availability will be in the intermediate to long term.  Because of the vastly different scale sizes for variations in mapping from the magnetosphere to the ionosphere in a coupled MHD model, advanced techniques such as adaptive or variable grids will be required to achieve the resolution needed in the ionosphere.



Ionosphere Models



Because of the complicated nature of the ionosphere, there have been numerous approaches to ionospheric modeling over the years.  These approaches include the following:  (1) empirical models based on extensive world-wide data sets, (2) simple analytical models for a restricted number of ionospheric parameters, (3) three-dimensional, time-dependent physical models including self-consistent coupling to other solar-terrestrial regions, (4) models based on orthogonal function fits to the output obtained from numerical models, and (5) models driven by real-time magnetospheric inputs.  In an effort to achieve simplicity, some of the models have been restricted to certain altitude or latitude domains, while others have been restricted to certain ionospheric parameters, such  as NmF2 and hmF2.  Most of the models have been constructed to describe the climatology of the ionosphere and, in this regard, the models have been very successful in describing the characteristic ionospheric features and their variations with universal time, season, solar cycle, and geomagnetic activity, as represented by Kp and Ap . More recently, the model development has focused on including the large-scale and medium-scale density structures in global simulations in a self-consistent manner. Efforts have also been directed towards modeling storms and substorms.



Global approaches to ionospheric weather and climatology include the Thermosphere-Ionosphere Electrodynamic Global Circulation Model, the Time-Dependent Ionospheric Model, and the Field-Line Integrated Plasma model.  None are rigorously first-principle models, since they rely to one degree or another on empirically-specified input conditions, including specifications of solar radiation, plasmaspheric fluxes, auroral particles, magnetospherically-imposed electric fields, chemical reaction rates, and in some cases thermospheric winds with associated tidal components and dynamo fields. Currently the most-complete and widely-tested climatological specification of the ionosphere is provided by the empirically-derived model called the International Reference Ionosphere.  It provides a monthly-averaged specification of the diurnally-variable laminar ionosphere driven only by the season (i.e., the month) and the sunspot number.  Work has continued on improving its specification in the topside domain of plasma temperatures and ion composition and of global and mesoscale electron density distributions.



In order to improve ionospheric nowcasts, critical parameters must be available either via measurements or models.  At high latitudes, the convection electric field and particle precipitation patterns must be known.  Unfortunately, these 2-dimensional patterns are needed as a function of time for dynamic simulations.  It is, therefore, not a surprise that the bulk of the ionospheric modeling conducted to date pertains to climatology, since "empirical" or "statistical" electric field and precipitation models are appropriate in this case.  Here, the empirical convection and precipitation patterns are held fixed for a 24-hour period and diurnally reproducible electron densities are calculated.  In the first few attempts to model time-dependent phenomena, such as geomagnetic storms, empirical convection and precipitation patterns were also adopted, but they were varied in time according to the variation of Kp with time.  More recently, the time-dependent convection and precipitation patterns have been obtained via an ionospheric electrodynamic model driven by magnetometer, radar, and satellite data. With regard to the other ionospheric regions, the meridional wind is the critical parameter at mid-latitudes and the dynamo electric field is crucial at low latitudes. These parameters can be deduced via measurements of hmF2 or they can be calculated self-consistently using coupled ionosphere-thermosphere-electrodynamic models.



Among the first-principle models, deficiencies exist in both the topside and bottomside regions of the ionosphere.  On the topside, the major problem exists at night and involves the plasmaspheric H+ flux and its control of F-region heights and densities.  Inability to accurately specify this flux is known to result in major errors (~>100%) in predictions of nighttime F-region densities.  Until this problem is resolved, the relative roles of thermospheric winds and electric fields in the maintenance of the nighttime F-region will remain an open issue.



On the bottomside, it is necessary to specify the global distribution of upward propagating tides and gravity waves which is generally unknown.   Major deficiencies in first-principle models also include inabilities to accurately specify the E- and F1- regions, including the distributions of intermediate, descending and sporadic-E layers.  These layers have gained attention because of their relevance to dynamo fields, their kinetic interactions with thermospheric winds, their enhanced conductivity and associated controls of E-region current systems, and their potential role as a tracer of wind-shear nodes and tidal components.  Model deficiency in specifying these layers stems from inabilities to accurately specify NO, NO+ and metallic ion populations along with forces due to zonal and meridional winds.



