
Space Weather: Physics, Effects and Predictability

A. K. Singh • Devendraa Siingh • R. P. Singh

Received: 30 November 2009 / Accepted: 22 September 2010 / Published online: 17 October 2010
� Springer Science+Business Media B.V. 2010

Abstract The time varying conditions in the near-Earth space environment that may

affect space-borne or ground-based technological systems and may endanger human health

or life are referred to as space weather. Space weather effects arise from the dynamic and

highly variable conditions in the geospace environment starting from explosive events on

the Sun (solar flares), Coronal Mass Ejections near the Sun in the interplanetary medium,

and various energetic effects in the magnetosphere–ionosphere–atmosphere system. As the

utilization of space has become part of our everyday lives, and as our lives have become

increasingly dependent on technological systems vulnerable to the space weather influ-

ences, the understanding and prediction of hazards posed by these active solar events have

grown in importance. In this paper, we review the processes of the Sun–Earth interactions,

the dynamic conditions within the magnetosphere, and the predictability of space weather

effects on radio waves, satellites and ground-based technological systems today.

Keywords Solar wind � Magnetosphere � Sun–Earth interactions � Space weather �

Radio communications � Predictability of space weather

1 Introduction

The dynamic and highly variable conditions in the geospace environment including those on

the Sun, in the interplanetary medium and in the ionosphere-magnetosphere system to the

ground are referred as space weather (Baker 1998; Singh and Singh 2003). Solar activity,

especially Coronal Mass Ejections (CMEs), solar flares and energetic particles are the major
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factors controlling space weather. Space weather is greatly influenced by the speed and

density of the solar wind and the interplanetary magnetic field (IMF) carried by the solar

wind plasma. A variety of physical phenomena are associated with space weather, including

geomagnetic storms, energization of the Van Allen radiation belts, geomagnetic activity,

ionospheric disturbances and scintillations, aurorae, and geomagnetically induced currents

at the Earth’s surface. Recently, Lilensten and Belehaki (2009) have defined the term ‘‘space

weather’’ as ‘‘the physical and phenomenological state of natural space environments. The

associated discipline aims, through observation, monitoring, analysis and modeling, at

understanding and predicting the state of the Sun, the interplanetary and planetary envi-

ronments, and the solar and non-solar driven perturbations that affect them, and also

forecasting and nowcasting the potential impacts on biological and technological systems’’.

The shock waves associated with CMEs are important drivers of space weather as they

compress the magnetosphere and trigger geomagnetic storms (McAllister and Crooker

1997; Farrugia et al. 1997; Li et al. 2001; Cargill and Harra 2007; Cargill 2009). Solar

energetic particles (SEPs), accelerated by the solar flares and the associated CME shocks,

are also important aspects of space weather as they may damage electronics onboard

spacecraft and may affect human health aboard satellites and aircraft (Valach et al. 2009).

The solar wind interacting with the Earth’s magnetic field shapes the magnetosphere

and provides a key link between the solar atmosphere and the Earth’s environment. The

energy transferred by the solar wind to the Earth’s atmosphere is very much smaller than

both the solar radiation energy and energies involved in the Earth’s atmosphere; however,

the near-Earth space environment reacts in a nonlinear way to the solar wind and may

cause damage to a sophisticated ‘‘high tech’’ civilization.

Space weather research addresses physical processes in space ranging from solar phe-

nomena to their impact on interplanetary space, geospace and at the surface of the Earth.

Physical understanding of involved chain of processes is based on a combination of

observation, data analysis and interpretation, theoretical and empirical modeling and

numerical simulations. The important motivation behind space weather research is its

impact on technological systems in space, in the air and on the ground. Operational models

for nowcasting and forecasting space weather effects have been developed and updated

from time to time (Forbes et al. 2006; Forsyth et al. 2006; Baker et al. 2007). Watermann

et al. (2009a, b) have reviewed important models, which demonstrate the advance of our

physical understanding of solar events as they evolve on their way from the Sun to the Earth.

