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GLOSSARY

ACE 
Advanced Composition Explorer - NASA research satellite monitoring the space environment (solar wind) beyond Earth's magnetic field

Afr 
A daily index of geomagnetic activity at Fredericksburg, VA, derived as the average of the eight 3-hourly a indices 

AFWA 
Air Force Weather Agency 

Ap 
A 3 hourly equivalent amplitude of magnetic activity derived from the Kp index 

ATC 
Air Traffic Control 

CME 
Coronal Mass Ejection 

DGPS 
Differential Global Positioning System 

DHS 
Department of Homeland Security 

DME 
Distance Measuring Equipment

DMSP 
Defense Meteorological Satellite Program 

DP 
Dynamic Positioning 

EDP 
Electron Density Profile

EGNOS 
European Geostationary Navigation Overlay Service 

EIT 
Extreme ultraviolet Imaging Telescope - used to view the sun in extreme ultraviolet wavelengths 

EPAM 
Electron, Proton, and Alpha Monitor – its data portend geomagnetic storming 

ESA 
European Space Agency 

EUV 
Extreme UltraViolet 

FAA 
Federal Aviation Administration

GAGAN 
GPS Aided Geo Augmented Navigation

GBAS 
Ground Based Augmentation System 

GCR 
Galactic Cosmic Rays

GIC 
Geomagnetically Induced Current

GLONASS 
Global Navigation Satellite System (Russia) 

GNSS 
Global Navigation Satellite System

GOES 
Geostationary Orbiting Environmental Satellite 

GPS 
Global Positioning System (United States) 

GSFC 
Goddard Space Flight Center (NASA)

Ha 
Hydrogen Alpha – 656.3 nm filtered imagery used to detect features on the Sun 

HF 
High Frequency (3-30 MHz) 

IMF 
Interplanetary Magnetic field 
IPS 
Ionospheric Prediction Service (Australia)
ISES 
International Space Environment Service
ISS 
International Space Station 

JAXA 
Japan Aerospace Exploration Agency 

JSC 
Johnson Spaceflight Center (NASA)

Kp 
A 3 hourly planetary index of geomagnetic activity 

L1 
Lagrangian point. A point on the Sun – Earth line about 1/100 of the distance from Earth to the Sun

L1 
GPS frequency at 1575 MHz

L2 
GPS frequency at 1227 MHz

LAAS 
Local Area Augmentation System 

LASCO 
Large Angle Spectrometric Coronagraph - used for detecting coronal mass ejections 

Lyman alpha Solar emission at 121.6 nm

MBU 
Multiple Bit Upsets

mph 
Miles Per Hour

MSAS 
Multi-functional Satellite Augmentation System 

NASA 
National Aeronautics and Space Administration

NCRP 
National Council on Radiation Protection and Measurements 

NERC 
North American Electric Reliability Corporation 

NESDIS 
National Environmental Satellite, Data, and Information Service
NextGen 
Next Generation Air Transportation System 

NOAA 
National Oceanic and Atmospheric Administration 

NRC 
Nuclear Regulatory Commission 

nT 
nanoTesla – Unit of magnetic field measurement 

OAR 
Office of Oceanic and Atmospheric Research (NOAA) 

PCA 
Polar Cap Absorption

Pfu 
Particle Flux Units (1 pfu = particle/cm^2-s-steradian) 

POES 
Polar-orbiting Operational Environmental Satellite

QZSS 
Quasi-Zenith Satellite System, Japan

RAM 
Random Access Memory

RSTN 
Radio Solar Telescope Network 

SATCOM 
Satellite communications

SBAS 
Satellite Based Augmentation System 

SEE 
Single Event Effects

SEM 
Space Environment Monitor - instrument package aboard GOES spacecraft
SESAR 
Single European Sky ATM Research
SEU 
Single Event Upsets

sfu 
Solar Flux Units (1 sfu = 10^-22 W/m^2/Hz) 

SI 
Sudden Impulse - sudden perturbation in Earth’s magnetic field due to compression from a shock in the solar wind 

SOHO 
SOlar and Heliospheric Observatory - a joint NASA/ESA research satellite 

SOON 
Solar Observing Optical Network 

SSIES 
Special Sensor - Ions, Electrons, and Scintillation (instrument on DMSP) 

SSN 
Smoothed Sunspot Number - an average of 13 monthly RI numbers, centered on the month of concern 

STEREO 
Solar Terrestrial Relations Observatory

SWEPAM 
Solar Wind Electron, Proton, and Alpha Monitor - used to monitor solar wind 

SWPC 
Space Weather Prediction Center 

SXI 
Solar X-ray Imager on GOES - used to detect flare location 

TEC 
Total Electron Content 

UHF 
Ultra High Frequency (300 – 3000 MHz)

UTC 
Universal Time Coordinated 

VHF 
Very High Frequency (30 – 300 MHz)

VOR 
VHF Omni-directional Range 

WAAS 
Wide Area Augmentation System

WMO 
World Meteorological Organization

XRS 
X-ray Sensor on GOES
INTRODUCTION 

The Sun warms the earth and sustains life. It also produces episodic bursts of additional energy and radiation that impact humans and the technologies on which they depend. These periods of eruptive activity, often referred to as solar storms, form the brunt of what is commonly known as space weather.
To better understand and predict space weather, a more rigorous scientific exploration of the Sun is required. Magnetic fields well-up through the ball of plasma that forms the body of the sun and then release their energy explosively in solar flares and coronal mass ejections, which are the crux of the problem. Disturbed magnetic fields often appear as blemishes – spots – on the solar surface. The existence of sunspots has been known for centuries. What remains unknown is why there is a cyclic behavior in the appearance of these spots, and what causes some spots to become strong and large while others are benign and small.
The effects of an active Sun were incidental for the most part, before technologies and human activities emerged that were susceptible to the solar bursts. It wasn’t until the mid-19th century that a linkage between a solar flare and the subsequent magnetic storm was made by Carrington in 1859. Following the solar flare seen by Carrington, telegraph wires were found to be carrying induced currents, and brilliant auroras were visible near the equator.
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Over time other technologies – short wave radio, radars, manned space flight, satellite operations, electric power transmission, satellite navigation, and aviation – showed vulnerabilities to solar eruptions, and hence procedures were devised to minimize their impact. The interest by the aviation community became even sharper with the opening of the northern polar routes at the end of the 20th century. As Earth’s magnetic field converges at the poles, it enables charged particles 
access to lower altitudes – aviation altitudes – and this affects communications, radiation exposure, and satellite navigation. Impacts to aviation at high latitudes are not limited to the Northern Hemisphere. Space weather is a concern for aviators flying high southern latitudes too.  

Navigation, communications, and radiation exposure issues, as affected by space weather, also extend to various degrees to other parts of the globe and to other applications. Satellite-based navigation, though most affected near the poles and the equator, can also be impacted at middle latitudes. A particularly significant space weather storm occurred during the October-November 2003 events when the FAA’s WAAS system exceeded its vertical protection limit and was deemed un-useable for 15 hours and 11 hours on October 29 and 30, 2003 respectively. As satellite-based navigation has a key role in the NextGen and SESAR efforts, the need to monitor and predict space weather will grow. 
Another impact of solar activity on GPS occurred in December 2006 when a solar radio burst in a solar flare was so strong that it overwhelmed the GPS signal at L-band, causing a several-minute-long interruption to geodetic-grade GPS receivers operating on the dayside of Earth. 
High-Frequency (HF) communications, the primary and in some cases, sole, means of communicating over the poles, is well-known to be affected during space weather events. For aircraft at latitudes of roughly 82 degrees and higher, it is impossible to “see” geostationary communications satellites and to use the higher frequencies they afford. There are polar orbiting satellites available for use to mitigate the communication problems, but as yet most airlines are not equipped to take advantage of this option. 
Radiation exposure is difficult to characterize. However, in general, the risk – and the dose – is greatest over the poles, and lessens at lower latitudes. It is also true that the higher the altitude, the more radiation is present, so the radiation conditions will be important for sub-orbital commercial space flights.

SECTION 1 – 

SCIENTIFIC BACKGROUND

Chapter 1

Space Weather Components

1.1 THE SUN – PRIME SOURCE OF SPACE WEATHER

1.1.1
The Sun is the primary source of the conditions commonly described as space weather. The expression Space Weather is used to designate processes occurring on the Sun, in Earth’s magnetosphere, ionosphere and thermosphere, which have the potential to affect the near-Earth environment. Its emissions are continuous in nature; i.e., solar luminescence, solar wind, and can be eruptive. The eruptive aspects consist of Solar Flares, Coronal Mass Ejections, and streams of charged particles. The eruptions cause radio blackouts, magnetic storms, ionospheric storms, and radiation storms at Earth. The NOAA Space Weather Scales rate the magnitude of particular types of eruptive space weather, and will be described in more detail later in this document.

