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Statement of Guidance for Space Weather Observations
STATEMENT OF GUIDANCE FOR SPACE WEATHER OBSERVATIONS
(Point of contact: Terrance Onsager, NOAA, USA)

(First version, 4 April 2012, presented to the ET-EGOS-7, May 2012)

1. Introduction and Overview of Recommendations

This document contains the first Statement of Guidance and Gap Analysis conducted by the WMO Inter-Programme Coordination Team on Space Weather (ICTSW). This initial effort did not undertake to catalog all existing observations. Rather, the emphasis was placed on documenting the areas identified as most important for: 1. maintaining services in cases where the long-term continuity of observations is in doubt; 2. improving existing services, either through increased spatial coverage, improved latency, or improved accuracy; and 3. enabling new services. This effort has not included a comprehensive documentation of customer requirements. Nonetheless, the recommendations are based on knowledge of space weather customers, whose needs can vary considerably from one region to another, and on the adequacy of existing and planned observations for current or future products.

In addition to the work of the ICTSW, this effort benefited greatly from the participation of numerous colleagues. Those colleagues who contributed directly to the analysis of space weather observing systems and to the text include: Mervyn Freeman (British Antarctic Survey), Alex Chartier (University of Bath), Chris Davis (University of Reading), Jeff Love (United States Geological Survey), Doug Biesecker (National Oceanic and Atmospheric Administration) and Tim Fuller-Rowell (University of Colorado). 

Vulnerability to space weather is increasing as we become more reliant on advanced technology.  Airline navigation and communication; drilling, mining, and agriculture; electric power grid reliability – these critical activities can be impacted by space weather anywhere on the globe. Our economic, security, and environmental-stewardship interests now extend well above the atmosphere into space. We increasingly rely on satellite-based navigation and timing systems for transportation, commodities, and financial services. Satellite communication is now a critical element of our global flow of information, supporting disaster preparedness, emergency response, and broad economic growth. Our electric power grids are becoming more heavily loaded and interconnected, which increases their vulnerability to space weather. Although the direct effects of space weather are typically felt at the industry and infrastructure levels and may not be obvious to the average citizen, we are all impacted.
Actions are being taken today by industries and governments around the globe. For example, the International Civil Aviation Organization (ICAO) is drafting requirements for space weather services to protect against communication outages, navigation errors, and radiation risks. Electric power distribution is adjusted during space storms to avoid grid disruption. Conditions impacting satellite-based navigation systems are monitored and back-up measures are taken during high-impact events. Governmental emergency management agencies are developing procedures to manage the unique risks of space weather, including impacts that could simultaneously disrupt critical infrastructures in multiple countries, and in widely separated regions on the globe. It is among the aims of ICTSW to provide guidance on observation capabilities needed to support such services.

A framework of ground-based and space-based observations is already in place and could be extended.  A collection of operational and research observing assets are available and utilized today to monitor disturbances, and to warn of oncoming storms. The space environment, however, is vastly undersampled. Significant gaps in our observing capabilities limit our ability to provide a comprehensive characterization of the important physical parameters, and limit the accuracy of our predictive models. Extensive ground-based and space-based assets are available today that have not yet been integrated into the existing observing network. These include a growing number of Global Navigation Satellite System (GNSS) receiver sites, ground measurements of Earth’s magnetic field, and satellite measurements of energetic particles in space. In the framework of the WMO Information System (WIS) and  the WMO Integrated Global Observing System (WIGOS), existing observing systems and service centres can be expanded and further integrated, thus improving the capability to deliver a broad range of services that would enhance our preparedness and response to space storms.
Space weather is a global challenge requiring coordinated global preparedness. The threats of space weather are certain to increase, both in the near term as solar maximum approaches and in the far term as our dependence on technologies impacted by space weather continues to expand. A network of observing systems and service centres exists today that provides a framework on which we can efficiently expand our capabilities to safeguard our modern infrastructure, contributing also to the advancement of the WMO Information System (WIS) and the WMO Integrated Global Observing System (WIGOS). Services available today can help all Members, and all Members have the opportunity to contribute to the growth and quality of future capabilities. Space is too vast and complex for a limited number of nations to monitor and predict. Working together, we can achieve global preparedness for space weather hazards and effects for the increased benefit of all citizens.
Recommendations (not in priority order):
1. All Members are encouraged to improve the collection and open dissemination of all ground-based and space-based space weather data. 
2. High-level coordination of satellite-based assets to maintain continuity of solar measurements, solar wind measurements (at the L1 Lagrange point), and heliospheric imaging should be established. This could be done under the auspices of WMO through the Coordination Group for Meteorological Satellites (CGMS) and in consultation with appropriate international committees such as UN-COPUOS. This coordination effort should include consideration of new measurements made at other locations in interplanetary space, such as the L5 Lagrange point and on the Sun-Earth line upstream from the L1 point, as well as the required global network of ground-based antennas for data reception and processing.
3. Efforts should be made to coordinate and to standardize the existing ground-based solar data, and to expand them where required for redundancy, including defining an approach for a common data portal or virtual observatory concept accessible via WIS and creating advanced, combined products and image-processing techniques.

4. Efforts should be made to encourage and improve numerical modeling of the solar and interplanetary plasma, in particular with the purpose to develop operational software for numerical space weather prediction. This implies that the numerical modeling should be capable of ingesting as much as possible real-time data, and the models should be fast enough to yield sufficient lead times for their output to be translated into forecast parameters.

5. Efforts should be made to increase the spatial resolution of ground-based GNSS observations (TEC and scintillation), either by deploying additional receivers in regions with sparse coverage (e.g. Africa), making the data from existing receivers accessible, or by utilizing different means of receiving GNSS data, such as aircraft-mounted receivers, to reduce gaps over the oceans.

6. Efforts should be made to increase the use of space-based GNSS measurements onboard LEO satellites to get information about the vertical electron density distribution of the ionosphere/plasmasphere system. In parallel the latency of space-based GNSS measurements should be reduced (e.g. by use of a network of satellite ground stations for rapid transmission). 
7. Actions should be taken to enable sharing of ground-based GNSS data and GNSS RO among the meteorological and space weather communities, and to facilitate the low-latency access to these data through WIS. The International Radio-Occultation Working Group (IROWG) established in 2011 by CGMS and WMO can be an appropriate forum to address these issues.
8. Data assimilation and related techniques should be developed to produce a more accurate, higher resolution representation of the 3D electron density distribution in the ionosphere and plasmasphere. These techniques effectively reduce propagation errors in GNSS applications. The combination of ground- and space-based GNSS measurements is required in order to avoid problems related to lack of global coverage and large data latency, respectively.
9. The coordinated use of dual-frequency radar altimeter observations should be ensured to improve or validate ionospheric models and for operational TEC monitoring in combination with ground-based GNSS measurements in order to fill data gaps over the oceans.
10. Efforts should be made to increase the availability of ground-based magnetometer data with low latency. This can be accomplished by: (i) considering the deployment of magnetometers in regions with limited coverage; (ii) utilizing the WMO data infrastructure to disseminate data from existing magnetometers; and (iii) working with providers of proprietary data to allow their data to be used in space weather products. 