It is important to develop nested grid, adaptive grid, and nested model approaches so that density structures of various scales can be self-consistently included in global simulations.  In the short term, continued improvement in empirical electron density models is required, based on the new databases.  For the long term, it is important to further develop coupled physical models.  In addition, computationally fast empirical-numerical hybrid models will eventually be needed in order to develop a real-time forecasting capability.  As part of this effort, multi-site data taken in real time will be needed for ingestion into the forecast models.



Ionospheric Electric Field Models



At high latitudes the ability to specify the global potential distribution lies in four areas.  Analytical or semi-analytical models driven by interplanetary parameters, adaptive numerical models driven by observations, data assimilation techniques driven by observations, and global magnetospheric models driven by interplanetary parameters.  Evidently a predictive capability for the high latitude potential distribution lies in improvement of the analytical or semi-analytical models and the refinement of global magnetospheric models.  Immediate improvement of the present electric field nowcasting capability may be accomplished by improvement in data assimilation techniques and in the refinement of the adaptive models.  The results from data assimilation procedures need to be quantified in a manner that makes comparison and integration into analytical models more straightforward.



At low and middle latitude a specification of the electric field is largely available from statistical analysis of data sets from incoherent scatter radar sites rather sparsely distributed around the globe.  Incorporation of these latest data sets into a global electric field model has not yet been undertaken.  Work continues on the effects of high latitude phenomena on the low latitude ionosphere, with quantitative estimates of the penetration and disturbance effects to be expected in the near future to allow transition to a forecast model.  Accurate specification of the longitude variations requires a wider distribution of measurements that are not presently available.  The height of the F-region peak density and the distribution of ion concentration about the dip equator, are sensitive functions of the ExB drift motion of the plasma.  It is thus possible that a description of these plasma properties may serve as a proxy for the ExB drift motion. 

In general advances in this area are presently hampered by the lack of contiguous data sets allowing accurate assessment of daily variations and their possible sources.



The goal of achieving some convergence in the present specification of the high latitude potential distribution from each technique should be achieved in the near future.  Results from global numerical models can now be compared with observations and we may expect refinements in the models to occur in response to such comparisons.  As a far future goal we should expect a convergence in the specification of electric fields from all these techniques and an increase in the efficiency of global numerical models allowing their more frequent use.  Models now generally provide a specification of the high latitude potential distribution for a rather coarse profile of interplanetary parameters.  The challenge is to provide a more continuous nowcast and forecast capability and the appropriate methodology to evolve the pattern from one state to the next.



Ionospheric Disturbance Models



Presently, ionospheric models do not incorporate ionospheric disturbances that affect the propagation and transmission of radiowaves.  These disturbances are associated with phenomena such as spread-F, sporadic E, polar cap patches, intermediate and descending layers, and traveling ionospheric disturbances.  Ionospheric disturbances can result from such processes as plasma instabilities, auroral precipitation, meteors, geomagnetic storms and substorms, thermospheric winds, and gravity waves.  Physics-based models that account for the development and evolution of these disturbances are required to achieve a full predictive capability.  After such models have been developed, they must be integrated into the large-scale ionosphere models, such that the large-scale models set the conditions under which the smaller-scale disturbances will develop.  These coupled models will enable predictions about the likelihood of ionospheric disturbances at a given place and time.



Ionospheric Scintillation Models



A global climatological model of scintillation, WBMOD, is available.  The model was initially developed from scintillation observations with the Wideband satellite and phase screen theory of scattering.  The initial model was found to be deficient because of poor temporal and spatial coverage.  These limitations arose from the sun-synchronous orbit of the Wideband satellite and limited number of observing stations.  The WBMOD model has recently been upgraded by infusing time-continuous equatorial scintillation data from geostationary satellites and scintillation data obtained from the HiLat and Polar Bear satellites in the auroral/polar cap region.  The upgraded WBMOD (UWBMOD) model specifies scintillation for any radiowave propagation path between the ground and a satellite above 1000 km and at any frequency above 100 Mhz.  The inputs to the model are the day number, universal time, sunspot number, magnetic index, the locations of the receiver and the satellite, the frequency of satellite transmission and phase detrend interval. The model outputs are the amplitude scintillation index, defined as the ratio of the standard deviation of intensity fluctuations and the average signal intensity, phase scintillation index, defined as the standard deviation of phase fluctuations over a specified detrend interval, and phase spectral strength and the phase spectral slope that define the phase structure of the scintillating signal.