1.1.2
Akin to the activity that originates at the Sun, Galactic Cosmic Rays (GCR) – the charged particles that originate in more distant supernovae – contribute to the space weather conditions near Earth. Essentially these charged particles comprise a steady drizzle of radiation at Earth. On top of this background the Sun increases the radiation levels during radiation storms, with the sum of the two components being the full extent of the potential radiation dose received. The size of the GCR levels varies inversely with the sunspot cycle, which is described in 1.2 and 1.3 below. That is, when the interplanetary environment near Earth is laminar and steady – conditions seen near sunspot minimum – the GCR component is large due to its easier access to the near Earth environment. At sunspot maximum, the turbulence and energetics associated with solar eruptions reduces GCR access to the vicinity of the Earth.

1.2 THE SUN’S ENERGY OUTPUT AND VARIABILITY

1.2.1 The Sun is a variable star. What that means is the balance between the continuous emissions and the eruptive emissions changes with time. One metric that is commonly used to track this variability is the occurrence of sunspots. Observers have been recording sunspot observations continuously for hundreds, maybe even thousands, of years. There are mentions of Chinese sunspot observations from many centuries ago and, more recently, European observations for the past four hundred years. From these observations, the eleven-year sunspot cycle has been identified. Though the underlying physics is still not well understood, it is established that sunspots come and go, on average, on an eleven year period. The magnitude and duration of individual cycles varies, but typically more eruptive events occur near the height of the cycle – solar maximum – while few are observed near solar minimum. All solar electromagnetic emissions, from radio to x-rays are also stronger during solar maximum and less intense near solar minimum.


1.2.2 Satellite observations in the past 40-50 years have added more measurements to describe the Sun’s variability over the course of the solar cycle. X-ray emissions increase by a factor of 10; extreme ultraviolet by a factor of 4-5; and the solar constant – the sum of all the electromagnetic energy radiated by the Sun – increases by approximately .1% as the Sun evolves from its quiet to its active phases.

1.3 SUNSPOTS AND THE SOLAR CYCLE
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1.3.1 Sunspots are synonymous with space weather and are often used as a proxy index for changing space weather conditions.  This is because sunspots, by their very nature, exist due to strong local magnetic fields on the Sun, and when these fields erupt, severe space weather can occur. While sunspots are easily seen on the sun, other factors, such as GCR, Coronal Mass Ejections, and increased solar wind associated with Coronal Holes, actually cause space weather, but in most cases are more difficult to observe from the ground and cannot be described by long historical records of observation as are sunspots.
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1.3.2 The modern record of sunspot observations extends back roughly 400 years. Galileo and other astronomers in Europe noted these “blemishes” on the surface of the Sun, and speculated                                                                   as to their origin. Over time, sunspots became the                                                                          standard used to mark the variability of the Sun. 
1.3.3 The Sunspot or Solar Cycle is of consequence to the aviation community as the events that affect communications, navigation, and radiation dose, vary over the eleven year solar cycle. This variability will be examined more closely later in this document and will be seen to necessitate a good understanding by the aviation users of the immediacy of a threat to routine operations. In short, explosive solar events that affect aviation are more likely to occur, and be more severe, in the epoch near solar maximum.
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1.4 SOLAR WIND


1.4.1 The solar wind is the continuous flow away from the Sun of charged particles and magnetic field, called plasma. It is a consequence of the very high temperature of the solar corona and the resultant expansion of the plasma into space. Electrons and protons with energies of about 1 keV are the dominant constituents. The solar wind existence was predicted by Parker in the 1950’s who coined the term “solar wind” and this was verified by the Soviet satellite Luna 1 in January 1959.

1.4.2 The solar wind carries the energy from most solar eruptions that affect the near-earth environment. The sole exception, solar flare photons – light and X-rays– carry the energy released in solar flares (more on solar flares later in this document). Even in the absence of an eruption, the constant flow of plasma fuels Earth’s magnetic – geomagnetic – field. The solar wind may be fast and energetic if an eruption occurs, or can gradually increase due to a coronal hole structure which allows unimpeded high-speed solar wind to escape from the corona. As seen from the Earth, the Sun rotates on approximately a 27-day period, so well-established coronal hole structures that persist for several months will swing by Earth on schedule, roughly every 27 days when they exist. Clearly a knowledge of the conditions existing in the solar wind, its speed, density, temperature, magnetic field, is necessary to specify and predict space weather.

1.4.3 A knowledge of normal values for solar wind properties enables realization of typical or atypical conditions. Typical values for density are 5 cm-3, and magnetic field, 7 nT. The average speed of the solar wind is approximately 450 km/s, roughly one million miles per hour. In round numbers, that means it takes about 4 days for a parcel of plasma to travel from the Sun to Earth, a distance of 93 million miles. For severe space weather events, the solar wind speed may be 3, 4, even 5 times faster. The latter was observed during the series of extreme space weather events that occurred in October of 2003. The very fast energetic solar wind leads to the geomagnetic field being extremely disturbed. 

1.5 SOLAR ERUPTIVE ACTIVITY
1.5.1 Most solar eruptions originate in areas that have strong magnetic fields. Usually denoted by sunspots, these areas are commonly called active regions. The NOAA Space Weather Prediction Center in the United States designates, by number, active regions for common reference in the space weather community. Active regions are numerous and common during solar maximum and scarce during solar minimum. Forecasters scrutinize each active region to discern its potential for eruption. The factors analyzed are: the size of the region, its recent dynamic or static nature, the strength and orientation of its magnetic fields, and its recent eruptive activity history. Sunspot and various other wavelength observations, recent history, and magnetic properties all contribute to the forecaster’s analysis.

1.5.2 Flares and Coronal Mass Ejections (CMEs) are two of the major types of solar eruptions. They may occur independently or at the same time. Solar flares have been recognized for more than 100 years, as they can be seen from the ground on rare occasions. In the past 50 years, Hydrogen-Alpha (656.3 nm wavelength) filter-equipped ground-based telescopes have been used to easily observe flares.
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Flares are characterized by a very bright flash-phase, which may last for a few minutes, followed by a period of 30-60 minute decay. Flares can emit at all frequencies across the electromagnetic emission spectrum, from gamma rays to radio.  
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Coronal Mass Ejections, in contrast to solar flares, are difficult to detect, not particularly bright, and may take hours to fully erupt from the Sun. CMEs literally are an eruption of a large volume of the solar outer atmosphere, the Corona, and prior to the satellite era they were very difficult to observe. The energy released in a large solar flare is on par with that released in a CME, but CMEs are far more effective in perturbing Earth’s magnetic field and are known to cause the strongest magnetic                                                                              
storms. A typical travel time for a CME from the Sun to Earth may range from less than 1 day, to
more than 4 days. The travel time of the electromagnetic emission produced during flares, by comparison travels at the speed light instantaneously affecting the dayside of Earth. Forewarning of its arrival depends on predicting when a flare will occur. 
1.5.3 The frequency of solar flares and CMEs tracks with the solar cycle. Flare rates on the order of 25/day may occur during the maximum phase of the solar cycle, while at solar minimum it may take 6 months or more for 25 flares to occur. CME frequency varies from about 5/day near solar maximum, to 1 per week or longer, at solar minimum. However, many CMEs observed lifting off the Sun are not Earth-directed and are therefore of no consequence to near-Earth technology.

1.6 GEOSPACE
1.6.1 Geospace – the volume of space that surrounds Earth – can be thought of as being defined by the influence of Earth’s magnetic field in the solar wind. If Earth did not have a magnetic field, the solar wind would blow past unimpeded and only be affected by the mass of Earth and its atmosphere as it adjusted downstream to the impediment it just experienced. Earth’s magnetic field extends away from Earth in all directions, and forms a cocoon for the planet in the flow of the solar wind. The structure – the cocoon – is called the magnetosphere. The magnetosphere typically extends towards the Sun about 10 Earth radii on the dayside and stretches away from the Sun many times more than that on the nightside. The shape is similar to a comet tail, it being extended during strong solar wind conditions and less so during more quiet times. On its flanks the magnetosphere extends outwards roughly 20 Earth radii in the dawn and dusk sectors.
The magnetosphere deflects most of the energy carried by the solar wind while making a fraction of it available to be absorbed by the near-Earth system. When the Sun is active and CMEs interact with Earth, the additional energy disrupts the magnetosphere resulting in a magnetic storm. Then, over time the magnetosphere adjusts, through various processes, and once more returns to normal. The most visible manifestation of the energy being absorbed from the solar wind into the magnetosphere is the aurora, both in the northern and southern hemispheres. Simply put, the more energy in the solar wind, the brighter and more widespread the aurora glow becomes.
1.6.2 Nearer Earth is another region called the ionosphere. It is a shell of weak plasma, where electrons and ions exist embedded in the neutral atmosphere. The ionosphere begins at roughly 50 km in altitude, and extends to many Earth radii at the topside.