11. The priorities for maintaining and improving space weather services for the plasma and energetic particle environment are: (1) maintain long-term continuity, and if possible improve the spatial resolution, of measurements at all altitudes from LEO through GEO orbits; (2) improve the sharing of existing and planned plasma and energetic particle measurements; (3) include energetic particle sensors on HEO satellites; (4) conduct research to incorporate the plasma and energetic particle data into numerical models to give flux estimates at all locations where our satellites are in orbit.
2. Overview of Space Weather Observations 

Space Weather refers to the physical processes occurring in the space environment, driven by the Sun and Earth’s upper atmosphere, and ultimately affecting human activities on Earth and in space. In addition to the continuous UV, Visible and Infrared radiation which provides radiative forcing to our weather and climate at the top of the atmosphere and maintains the ionosphere, the Sun emits a continuous flow of solar wind plasma which carries the Sun's embedded magnetic field and releases energy in an eruptive mode, as flares of electromagnetic radiation (radio waves, infra-red, visible light, ultraviolet, X-rays), energetic particles (electron, protons, and heavy ions), and high speed plasma through coronal mass ejections. The solar wind and the eruptive disturbances propagate out into interplanetary space and impact interplanetary space and Earth’s environment. 

The electromagnetic radiation travels at the speed of light and takes about 8 minutes to move from Sun to Earth, whereas the energetic particles travel more slowly, taking from tens of minutes to hours to move from Sun to Earth. At typical speeds, the background solar wind plasma reaches Earth in about four days, while the fastest coronal mass ejections can arrive in less than one day. The solar wind and solar disturbances interact with the Earth's magnetic field and outer atmosphere in complex ways, causing strongly variable energetic particles and electric currents in the magnetosphere and ionosphere. These can result in a hazardous environment for satellites and humans at high altitudes, ionospheric disturbances, geomagnetic field variations, and the aurora, which can affect a number of services and infrastructure at the Earth’s surface, or airborne, or spaceborne in Earth orbit.

Space weather observations are required: to forecast the occurrence probability of space weather disturbances; to drive hazard alerts when disturbance thresholds are crossed; to maintain awareness of current environmental conditions; to determine climatological conditions for the design of both space based systems (i.e., satellites and astronaut safety procedures) and ground based systems (i.e., electric power grid protection and airline traffic management); to develop and validate numerical models; and to conduct research that will enhance our understanding.   The vastness of space and the wide range of physical scales that control the dynamics of space weather demand that numerical models be employed to characterize the conditions in space and to predict the occurrence and consequence of disturbances. Data assimilation techniques must be utilized to obtain the maximum benefit from our sparse measurements. Space weather observations are therefore used through data assimilation into empirical or physics-based models.

Forecasting the space environment conditions is enabled by monitoring the background magnetic configuration and precursor phenomenon that take place on the Sun and propagate in the interplanetary medium before reaching Earth. This should be based, first of all, on the measurement of the solar electromagnetic output in order to detect eruptive or pre-eruptive structures on the solar disc, which requires measurements in radio, visible, UV and X-ray wavelengths. Ideally, such observations should be available from different vantage points in the solar system.

When coronal mass ejections are released from the Sun, their initial velocity and size must be measured to initiate models that predict their trajectories and arrival times at Earth. In addition, measurements must be made of the plasma density, speed and magnetic field in the solar wind upstream from Earth to provide warnings of hazardous conditions, similar to meteorological measurements made with off-shore ocean buoys. Fast propagating coronal mass ejections can cause enhancements of energetic particle radiation that reach levels several orders of magnitude above background and can persist for hours to days.

When the disturbances hit the outer boundary of Earth’s magnetic field, the Earth’s magnetic field is strongly distorted; it drives electrical currents through the magnetosphere, ionosphere and atmosphere; and it modifies the plasma and energetic particle distributions within the magnetosphere, including those that comprise the inner and outer radiation belts. Consequently, observations on the ground and within the ionosphere/magnetosphere system are necessary to determine the current state of the near-Earth environment and to forecast the consequences of disturbances.

Disturbances in the ionosphere and atmosphere have important impacts on radio communication, satellite navigation systems, and atmospheric drag experienced by LEO satellites, including the International Space Station. The conditions in the ionosphere are controlled by the solar and magnetospheric energy inputs coming from above, as well as by atmospheric energy coming from below, including tidal and gravity waves. Even gravity waves produced by seismic activity have been shown to be related to ionospheric phenomena. For example, the French DEMETER
 mission has shown that electromagnetic wave intensity measurements are correlated to seismic activity, see Nemec et al. (2008).

GNSS signals, which are used for a growing number of precision positioning, navigation, and timing applications, as well as for atmospheric radio-occultation, are affected by the ionosphere. Strong spatial irregularities in the ionosphere (ionospheric scintillations) can cause loss of lock between a receiver and the satellites and result in a total disruption of service. Variability in the total electron content (TEC) between the receiver and the satellite degrades the positioning accuracy. The processing of GNSS signals produces an estimate of the electron density (TEC), and this effect has to be removed before using radio-occultation data for deriving temperature/humidity profiles in the stratosphere and upper troposphere. 

Monitoring the TEC and scintillation in the ionosphere is important at several time-scales:

· In real-time, to provide alerts of conditions that will impact GNSS users and to initiate data-assimilation models of the atmosphere-ionosphere system;

· At the scale of a few hours to a few days: such an activity has existed for decades, see for example McNamara (1984);

· At the climate time scale, as it is important to maintain and develop the existing archived time series coming from the different sources of observation.

A comprehensive space weather observation network must include ground based and spaceborne observatories.  Both the ground-based and the space-based segments shall contain a combination of remote sensing and in-situ measurements. 

3. Space Weather observational domains

The products and services being delivered around the world today to support space weather needs are organized in four broad categories: Ionospheric, Geomagnetic, Energetic Particles, and Solar and Interplanetary (solar wind). Currently, space weather products are being made available under these categories at the recently established WMO Space Weather Product Portal (http://www.wmo.int/pages/prog/sat/spaceweather-productportal_en.php). A larger number of products are being distributed by the international warning centers that have not been included in the Portal. 

Although there can be considerable overlap in the use of observations in one domain for the products in a different domain (e.g., solar wind data needed for ionospheric, geomagnetic, and energetic-particle products), the assessment of space weather observations has been conducted with respect to the main product categories. For the purposes of this document, the Solar and Interplanetary category has been presented in two separate sections: Solar and Solar Wind.

3.1 Ionospheric Observations
3.1.1 Requirements

For all ionospheric observations, the threshold value for data availability (latency) is currently relatively large (60 min), whereas the goal value is small (60 s). This recognizes the fact that rapidly-produced ionospheric analyses are important, but currently a number of observations (such as from GNSS RO) are marginally useful as they are not available rapidly.

One aim of this Statement of Guidance is to trigger actions for the data latency to be reduced from this threshold value to the breakthrough value, in line with technological and scientific advances in the observation systems, and through advanced data acquisition and sharing mechanisms.
The observation requirements, aside from data availability, differ for each variable and are summarized below:
­
TEC observation uncertainty should be better than 2 TECU (1 TECU =1x1016 electrons/m2), horizontal resolution better than 500 km, and the observations cycle should be better than 60 minutes (“threshold” requirements). 
­
Radio absorption - The observation cycle for all should be between 10 minutes (goal) and 1 minute (threshold). The threshold horizontal resolution should be 300 km, dropping to a goal requirement of 100 km, and the accuracy requirement should be between 0.1 dB and 1dB. 
· h’P, hmF2, h’F, foF2, foEs: The observation cycle for all should be between 60 minutes (threshold) and 5 minutes (goal). The threshold horizontal resolution should be 500 km, dropping to a goal requirement of 100 km for all except h’P (for which the goal is 10 km). The accuracy requirement for foEs and foF2 should be between 0.05 and 0.2 MHz, and for h’F and hmF2, between 1 and 10 km. For h’P, this should be between 1 and 50 km.
· Plasma velocity: The observation cycle for all should be between 1 minute (goal) and 30 minutes (threshold). The threshold horizontal resolution should be 300 km, dropping to a goal requirement of 10 km, and the accuracy requirement should be between 200 m/s and 50 m/s.