UWBMOD is a climatological model and it fails to reproduce the extreme day-to-day variability of scintillation.  As such, it is of limited use for real-time operational support and is useful only for long-term planning purposes.  In order to improve its usefulness, the model needs to be driven by scintillation data from a network of stations.  Since the frequency range over which intensity scintillation can be extrapolated is limited to the weak scatter domain, multi-frequency data will be necessary.  From the operational standpoint, the model needs to provide support to systems in the VHF to GHz range of frequencies. 250 MHz transmissions from communications satellites and 1.2/1.6 GHz transmissions from GPS satellites may be exploited.  The optimum number of sensors is dictated by the spatial dimension of scintillation structures, their motion and lifetime.  Real-time data driven UWBMOD, developed interim, will provide the nowcasting capability on scintillation.



The future goal is to develop a physics-based model for the purpose of forecasting scintillation.  Such a forecast model will be based on existing first-principles electron density models which incorporate the physical processes leading to the formation of macroscale (several hundred km) structures, including polar cap patches and equatorial plasma bubbles; further structuring to meso- and smaller scales (a few km to tens of m) by plasma instabilities; determination of the saturation amplitude of mesoscale structures; and radio wave scattering theory that computes scintillation for the propagation of signals from satellite through such turbulent media.  The physics-based model should be developed in a phased manner.  It needs to be focused on the equatorial region where scintillations are most severe, the next area should correspond to the polar region and finally the focus shifted to the mid-latitude region.  Plasma instability computations will require physical inputs.  Critical needs are measurements of electric field components in the F-region, and plasma drift in the neutral frame of reference.  Some of these sensors are currently available on the ground and on board the DMSP satellites.



Neutral Atmosphere Models (Thermosphere and Mesosphere)



The appropriate modeling tool for the study of atmospheric density structure is the class of numerical thermosphere-ionosphere-electrodynamics general circulation models (TIEGCMs) which can self-consistently calculate density perturbations and neutral wind systems on a global, 3-dimensional, time-dependent basis from physical principles.



As a first step in thermospheric nowcasting, empirical or semi-empirical models, exemplified by the Mass Spectrometer and Incoherent Scatter (MSIS) model, have been continuously improved and extended over the years. These models provide a critical first-order validation of any operational model and, indeed, can be used as such where high spatial resolution or time-dependency is not an issue. It is important to continue the development of these models which enable different data sets to be quantitatively reviewed and intercompared. Several operational models of thermospheric density and temperature are currently based on such semi-empirical models which reflect the mean behavior of the thermosphere as described by the large bodies of data from the various previous experimental programs. The semi-empirical models use analytical functions to fit to randomly-selected subsets of the available data and spectral coefficients are generated that can be used conveniently to reconstitute thermospheric densities and temperatures as a function of space, time, and geomagnetic and solar activity levels. 



The most important limitations of current numerical models are related to the accuracy of the time-dependent parameterizations used for the upper and lower boundary conditions. For example, the electric field distribution at high latitudes is a key factor in determining the magnitude of thermospheric response to geomagnetic activity. Three separate approaches are being used to lift these limitations. First, attempts are being made to lower the lower boundary of the TIEGCM to altitudes below the mesosphere to enable more self-consistent calculations of the important dynamical structures. Second, more rigor is being applied to calculations of the topside parameters (heat fluxes, currents, etc.), with the ultimate goal of generating a coupled magnetosphere-thermosphere-ionosphere model. Third, more systematic approaches are being used to develop improved empirical representations of boundaries, as in the assimilative mapping of ionospheric electrodynamics (AMIE) model which uses disparate data sources to derive improved electric field distributions.



The fully coupled thermosphere-ionosphere models being developed for nowcasting and forecasting will use a variety of prescriptions and parameterizations based on geophysical and solar indices to describe the thermospheric energy inputs and solve the coupled governing equations discussed earlier to calculate all the thermospheric state variables (temperature, density, composition and wind) on a global time dependent grid.  These models are being validated and results are encouraging, particularly at F-region altitudes where Dynamics Explorer data have been available to constrain and test the formulation.