Extreme ultraviolet (EUV) solar emissions create the ionosphere by ionizing the neutral atmosphere. The electrons and ions created by this process then engage in chemical reactions that progress faster in the lower ionosphere, such as the D region, than higher up, in the F region, [image: image14.png]10
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the most important ionospheric region. The ionosphere changes significantly from day to night, because when the Sun sets, the slower F region chemical processes together with other dynamic processes allows some of the ionization to remain until the new day brings the solar EUV once again. The F-region of the ionosphere is important because it reflects short-wave radio around the curvature of Earth.  
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Below about 90 km some radio energy is lost through the interaction of free electrons and the atmosphere at that height. The amount of energy lost or absorbed increases as the radiowave frequency decreases. Thus the higher the HF radio frequency used, the less it is absorbed.

The ionosphere is a nuisance to trans-ionospheric propagation (i.e., GPS, satellite communications) because its waves and density irregularities can distort and damage the information content of transmissions through it.  
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The important point is that the energy that comes from the Sun in the solar wind makes its way to the ionosphere                                                                               where it alters the ambient conditions                                                                                            during space weather storms. 

1.7 GALACTIC COSMIC RADIATION
1.7.1 Galactic Cosmic Radiation, more commonly known as Galactic Cosmic Rays (GCR), are a consequence of distant supernovae raining charged particles – heavy ions, protons, and electrons – onto the inner heliosphere. The abundance of GCR is a function of the solar cycle. When the solar wind flow is turbulent and strong, around solar maximum, the GCR flux is inhibited and therefore low. At solar minimum, the GCR flux increases by about a factor of 3 in the near-Earth environment.
When high energy GCR enter Earth’s atmosphere, they create a cascade of interactions resulting in a range of secondary particles – including neutrons – that make their way to Earth’s surface. The neutrons are detected by ground-based neutron monitors and are indicative of high energy particles at high altitudes. These neutrons reflect the changing radiation environment experienced at airline altitudes, and thus are a space weather issue for aviation. 

Chapter 2

Geophysical Consequences of Eruptive Space Weather

2.1 SOLAR FLARE RADIO BLACKOUTS
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2.1.1 Radio blackouts primarily affect HF (3-30 MHz) although detrimental effects may spill over to VHF (30-300 MHz) and beyond in fading and diminished ability for reception. The blackouts are a consequence of enhanced electron densities caused by the emissions from solar flares that ionize the sunlit side of Earth.
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The process consists of x-ray and EUV bursts from a solar flare increasing the number of free electrons in the atmosphere below 90 km, which in turn increases their interaction with the neutral atmosphere, which increases the amount of radio energy lost as radio waves pass through this region.  During a large flare event the amount of radio energy lost is sufficient to make the return signal from the ionosphere too small to be useful with normal radio receivers. The net effect of this process is the blackout – no signal – for HF transmissions.
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The above plot shows the HF absorption during the powerful Nov. 2003 solar flare. Due to geometric effects, D region ionization is greatest at the sub-solar point, where the Sun is directly overhead. The amount of ionization and absorption falls with distance away from the sub-solar point, reaching zero at the day/night terminator. The night-side of Earth is unaffected.

PLEASE NOTE. There is also a class of longer duration radio blackouts that occur in the polar and very high-latitude regions that are a result of entirely different physics and have characteristics very much different from the radio blackouts described here, caused by solar flares. These polar radio blackouts will be described in the Solar Radiation Storm section of this document to follow.

2.1.2 The duration of dayside solar flare radio blackouts closely follows the duration of the solar flares that cause them beginning with the arrival of the x-ray and EUV photons, and abate with their diminution. Usually the radio blackouts last for several minutes, but they can last for hours.

2.1.3 The intensity of the radio blackout also scales with the magnitude of the solar flare that causes the blackout. The NOAA Space Weather Scales lists the intensity and frequency of occurrence for various categories of radio blackouts. In terms of intensity, the extreme R5 occurs less than once every eleven-year solar cycle and blacks out the entire sunlit side of earth for hours. The more common strong blackouts (NOAA Scale R3) occur at a rate of 175 per solar cycle and cause roughly a 1 hour-long blackout. The least problematic condition, a minor R1 radio blackout, occurs at a rate of 2,000 per eleven year solar cycle, resulting in a degraded or even a loss of ability to communicate for several minutes.
NOAA Space Weather Scale for Radio Blackouts

	   Radio Blackouts
	GOES X-ray peak brightness by class and by flux*
	Number of events when flux level was met; (number of storm days)

	R 5
	Extreme
	HF Radio: Complete HF (high frequency**) radio blackout on the entire sunlit side of the Earth lasting for a number of hours. This results in no HF radio contact with mariners and en route aviators in this sector. 

Navigation: Low-frequency navigation signals used by maritime and general aviation systems experience outages on the sunlit side of the Earth for many hours, causing loss in positioning. Increased satellite navigation errors in positioning for several hours on the sunlit side of Earth, which may spread into the night side.
	X20

(2x10-3)
	Fewer than 1 per cycle



	R 4
	Severe
	HF Radio: HF radio communication blackout on most of the sunlit side of Earth for one to two hours. HF radio contact lost during this time.

Navigation: Outages of low-frequency navigation signals cause increased error in positioning for one to two hours. Minor disruptions of satellite navigation possible on the sunlit side of Earth.
	X10 

(10-3)
	8 per cycle

(8 days per cycle)



	R 3
	Strong
	HF Radio: Wide area blackout of HF radio communication, loss of radio contact for about an hour on sunlit side of Earth. 

Navigation: Low-frequency navigation signals degraded for about an hour.
	X1

(10-4) 
	175 per cycle

(140 days per cycle)

	R 2
	Moderate
	HF Radio: Limited blackout of HF radio communication on sunlit side, loss of radio contact for tens of minutes. 

Navigation: Degradation of low-frequency navigation signals for tens of minutes.
	M5 

(5x10-5)
	350 per cycle

(300 days per cycle)

	R 1
	Minor
	HF Radio: Weak or minor degradation of HF radio communication on sunlit side, occasional loss of radio contact. 

Navigation: Low-frequency navigation signals degraded for brief intervals.
	M1 

(10-5)
	2000 per cycle

(950 days per cycle)


* Flux, measured in the 0.1-0.8 nm range, in W·m-2. Based on this measure, but other physical measures are also considered. 
** Other frequencies may also be affected by these conditions.
2.1.4 The frequency of radio blackouts, as it is closely linked with the magnitude of the parent flare, was described in the previous section. It should be noted that the statistics cited in the NOAA Scales are for the eleven-year period, but in fact flare activity tends to occur nearer the peak years of the cycle, and be almost absent during the solar minimum epoch. It is important for users to know what part of the solar cycle they are operating in because this affects the rate of occurrence flare blackouts.


2.1.5 Indices that describe the level of radio blackout are qualitative. The NOAA Space Weather Scales for Radio Blackouts have become the de facto standard, with the following categories; R5 extreme, R4 severe, R3 strong, R2 moderate, R1 minor. HF radio providers, e.g., ARINC, Gander Radio, etc. often use adjectives such as good, fair, poor to describe communications in their operations. A more quantitative index would be the actual absorption at a given frequency, which would vary by location, local time, and frequency. 

2.2 GEOMAGNETIC STORMS

2.2.1 Geomagnetic storms, strong disturbances to Earth’s magnetic field in the solar wind, pose problems for many activities, technological systems and critical infrastructure. The topology of Earth’s magnetic field changes in the course of a storm, as the near-Earth system attempts to adjust to the jolt of energy from the Sun carried in the solar wind. CMEs and the shocks they drive are often the causative agent, and can send the geomagnetic field into a disturbed state for days at a time. 
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The most obvious – and probably the only pleasing – attribute of an energized geomagnetic field are the auroras, brightened and more equatorward, that signal the vigorous electrodynamic processes at play to accommodate the added solar energy. In addition, due to the processes that take place in the lower ionosphere during a storm, propagation along some HF paths is actually enhanced during the storm.

2.2.2 The duration of geomagnetic storms is usually on the order of days. The strongest storms may persist for almost one week, and a string of CMEs may cause prolonged disturbed periods related to the additional energy being pumped into the system.
2.2.3 The intensity of geomagnetic storms is often given in terms of the K index. In general terms, the K index captures the variance from the quiet day behavior of the geomagnetic field, and is measured every three hours. The K index ranges from 0 (most quiet) to 9 (most disturbed). More description of the indices is given later in this section. 
The NOAA Scales describe the most intense storms, the extreme G5 level events, as having at least one K = 9 occurring, the highest K index attainable. A NOAA Scale minor (G1) K = 5 storm is thought to be the level of disturbance with the least noticeable impact.
NOAA Space Weather Scale for Geomagnetic Storms
	Geomagnetic Storms
	Kp values* determined every 3 hours
	Number of storm events when Kp level was met; (number of storm days)

	G 5
	Extreme
	Power systems: widespread voltage control problems and protective system problems can occur, some grid systems may experience complete collapse or blackouts. Transformers may experience damage.