The overall objective of this paper is to discuss the present understanding of the physics,

the effects and the predictability of key drivers of space weather. The general scheme of

the paper is as follows. In Sect. 2, we consider the physical nature of solar activity

responsible for space weather such as CMEs, solar flares, energetic particles including

galactic cosmic rays, and the solar wind. Their interactions and manifestations in the

interplanetary space, magnetosphere and ionosphere are also discussed. Section 3 is

focused on space weather effects and their relations to the space environment. Section 4

deals with the predictability of space weather. Finally, a summary of the paper is given in

Sect. 5.

2 Physics of Space Weather

The first step of understanding of the Sun–Earth connection was made by Edmund Halley

following the spectacular auroral display in Europe in March 1716; he suggested that

charged particles moving along the Earth’s magnetic field lines were the cause of the
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aurora (Halley 1692). Following that, Celsius and Hiorter in 1747 discovered the temporal

coincidence between compass needle variations and bright auroral displays (Celsius and

Hiorter 1747). The geomagnetic activity connection to solar processes was established by

the mid-nineteenth century. That active, bright auroras and geomagnetic disturbances

followed a solar flare was found by Carrington in 1859; long term observations showed

11-year variability both in sunspot numbers and the occurrence frequency of magnetic

disturbances and auroras (Carrington 1859).

The time scales interesting for studies of space weather processes are determined both

by the intrinsic time scales of the processes themselves and also by the lead time over

which predictions can be made. Solar and magnetospheric processes have several time

scales, ranging from solar cycle (*11 and 22 years) and longer to 27 days (recurrent

solar activity associated with the solar rotation period), days (magnetic storms), hours

(magnetospheric substorms), and even minutes and seconds (charged particle acceleration

events, plasma instability growth times). On the other hand, before an event can be pre-

dicted, some indication of its cause must already have been observed. Table 1 depicts the

domain-oriented catalogue of the systems affected by space weather, their effects and their

measurable parameters, in tabular form (Koskinen et al. 2001). Single Event Effect (SEE)

refers to soft (nondestructive) or hard (destructive) damage caused to electronic equipment

onboard a spacecraft or aircraft by high energy charged particles, which may be in the form

of either or both an induced transient pulse causing a soft error in logic or support circuitry

and a transient current leading to soft/hard damage to the power supply (Crosby et al.

2006). Electrostatic Discharge (ESD) refers to the spark on a satellite which occurs when

its surfaces or interior elements become highly charged relative to the space plasma or to

neighbouring satellite components.

2.1 Sun and Solar Activity

The Sun is the epicentre of space weather events. It affects the Earth and its environment in

a variety of ways and on many different time scales. Space between the Sun and the planets

is not empty as was contemplated up to the 1950s. It is filled by tenuous magnetised

plasma, which is a mixture of ions and electrons flowing away from the Sun. In fact, the

Sun’s outer atmosphere is so hot that not even the Sun’s gravity can prevent it from

continuously evaporating. The escaping plasma carries the solar magnetic field along with

it (Parker 1957), out to the boundary of the heliosphere where its dominance finally ends

(Schwenn 2006a, b) in interstellar space. Solar activity includes phenomena related to solar

flares and CMEs, and their recurrence in time and space.

Solar activity varies with the well known 11-year cycle, which introduces an 11-year

activity cycle into geomagnetic records. As the orientation of the magnetic dipole axis

relative to the Sun–Earth line changes over the course of the year, the activity is largest

during the equinoxes when the dipole is tilted along the Earth’s orbital track and the

projection of the IMF to the geomagnetic field maximizes (Russell and McPherron 1973).