C.  Observations



Users of space weather information are concerned with both the background environment and the time of arrival, intensity, and duration of space weather disturbances as they manifest themselves at specific locations.  The variations occur on time scales from minutes through days to years.  To have a complete picture of the environment from the present into the future, forecasters need observations from key locations beginning with the origin of the disturbances at the sun and continuing along their propagation routes into the near-Earth environment.



Eventually, a complete suite of observational sensors will provide this information on a continuing basis.  However, in the near term, many sensors will be developed and deployed to provide observations which will support research into several areas--helping to improve the understanding of the physics of space weather, providing information to improve space sensors, defining the requirements for observations to support operational models, etc.  This section describes theobservations required to meet these needs.



Solar/Solar Wind Observations



CME Observations



Investigations along the following lines should prove fruitful in improving our ability to predict CME-related disturbances in the solar wind and the associated energetic particle events:



Develop techniques useful for understanding and predicting solar wind disturbances using soft x ray images of the Sun such as provided by Yohkoh and SOHO, in anticipation of the SXI x-ray monitoring spacecraft series.

Study and assess radio capabilities for tracking solar wind disturbances in interplanetary space from the Sun to the Earth, including observations of both radio bursts and the interplanetary scintillation technique.

Optimize coronagraph capabilities for studying the behavior of CMEs as a function of radial distance.

Maintain ground-based coronagraph observation activities to provide a measure of global solar CME activity levels, and to increase the data base for investigations of solar cycle variations of CMEs.

Investigate the utility and capabilities of a solar wind monitor placed near Venus or Mercury orbit for predicting solar wind disturbances near Earth.

Maintain an L1 or equivalent upstream monitor capability for carrying out the above investigations and for maintaining at least a one-hour forecast capability for major geomagnetic storms. 

Develop an EUV magnetograph capable of measuring coronal magnetic fields and test it on a spacecraft mission.



Solar Flare Observations 



Several new missions are imminent which will greatly improve our understanding of the flare process if we are able to take full advantage of them. In particular, SOHO will provide much higher spatial resolution line-of-sight magnetograms than are presently available from the ground. In combination with Yohkoh, the SOHO observations will greatly increase our understanding of magnetic structure in the corona. SOHO will afford a unique opportunity to observe flares into the 1999 maximum from optical through soft X-ray wavelengths. 



Technology developments are also underway that could constrain some of the models of flare energetics and improve our ability to predict the space weather consequences of an event on the Sun. In particular,  the technology for imaging spectroscopy of hard X-rays with spatial resolution less than 2 arc-seconds is now available. The next maximum provides an opportunity for applying this new technology to obtaining observations of many solar flares.  Such observations could revolutionize our understanding of the basic problems of flare particle acceleration and heating.



Additional new technologies are poised to improve our understanding of the crucial magnetic field configuration in active regions and its relation to the larger scale magnetic field structure in the corona. The Flare Genesis project consists of an 80 cm solar telescope was launched in December 1995 from the Antarctic.  Flare Genesis will obtain full vector field observations above the atmosphere using a system of filters, thus leading to breakthroughs in our understanding of flare energy buildup and release. If Flare Genesis is successful in attaining its science objectives, balloon-borne vector magnetographs should be flown throughout the next maximum.



These new missions and technologies not withstanding, ground-based observation is the only likely option in the near future for continuous monitoring of the solar magnetic field. Present day vector magnetographs are relatively insensitive; however, recent demonstrations of the use of IR telescopes and magnetogaphs show their promise for obtaining measurements of the full vector fields with much greater accuracy. This technology should be pursued vigorously and, if successful, developed for transition to an operational capability.



Existing routine observations can also be applied in new ways to the forecasting activity if the most recent understanding is exploited.  For example, most flare forecasting is performed, at present, on the basis of the instantaneous structure of the photospheric and chromospheric magnetic, velocity and photon emission intensity fields. By following the temporal evolution of these quantities, it should be possible to improve the accuracy of the predictions.  For example, it may be possible to detect changes in magnetic shear leading up to a flare, and to utilize those observations for forecasts. In addition, it is of special interest to predict flare intensity and duration. At present, this is done primarily by statistical tables which attempt to relate flare intensity and duration to other observable properties. These relationships need to be studied and tabulated much more accurately in order to decrease the high number of false alarms.