Spacecraft operations: may experience extensive surface charging, problems with orientation, uplink/downlink and tracking satellites.

Other systems: pipeline currents can reach hundreds of amps, HF (high frequency) radio propagation may be impossible in many areas for one to two days, satellite navigation may be degraded for days, low-frequency radio navigation can be out for hours, and aurora has been seen as low as Florida and southern Texas (typically 40° geomagnetic lat.)**.
	Kp=9
	4 per cycle

(4 days per cycle)



	G 4
	Severe
	Power systems: possible widespread voltage control problems and some protective systems will mistakenly trip out key assets from the grid.

Spacecraft operations: may experience surface charging and tracking problems, corrections may be needed for orientation problems.

Other systems: induced pipeline currents affect preventive measures, HF radio propagation sporadic, satellite navigation degraded for hours, low-frequency radio navigation disrupted, and aurora has been seen as low as Alabama and northern California (typically 45° geomagnetic lat.)**.
	Kp=8, including a 9-
	100 per cycle

(60 days per cycle)



	G 3
	Strong
	Power systems: voltage corrections may be required, false alarms triggered on some protection devices.

Spacecraft operations: surface charging may occur on satellite components, drag may increase on low-Earth-orbit satellites, and corrections may be needed for orientation problems.

Other systems: intermittent satellite navigation and low-frequency radio navigation problems may occur, HF radio may be intermittent, and aurora has been seen as low as Illinois and Oregon  (typically 50° geomagnetic lat.)**.
	Kp=7
	200 per cycle 

(130 days per cycle)



	G 2
	Moderate
	Power systems: high-latitude power systems may experience voltage alarms, long-duration storms may cause transformer damage.

Spacecraft operations: corrective actions to orientation may be required by ground control; possible changes in drag affect orbit predictions.

Other systems: HF radio propagation can fade at higher latitudes, and aurora has been seen as low as New York and Idaho (typically 55° geomagnetic lat.)**.
	Kp=6
	600 per cycle

(360 days per cycle)



	G 1
	Minor
	Power systems: weak power grid fluctuations can occur. 

Spacecraft operations: minor impact on satellite operations possible.

Other systems: migratory animals are affected at this and higher levels; aurora is commonly visible at high latitudes (northern Michigan and Maine)**.
	Kp=5
	1700 per cycle

(900 days per cycle)


* The K-index used to generate these messages is derived in real-time from the Boulder NOAA Magnetometer. The Boulder K-index, in most cases, approximates the Planetary Kp-index referenced in the NOAA Space Weather Scales. The Planetary Kp-index is not yet available in real-time.
** For specific locations around the globe, use geomagnetic latitude to determine likely sightings
2.2.4 The frequency of geomagnetic storms, in general, reflects the solar cycle – most frequent near solar maximum – but a closer look actually shows a bi-modal distribution, with large numbers of storms clustered at solar maximum (from frequent CMEs) and again in the declining phase (due to high-speed solar wind streams). Typically, the most intense storms occur near solar maximum and the declining phase storms are weaker.
On average the G5 level storms occur at a rate of 4 per eleven-year solar cycle. The lesser-level G3 storms occur at a rate of 200 per cycle. The least threatening storms, the G1 level, are not uncommon, occurring at a rate of 1,700 per cycle.  While G5 storms will affect all latitudes, the G1 storms will have less effect outside the auroral latitudes. 
2.2.5 There are many indices used to describe geomagnetic storm activity. As mentioned earlier, the K index has been adopted for use in the NOAA Scales and is the common measure of geomagnetic activity. Other indices that are used for various reasons include the A index, Disturbance Storm Time (Dst), the Auroral Electrojet (AE), and others. Recently there has been a move to use the actual data in an index-like fashion. One such index is referred to as delta-B, the change from the undisturbed quiet day condition, but measured in the physical units of nanoteslas (nT).

2.3 SOLAR RADIATION STORMS

2.3.1 Solar radiation storms occur when large quantities of charged particles, primarily protons, are accelerated by processes at or near the Sun and then the near-Earth environment is bathed with these charged particles. These particles cause an increase in the radiation dose to humans, and create an increased possibility of single event upsets in electronics. Earth’s magnetic field and atmosphere offer some protection from this radiation, but that shielding decreases with altitude, latitude, and magnetic field strength and direction. The polar regions on Earth are most open to these charged particles, because the magnetic field lines at the poles extend vertically downwards intersecting Earth's surface, which allows the particles to spiral down the field lines and penetrate into the atmosphere increasing the ionization.

A significant factor relating to the criticality of the radiation increase at Earth is the spectrum – the energy distribution – of the solar protons. Earth will be bathed by protons of varying energies, as a function of the eruption at the Sun and the magnetic connection between the Sun and Earth. High-energy protons, the so-called “hard” spectrum, cause radiation dose increases that are of concern to human beings. Lower energy protons, the “soft” spectrum, have little effect on humans but have a severe impact on the polar ionosphere and high latitude HF propagation. For astronauts in space; even soft events are a threat biologically when above the protection of the atmosphere. The ability to predict the spectrum of an eruption is elusive at this point, but climatological models give some help for space weather forecasters for spectral predictions. 

2.3.2 The duration of solar radiation storms is affected by the magnitude of the solar eruption as well as the received spectrum. For events that are of a large magnitude but a soft spectrum, the duration may last for one week. Events that are of large magnitude but a hard spectrum may last for only a few hours. There is a great diversity in the duration of solar radiation storms, as there are many factors that contribute to the acceleration and propagation of the charged particles near Earth.

2.3.3 The intensity of solar radiation storms is categorized in the NOAA Scales. For energies greater than 10 MeV, the range of intensities of concern begins at 10 protons -cm-2- s-1-steradian-1, or 10 pfu (S1 Level Minor), and extends to 100,000 pfu (S5 Level Extreme). The severity of the impact increases with increasing category, but it should be noted that this description is most relevant to soft spectral events. To better characterize the hard events that raise concerns about biological issues, protons above the 100 MeV energy level are a better indicator of the threat.
NOAA Space Weather Scale for Solar Radiation Storms
	   Solar Radiation Storms
	Flux level of > 10 MeV particles (ions)*
	Number of events when flux level was met**

	S 5
	Extreme
	Biological: unavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity); passengers and crew in high-flying aircraft at high latitudes may be exposed to radiation risk. ***
Satellite operations:  satellites may be rendered useless, memory impacts can cause loss of control, may cause serious noise in image data, star-trackers may be unable to locate sources; permanent damage to solar panels possible.

Other systems: complete blackout of HF (high frequency) communications possible through the polar regions, and position errors make navigation operations extremely difficult.
	105
	Fewer than 1 per cycle

	S 4
	Severe
	Biological: unavoidable radiation hazard to astronauts on EVA; passengers and crew in high-flying aircraft at high latitudes may be exposed to radiation risk.***

Satellite operations: may experience memory device problems and noise on imaging systems; star-tracker problems may cause orientation problems, and solar panel efficiency can be degraded.

Other systems: blackout of HF radio communications through the polar regions and increased navigation errors over several days are likely.
	104
	3 per cycle



	S 3
	Strong
	Biological: radiation hazard avoidance recommended for astronauts on EVA; passengers and crew in high-flying aircraft at high latitudes may be exposed to radiation risk.***
Satellite operations: single-event upsets, noise in imaging systems, and slight reduction of efficiency in solar panel are likely.

Other systems: degraded HF radio propagation through the polar regions and navigation position errors likely.
	103
	10 per cycle



	S 2
	Moderate
	Biological: passengers and crew in high-flying aircraft at high latitudes may be exposed to elevated radiation risk.***

Satellite operations: infrequent single-event upsets possible.

Other systems: effects on HF propagation through the polar regions, and navigation at polar cap locations possibly affected.
	102
	25 per cycle



	S 1
	Minor
	Biological: none.

Satellite operations: none.

Other systems: minor impacts on HF radio in the polar regions. 
	10
	50 per cycle


* Flux levels are 5 minute averages. Flux in particles·s-1·ster-1·cm-2. Based on this measure, but other physical measures are also considered. ** These events can last more than one day.*** High energy particle measurements (>100 MeV) are a better indicator of radiation risk to passenger and crews. Pregnant women are particularly susceptible.

2.3.4 Solar radiation storms can occur at any point in the solar cycle, but tend to be most common during the years around solar maximum. Referring to the NOAA Scales, the frequency of occurrence is: for S5 Extreme Storms, less than 1 per eleven-year cycle; S4 Severe, 3 per cycle; S3 Strong, 10 per cycle; S2 Moderate, 25 per cycle; and S1 Minor, 50 per cycle.