Similarly the activity level is at minimum during the solstices when the projection of the

IMF onto the Earth’s field is on average a minimum. Figure 1 illustrates the close rela-

tionship of the long-term solar activity (characterized by the monthly mean of the sunspot

number, shown in green) and the geomagnetic activity using the planetary magnetic AP

index (shown in blue). The left panels show the long term solar cycle variability

and geomagnetic activity for seven solar cycles. The top right panel illustrates how

the geomagnetic activity maximizes during the declining phase of the solar cycle.
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The bottom right panel shows the semiannual variations obtained by averaging the monthly

values in the left hand plots (Schwenn 2006b).

2.1.1 Coronal Mass Ejections (CMEs)

Since Carrington’s serendipitous solar flare observation in 1859, it was established that

geomagnetic storms were linked to solar activity. More than a 100 years later, a different

category of highly energetic transient events on the Sun was discovered (Brückner 1974;

Gosling et al. 1974), in the course of which huge amounts of gas are violently ejected from

the Sun into interplanetary space. Such transients originate from the coronal region of the

Sun and are commonly referred as coronal mass ejections (CMEs). They had not been

observed earlier, because the corona is much less bright than the photosphere, and may

only be directly observed during a solar eclipse. CMEs expel vast clouds of solar magnetic

flux and plasma into interplanetary space and their pronounced significance for the Earth

was soon revealed (Hildner 1977; Wagner 1984; Bastian et al. 1998, 2001; Gopalswamy

2004). The structure of a CME contains a leading density front followed by a dense core

formed of solar prominence material and then a plasma void. Magnetic flux-rope structures

are often embedded in the cavity.

CMEs are characterized by their speed, angular width, and central position angle in the

sky plane. Their speeds are often fairly constant over the first few solar radii (St Cyr et al.

2000) and range between 300 and 3,000 km s-1 (Bothmer and Zhukov 2006). CMEs have

mass and kinetic energy in range 5 9 1012–5 9 1013 kg and 1023–1024 J, respectively, and

they have angular widths between 24�–72� (Bothmer and Zhukov 2006). The source

regions of CMEs can be bipolar regions of the Sun’s photospheric magnetic field, both

active and quiescent (Cremades and Bothmer 2004; Tripathi et al. 2004). The onsets of

Fig. 1 Illustration of solar activity and geomagnetic activity (credit: Schwenn 2006b; http://www.ava.
fmi.fi)
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large and fast CMEs are usually accompanied with flaring electromagnetic radiation at

X-ray, EUV and sometimes even c-ray wavelengths (Aschwanden 2004). The occurrence

rate of CMEs vary with solar activity; during low solar activity it is less than one event per

day and during high solar activity period it can exceed 10 or more (Bothmer and Zhukov

2006). CME observations by coronagraphs can be adequately described through magnetic

flux-rope models (Low 2001; Thernisien et al. 2006).

The interplanetary manifestation of CMEs (termed ICMEs) propagates outward from

the Sun, often at a velocity higher than the usual background velocity of the solar wind

(Schwenn 2006a, b). If the velocity difference exceeds the solar wind acoustic velocity, the

fast ICME builds up a plasma shock front (Bothmer and Schwenn. 1998) which, when

hitting the Earth’s magnetosphere, can trigger a geomagnetic storm. Figure 2a shows a

CME event on February 27, 2000, observed by the Large Angle Spectroscopic Corono-

graph (LASCO C3 coronagraph) on the SOHO spacecraft (Schwenn et al. 2005). The

instruments aboard SOHO have recorded more than 103 CMEs during the 23rd solar cycle

(1996–2008) with unprecedented spatial and temporal resolutions; the observed CMEs are

of various sizes, angular widths and speeds (Messerotti et al. 2009). Figure 2b shows a

schematic of the three dimensional structure of an ICME including the CME plasma, the

magnetic cloud, an upstream shock, the signature of bidirectional suprathermal electrons

(BDEs) and the interplanetary magnetic field (IMF) (Zurbuchen and Richardson 2006).