The observational goals pertaining to flare diagnosis and forecasting can be summarized as follows:



Extend the SOHO and Yohkoh observations through the next solar maximum and expedite their utilization in models relating to flare-related space weather effects

Develop a flare mission for the next maximum. A mission such as HESI that is under study at NASA will utilize advanced high resolution X-ray technology 

Pursue the development of balloon borne magnetographs like those in the Flare Genesis project, and assess there potential for operational use during the next solar maximum

Develop full disk IR magnetograph technology for ground-based (and possibly space-based) monitoring of the full-vector solar magnetic fields.



Solar Wind Observations 



The numerical models of the solar wind need to be extensively compared with observations before they are incorporated into forecasting tools and tested operationally.  Solar observations, especially of the photospheric magnetic fields, are required to provide the boundary conditions at the "source surface", although theoretical extrapolations or approximations are required to map these conditions to the ~20 Rs distance where the flow becomes more nearly radial and the speed is thought to be fully established.  Currently, full-disk magnetograms are obtained routinely (e.g. daily) at observatories such as Wilcox Solar Observatory, Big Bear Observatory, Mt. Wilson Observatory, and the National Solar Observatory at Kitt Peak. Archives of interplanetary data at the NSSDC have become widely available and could be used in conjunction with the magnetogram data to assess a given model's accuracy. The necessity of observing the photospheric fields more frequently as a part of model validation and application tests remains to be explored, as do other means of observationally determining the global solar wind inner boundary conditions. The time is ripe for experimentation with solar wind models  both to test them in retrospective data comparisons and to try predictions related to the generation of the primary "geoeffectiveness" parameters: velocity V, vector magnetic field B, and dynamic pressure (v2 that will be observed at the L1 point by various spacecraft like WIND. 



From another perspective, IPS measurements in principle provide a means by which coronal holes and stream interaction regions can be remotely sensed. As with their use in CME detection, these data require interpretation of a line-of-sight integration through the solar wind. Nevertheless, to the extent that these can be used to monitor the solar wind near its source, they are regularly available data that should not be overlooked. The IPS data should be considered as complementary to in-situ plasma data, but of course interplanetary field perturbations can only be inferred. On the other hand, recent observations suggest that the heliospheric current sheet can be remotely detected using this method.



A number of actions can be undertaken in the observational area to enhance our solar wind knowledge and our use of it in space weather  systems:

Upstream monitors providing at least V, B, and solar wind density can be maintained to both test solar wind forecasting models in retrospective analyses such as those described above and to make ~1 hour forecasts and nowcasts.

IPS data from appropriately located spacecraft should be made routinely available for analysis and operational use.  International efforts to improve IPS techniques should be supported and the results evaluated 

The full-disk magnetic field should continue to be regularly monitored to both validate models and attempt long-lead time predictions of solar wind behavior using the models. In addition, methods should be developed to determine observationally the full-disk vector B field on a regular basis (e.g. with IR magnetographs) since this forms the basis for many of the potential forecasting model boundary conditions.

Methods for determining the solar wind velocity near the Sun from remote observations need to be developed, including those based on full disk magnetic field observations

The Solar Probe mission should be developed and used to learn more about the solar wind origin and acceleration, and its connection to the solar magnetic field structure



Solar Radio Noise Observations



Discrete solar radio bursts are detected and reported in real-time by the Radio Solar Telescope Network (RSTN) operated by the USAF and collocated with  solar optical observing facilities worldwide.  It has been suggested that RSTN be replaced/augmented by new equipment (Solar Radio Burst Locator (SRBL)) that would also locate the position of discrete solar microwave radio  sources such as flares, CMEs and/or shocks with arcminute accuracy.



At present, SRBL is still being evaluated and is not yet funded for implementation.  Data analysis and interpretation efforts are needed which employ new observations such as x-ray images from YOHKOH to investigate the nature of the sources of radio noise and their  relationships with other features and events. Observational studies of the cause of radio noise should attempt to determine whether noise enhancements are precursors or byproducts of other significant releases of energy in the solar atmosphere.  These studies could be undertaken immediately using presently available data, with results expected by the next solar maximum that would allow forecasts of the level of severity of radio interference. 