2.3.5 The most common index used in the characterization of solar radiation storms is the NOAA Scale category, mentioned earlier and often in this document. Scientists will use a “spectral index” to quantify the magnitude of an event at various energies, but that is rarely used in the operational community. It is likely that either a new NOAA Scale category or some other index will be developed to address the protons above the 100 MeV energy level, as that range of energies most closely pertains to the question of radiation dose to humans at aircraft altitudes.
2.4 IONOSPHERIC STORMS

2.4.1 Ionospheric storms play a critical role in the proper function of satellite navigation systems and radio communications at all frequencies. The storms arise from large influxes of solar particle and electromagnetic radiation, which give rise to the occurrence of geomagnetic storms. There is a strong coupling between the ionosphere and the magnetosphere, which results in both regimes being disturbed concurrently. 
 The symptoms of an ionospheric storm are: enhanced currents, turbulence and wave activity, and a non-homogeneous distribution of the free electrons. This clustering of the electrons, which leads to scintillation of signals passing through the cluster, is particularly problematic for GPS and GPS-like systems, as the free electrons encountered by the signal introduce an error into the positioning process. In some cases, the masses of electrons cause receivers to be unable to lock on to the signal at all.


2.4.2 The duration of the ionospheric storm impact may range from a few minutes, for a short-lived dayside flare disturbance that impacts communications and navigation, to days-long prolonged events that cause global disturbances to the ionosphere resulting in disrupted communications and navigation globally for extended periods of time. As a rule, these ionospheric storms mimic the duration of geomagnetic storms.


2.4.3 The intensity of ionospheric storms varies substantially as a function of local time, season, and time within the solar cycle. In contrast to the aforementioned Radio Blackouts, Geomagnetic Storms, and Solar Radiation Storms, there is no NOAA Scale category to aid in characterizing the intensity, frequency of occurrence, etc., of ionospheric storms. Although the energy inputs driving the ionospheric storm are global, their effects on the ionosphere can depend on local time.  It is difficult to devise a single index for the world that would provide a reliable description at many different locations. 

Nonetheless, the most common indices – to be further described below – relate to the clustering of the free electrons, the total electron content (TEC) as well as the gradients of those electrons. 

2.4.4 The frequency of occurrence of ionospheric storms is also similar to geomagnetic storms with one important caveat. The near-equatorial ionosphere – a band extending approximately +/- 10 degrees in latitude either side of the magnetic equator – can be very disturbed in the post-sunset to near midnight hours, even in the absence of a geomagnetic storm. This behavior is related to the internal electrodynamics of the ionosphere rather than external stimulation from the Sun. The disturbance is very difficult to predict and is best described by the climatological statistics for that region. Efforts are underway to develop a predictive capability of ionospheric storms for that locale in the evening hours. The effects of these disturbances can be profound for GPS navigation and satellite communications.

2.4.5 The most commonly used indices to describe ionospheric behavior attempt to characterize the amplitude and phase scintillations that vary and affect systems. These scintillations relate to both the TEC and turbulence of the ionosphere overhead. S4 is an index that describes amplitude scintillations, and may be thought of as an indicator of the GPS satellite’s – or other navigation satellite – received power on the ground, as a dimensionless quantity that typically is less than 1. Sigma Phi (σψ) describes phase scintillations, also referenced to a                                                                                                 standard deviation from the norm, is                                                                                          measured in radians. 

Chapter 3

Observation, Detection and Forecasting of Space Weather Near Earth

3.1 GROUND-BASED OBSERVATIONS

3.1.1 The suite of instruments that monitors space weather is varied. The oldest generation of monitoring devices includes solar telescopes – both optical and radio – ionospheric monitors, galactic cosmic ray counters, radars, and magnetometers. These instruments were ground-based and provided key data to the space weather community. One such ionospheric monitor is dubbed “riometer,” which stands for “Relative Ionospheric Opacity Meter.” It is a passive instrument that measures the strength of galactic radio noise and by inference, the amount of absorption experienced by HF radio waves propagating through the ionosphere above the riometer. The monitoring frequency of 30 MHZ is common for many riometers.


3.1.2 Ionosondes are ionospheric monitors that “sound” the plasma that constitutes the ionosphere. Ionosondes send a spectrum of radio pulses upward from the ground and measure the time it takes for the pulse to return after reflection from a particular layer of the ionosphere. They also measure the frequency returned as well as the strength of the return pulse. Ionosonde data gives vital information on to the F region of the ionosphere that can lead to the proper selection of communication frequencies. GPS receivers now perform a function similar to that of an ionosonde, but in a relative rather than an absolute sense. Arrays of GPS receivers have become commonplace for the purpose of monitoring ionospheric conditions.

3.1.3 A magnetometer is an instrument that is designed to measure the strength and the direction of the local magnetic field. It is a very important instrument for space weather purposes as it detects the variation in Earth’s field, a property predicted by space weather forecasters. Magnetometers may be either static or mobile, located on the ground or above it. In the space age magnetometers have often flown on satellite platforms. Magnetometers have become increasingly sophisticated and accurate, measuring fields as little as a fraction of a nanoTesla.

3.1.4 Neutron monitors are ground-based instruments that count the number of neutrons passing through the detector. These neutrons are a consequence of interactions between cosmic rays and the neutral atmosphere, resulting in a cascade that liberates the neutrons counted by the instrument. Neutron monitors are important in that they monitor the highest energy charged particles that impinge on the atmosphere, allowing a knowledge of the near-Earth radiation environment.

3.1.5 Radio telescopes monitor solar radio emissions from the lowest admitted by the ionosphere, around 8 MHz up through tens of GHz. The Sun emits strongly at radio frequencies during solar flares and it is important to measure the size and characteristics of those bursts. Some of the newer techniques enable the measurement of the polarization of the burst, a key in knowing if GPS is affected. The GPS signal has a right-hand circular polarization, so solar radio bursts of that polarization are particularly bothersome for certain GPS applications. As solar radio bursts can only be monitored from the dayside of Earth, it is necessary to have a global network of ground-based receivers to fully patrol for solar radio emissions.

3.1.6 Optical telescopes have been used for many years to monitor the Sun. A common wavelength for viewing solar features that show eruptions and magnetic field activity is that of Hydrogen-Alpha, at 656.3 nanometers. Other wavelengths that have proven to be very useful in monitoring solar activity are: integrated white light continuum to monitor sunspots and the changes in the spots that can presage eruptions, and 868.8 nanometer magnetograms that show the line-of-sight magnetic field, also a valuable aid in predicting solar eruptions. More quiescent structures – coronal holes – are visible at 1083 nanometers. Coronal holes allow high-speed solar wind to escape from the Sun and the high speeds cause long duration geomagnetic disturbances on arrival at Earth.

3.2 AIRBORNE OBSERVATIONS

3.2.1 Historically, airborne sensing provided insights into the spatial and temporal complexity of the auroral structures in the ionosphere.  However, in general, there are few advantages monitoring the Sun and the near-earth environs from aircraft. On rare occasions, solar eclipses were photographed from airplanes, and still are during tourist trips, but since the satellite era, those observations have become less valuable. Recently, however, the need to better understand the radiation environment at aircraft altitudes has been emphasized, so there is the prospect of flying dosimeters to routinely quantify the impacts on radiation dose.

3.3 SPACE-BASED OBSERVATIONS

3.3.1 The advent of the space age dramatically changed – and greatly improved – the way the Sun and space weather were observed. Satellites could monitor the Sun nearly continuously, and enable measurements at wavelengths that are affected, and in some cases, totally eliminated, by the neutral atmosphere. There are a number of orbits that optimize various observation types, and in order of altitude, the Low-Earth orbit satellite measurements would be the first to be described.  Low-Earth orbit is classified generically as approximately up to 2,000 km in altitude. Due to atmospheric drag, most satellites orbit above 300 km and many fly around 800 km. From that vantage point, charged particle precipitation, magnetic fields, electric fields, ionospheric conditions, and auroral observations are made available to space weather forecasters. Low-Earth orbits can be found with a range of inclinations; when the orbit inclination is high enough, typically 80 degrees or more with respect to the equator, the spacecraft flies over the polar regions and is said to be on a polar orbit. Given their altitude range, the Low-Earth orbit satellites have an orbital period around 100 minutes, so they are in visibility of ground tracking stations only during about 10 to 15 minutes as they fly over head. Data acquired in other portions of the orbit have to be recorded on board until it can be dumped over a ground station, which generates a data latency of up to 100 minutes. This is the primary impediment to using the measurements in real-time.

3.3.2 Medium Earth orbits, nominally from 2,000 to 35,000 km, have as their most prominent satellite constellation the Global Positioning System (GPS) and the other GPS-like navigational satellite systems. The orbital periods range from about 2 to almost 24 hours, and sensors there can measure various aspects of the region, including the outer radiation belts and other features that feed energy to lower altitudes.