-
Scintillation: The observation cycle for all should be between 1 minute (goal) and 10 minutes (threshold). 
3.1.2 Ionospheric monitoring techniques

There are five main techniques used in monitoring the ionosphere; 

GNSS receiver: Total electron content (TEC) along a given propagation path can be measured by tracking the time delay and phase shift of GHz radio signals of a Global Navigation Satellite System by a ground receiver (so called ground based GNSS). As the satellite (or satellites) moves over the observer, the TEC along many propagation paths can be used to reconstruct the distribution of ionospheric electron density along the satellite path. Space based measurements of the ionosphere via GNSS radio-occultation enhance the ground-based GNSS measurement coverage to a planetary scale and, being based on limb measurements, provide vertical distribution information. The satellite data therefore complement ground-based GNSS receiver observations in that they provide an orthogonal look direction enabling more accurate “tomographic” reconstruction of the three-dimensional ionospheric structure. The space-based constellation also provides good global coverage, particularly important over ocean areas where a sufficiently dense ground-based GNSS network is lacking. The data also provide one of the only ways of getting vertical profiles of electron density on a global scale.
Radio absorption: Ground-based measurements of (~MHz) radio signals from known sources above the atmosphere (usually cosmic radio sources) can be used to map the absorption by the lower ionosphere (e.g. riometers). As the Earth turns, each radio source moves across the observer, and this information can be used to map the distribution of absorbing ionisation in the lower ionosphere. Ionosondes can also detect absorption through the minimum frequency (fmin) observed on an ionogram, although lower values of fmin are limited by terrestrial radio noise and instrument sensitivity.

Ionosonde: An ionosonde transmits a sweep of (~MHz) radio signals into the ionosphere. Echoes are returned where the local plasma frequency equals the radio frequency. The peak frequency returned from each ionospheric layer is therefore a direct measure of the electron concentration. In contrast, the height of each layer is estimated from the time of flight of the radio signal assuming propagation through free space. Heights derived from ionosonde data are denoted by the prefix h’, and are referred to as virtual heights. Models such as POLAN  or ARTIST attempt to correct for underlying ionisation to generate true-heights, but such models invariably involve assumptions about the distribution of the underlying ionisation. Modern research ionosondes can also be used to measure additional parameters, most notably plasma velocities and the spectrum of gravity waves. 
Incoherent Scatter Radar: Incoherent Scatter Radar (ISR) transmit powerful VHF or UHF (typically hundreds of MHz) radio pulses into the ionosphere and use the backscatter from electrons whose motion is controlled by the dynamics of the much slower and heavier ion population to determine the distribution of ionisation. While the height of ionospheric layers can be determined very accurately with ISRs, cross-calibration with ionosondes or the use of specific features in the ISR spectra are required to calibrate the electron concentration since the electron concentration is inferred from the total returned power. Careful fitting of the ISR spectrum can generate a host of parameters including line-of-sight velocities, electron and ion temperatures, and ion composition. Estimates of the horizontal distribution of ionisation can be obtained by moving the radar dish or by altering the phase of an antenna array. Vector velocities can be calculated by combining data from different antennas or from different beam directions. These valuable research data are not yet available continuously in real time.
Coherent radar: Coherent radars broadcast ~MHz radio pulses and receive coherent echoes from local plasma instabilities in the ionosphere. In this way, the returned power and line-of-sight velocity can be determined. Vector velocities can be calculated by combining data from two or more radar stations.

In addition to the above, ionospheric monitoring is also achieved by ionospheric scintillation receivers, which measure the fluctuation of radio waves, and dual-frequency radar altimeters. Auroral imaging by all-sky cameras and photometers provides information on the location and strength of energy coupling between the ionosphere and the magnetosphere. Spaceborne auroral observations include sensors for auroral imaging (visible and UV) and auroral kilometric radiation.
3.1.3 Current Status 

TEC:  TEC observations are supplied chiefly by ground-based and space-based measurements of the signal from a GNSS satellite. Some ionosonde observations are also available for this purpose. In terms of data latency, ground GPS observations currently come close to meeting the “goal” requirements, whereas GNSS RO data do not meet “threshold”. However, for observation cycle, ground GPS data are between threshold and goal values and GNSS RO do better than the goal. High-rate ground GPS observations from the International GNSS Service (IGS), for example, are made every 15 minutes with a typical latency of 2-3 minutes. Ground-based GPS observations by IBGE (Brazil) are made every 10 minutes to calculate TEC. GNSS RO observations are made more frequently than every minute, with a latency (e.g. from COSMIC) estimated to be ~75-90 minutes. GNSS RO observations perform better in terms of global coverage. Their horizontal resolution is 200-300 km, which is between threshold and goal values. 
An analysis of the distribution of sites from the IGS is shown in Figure 1. This figure indicates the number of existing sites around the world within different size areas. Although the sites have a fairly dense availability in some regions, even at coarse resolution (2000 km x 2000 km) the gaps in ground GPS coverage over the oceans and at low latitudes are apparent. 
In addition, satellite altimetry missions such as Topex/Poseidon and Jason-1 have demonstrated the high scientific value of dual frequency radar measurements for monitoring and modeling the total electron content (TEC) of the ionosphere. 
Regarding accuracy of retrieved TEC, GNSS RO is 2-3 TECU and ground GPS is 2-12 TECU. Utilising raw data (e.g. phase delays) in an analysis system (e.g. data assimilation, tomography) can reduce the TEC error over the analysis field. Ionosonde observations are very sparse (only ~38 stations report in near real time).
Radio Absorption: The density of ground-based observations is very low. There are approximately 50 riometer sites around the world, and most are at high latitudes.
h’P, hmF2, h’F, foF2, foEs: These observations are chiefly supplied via ionosondes. There are only approximately 38 near real time ionosonde reports globally. Therefore, the horizontal resolution is too low to even meet the threshold value, and there are large gaps in the network. Data latency and observations cycle are likely to lie between threshold and goal values. For example, in the case of the UK ionospheric monitoring project (that runs two Digisondes; in Chilton, UK and Stanley in the Falkland Islands), a typical sounding takes ~2 minutes after which the data are processed and sent via ftp to the UK Solar System Data Centre (www.ukssdc.ac.uk) where they are catalogued and made available. Currently the total latency is ~7 minutes, but there is potential to improve this both with the sounder and the cataloguing system.
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Figure 1: Number of ground-based GNSS observations in IGS network in square boxes of resolution 100 km (first row), 500 km (second row), 1000 km (third row), and 2000 km (fourth row). (courtesy of Mervyn Freeman)
Scientific ionosonde data have traditionally been manually scaled, which would introduce a significant latency into the system. More recently software has been developed to automatically fit ionospheric parameters (such as the ARTIST program). Studies have tended to show that, while automatic scaling is reasonably accurate during quiet geomagnetic conditions, it becomes progressively less accurate under disturbed conditions. The quality of automatic scaling also varies between parameters, with foEs being one of the least well defined. Deriving true heights from the measured virtual heights is dependent on the quality of assumptions used in the inversion technique. 
The accuracy of true-height calculations under a variety of geomagnetic conditions could be tested by comparison with a co-located ISRs. Note, however, that there are only 9 ISR sites worldwide, data are not available close to real time, and the instruments are not operated continually. They should be very accurate, but we are not aware of any figures on how accurate they are. Also, there is no point in using most of them for fof2 as they usually fix the peak of the ISR profile to the fof2 from a nearby ionosonde (Jicamarca is the only exception).
Plasma velocity: ISR observations provide information on plasma velocity (e.g., EISCAT, Millstone Hill, AMISR radars in Poker Flat and Resolute Bay). However, these data are not usually supplied in near real time. Comparison between velocities measured by research ionosondes and incoherent scatter radar (such as the EISCAT dynasonde and the EISCAT ISR) have demonstrated that ionosondes are themselves capable of deriving plasma velocities, especially under disturbed conditions. Under quiet conditions there can be some ambiguity between drift velocities and the propagation of waves. As noted above, both ISR and ionosonde networks are sparse, with large gaps in horizontal coverage. The SuperDARN network of more than 20 coherent scatter radars measures the global plasma convection in both hemispheres. The radar network is maintained as a multinational collaboration with partial support from the U.S National Science Foundation. The SuperDARN homepage presents near-real-time data from the radars, but the latency can occasionally be too long for space weather purposes.
Scintillation: Such observations are available from ground GNSS observations. Like TEC, the horizontal resolution is poorer than the threshold value and data latency is close to the goal.  The number of GNSS receivers for scintillation measurement over many countries (e.g., Brazil) is poor and needs to be increased in order to achieve the goal. The observation cycle lies between threshold (10 minutes) and goal (60 seconds) targets.
3.1.4 Conclusions and Recommendations 