Magnetospheric Observations



For operational nowcasting and forecasting, continuous, real time data are crucial.  Actual and potential sources for such data include the following: upstream solar wind and IMF data; particle and field data from at least four equally spaced geosynchronous satellites; particle data from the suite of GPS satellites; particle, magnetic field, electric field, and imaging data from LEO polar orbiters, for example, the DMSP satellites; surface magnetic field data that adequately cover low, middle, and high latitude regions (for example, as described in The National Geomagnetic Initiative, published by the National Research Council, National Academy Press, Washington, DC., 1993); the existing and planned radar arrays, and ionosonde and riometer stations.  In addition, although none is currently planned for operational use, real-time high-altitude polar auroral images would be of enormous value.  The National Space Weather Program should move even further in the direction of satellite imagery of space weather systems.  Beside multispectral auroral images, the technology exists to image the ring current, the plasmasphere, and possibly upflowing ionospheric ions, and the inner plasma sheet.



Observations for attacking the science issues and observations for providing operational drivers for space weather models are overlapping but different.  The next five to seven years leading up to and through solar maximum will see a large number of research satellites launched that can provide critical data for investigating key science issues.  The NASA GGS (POLAR and WIND) satellites combined with the Japanese/US GEOTAIL and the ESA CLUSTER missions will answer basic questions on a global scale of energy input, storage and release relative to magnetic storms and substorms.  The FAST satellite will investigate auroral processes on micro- and meso-scales.  Put in the context of the auroral images from POLAR, these measurements will address key issues for addressing the 5 km scale description of aurora desired by the customer base.  Continuing these missions through the more active conditions typical of solar maximum will ensure that the physics learned fits not only moderate to active conditions but also the extreme conditions that can be the most devastating for space weather related problems.  Continuous monitoring of the high latitude regions by the DMSP satellites and by ground based techniques such as incoherent scatter radars, HF radars, magnetometers, etc., provide complementary information to other satellite missions and are an essential component of the research data base needed to explore and define the physical processes.    Extension of these ground based facilities to the center of the polar cap with the Polar Cap Observatory augments the current longitudinal-chain measurement capability significantly.  This complements the SUPER DARN chain of HF radars that will monitor simultaneously auroral zone electrodynamics over 7 hours of local time. 

	

Operational measurements must be available in real-time if they are to be of use for prediction.  Operational space weather  prediction of high latitude phenomena requires an upstream monitor of solar wind conditions. The ACE satellite will become the first operational monitor, and this must be followed by continuous operational monitoring of the IMF and solar wind parameters.  All numerical space-weather models ultimately require solar wind information to function in the predictive mode.  The space environment sensors on the DMSP satellites provide an especially valuable resource for constraining the present generation models and will continue to be useful for future models as well.  Improvement on the freshness of the data is necessary for predictive capabilities.  Other fleets of operational satellites should be utilized in the future to provide critical data for constraining space weather models.  One source of especially useful data could be the GPS constellation of satellites which could provide data on the source population temperature and other moments of auroral particles prior to acceleration by field aligned potentials, parameters  of particular use in the modeling of magnetosphere-ionosphere coupling.



Ionosphere-Thermosphere Observations

	

Electron Density



The most critical need for the calculation of ionospheric electron densities is a specification of the time-dependent model inputs on a global scale (i.e., specification of the convection and precipitation patterns, meridional neutral winds, and dynamo electric fields).  Also, for validation purposes, global measurements of the electron density distribution are required.  The inputs and electron densities are needed for a range of geophysical conditions, including quiet and disturbed periods for different seasonal and solar cycle conditions.  Ultimately, multi-site measurements from a globally distributed network of relatively inexpensive instruments operating in real time are required for forecasting purposes.  To address unresolved physics issues, coordinated multi-instrument measurement campaigns will also be needed.

	

In the near-term, progress in the physical understanding of coupling processes and time delay mechanisms can be achieved by exploiting the comprehensive databases recently acquired as part of CEDAR and GEM campaigns.  These databases include multi-site measurements and a variety of instruments (magnetometers, coherent and incoherent scatter radars, satellites).  Since the largest perturbations and the greatest uncertainties in density calculations occur during geomagnetic storms and substorms, the near-term observational emphasis should be on these phenomena.  However, there are still important unresolved issues connected with the creation, transport, and decay of electron density structures and multi-instrument measurement campaigns are required to resolve them.  In addition, it seems certain that more low earth orbiting (LEO) receivers on spacecraft like GPS-Met will be launched for meteorological purposes, but also potentially very useful for determining ionospheric vertical density profiles by the use of inversion algorithms.