ICMEs that have enhanced slowly rotating magnetic fields ([10 nT), low proton

temperatures and low plasma b (ratio of the thermal and magnetic field energies) are

termed ‘‘magnetic clouds’’ (MCs). An important unsolved question about MCs is whether

they have a root in the Sun or are disconnected from the solar surface (Akasofu 2007).

Observations of BDEs fluxes favour the root hypothesis (Burlaga 1991) while the huge

dimensions of MCs deduced from Ulysses measurements favour the disconnection

hypothesis (Watermann et al. 2009a, b). Electrons having their origin at the Sun and

flowing in opposite directions along magnetic field loops within ICMEs are called bidi-

rectional electrons. BDEs are one of the widely-used signatures for identifying ICMEs

(Gosling et al. 1987). CMEs mostly originate near the heliographic equator (St Cyr et al.

2000), except in a few cases which are seen at very high latitudes. These CMEs might have

originated at mid-latitudes, but in projection appear poleward (Burkepile et al. 2004;

Cremades and Bothmer 2004). Studies show that, during the solar minimum, CME

occurrence peaks at the solar equator, but their source regions are centered in two belts on

around 25� North or South heliographic latitude (Cremades et al. 2006). This means that

these CMEs must have been deflected towards the solar equator by the nearby coronal

holes (Cremades et al. 2006). Coronal holes are the regions of low density solar corona,

and they are broadly classified as polar, isolated or transient holes. The deflection of CMEs

is proportional to the proximity and the size of nearby holes.

ICMEs are the primary cause of severe space weather at the Earth; hence their early

detection and tracking from near the Sun to the Earth becomes important in forecasting

geomagnetic storms. The Solar Mass Ejection Imager (SMEI), a sophisticated white-light

imager (Eyles et al. 2003; Jackson et al. 2004) is currently operating on the US Coriolis

satellite launched in January 2003 (Webb et al. 2006). Coriolis is a Sun synchronous

satellite in a dawn-dusk circular polar orbit along the Earth’s terminator at an altitude of

840 km and an inclination of 98� relative to the equatorial plane. The SMEI has been

obtaining images of the nearly full sky every 102 min (Webb et al. 2009). The white-light

images of ICMEs contain a bright leading loop-like structure followed by a dark cavity

and a bright core of denser material. Observations from SMEI show that ICMEs are

directed towards the Earth with corresponding source regions on the visible solar disk.

Surv Geophys (2010) 31:581–638 587
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Fig. 2 a The coronal mass
ejection on February 27, 2000,
observed by the LASCO C3
coronograph. The Sun is drawn to
scale. The image is a difference
between two exposures taken
about 10 h apart from each other
(credit: Schwenn et al. 2005).
b Schematic of the three-
dimensional structure of an
ICME and upstream shock,
relating magnetic field, plasma
and bidirectional beams of
suprathermal (C100 eV)
electrons (BDEs) signature
(credit: Zurbuchen and
Richardson 2006)

588 Surv Geophys (2010) 31:581–638

123



SMEI is less sensitive to CMEs erupting off the dark-side of the Sun because of Thomson

scattering at these large elongations and frequentmultiple CMEs canmerge at large distances

from the Sun.Direct observations of CMEs all along the Sun–Earth line from the lower corona

to the Earth’s magnetosphere are being carried out from the Sun–Earth Connection Coronal

and Heliospheric Investigation (SECCHI) onboard the two NASA-STEREO spacecraft

launched on October 25, 2006 (Howard et al. 2008; Kaiser et al. 2008; Davies et al. 2009).

The observations have provided new insights into the three dimensional structure of

CMEs and their evolution in the heliosphere (Davis et al. 2009). The results analyzed have

shown that the STEREO mission can give a warning of a CME impacting the magneto-

sphere at least 24 h in advance (Davis et al. 2009).