Ground-based and space-based GNSS: The International GNSS Service (IGS) provides ground GNSS data from a network of globally distributed sites. IGS includes GPS and GLONASS data. In the future this could be extended to COMPASS, GALILEO and other GNSS systems. Higher resolution national data networks may become available – e.g. Ordnance Survey in UK has 1 s data (0.1 s latency). An aim should be for the ground GPS network over land to be within the goal requirements for horizontal resolution (this is not possible over the oceans). Utilising GNSS receivers mounted to aircraft has been considered, but the technical challenges are possibly still large. Although the number of sources of ground-based GNSS data is increasing, the data are not readily available in a coordinated network. Commercial companies and the geodetic and seismic research communities are maintaining dense GPS receiver networks in different regions all over the world (e.g. in Northern Fennoscandia, Japan, Antarctica). The space weather community should establish a closer collaboration with these initiatives in order to facilitate the use of these data for ionospheric monitoring services. A priority for the WMO Members should be to facilitate the inclusion of GNSS data in the WIS and to encourage global participation in making these data accessible with low latency.

GNSS radio occultation data provide valuable ionospheric information for space weather specification and forecasting. The number of occultation measurements per day depends on the number of radio-occultation receivers in orbit and, for each receiver, on the number of GNSS systems (GPS, GLONASS, Galileo) it is compatible with and the availability of on-board antenna for both rising and setting occultation. Ground-based GNSS data provide accurate information about the horizontal electron density gradients, but limited information about the vertical gradients. On the other hand, radio occultation data obtained from the low-Earth orbit (LEO) satellites equipped with GNSS receivers contain high-resolution information about the vertical gradients and smeared information about the horizontal gradients.

The COSMIC-II GNSS RO constellation is planned to be launched in 2015-2017. Data latency will depend on the number of data-receiving antennas distributed around the world. Therefore through coordinated international participation, it may be possible to reduce the data latency using many, well distributed receiving antennas. Data latency of approximately 45 minutes can be achieved with two sets of three receiving antennas, consisting of one antenna near the equator and one above and below the equator at two longitudes on opposite sides of Earth. This latency is within the threshold but is still long compared to the goal. COSMIC-II will also have a larger constellation of satellites than previous programmes, leading to improved horizontal resolution. It remains a challenge to merge the good global coverage and long latency GNSS RO data with the poor coverage, short latency ground GNSS data in an ionospheric analysis system. In contrast, GNSS radio-occultation data acquired by meteorological satellites (e.g. Metop, Meteor-M, or FY-3 series) can be collected in near-real time through Direct Readout services. 

For scintillation measurements, efforts should be paid to increasing the number of ground-based GNSS receivers over continental regions in order to achieve denser data coverage. Consideration also needs to be given to how to cover the ocean regions.
Space-based radar altimeter: Taking into account the potential of current and future missions such as Jason-2 and 3, Envisat, HY-2A, Sentinel-3 A and B, Synthetic Aperture Radar Altimeter (SRAL), and Surface Water and Ocean Topography (SWOT), coordinating the availability and use of dual frequency radar altimeter data would help for improving or validating ionospheric models and for operational TEC monitoring, e.g. in combination with ground-based GNSS measurements to fill data gaps over the oceans.
Ionosondes: Efforts should be made to standardize ionospheric parameter reading of hmF2, foF2, h´F and foEs. There are plans for the development of networks of low cost ionosondes (Chris Davis, Reading University, pers. comm.). Being software-based, the system would also provide the flexibility of a research ionosonde, allowing velocities to be measured as part of the standard sounding mode. The development of low cost instrumentation offers scope for better observational networks with considerably more ionosonde observations than before, though (as with ground GNSS) problems with data gaps over the oceans and low latitudes will remain. 

There is a lack of published estimates of the quality of the above variables from ionosondes or ISRs. Such studies should be carried out. Furthermore, if there was an operational ISR next to an ionosonde, it should be possible to get all the desired parameters to a high degree of accuracy, plus enough topside to get a good vertical TEC estimate. However, they are very expensive to build and run.
Incoherent Scatter Radar: Extension of the ISR network, plus the collocation of ionosonde and ISR observations, would likely lead to increased accuracy and horizontal resolution of plasma velocity observations.
Recommendations:
· Efforts should be made to increase the spatial resolution of ground-based GNSS observations (TEC and scintillation), either by deploying additional receivers in regions with sparse coverage (e.g. Africa), making the data from existing receivers accessible, or by utilizing different means of receiving GNSS data, such as aircraft-mounted receivers, to reduce gaps over the oceans.

· Efforts should be made to increase the use of space-based GNSS measurements onboard LEO satellites to get information about the vertical electron density distribution of the ionosphere/plasmasphere system. In parallel the latency of space-based GNSS measurements should be reduced (e.g. by use of a network of satellite ground stations for rapid transmission). 

· Actions should be taken to enable sharing of ground-based GNSS data and GNSS RO among the meteorological and space weather communities, and to facilitate the low-latency access to these data through WIS. The International Radio-Occultation Working Group (IROWG) established in 2011 by the Coordination Group for Meteorological Satellites (CGMS) and WMO can be an appropriate forum to address these issues.
· Data assimilation and related techniques should be developed to produce a more accurate, higher resolution representation of the 3D electron density distribution in the ionosphere and plasmasphere. These techniques effectively reduce propagation errors in GNSS applications. The combination of ground- and space-based GNSS measurements is required in order to avoid problems related to lack of global coverage and large data latency, respectively.