Ionospheric Electric Field



For advancement at high latitudes the observational requirements are clear.  We require the maximum possible coverage of the high latitude region with specification of the F-region ion drift or electric field.  This need is met in part with radar arrays that may be augmented in the near future.  In this area there is a real synergism between the capabilities of ground based arrays to provide good temporal resolution with less than global coverage  and spacecraft systems providing almost global "snapshots" at given times. An ideal satellite configuration, for adequate constraint of the models, places sensors in at least two and preferably four local time planes with multiple spacecraft in each plane.  Such a configuration, together with ground-based sensors would dramatically advance our ability to determine the nature of the temporal and spatial distribution of the potential, and to begin a meaningful parameterization of its evolutionary properties.



In the long-term, the Polar Cap Observatory (PCO) will provide invaluable data for resolving problems that have plagued our community for almost 30 years.  For example, although electric fields have been measured since the early 1960's, there is still a major disagreement on the configuration of the high-latitude convection pattern when the interplanetary magnetic field is northward.  The combination of data from the PCO and the DMSP satellites should resolve this issue.

	

At middle and low latitudes the need for monitoring the ExB drift of the plasma is paramount.  The spatial scales of interest are such that this could be rather easily accomplished with a low inclination spacecraft.  The use of ground based measurements to describe the height of the F-peak will continue to make important contributions in this area.  However access to a data set from a satellite in equatorial orbit would allow the association between ExB drift motion and the nighttime stability of the ionosphere to be quantitatively established.



More accurate electric field specification is a prerequisite for additional improvements in numerical thermosphere-ionosphere modeling. The geometry and variability of high-latitude convection electric fields is still relatively poorly described at present even after years of intensive study. The electric field distribution and its temporal variability control fundamental energy inputs (Joule heating) and momentum inputs (convection and ion drag) to the thermosphere-ionosphere system



Ionospheric Disturbances	

	

Among the requirements is the need for global, long-term (10-30 day), around-the-clock observations which by their very definition are guaranteed to capture quiet and storm-time conditions and associated transitions in the growth and recovery phases of associated disturbances and their interhemispheric manifestations.  This will permit an accurate empirical specification of the weather and climatology of E, F1-, and F2 characteristics. In this regard, there exists archives with sufficient campaign data (e.g., in the CEDAR database) to carry out a systematic quantitative evaluation of empirical and first-principle models and determine levels of accuracy and inadequacies in model prediction capabilities as a function of season, solar epoch, local and universal time, geographic and geomagnetic domains, and levels of disturbance.  With this perspective, the existing ionosonde database (with more than 50 stations currently active worldwide) can provide heights and densities of the E- and F-regions along with specification of dominant intermediate and descending layers.  The F-region densities will define the temporally and spatially dependent condition of the ionosphere in its quiet, transitional, and disturbed states; and the measurements of F-region heights, through servo-analysis, will provide an indirect observation of meridional winds at all local times over a broad range of mid-latitude sites.  Ionosondes also provide direct measures of sporadic-E as well as range and frequency spread-F.  Augmentation of these observations with incoherent scatter radars (for electric fields and F-region winds), Fabry-Perot interferometers (for dawn/dusk F-region winds) and satellites of opportunity (e.g., DMSP and NOAA/TIROS) for specification of high-latitude inputs, will provide significant gains.  Future programs can build on more complete specification of the ionospheric-thermospheric system and controlling forces.  Promising opportunities include the GLO, MSX, ARGOS, and TIMED programs and a recently proposed upper F-region satellite at low inclination focused on topside profiles and scintillation data during conditions of equatorial spread-F.



Scintillations 



Effects of scintillation on some operational systems, notably GPS satellite navigation systems operating at 1.2/1.6 GHz frequencies have not been determined. It is generally recognized that GPS navigation systems are vulnerable in the polar and especially in the equatorial region during the solar maximum period. In the equatorial region the irregularity structures are highly elongated in the north-south direction and are discrete in the east-west direction with dimensions of several hundred km. With such spatial distribution of irregularities, we need to determine how often a GPS receiver fails to provide navigation aid with the available constellation of GPS satellites. It is recommended that GPS receivers acquiring amplitude and differential phase at high data rate (50 Hz) be deployed to assess the effects of scintillation on the performance of GPS navigation systems in the equatorial region. Such measurements will also be helpful in the design of satellite based cellular telephone systems using L-band frequencies.