The Solar Dynamics Observatory (SDO) has been launched on February 11, 2010 into

an inclined geosynchronous orbit to understand the causes of solar variability and its

impacts on the Earth. The inclined orbit allows continuous observations of the Sun. The

scientific experiments aboard are the Atmospheric Imaging Assembly (AIA), the EUV

Variability Experiment (EVE) and the Helioseismic and Magnetic Imager (HMI). These

three instruments observe the Sun simultaneously, make the required measurements to

understand the mechanisms involved in the quasi-periodic solar cycle (11-year) activity

and its relation with the Sun’s EUV spectral irradiance, the state of active region magnetic

flux topology before and after the occurrence of solar flares, CMEs and filament eruptions.

These studies are aimed at making accurate and reliable forecasts of space weather to

understand the mechanisms of the processes involved (http://sdo.gsfc.nasa.gov). Figure 3

shows one of the first images collected from SDO’s AIA instrument (Klotz 2010), showing

a CME filament launching from the Sun in the ultraviolet (false color). The SDO will spot

eruptions as they occur, giving forecasters an approximately 4-days warning time. SDO

images the Sun every 0.75 s and transmits about 1.5 terabytes of data per day at a reso-

lution 10 times better than today’s high resolution television (Klotz 2010).

Fig. 3 One of the first images collected from the Solar Dynamics Observatory’s Atmospheric Imaging
Assembly (AIA) instrument was a close-up, false-color ultraviolet view of a coronal mass ejection filament
launching from the Sun (credit: Klotz 2010)
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The current CME initiation models are based on magnetic flux rope structures being

either present before the eruption takes place or created during the eruption as a conse-

quence of magnetic reconnection (Roussev and Sokolov 2006; Forbes et al. 2006). They

are based on the fact that (a) helical structures in images of erupting prominences and

CMEs are observed, (b) correlations between ICMEs and MCs are observed, and (c) CMEs

and erupting prominences possess some amount of twisted magnetic field. The initial flux

rope is assumed to be suspended in the corona by a balance between magnetic pressure and

tension forces. A highly twisted field is required to produce the eruption. Numerical

simulation shows the evolution of a twisted magnetic flux-rope from below the photo-

sphere into the corona (Amari et al. 2004; Fan and Gibson 2007). If a flux-rope does not

exist prior to the eruption, then it is formed in the course of eruption by magnetic

reconnection (Miki’c and Linker 1994; Jacobs et al. 2006). Shearing motions continuing

for a long time energize the magnetic field and might lead to the formation of a flux-rope

(Jacobs et al. 2006) by reconnecting the opposite polarity feet of a sheared magnetic

arcade. In the case of a multipolar (complex) magnetic topology, the breakout model for

CME eruption is used (DeVore and Antiochos 2008; Lynch et al. 2008), in which the

eruption is triggered by magnetic reconnection taking place in the current sheet located

above the sheared arcade. Observational studies of the CME source region show the

presence of both bipolar and quadrapolar topology (Li and Luhmann 2006; Ugarte-Urra

et al. 2007), although bipolar topology is more common.

Numerical simulations (Priest et al. 1994; Priest and Forbes 2000, 2002) show that slow,

intermediate and fast mode shocks should form ahead of CMEs with speeds of 200–300,

300–900 and greater than 900 km s-1, respectively. The existence of fast mode shocks in

the solar corona is strongly supported by the observation of rapidly drifting (in frequency)

solar radio bursts and their association with fast ([400 km s-1) CMEs (Gopalswamy

2004).

The coherent interplanetary magnetic field (IMF) structure, the strongly varying field

and plasma density in the sheath region preceding the CME proper, the fast solar wind

speed as well as the interplanetary shock itself are all effective drivers of geomagnetic

activity (Farrugia et al. 1997). A strongly southward magnetic field inside the CME proper

tends to drive high magnetospheric ring current activity. The more variable fields and

densities in the sheath region sandwiched between ICMEs and associated shocks drive the

strongest activity at high geomagnetic latitudes, the auroral regions (Huttunen and

Koskinen 2004).