3.3.3 Geostationary orbit, over the equator at key altitude of just over 35,800 km, allows a satellite to appear to be stationary in the sky – the orbit inclination is zero and the orbital period is the same as Earth’s rotational period. The great advantage of this orbit is that satellites can be “set” in one place and then be tracked continuously from one ground station, if desired. This attribute has made many measurements, both in terrestrial and space weather, quickly accessible and very useful to forecasters. Operational meteorological satellites in geostationary orbit have measured solar x-rays, charged particle fluxes, and magnetic fields for many years. Research satellites have made other solar measurements from geostationary orbit at times, and plans for more of those are soon to be realized once again.

NOAA Geostationary Operational Environmental Satellites (GOES) circle Earth in a  geostationary orbit, which means they orbit the equatorial plane of  Earth at a speed matching Earth's rotation. This allows them to hover continuously over one position on the surface. The orbit is about 35,800 km    (22,300 miles) above Earth. GOES space weather data are used in NOAA’s space weather alerts and warnings. They are also used to drive and validate space weather models. The  GOES Proton Flux      plot above provides input to NOAA’s Solar Radiation Storm warnings and alerts.
3.3.4 Going beyond the influence of Earth’s magnetic field structure, at approximately 1.5 million km altitude along the Sun-Earth line is a so-called “Lagrange Point,” where the gravitational fields, plus other forces, between Earth and the Sun balance. There are a number of such points in the inner-heliosphere, but this one is referred to as L1. A satellite at the L1 point is in a place to sample the solar wind upstream of Earth, giving between 30-60 minutes warning of the solar wind soon to affect the near-Earth environment. Solar wind monitors measure charged particles, flow speed, magnetic field, and other factors that drive space weather conditions. In addition, spacecraft with solar telescopes can see the Sun unimpeded by Earth’s atmosphere, enabling detailed observations of the solar disk and the Sun’s outer atmosphere. As Earth spins below the L1 point, a network of ground-based tracking stations must exist to retrieve data from L1 probes in near-real-time. 

3.3.5 There is a variation on the L1 satellite concept – two satellites, one slightly closer than L1 (flying faster than Earth by Kepler’s Laws), and one slightly further than Earth, flying slower) – will move away from each other over time while remaining in an orbit of the Sun. This configuration allows a stereo view of CMEs as they travel off the Sun and is a prime benefit of these orbits. Other space weather instruments, similar to those from an L1 solar wind satellite, then give in-situ data from other points in the inner heliosphere. The sum of all of this information has a great value to operational forecasting activities.

3.4 FORECASTING SPACE WEATHER EVENTS

3.4.1 Forecasting space weather consists of predicting the eruptive activity at the Sun: flares and CMEs; the enhanced particle influx in the solar wind; and the characteristics – timing, strength – of the subsequent geomagnetic and ionospheric storms, and even the level of GCR near Earth. The problems are multi-dimensional and compounded by the paucity of data available in the system.

3.4.2 In general terms, the forecasting problem begins with trying to discern the properties of the solar magnetic fields that contribute free energy to eruptions at the solar surface. To make these assessments, forecasters rely on a variety of solar imagery and time-series data that may indicate energy about to erupt. Some of the eruptive energy is omni-directional – the photons – but the particles and magnetic field have a directional and spatial component. So correctly predicting an eruption on the sun is only part of the problem; possibly the easy part. To know if the eruption will impact Earth is the second important part of the question.

3.4.3 Given a solar flare eruption, forecasters then concern themselves with the potential for energetic particles – a solar radiation storm – being seen at Earth. Limited models are available to aid in the prediction and much of the methodology is empirical. Questions that relate to the onset, duration, and severity of an ensuing solar radiation storm are the immediate focus of the forecaster. An additional factor is the energy distribution of the protons that may affect the near-Earth environment. The effects on humans and systems are a function of the energy of the particle – the spectrum – and there is little ability beyond some general rules of thumb to predict spectral characteristics at this time. However, after a radiation storm begins, forecasters generally have a good understanding of when it might end (days versus hours). 


3.4.4 If a CME erupts forecasters must then focus on the potential for a geomagnetic and ionospheric storm. Forecast challenges include predicting time of onset, duration of storm, and level of severity. The forecaster usually has more time to ponder these questions because the CME transit time to Earth is on the order of a few days, in contrast to radiation storms with an onset of minutes to hours. Real-time solar wind data from an L1 satellite are used to monitor shock characteristics that give precursor information prior to the CME-driven shock reaching Earth. This process is analogous to what hurricane forecasters go thorough as they plot the landfall and severity of tropical storms and hurricanes, except that the shock precursor does not provide the same clear information about the likely severity of the forthcoming storm. 


3.4.5 Once the eruption begins to affect Earth, be it a radio blackout, a radiation storm, geomagnetic storm or ionospheric storm, the problem becomes localized. That is, users want to know how they, in particular, will be affected. As in many areas of space weather prediction, there are few high-resolution models available, so much of the discussion involves looking at historical data – data mining – for similar events and using empirical                                                                                                models to postulate the local effects.             
There can be great differences in the response of the ionosphere, as one example, to the stimulus of a CME, so the counter-measures employed will be very different depending on local time and latitude.
3.5 SPACE WEATHER MODELS

3.5.1 Modeling is making an increasingly greater mark in the specification and prediction of space weather. Using numerical weather modeling as a “model,” the space weather community is approaching a very complex system in a modular way. Models of solar magnetic field evolution and subsequent eruptive activity form the basis for the chain of events that culminates in a storm at Earth. Models of shock and CME propagation through the inner heliosphere, geomagnetic and ionospheric storm activity, including regional and local time dependencies, and even effects on particular systems such as GPS and HF communications, are in various phases of development at this time. 


The numerical code ENLIL (Sumerian god of wind and storms) is a model for simulations of corotating and transient (CME) solar wind disturbances.


3.5.2 The scale of the system and the uncertainties associated with building physics-based models from relatively few data points, are a great challenge to the community. In addition, there is a solar cycle dependence on activity and the response of the system that must be properly accounted for. It is also the case that space physics is a relatively new field of endeavor and the historical data records are too short for confident climatological predictions. All these issues are acknowledged by the science community, and real substantive efforts are in place – in the academic and governmental arenas – to step forward in making modeling a cornerstone of space weather forecasting of the future.

3.6 ACCURACY OF SPACE WEATHER PRODUCTS

3.6.1 Space weather forecasts, like all forecasts, are scrutinized for their accuracy. As in terrestrial weather, it is the events of strong, adverse space weather that draw the most attention. Correct forecasts of time of onset, event duration, and magnitude of the disturbance are of the greatest value to the user community. False alarms and missed events play into the individual cost/loss matrices of customers, and it is a constant tension to improve one aspect at the possible detriment to another. For example, a longer lead time prediction for a geomagnetic storm may cause increased false alarms due to the vast volume of the inner heliosphere; i.e., the CME misses Earth vs. a direct hit.

3.6.2 Various metrics are used when determining the accuracy of space weather forecasts. From traditional meteorology, reliability diagrams, contingency tables, lead-time diagnoses, also apply and are used in space weather. This information is available, for example, from the Space Weather Prediction Center’s web site, and is updated frequently for use by the customers. It is found at http://www.swpc.noaa.gov/forecast verification/index.html.

3.6.3 Alerts, warnings, and watches are all verified using a number of metrics. These include: hits, misses, false alarms, correct rejections, climatology, probability of detection, false alarm ratio, success ratio, critical success index, bias, Gilbert Score, Heidke Skill Score, and True Skill Statistic. These measures are applied to warnings for various levels of radio blackouts, solar radiation storms and geomagnetic storms. Additional information for these products and their verification is found at http://www.swpc.noaa.gov/forecast_verification/index.html.

SECTION 2 – 

SPACE WEATHER AND AIRCRAFT OPERATIONS

Chapter 4

Effects of Space Weather on Aircraft Operations
4.1 COMMUNICATIONS

4.1.1 Reliable communications are a vital component of safe and efficient air travel. Space weather can be a problem as it drives and perturbs the very regime it creates, the ionosphere. The ionosphere is the key to HF communications for aviation; the lower HF frequencies need the ionosphere to reflect the signal back Earthward. For satellite communications the higher satellite frequencies that must pass through the ionosphere may suffer loss of power or frequency stability.

4.1.2 The Solar EUV and Lyman alpha emissions create the ionosphere by photo-ionization, which ionizes neutral atoms producing free ions and electrons. These positively and negatively charged particles are embedded in the neutral atmosphere and form a weak plasma that interacts with radio waves of various frequencies in different ways. Since the Sun is a variable star, its output can vary over a wide range of time-scales – solar flares, solar protons – as well as the long term over the eleven-year solar cycle, with EUV, for example, dimming and brightening by a factor of 4 or 5. 