· The coordinated use of dual-frequency radar altimeter observations should be ensured to improve or validate ionospheric models and for operational TEC monitoring in combination with ground-based GNSS measurements to fill data gaps over the oceans.
3.2 Geomagnetic Observations

3.2.1 Requirements

Magnetic field observations are required globally on the surface of Earth using ground based magnetometers. Magnetic observatory data, and scalar magnetic indices derived from the data, are widely used to track the geographic evolution of magnetic disturbances during storms, to measure the absolute size of magnetic storms, to provide statistics on past storm occurrences, to assess physics-based models of the magnetosphere and ionosphere, and to estimate the induction of ground electric currents that represent hazards for the operation of electric power grids. Magnetic observatories provide monitoring data that are used for directional drilling for oil and gas, especially at high latitudes where the magnetic field can be active during storms. Magnetic observatory data are also used in conjunction with satellite and air-borne magnetometers to make global and regional maps of the magnetic field that are used for geologic studies, mineral exploration, and compass-based navigation.
Spaceborne sensors are required for in-situ observations of the local magnetic field in space, at altitude ranges from LEO to GEO. Magnetic field measurements at geostationary orbit are used to indicate extreme compressions of the magnetosphere that cause the magnetopause boundary to move inside geostationary orbit. Measurements at GEO and LEO indicate the level of geomagnetic activity, the occurrence of strong electrical currents and abrupt releases of energy within the magnetosphere-ionosphere system, and the occurrence of low-frequency magnetospheric waves. Magnetic field measurements also are used to interpret plasma and energetic particle measurements.
3.2.2 Current Status 

Vector Magnetic Field – Earth’s Surface: Ideally, ground magnetometer measurements would come from a dense distribution of stations having long and reliable operational histories, that are supported by agencies dedicated to maintaining operations into the future, and that report their data to the operational community in near-real-time. Traditional magnetic observatories are reasonably well positioned to fulfill these requirements with some existing gaps, such as over the African continent, South America, and the Russian Federation. 
On an international scale, magnetic observatory operation is supported by a variety of national government and academic institutions, sometimes in collaboration with private companies. One of the main organizations that coordinate the work of these institutes is INTERMAGNET, a voluntary federation that promotes the operation of magnetic observatories according to modern standards and which promotes the dissemination of observatory data.  Presently, 120 INTERMAGNET observatories are supported by 56 institutes from 41 countries. Definitive data that have been processed and fully-calibrated are available for all member observatories. Presently about 38 INTERMAGNET observatories report preliminary data with an average latency of only a few minutes. Data from an additional 11 sites are available within an hour of the measurement. The number of these observatories is expected to increase slowly in the future, and the average latency is expected to decrease. The distribution of INTERMAGNET sites is shown in Figure 2.
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Figure 2: Distribution of INTERMAGNET magnetometer sites (courtesy of Jeff Love)
SuperMAG is a collection of organizations and national agencies that operates magnetometers. This organization includes the INTERMAGNET magnetometers, but also contains magnetometers that measure the relative variation of the magnetic field without providing absolute values. Including the INTERMAGNET magnetometers, over 300 magnetometers are collected. The spatial distribution of the SuperMAG magnetometers is illustrated in Figure 3.
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Figure 3: Number of ground-based SuperMAG magnetometer observations boxes of resolution 100 km (first column), 500 km (second column), 1000 km (third column), and 2000 km (fourth column). Northern (Southern) hemisphere plots are in the top (bottom) row (courtesy of Mervyn Freeman)
Vector Magnetic Field – LEO and GEO: Real-time magnetometer data are available from a number of geostationary satellites, including the NOAA Geostationary Operational Environmental Satellites (GOES) and the JAXA Environmental Test Satellites (ETS). Although these measurements are only available at a limited number of locations in geostationary orbit, they provide valuable information on the level of geomagnetic activity. The magnetic field information is also important for interpreting the energetic particle measures made simultaneously on the satellite.

Magnetometer measurements have been obtained from a number of LEO satellites, including the CHAllenging Mini-Satellite Payload (CHAMP), Oersted, and the Defense Meteorological Satellite Program (DMSP). New satellite missions, like SWARM (launch in July, 2012) will further support this approach. However the data latency from LEO satellites is typically 90 minutes or greater, resulting in low value for operational space weather services. These data are important for historical event studies and for creating statistical models of auroral-region currents which can support space weather services. An innovative approach has been taken by the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) project to utilize engineering magnetometers on the Iridium satellite constellation to map the current systems connecting the ionosphere and magnetosphere in near-real time. This effort will have important future applications, both in establishing a relationship between private satellite programs and research/operational space weather efforts and in testing the ability to map accurately the current systems and their utility for space weather services.
3.2.3 Conclusions and Recommendations
An extensive array of ground-based magnetometers with near global coverage is in place, although there are several global regions not well-covered, such as Africa, South America, and the Russian Federation. The majority of ground-based magnetometer data are used for research purposes, and are not available in real-time for operational space weather services. The factors restricting access to these data in real time in some cases are related to network infrastructure, and in some cases due to the proprietary nature of the data. The data records from magnetometers are not large, and therefore building a network for their near-real-time dissemination should not be as demanding a task as for many other data sets (e.g., radar or auroral imager data).

Complementary approaches are recommended for improving the real-time availability of ground-based magnetometer data. First, effort is recommended by WMO members to facilitate the inclusion of data from local magnetometers that may be hosted by universities or research organizations into the WIS. By utilizing the extensive WMO data network, a large fraction of the magnetometers now used solely for research purposes could begin to benefit also the space weather service organizations. Second, arrangements should be explored with the providers of proprietary data to enable the real-time use of their data in products such as global disturbance maps. These products could be designed in ways that benefit the customers impacted by geomagnetic activity, but do not compromise the commercial value of their data. Finally, the deployment of new magnetometers should be considered in regions where coverage is currently not adequate.

Space-based magnetic field measurements used for space weather products and services today are obtained in real time from geostationary satellites. The long-term continuity of these observations is expected; however, the measurements are only made at a few locations. A distributed set of measurements throughout geostationary orbit as well as in other orbit planes (LEO, MEO, Molniya) would improve the resolution of geomagnetic disturbances in space and lead to higher accuracy products.

Recommendation:
· Efforts should be made to increase the availability of ground-based magnetometer data with low latency. This can be accomplished by: 1. considering the deployment of magnetometers in regions with limited coverage; 2. utilizing the WMO data infrastructure to disseminate data in real time from existing magnetometers; and 3. working with providers of proprietary data to allow their data to be used in space weather products.
3.3 Energetic Particles

3.3.1 Requirements
The energetic particles in the Earth-space environment can be broadly classified into three categories, each with important effects on spacecraft systems, humans, and other regions of the environment such as the ionosphere and atmosphere. These three categories are: 1. geomagnetically trapped particles; 2. energetic particles of direct solar origin; and 3. galactic cosmic rays. The dynamics of the Sun, interplanetary space, and Earth’s magnetosphere/ionosphere system all contribute to the variability of the energetic particles. Consequently, the particle populations vary over a wide range of time scales, from minutes to decades. Real-time data are required to issue alerts of hazardous conditions, and long-term monitoring is necessary to characterize, and enable predictions of, the particle flux levels and their effects. Because the energetic particle environment can vary strongly from location to location within the magnetosphere, local measurements need to be assimilated in numerical models to yield estimates of the 3-D flux levels.