2.1.2 Introduction to Solar Flares and Their Effects

A solar flare can be defined as the sudden and explosive release of energy (*1019–1025 J)

from a localized active region of the Sun, mainly in the form of electromagnetic radiation

across the entire spectrum. The heated plasma producing radiation resides in the closed

loops created during the eruption process (Gopalswamy 2009). Solar flares and coronal

mass ejections (CMEs) are the result of the sudden release of magnetic stresses accumu-

lated for some period of time in the lower solar atmosphere (R’egnier and Priest 2007). The

magnetic field created in the convection zone, having complex topology, ascends through

the photosphere and emerges into the corona. The coronal field changes reflect the energy

stored as a result of currents injected through the photosphere (Green et al. 2002; Schrijver

2007). The stressed magnetic fields appearing in the corona do not relax instantaneously

into an unstressed state, but wait to relax until a specific condition has been met (Schrijver

2007). However, the required specific condition is not yet identified.
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It is not known exactly how the energy is released or how the complex magnetic

configuration becomes unstable and the flare is triggered. Even it is unclear what happens

after the energy is released and what fraction of energy goes into heating, particle accel-

eration, electromagnetic radiation, and mass motion, etc. It is also important to know the

magnetic configuration in the pre-flare phase (Svestka 1976; Gosling 1993).

Based on topology, solar flares are classified as a compact or simple–loop flares and

two- ribbon flares (Messerotti et al. 2009). Compact flares occur in single loops whose

shape and volume do not change significantly during the flare and which do not emit

charged particles. Flares that occur in magnetic arcades and show two regions of particle

emission on both sides of a magnetic inversion line in the lower atmosphere are called two

parallel flare/ribbon flares. The solar flare observed during the Halloween event of October

and November 2003 was a parallel ribbon flare (Crosby et al. 2006).

Different kinds of radiation emanate from different parts of the flare and are released at

different times of the flare process (Schwenn 2006a). The first visible signature of a flare

appears in soft X-rays (0.1–10 nm) at energies up to a few tens of keV originating from the

sudden heating of coronal plasma. A few minutes after the soft X-ray bursts, non-thermal

hard X-rays with energies of tens of keV to a few MeV are observed in many, but not all,

flares (Garcia 2004).

The intensity of soft X-rays in the 0.1–0.8 nm band as measured on the GOES

spacecraft has been used for flare classification. Solar flares are classified as A, B, C, M or

X according to the peak flux (in Wm-2). Each class has a peak flux ten times greater than

the preceding one, with X class flares having a peak flux of order 10-4 Wm-2. Within a

class there is a linear scale from 1 to 9. The X-ray flare of the Halloween storm of October

28, 2003 is shown in Fig. 4. The storm was classified as X17.2, corresponding to the

measured power of 1.72 mW m-2 (Crosby et al. 2006; http://www.sec.noaa.gov/sxi/

index.html).

Fig. 4 Global solar X-ray flux observed from 1.5 to 12.4 keV (1–8.0 Å) and 3.1–24.8 keV (0.5–4.0 Å) for
the time period 28–31 October 2003. The large X17.2 X-ray flare occurred on 28 October 2003 at 11:10 UT
(credit: Crosby et al. 2006; http://www.sec.noaa.gov/Data/alldata.html)
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Apart from the soft X-rays, the extreme ultra violet EUV (10–125 nm) emissions are

among the most geoeffective parameters of the solar electromagnetic spectrum. In the

EUV range, the total flux density is a very substantial factor that changes the state of the

Earth’s ionosphere. The energy content of the other components of flare phenomena such

as the solar protons and electrons, solar wind and CMEs are substantially lower (Avakyan

2008). The EUV emissions and visible light are used to explore the flare transition layer

that is abruptly heated up (Noyes and Withbore 1972). The Lyman-a line (121.6 nm) and

the other members of the Lyman series of hydrogen, namely Lyman-b and Lyman-c (102.6

and 97.2 nm), come from the upper chromosphere, whereas the Balmer series of hydrogen

(Ha, 656.3 nm) becomes dominant from lower in the solar atmosphere (Rottman 1999).