4.1.3 This solar variability necessitates a level of understanding and procedural flexibility to enable optimal communications at all times. As the impacts on HF are different from those on SATCOM, and as the types of impacts vary spatially, it is helpful to describe each condition – HF low-mid latitude; HF high latitude and polar region; SATCOM low-mid latitude; SATCOM high latitude and polar region – individually.

4.1.4 HF communications at low-mid latitudes are used by airlines during trans-oceanic flights and routes where line-of-sight VHF communication is not an option. HF enables a “skip” mode to send a signal around the curvature of Earth. HF communications on the dayside can be adversely affected when a solar flare occurs and its photons rapidly alter the electron density of the lower altitudes of the ionosphere, causing fading, noise, or a total blackout. Usually these disruptions are short-lived – tens of minutes to a few hours – so the outage ends fairly quickly.

4.1.5 HF communications at high latitudes and polar regions are adversely affected for longer periods, sometimes days, due to bad space weather. The high latitude and polar ionosphere is a sink for charged particles, which alter the local ionization, provide steep local ionization gradients to deflect HF radio waves as well as increase local absorption. The near vertical magnetic field lines allow particles to reach low altitudes. Normal auroral processes include electron precipitation; solar radiation storms add energetic protons; and for the dayside region, solar flare photons can add a further unwanted ionization source. 

Operationally, HF is the primary means of radio communications above approximately 82 degrees latitude. This is because the VHF range of the ATC facilities is exceeded, and SATCOM communications are often impossible north of 82 degrees. Normal SATCOM options are via satellites in orbit over the equator, but contact with these satellites is lost because the satellite is occulted by the limb of Earth from the region near the poles. Polar orbiting communications satellites are an increasingly viable option for polar flights, but most airlines are 
not equipped to use these polar orbiting satellites. Polar satellites are not fully immune to a different suite of space weather effects. A description of those issues follows in this document.
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4.1.6 SATCOM signals pass through the bulk of the ionosphere and are a popular means of communicating over a wide area. The frequencies normally used for satellite communications are high enough for the ionosphere to appear transparent. However, when the ionosphere is turbulent and non-homogeneous, an effect called “scintillation,” a twinkling in both amplitude and phase, is imposed upon the transmitted signal. Scintillations can result in loss-of-lock and inability for the receiver to track a Doppler-shifted radio wave.

In the equatorial region, approximately 10 degrees either side of the geomagnetic equator, severe scintillations can cause SATCOM signal degradation and blackout, for periods from sunset to near midnight in local time. These scintillations become more severe in the solar maximum era and also have a seasonal dependency.

At middle latitudes, SATCOM can be impacted during very strong space weather storms as occurred in October – November of 2003. Reports of poor or lost SATCOM were made by various operators, and ground-based GPS receivers documented the difficulty of receiving a trans-ionospheric UHF signal, even at the generally benign middle latitudes. Measurements showed “ionospheric walls” of TEC, with very severe ionization gradients. These severe ionospheric conditions will likely again hamper SATCOM during the next maximum of solar activity, expected to be centered around 2013.

4.1.7 SATCOM in the high latitude and polar regions is also affected by scintillations in the ionosphere. But unlike the amplitude scintillations that most commonly occur nearer the equator, it is phase scintillations that are the issue here. Phase irregularities cause similar loss-of-lock and fading issues for the receiver, and occur at their greatest severity during geomagnetic and ionospheric storms. Very low-level phase scintillations are a common occurrence, and do not pose a significant threat for SATCOM.

4.2 NAVIGATION AND GPS

4.2.1 Recently the preponderance of navigation aids has changed from ground-based surveillance radars, VOR, DME and other varieties, to become increasingly space-based. The proliferation of the GPS, or more generically, GPS-type systems – en masse dubbed GNSS – have enabled the aviation community to take advantage of a navigation system that offers excellent coverage, high integrity, and strong reliability for the user. In the future, with the inclusion of other satellite systems, i.e., Galileo, GLONASS, Compass, QZSS, etc., this fully-fledged, multi-member constellation aspires to be interoperable – not mutually interfering – and compatible, with all satellites transmitting a useable signal. This is the vision for GNSS.

4.2.2  In addition to the GNSS, there is also an element of the system that “augments” the capabilities from the satellites alone. These “Space Based Augmentation Systems” (SBAS) use GNSS receivers placed at known survey marks on the ground that enable the real-time position to be adjusted and corrected. They employ GEO satellites to then broadcast back to the aircraft, the corrected GPS position. A network of such stations exists in the United States – the FAA’s WAAS. In addition, similar systems are in the process of deployment in Europe (EGNOS), Japan (MSAS), India (GAGAN), and elsewhere.
4.2.3 On a finer grid still, there are augmentations that generally are placed near airports, to enable the best positioning for take-offs and landings. These “Ground Based Augmentation Systems” (GBAS) employ GNSS receivers on known survey marks, and a local communications system to transmit the corrections. The effective coverage of GBAS is on the order of 20 km, a small area but still potentially affected when large ionospheric gradients are present. The United States’ LAAS is one example of a GBAS. 
4.2.4 Space weather adversely affects GPS in three ways: it increases the error of the computed position, it causes a loss-of-lock for receivers, and it overwhelms the transmitted signal with solar radio noise. The first of the three, the positioning error, is increased because during ionospheric storms, there are increases or depletions of TEC that are not captured by the single frequency correction models, such as the Klobuchar Model. These TEC patches then slow or speed up the signal – for increases/decreases of TEC – and cause it to appear to be a larger or shorter distance travelled than actual. This error can be insidious as many receivers still register high confidence in the positioning solution – they are locked on to a number of satellites – but the position is wrong, sometimes by tens of meters.
4.2.5 Loss-of-lock for receivers occur when strong scintillations are present, making the proper acquisition – and continuous tracking – of the signal impossible. Strong scintillations, as was mentioned earlier for communications, can occur anywhere on Earth, but are particularly likely during times of disturbed space weather. For dual frequency positioning, the method that is normally most able to minimize the errors from spurious TEC, the lower frequency is the most susceptible to losing lock as the severity of the scintillation increases with decreasing frequency. Amplitude scintillations are most common in the equatorial region, phase scintillations are more common in the polar regions, and the middle latitudes experience varying though usually lesser degrees of each.
4.2.6 Solar flares can cause radio emissions at GNSS frequencies. Given the relatively weak power of the GPS signal, for example, it was hypothesized that a solar radio burst could blackout GPS if it was strong enough and of the appropriate polarization. In December 2006, one such burst occurred. The Sun radiated very strongly at L1 and L2 frequencies during a flare, and the burst was right-hand circularly polarized, the polarization of the GPS signal. This burst caused many receivers on the dayside to lose lock for up to 10 minutes. Post analysis of this event revealed that the receivers that were affected were primarily employing codeless or semi-codeless positioning techniques, methods that are most reliant upon a robust signal. The Sun demonstrated yet another manner in which space weather can impact GPS and GNSS.

4.3 RADIATION EXPOSURE TO FLIGHT CREWS AND PASSENGERS
4.3.1 Solar radiation storms, occurring under particular circumstances, cause an increase in radiation dose to flight crews and passengers. As high polar latitudes and high altitudes have the least shielding from the particles, the threat is the greatest for executive jet and higher altitude commercial polar flights. The prospects of commercial space transportation and sub-orbital sorties bring those activities into the realm that warrants careful consideration. The increased dose is much less of an issue for middle and low latitude airline flights, but onboard measurements at 39,000 feet during the October 2003 events confirmed a measurable increase in dose rate over the Great Lakes of the central United States during that radiation storm. 