Measurement of the energetic particle environment requires observation of multiple species (electrons, protons, and heavy ions) at multiple locations (LEO, MEO, GEO, and in interplanetary space), as well as ground-based measurements of cosmic rays. Low-energy (from near zero eV to hundreds of keV) magnetospheric particle measurements are required to provide operational information on the plasma environment that causes surface charging in spacecraft. The real-time operational measurements are used to assess the cause of anomalous behavior in spacecraft systems, and for spacecraft design and post-event analyses relating to satellite and sub-system failures.
Measurements of the high-energy (hundreds of keV to several MeV) electrons and protons are required to provide operational information on the radiation environment that is hazardous to humans in space and that causes interior charging and radiation dose in spacecraft. These measurements are the basis for operational alerts and warnings (high-energy electrons). The real-time measurements are used to determine the cause of anomalous behaviour in spacecraft systems, and for spacecraft design, human radiation risk assessment, and post-event analyses relating to satellite and sub-system failures.

The solar energetic proton, galactic cosmic ray proton, and heavy ion measurements (one MeV/nucleon to hundreds of MeV/nucleon) are required to provide operational information on the radiation environment that is hazardous to humans in space and in high-altitude aircraft; that is responsible for single-event upsets in spacecraft, launcher, and aircraft electronics and degradation of solar power systems; and is responsible for modification of the high-latitude ionosphere which impacts radio communications for commercial airlines. These measurements are the basis for operational alerts and warnings and are used for human radiation risk assessment, spacecraft design, the analysis of anomalies that occur in spacecraft systems, and by commercial airlines for flight routing.
The particle flux should be measured at different energy channels that allow the use of velocity dispersion techniques in order to infer injection times, acceleration profiles and particle path lengths. Additionally to the flux measurements, the instruments should be capable of inferring the direction of arrival of the particles, in order to carry out anisotropy studies. This information is helpful in determining the origin of the particles and their transport characteristics.
3.3.2 Current Status
Energetic particle measurements are being made by numerous satellites in LEO, MEO, GEO, and in interplanetary space. Current missions obtaining energetic particle measurements from LEO orbit include: the European Space Agency (ESA) PRoject for OnBoard Autonomy-1 (PROBA-1) mission, the Russian Federation Meteor-M, China’s FengYun-3 (FY-3), the European MetOp, and the United States (U.S.) Polar Orbiting Environmental Satellites (POES) and Defense Meteorological Satellite Program (DMSP) satellite series. Satellites with energetic particle sensors in GEO orbit include: the Russian Federation Electro-L, China’s FY-2, the U.S. GOES satellite series. Energetic particle measurements are also made at GEO orbit by U.S. Los Alamos National Laboratory instruments. Measurements of protons and electrons in MEO orbit are currently acquired by the GPS satellites and some scientific missions; however, real-time access to the data is not available.

Satellites in Highly Elliptical Orbit (HEO) are also valuable for obtaining measurements in regions not well sampled by satellites in other orbits. The planned Canadian Polar Communication and Weather (PCW) satellites and the Russian Federation Arctica satellites are expected to obtain energetic particle measurements in HEO. Upcoming research missions, such as the U.S. Radiation Belt Storm Probes (RBSP) and Japan’s Energization and Radiation in Geospace (ERG) satellite, will obtain energetic particle measurements throughout the inner magnetosphere and address important questions on particle dynamics. ESA’s International Gamma Ray Astrophysics Laboratory (INTEGRAL) spacecraft is currently making energetic electron and proton measurements. At the L1 Lagrange point, there are three spacecraft equipped with instruments that provide valuable energetic particle information: NASA Advanced Composition Explorer (ACE), ESA/NASA Solar and Heliospheric Observatory (SOHO), and NASA WIND.
Although energetic particle data are available from numerous sources, intercalibration and interoperability have not been adequately addressed. In order to estimate the energetic particle flux at any location where satellites orbit, it will be necessary to aggregate the multiple data source, intercalibrate the data, and then incorporate the data into numerical models to estimate the flux levels throughout near-Earth space.

3.3.3 Conclusion and Recommendations

Energetic particle measurements are being made from numerous operational and research satellites. The highest priorities for maintaining and improving space weather services for the energetic particle environment are to: 

1. Maintain long-term continuity, and if possible improve the spatial resolution, of measurements at all altitudes from LEO to GEO orbits; 
2. Improve the sharing of existing and planned plasma and energetic particle measurements; 
3. Include energetic particle sensors on HEO satellites; 
4. Conduct research to incorporate the plasma and energetic particle data into numerical models to give flux estimates at all locations where our satellites are in orbit. 

3.4 Solar Observations
3.4.1 Requirements
3.4.1.1 Solar images: H-Alpha, EUV, X-ray, White light, Calcium-K, Magnetic field

Solar images are required to analyze sunspot groups; identify the location of flares, filaments, and prominences; and to characterize the magnetic field in the photosphere and corona. Image cadences of 1 to 15 minutes are necessary to detect the rapid evolution of solar structures, particularly prior to solar eruptions. Data availability between 1 and 60 minutes of the time of measurement is necessary to determine the source location of an eruption and to enable the immediate warning of hazardous conditions.

Quite separate from this is the recent development of reliably determining sub-surface solar magnetic fields through helioseismology, leading to advances in the forecasting capacity for solar events. Still in its infancy, further development of this technique may lead to substantial breakthroughs in the near future.

3.4.1.2 Solar EUV flux, X-ray flux, and Radio emissions

Disk-integrated solar X-ray flux is the most immediate indicator of a solar flare. These measurements drive the alerts of hazardous conditions that can onset abruptly. These data are required with a measurement cadence of 0.5 to 3 seconds and with a delay of availability between 1 and 5 minutes. Scientific advances in flare precursor determination may soon lead to more stringent requirements. Radio emissions, indicating the occurrence of radio bursts and the speed of shocks in the solar wind, are required with a cadence of 1 to 60 seconds and a delay of availability of 1 and 5 minutes. 
3.4.1.3 Solar Corona images and Heliospheric images
Images of the solar corona are critical for determining the initial properties (e.g., speed, location, and size) of coronal mass ejections (CMEs) that erupt from the sun. CMEs are the drivers of severe space weather storms at Earth. They are the source of the largest geomagnetic disturbances, ionospheric disturbances, and solar energetic particle enhancements. In order to image the evolution of a CME as it rapidly expands away from the sun, image cadence must be at least 5 to 15 minutes. With the information of the CME properties, numerical prediction models are initiated to calculate the trajectories of the disturbance in interplanetary space and to determine the arrival time at Earth. The delay of availability must be within 15 to 60 minutes to allow sufficient time to initiate models runs and issue forecasts of arrival time, which ranges from less than 1 day to several days. 

Estimates of CME properties are most accurate when coronal images are obtained simultaneously from multiple vantage points, both on the Earth-sun line and significantly off the Earth-sun line, such as at the L5 Lagrange point (roughly 60 degrees from the Earth-sun line along Earth’s orbital path). 

Heliospheric imagers are used to observe the CME-related disturbance as they propagate from the sun to Earth. These images are preferred to be made off the Earth-sun line to determine accurately the trajectory of a disturbance moving toward Earth. Heliospheric images are complementary to coronal images in that coronal images are used to identify the initial properties of CMEs, and heliospheric images are used to monitor their motion toward Earth.
3.4.2 Current Status
Solar observations are obtained from a combination of ground-based and space-based instruments. The basic ground-based observations for solar activity include images in the Hydrogen-alpha, white light, and Calcium-K wavelengths. In addition, solar-surface magnetic field measurements are obtained with line-of-sight and vector magnetographs and solar radio emissions are observed with radio frequency spectrographs. The main limitation for ground based observations is, however, the absorption and scattering of the electromagnetic signals by the ionosphere and atmosphere, including the disruption due to weather, which is a particular concern for visual observations, leading to data gaps and reduced accuracy and resolution. 