	

Observations are also needed to establish the survivability of MILSTAR satellite systems using frequencies in the Ka band (20/40 GHz) and the UHF band (250 MHz). Ka band transmissions are not affected by the ionosphere but are very vulnerable to rain and fog in the equatorial region. On the other hand, 250 MHz systems will be able to withstand the effects of rain but suffer outages from ionospheric scintillation.

	

In view of the extreme spatial and temporal variability of scintillation, immediate deployment of a network of ground-based scintillation sensors is recommended. Sensors need to cover the frequency range (250 MHz - 6 GHz) used by operational systems. Geostationary satellite transmissions of 250 MHz and GPS satellite transmissions at 1.2/1.6 GHz may be utilized by these sensors. The current climatological model of scintillation may be adapted to ingest the multi-frequency scintillation data to provide a real-time data driven scintillation model.

	

From an operational standpoint, the forecasting and specification of equatorial scintillation is a major requirement. From a physics point of view, the temporal and spatial variability of scintillation in the equatorial region remains unresolved. There is general agreement that the interaction between thermospheric neutral wind and the ionized species critically controls the electric field at F-region heights in the post-sunset period, and thereby controls the onset of plasma instabilities and scintillation. Whether the instability is inhibited by the meridional wind on a day-to-day basis or if it requires a finite amplitude seed perturbation from gravity waves is not known. Overall, there is a need to monitor the thermosphere-ionosphere interactions on a short temporal and spatial scale. An equatorial satellite with altitude between 600 km - 700 km and orbital inclination of about 30¡ carrying a modest number of sensors is required to monitor this interaction. The sensors should include an ion drift meter, vector electric field instrument, phase coherent radio beacons at L-band and VHF frequencies, and instruments to measure neutral wind and ion/neutral composition. With an orbital period of 90 min, the satellite will be able to monitor the formation of plasma bubbles and their scintillation effects on beacon transmissions. It will also support studies on thermosphere-ionosphere interactions at low latitudes and provide physical inputs to the physics-based model of scintillation.



Neutral Atmosphere



The neutral upper atmosphere is a data-poor domain by comparison with the lower atmosphere.  In fact, the existing data base is still insufficient to provide a full climatology of thermospheric state parameters as a function of altitude, universal time, local time, latitude, longitude, season, solar activity and geomagnetic activity.  Important pieces of this climatology certainly exist, but careful experimental work is still needed to provide a complete quantitative description.  Semi-empirical models, such as MSIS, may be used for rough estimates of thermospheric parameters.  The accuracy of such models, however, is still quite limited--for example, mean thermospheric densities are modeled to only 15% at best, with errors of factors of two or more occurring at high latitudes and/or for geomagnetically active periods.  Some of the problems can be traced to spatial and temporal resolution limitations, some to instrument calibration limitations, and some to limitations in spatial coverage.  Clearly, these models will need to be greatly improved through the ingestion of new, carefully-calibrated global-scale data sets.  Similar considerations apply for the numerical, hybrid, or stripped-down numerical codes which all require more extensive, well calibrated global-scale data sets for validation and testing. The basic observational needs are for measurements of thermospheric and upper mesospheric density, wind, temperature, and composition to accuracies of better than 5%.  Careful attention to spatial  and temporal coverage will be required to aid in the specification of the thermospheric and mesospheric waves of importance (gravity waves, planetary waves, and tides).  This latter challenge will require the systematic deployment of airglow imagers, lidars, HF radars and specialized satellite techniques.



The thermosphere is driven by solar EUV heating.  Currently, however, the ground-based proxy indices for solar radiative fluxes are inadequate.  Therefore, it will be of central importance to develop a  long-term, reliable monitoring method to measure the direct solar EUV fluxes impinging on the upper atmosphere.  This will require a long-term commitment to deploy a satellite instrument or series of instruments.  Also, sustained observations of thermospheric structures at high geomagnetic latitudes will be needed from satellites, the PCO and other sites in order to determine the nature of the inputs and atmospheric response to geomagnetic activity.  This effort would be greatly helped by the recommended high-inclination, highly elliptical satellite designed to investigate high-latitude electrodynamics.



Finally, the development of new experimental means of monitoring thermospheric compositional changes from ground and space will be very advantageous.  It is clear that a major limitation of current thermospheric and ionospheric models relates to the ability to predict composition of such critical species as atomic oxygen, nitric oxide, carbon dioxide, etc.
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