4.3.2 The increased radiation dose also depends on the spectrum of the solar radiation storm; that is, the energies of the particles at the top of the atmosphere. For near-Earth flights, in contrast to missions to the moon or Mars, the relevant energies that contribute to the radiation dose are protons > 100 MeV. Lunar missions, in contrast, are concerned with energies in the > 10 MeV range as the moon affords little atmospheric or magnetic shielding.
4.3.3 The issue of radiation impacts on humans was brought to the fore with the opening, and increasing popularity, of the polar routes. The measurements from aircraft on high latitude routes showed real increases in the radiation dose rate during solar radiation storms; i.e., April 15, 2001. On this day a solar radiation storm with a hard spectrum occurred. Fortuitously, a commercial airline flight from Frankfurt to Dallas – Fort Worth carried dosimeters that caught the onset, peak, and decay of the radiation increase in flight. Space weather data from the Moscow Neutron Monitor confirmed the solar eruption. The finding was the radiation dose increased by a factor 2 to 2.5 before returning to near background levels after approximately 3 hours. This is but one example of data taken from aircraft showing the increased dose rate during solar radiation storms.
4.3.4 Unfortunately, the database of radiation measurements for aircraft is small. This fact is recognized and plans are being devised for more measurements under varied space weather conditions.  Some countries have taken measures related to the exposure of flight crews that rely on models of typical exposures. In Europe, Council Directive 96/29/EURATOM of 13 May 1996, defines guidelines for aircrew and radiation exposure, with details using models and flight records to estimate the received dose. 
4.3.5 The majority of these models account for the GCR component only – the important and substantial contribution from solar radiation storms has not been included, simply because determining the solar dose is far from straight forward. There remains a necessity to capture both input sources – GCR and solar – reliably, and then better understand the full range of the threat posed by solar eruptions on humans in flight. This has been recognized by the FAA in the United States. Their Solar Radiation Alert System, developed in 2005, adds the solar radiation storm dose to the background GCR dose, based on real-time satellite data from NOAA. They issue an alert when the estimated dose rate is equal to or greater than 20 microsieverts per hour. The FAA also recommends procedures to be followed by airlines during their storm, primarily lowering the altitude of the flight to 29,000 feet.
4.3.6 To fully understand the importance of the radiation threat to humans, it is necessary to go beyond space physics and space weather, and put the question to the health physics community. Opinions vary on the gravity of the effect. The United States National Academies in 2005 reported that they endorsed the “linear-no-threshold” model, and “,…that the risk of cancer proceeds in a linear fashion at lower doses without a threshold and that the smallest dose has the potential to cause a small increase in risk to humans.”
In contrast to that recommendation are the conclusions of the National Council on Radiation Protection and Measurements in NCRP Report 116, March 1993. Although the NCRP acknowledges that risk increases linearly with dose, they establish thresholds of concern. Their recommendations for the general public are not to exceed 1 millisievert per year. There are more recommendations, including the embryo-fetus exposure limit of 500 microsieverts per month. 
The debate in the health physics community on the appropriateness and correctness of a “no threshold” vs. “threshold,” is the central question that affects how space weather-induced radiation is accounted for operationally.
The International Commission on Radiological Protection (ICRP) is an international advisory body providing recommendations and guidance on radiation protection. While ICRP has no formal power to impose its proposals on anyone, legislation in most countries adheres closely to ICRP recommendations. The table below provides the exposure limits established by the ICRP. 

	ICRP 103 Effective Dose Limits

	Exposure Limits
	Effective Dose (SI)
	Effective Dose (English)

	Occupational
	(Stochastic)

· 20 mSv/yr, averaged 5 year

· 50 mSv in any year

· 100 mSv (total) in 5 years

(Deterministic)

· 150 mSv lens of eye

· 500 mSv skin over  1 cm^2

· 500 mSv hands and feet


	(Stochastic)

· 2 rem/yr, averaged 5 year

· 5 rem in any year

· 10 rem (total) in 5 years

(Deterministic)

· 15 rem lens of eye

· 50 rem skin over  1 cm^2

· 50 rem hands and feet



	Public
	(Stochastic)

· 1 mSv/year

· Special circumstances of higher 

value, 5 year average of 1 mSv

(Deterministic)

· 150 mSv lens of eye

· 50 mSv skin over  1 cm^2


	(Stochastic)

· 0.1 rem/year

· Special circumstances of higher 

value, 5 year average of 0.1 rem

(Deterministic)

· 15 rem lens of eye

· 5 rem  skin over  1 cm^2



	Fetal (Declared pregnant occupational workers)
	· 1 mSv to the embryo/fetus


	· 0.1 rem  to the embryo/fetus



	Medical Caregivers
	· 5  mSv per episode

· 20 mSv/year max. constraint


	· 0.5  rem per episode

· 2 rem/year max. constraint




4.4 RADIATION EFFECTS ON AVIONICS
4.4.1 The electronic components of aircraft avionic systems are susceptible to damage from the highly ionizing interactions of cosmic rays, solar particles and the secondary particles generated in the atmosphere. As these components become increasingly smaller, and therefore more susceptible, then the risk of damage also increases.  

4.4.2 Radiation increases can affect electronic systems leading to erroneous commands. These soft errors are referred to as Single Event Upsets (SEU). Sometimes a single particle corrupts more than one bit to give Multiple Bit Upsets (MBU). Certain devices could be triggered into a state of high current drain, leading to burn-out and hardware failure; such effects are termed single-event latch-up or single-event burn-out. All these interactions of individual particles are referred to as Single Event Effects (SEE).
4.4.3 Data collected from satellites incorporating sensitive Random Access Memory (RAM) indicate chips have had upset rates from one per day at quiet times to several hundred per day during solar radiation storm events.  In-flight aircraft measurements of SEU sensitivity in 4Mb Static RAM (SRAM) produced a rate of 1 upset per 200 flight hours, and agreed well with the expected upset rate variations due to changing latitude.  
4.4.4 Research (Dyer et al, 2003) has already shown that 100MB of modern RAM found in laptops may suffer upsets every 2 hrs at 40,000 ft, or as much as 1 upset/minute in 1GB of memory during the 29 September 1989 Solar Radiation Storm. The aviation industry has already catalogued such events on equipment: auto-pilots tripping out and flight instrument units latching into built-in tests.  This problem is expected to increase as more low-power, small feature size electronics are deployed in “more electric” aircraft.  
4.4.5 The issue of radiation affecting aircraft systems changes the scope of the issue from an “individual” concern, related to radiation does received by one person, to the safety and well-being of the airplane and all of the passengers and crew on it. As the trend for miniaturization continues – plus the effort to expand the domain of civilian air travel to include sub-orbital flights – the necessity to fully understand the issue looms large.

Chapter 5 

Space Weather Agencies

5.1 International Space Environment Service
5.1.1 The primary international entity responsible for operational space weather services is the International Space Environment Service (ISES). ISES is a permanent service supported by the International Union of Radio Science (URSI) in association with the International Astronomical Union (IAU) and the International Union of Geodesy and Geophysics (IUGG). The mission of ISES is to encourage and facilitate near-real-time international monitoring and prediction of the space environment, to assist users in reducing the impact of space weather on activities of human interest.
5.1.2 At present, there are thirteen Regional Warning Centers (RWCs) scattered around the globe. These centers are located in China (Beijing), USA (Boulder), Russia (Moscow), India (New Delhi), Canada (Ottawa), Czech Republic (Prague), Japan (Tokyo), Australia (Sydney), Sweden (Lund), Belgium (Brussels), Poland (Warsaw), South Africa (Hermanus), and Brazil (Sao Jose dos Campos). The European Space Agency (Noordwijk) is a collaborative expert center providing a venue for data and product exchange for activities in Europe. In addition, the Associate Warning Centre in France (Toulouse) provides specialized services to customers, and is affiliated through RWC Belgium. A data exchange schedule operates with each center providing and relaying data to the other centers. The center in Boulder plays a special role as "World Warning Agency", acting as a hub for data exchange and forecasts.
5.1.3 The data exchanged are highly varied in nature and in format, ranging from simple forecasts or coded information up to more complicated information such as images. An important strength of the data exchange system is that RWCs often have access to data from unique instrumentation available from the scientific community in its region. Exchange through ISES makes these data available to the wider international scientific and user community. The prime reason for the existence of the Regional Warning Centers is to provide services to the scientific and user communities within their own regions. These services usually consist of forecasts or warnings of disturbances to the solar terrestrial environment. The range of the locations of RWCs results in a very large diversity in the users of these forecasts. An important feature of the ISES system is that RWCs are able to construct and direct their services to the specific needs of their own customers. Details of ISES and the RWCs can be found at http://www.ises-spaceweather.org/.
— END —
 The cross-polar routes connect North America to Asian cities via the North Polar region.





A concentration of magnetic flux form sunspots such as this large and magnetically complex cluster. Solar flares and coronal mass ejections originate around  sunspots.  
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The approximately 11 year quasi-periodic variation in the sunspot number The polarity pattern of the magnetic field reverses with each cycle. An increase of solar activity, such as solar flares and CMEs, occur frequently during the maximum sunspot period.





An outflow of plasma from or through the solar corona, CMEs can approach velocities of 2000 km/s and result in significant geomagnetic storms.





The ionosphere influences radiowave propagation of frequencies less than about 300 MHz.





The powerful solar flare of Nov. 4, 2003 resulted in lost or degraded HF communications for several hours.
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IPS Australia map produced from GPS observations shows a tongue of ionisation formed during an intense ionospheric storm.








SWPC Ionospheric product designed for single and dual frequency GPS applications. The maps can be used to estimate the GPS signal delay due to the ionospheric electron content between a receiver and a GPS satellite.





Solar radio telescopes in Learmonth, AU, one of the five sites in the USAF Radio Solar Telescope Network





A geomagnetic activity forecast product from the Canadian Space Weather Forecast Centre, provides regional information on geomagnetic field conditions.





The global D-Region Absorption Product depicts the D-region at high latitudes where it is driven by particles(solar radiation storm) as well as low latitudes, where photons (solar flare radio blackouts) cause the prompt changes.