Space-based observations include solar images at multiple wavelengths, images of the solar corona and heliosphere, images of the solar-surface magnetic field, and full-disk integrated measurements of total spectral irradiance (TSI), radio emissions, EUV flux, and X-ray flux. Substantial advantages of space-based observations are the continuity and quality of the observations since they are not perturbed or rendered impossible by atmospheric effects, and also the full spectral coverage, including wavelength ranges that are inaccessible from ground-based observations (e.g. EUV and X-ray). Substantial disadvantages of space-based data are the high cost to obtain them, the limited lifetime of space missions, and the vulnerability of space instruments to space weather events, i.e. precisely the events they are intended to monitor. In addition, it is not always possible to obtain timely, continuous data delivery from space missions. Due to the high costs involved, spaceborne data are often limited in availability, and few dedicated (i.e. operational) resources exist. The majority of space weather-relevant data originate from science missions that do not put priority on space weather forecasting needs.

The determination of solar active region characteristics, flare properties, radio emissions, coronal structure, and photospheric magnetic field are made today with a combination of ground-based and space-based instruments. Contributors to this instrumentation are the Solar Electro-optical Observing Network (SEON) operated by the U.S. Air Force, the Penticton Solar Radio Telescope operated by the National Research Council Canada and the Canadian Space Agency, the Global Oscillation Network Group (GONG) operated by the U.S. National Solar Observatory, the Geostationary Operational Environmental Satellites (GOES) operated by the U.S. National Oceanic and Atmospheric Administration, the Solar Dynamics Observatory (SDO) operated by NASA, PRoject for OnBoard Autonomy-2 (PROBA-2) operated by ESA, and the Solar Terrestrial Relations Observatory (STEREO) operated by NASA. Many of these systems are operationally supported, and long-term continuity is anticipated. However, the ESA/NASA Solar and Heliospheric Observatory (SOHO), PROBA-2, SDO, and STEREO are research missions, and it is not clear how their capabilities will be replaced. 

As far as ground-based facilities are concerned, the Penticton data are somewhat unique, although the SEON Radio Solar Telescope Network provides data at neighboring radio frequencies. Similarly, the SEON and GONG networks are constrained by limited size and dependency on weather conditions. Further analysis should be conducted to identify strategies to maintain the highest priority capabilities on operationally supported future space missions and on expanding ground-based data capacity as a low-cost alternative. As for the latter, it is strongly recommended to set up a large international collaboration to harmonise instrumentation and data handling, and to guarantee data availability in a number of key observatories throughout the world.

A significant gap could soon occur with coronagraphic images, which today are obtained only from research missions. Current coronagraphic images are provided by the coronagraph on the SOHO mission and by the STEREO mission. SOHO was launched in 1995 and was designed for a nominal research mission lifetime of two years. Although coronagraphic images are still routinely available today, it is not known how long this mission will continue. The STEREO mission was launched in 2006 and obtains coronagraphic and heliospheric images from off the Earth-sun line. The STEREO mission consists of two satellites, one that leads Earth in its orbit around the sun and one that lags. The separation between Earth and the two STEREO satellites changes by about 22.5 degrees per year. 

Over the next few years, as the STEREO satellites move closer to the Earth-sun line on the opposite side of the sun, the images will become less useful in terms of providing stereoscopic views of the solar corona and CMEs. Over the roughly two-year period when the two satellites will each be within about 22.5 degrees of the Earth-sun line on the far side of the sun (2014-2016), the coronal images will be largely redundant with each other and with the SOHO images, assuming SOHO data are still available. If the mission operations continue, the satellites will again be well positioned away from the Earth-sun line after 2016. The STEREO images will again become redundant with each other and lose effectiveness as the satellites approach 90 degrees to the Earth-sun line around 2019.

With coronaraphic images and current numerical prediction models, the arrival time of CMEs can be forecast within a +/- 6 hour window. Without coronal images, forecasts of CME arrival cannot be reliably made, with significant impacts on virtually all customers of space weather services. In addition to the need to have sufficient solar data, we also need to consider the availability of numerical models that can be used to make quantitative forecasts. A number of models are currently used to estimate basic parameters such as arrival time and shock strength, but with substantial error bars and not enough detail to provide numerical forecasts of all parameters of interest. On the other hand, quite vast numerical simulation tools are being developed to calculate the evolution of solar transients as they pass through interplanetary space. These simulations would allow generating the required physical parameter forecasts, but they need long run-times and cannot be used therefore meaningfully. We need to encourage further developments of numerical modeling in order to turn them into operational tools.

Heliospheric images are a valuable asset that is still in its infancy for operational space weather services. These images provide information on the motion of a CME as it advances toward Earth. Having this information as the CME travels from the sun to Earth substantially improves forecasts of CME arrival time, and consequently, geomagnetic storm onset. However, only STEREO currently provides heliospheric images, and the usefulness of these data from STEREO is highly dependent on the position of the satellites, as explained above. Moreover, since STEREO is a scientific mission, the useful data produced are often not available on an operational basis. This is clearly an issue to be addressed in any roadmap for future developments.

3.4.3 Conclusion and Recommendation
Both ground-based and space-borne solar images and data are essential for the provision of space weather forecasts. Both suffer from limited redundancy and operational support. A worldwide concerted effort is required. Solar and coronal images provide critical information needed to forecast the occurrence of solar eruptions and the arrival of coronal mass ejections at Earth and the onset of geomagnetic storms. Current images are mainly obtained from research satellites, whose future availability is unknown, and whose data are not always readily available on an operational basis. 

In order to ensure the continuous ability to forecast the largest geomagnetic storms, it is imperative that operationally supported missions including solar imaging telescopes and coronagraphs are maintained in orbit. Ideally, images would be provided both from on the Earth-sun line (for example, from either GEO or the L1 Lagrange point) and from off the Earth-sun line (for example, from either the L4 or L5 Lagrange points). Heliospheric images also should be obtained from operationally supported satellites, preferably from off the Earth-sun line. In the interim, research should be focused on evaluating the possible forecast improvements from the current research heliospheric imagers and defining the optimum instrument characteristics.

At the same time, one needs to consider that ground-based solar data are complementary to space data and provide, for a limited cost, the robustness required to ensure a continuous stream of data and avoid gaps that may leave us blind just at times when critical events are occurring.


In order to bring ground data up to the same standards as the current space data, new developments are needed for:

· implementing an actual coordinated network (common portal, virtual observatory, advanced combined products like continuously updating H-alpha movies)
· standardisation: of  instruments, wavelengths, detectors, processing
· developing image processing methods dedicated to ground-based data (seeing correction, contrast matching, image registration, etc.)

This effort can rest on multiple existing facilities but requires new investments, not only to develop the overarching "networking" layer but also to increase the means available at multiple solar facilities.

Recommendations:
· High-level coordination of satellite-based assets to maintain continuity of solar measurements and heliospheric imaging should be established. This could be done under the auspices of WMO through CGMS and in consultation with appropriate international committees such as UN-COPUOS. This coordination effort should include consideration of measurements made at other locations in interplanetary space, such as the L5 Lagrange point, as well as the required global network of ground-based antennas for data reception and processing.
· Efforts should be made to coordinate and to standardize the existing ground-based solar data, and to expand them where required for redundancy, including defining an approach for a common data portal or virtual observatory concept accessible via WIS and creating advanced, combined products and image-processing techniques.
· Efforts should be made to encourage and improve numerical modeling of the solar and interplanetary plasma, in particular with the purpose to develop operational software for numerical space weather prediction. This implies that the numerical modeling should be capable of ingesting as much as possible real-time data, and the models should be fast enough to yield sufficient lead times for their output to be translated into forecast parameters.
3.5 Solar Wind Observations

Solar wind measurements, along with many of the solar observations in the X-ray and UV range and energetic particles, can only be performed from space. The first Lagrange point L1 is a unique vantage point for solar wind and solar monitoring, the spacecraft remaining at a stable, intermediate distance between the Sun and the Earth, roughly one million kilometers upstream from Earth. Provision should, however, be made for near real-time data acquisition on the ground through the use of at least 3 ground stations or data relay via geostationary or geo-transfer spacecraft. A spacecraft located at L1 can permanently monitor the solar wind, the sun and its corona, and acquire heliospheric imaging with sensors having wide angle visibility.

3.5.1 Requirements
The primary solar wind observations required are the solar wind velocity, density, temperature, and magnetic field. Knowledge of these variables is essential to producing accurate warnings of geomagnetic storms. If the measurements are made at the L1 Lagrange point, the lead time of these warnings will be on the order of 45 minutes, depending on the speed of the solar wind. Without these data, storms will be detected only after they have arrived at Earth. Furthermore, these data are used to relate solar eruptions with the corresponding interplanetary ejecta. The joint analysis of this phenomenon increases our understanding on the processes involved and leads to better forecasting capabilities.
Continuous, near real-time data from a solar wind monitor upstream of Earth are the only reliable indicators of the existence and characteristics of interplanetary disturbances about to hit Earth. Such disturbances cause geomagnetic storms resulting, for example, in power grid damage and possibly failure. Other systems impacted by geomagnetic storms are satellites, radio communication, pipelines, and GNSS. Solar wind data are also required to drive a variety of numerical prediction models, including those used for forecasting geomagnetic disturbances, radiation belt flux levels, and ionospheric conditions.

Because the solar wind transit time from the L1 Lagrange point to Earth can be considerably less than 45 minutes during high-speed disturbances, low data latency is necessary to ensure as much warning lead time as possible. Data latency must be less than 15 minutes, with an observing cycle of one minute or less. The measurement accuracy of the solar wind density, velocity, and temperature should be better than 20%, and the measurement accuracy of the interplanetary magnetic field should be better than 1 nanoTesla.

It is also valuable to have solar wind measurements from other satellites off the Earth-sun line. The usefulness of these data has been demonstrated by the STEREO satellites, one leading and one lagging Earth in its orbit. The L5 Lagrange point, roughly 60 degrees lagging Earth, is a good vantage point for making complementary solar wind measurements. Due to the 27-day period of rotation of the Sun, solar wind structures measured at this location can be expected to arrive at Earth roughly four days later. Furthermore, the simultaneous sampling of interplanetary ejecta by two or more spacecraft provides valuable data that can be used to better characterize the geometry of the eruption and provide more accurate space weather alerts.
In addition to the in-situ measurement of basic solar wind conditions (density, velocity, temperature, and magnetic field), valuable techniques have been developed to use energetic particle measurements in the solar wind as indicators of oncoming disturbances. Energetic proton measurements can give many hours of advance warning of strong interplanetary shocks that form in front of fast coronal mass ejections traveling toward Earth. Protons that are energized by the shock wave are able to flow ahead of the shock along the interplanetary magnetic field and can be detected hours before the shock arrives. Energetic electrons measured in the solar wind have been shown to give advance warning of solar energetic particle events.  Because of their fast speeds, relativistic electrons (>500 keV) can often give the first indication of a strong acceleration event on the Sun. The onset of solar protons with energies of tens of MeV (as described in Section 3.3) can at times be predicted minutes to hours in advance.

3.5.2 Current Status 
Solar wind measurements are currently obtained from the NASA Advanced Composition Explorer (ACE) satellite, which is in orbit about the L1 Lagrange point. Data are received in real time from a global network of ground antennas coordinated by NOAA (U.S.) and operated by the National Institute of Information and Communication Technology (Japan), the German Aerospace Center (Germany) the Korean Space Weather Center (Korea), and by NASA, NOAA, and the U.S. Air Force. Solar wind measurements are also made by the NASA WIND satellite and the ESA/NASA Solar and Heliospheric Observatory (SOHO); however as they are research satellites, the data are not always reliably available in real time, and the SOHO payload does not include a magnetometer.

The ACE satellite was launched in 1997 and is well beyond its initial design lifetime. ACE is a research satellite that was equipped with a beacon to broadcast continuously a small subset of the data in real time. ACE has been a highly successful mission, from both a research and space-weather-service perspective. The most serious limitation with the ACE instrumentation is the inability to make reliable measurements of the solar wind velocity and density when the flux of energetic protons is enhanced. Consequently, during many of the largest geomagnetic storms, solar wind velocity measurements were not available. This highlights the need to design solar wind monitoring instruments with the capability to make reliable measurements during the extreme conditions of space weather storms.

The United States are currently planning to launch the Deep Space Climate Observatory (DSCOVR) in 2014. This satellite will be placed in orbit about the L1 Lagrange point and will provide real-time measurements of the solar wind density, velocity, temperature, and magnetic field. Its instruments are designed to function during solar proton events. As currently planned, DSCOVR will not measure the energetic proton flux (which can indicate the approach of an interplanetary shock) nor will it measure the energetic electron flux (which can indicate the onset of a solar proton event). In addition, China is planning the launch of an L1 satellite as part of the KuaFu mission.  
3.5.3 Conclusions and Recommendations
Because of the unique capability of satellites upstream from Earth in the solar wind to provide advance warning of the most severe geomagnetic storms, maintaining these continuous, real-time measurements is essential. These data are the only reliable indicators of solar wind disturbances prior to their arrival at Earth. These disturbances impact our electric power infrastructure, our satellites, our communication capabilities, and our satellite-based navigation. Accurate, advance warning of large geomagnetic storms is central to our space weather service capabilities.

Although there is now a high level of confidence that the DSCOVR mission will be an operational replacement for the ACE satellite, it is still important for the international space weather community to plan for the long-term continuity of these measurements. It is recommended that a high-level coordination of satellite-based assets for space weather be established to insure that high-priority measurements such as these are obtained in a cost-effective manner through shared capabilities. This planning should not just include the core solar wind measurements (density, velocity, temperature, magnetic field), but also should include additional instruments (i.e., energetic protons, energetic electrons, coronagraph, solar imagers) as well as measurements in other locations, such as the L5 Lagrange point and on the Sun-Earth line upstream from the L1 point. Furthermore, a coordinated network of ground-based antennas needs to be maintained to ensure reliable, real-time acquisition and processing of the data.

Recommendation:
· High-level coordination of satellite-based assets to maintain continuity of solar wind measurements (at the L1 Lagrange point) should be established. This could be done under the auspices of WMO through CGMS and in consultation with appropriate international committees such as UN-COPUOS. This coordination effort should include consideration of new measurements made at other locations in interplanetary space, such as the L5 Lagrange point and on the Sun-Earth line upstream from the L1 point, as well as the required global network of ground-based antennas for data reception and processing.
__________
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