Protons accelerated during the flare process can penetrate deep into the solar atmosphere

and may excite gamma rays and white-light emissions. The required proton energy is larger

than 25 keV. The same energetic electron population in the presence of strong chromo-

spheric magnetic fields radiates microwave bursts through the process of synchrotron

radiation. Very good time correlation between the hard X-ray bursts and impulsive

microwave radiation (frequency[1 GHz) has been observed (Pick et al. 1990; Holman

2003). The observed outward moving type IV radio bursts (frequency\200 MHz) have

been considered to be caused by electrons trapped in a closed magnetic cloud ejected from

the flare site (Kahler 1992). However, this interpretation is still under debate.

The flare accelerated electrons and protons are carried out into the heliosphere and

they are accompanied by radio wave emissions in the frequency range from a few kHz to

MHz, known as type III radio bursts. Many strong solar flares are also accompanied by

type II radio bursts (20 MHz\ frequency\ several hundred MHz) (Cane and Erickson

2005). Kilometric type II radio bursts have also been observed, but there is controversy

about their origin. Cliver et al (1999, 2004) argue that both the metric type II and

kilometric type II bursts are produced by CME–driven shocks, whereas many others

consider them to be produced by flare-driven shocks (Gopalswamy et al. 1998; Cane and

Erickson 2005).

The various types of radiation produced during the solar flare process may substan-

tially change the radiation environment of the Earth. The EUV radiation (in particular

the Lyman-a radiation of hydrogen) is absorbed in the Earth’s atmosphere and causes its

instantaneous heating. The consequent expansion may lead to sudden increase of the

drag of Earth-orbiting satellites and thereby lower their orbits (Lean 1989, 1991). The

Halloween storm on October 28, 2003 had spectacular enhancements of solar X-rays

(flares), solar energetic particles and there was a large geomagnetic storm (Lopez et al.

2004). Baker et al. (2004) showed that the period of October–November 2003 was a

period of exceptionally high radiation belt variability and that the plasmasphere was

reduced to less than half its normal size. The presence of X-rays and gamma radiation

may damage our technological systems in space, and may harm the health of humans in

space.

The efforts to forecast solar flares are usually based on different conceptual procedures

(Jensen et al. 2004; Barnes et al. 2007; Falconer et al. 2007; Georgoulis and Rust 2007;

Contarino et al. 2009; Colak and Qahwaji 2009). Messerotti et al (2009) have briefly

reviewed the forecasting methods. The recently developed Automated Solar Activity

Prediction (ASAP) is an upgrade of the prediction system of Qahwaji and Colak (2007)

which is based on machine learning and sunspot measurements. ASAP is a hybrid system

composed of two neural networks, which provide both the flaring probability of each

sunspot group and the relevant flare intensity. Sunspot data are used from the SOHO/MDI

Continuum and Magnetogram images. The success rate of prediction of a flare is *70%.
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2.1.3 Solar Radio Emissions

Solar radio noise and bursts were discovered during the early research on radar at the time

of the Second World War (Southworth 1945; Hey 1946). Solar radio bursts produced

unexpected jamming of this new technology that was then under rapid development. Solar

radio bursts associated with solar activity can have much larger intensities than normal

solar radio emissions, and cause considerable excess noise in a wireless cell site that might

be immersed in it (Barron et al. 1985). The noise produced by a radio burst depends on its

frequency. Lanzerotti et al. (2005) showed that radio bursts with frequency *1 GHz and

amplitude *103 SFU (Solar Flux Unit, 1 SFU = 10-22 W/m2) produce a noise pow-

er[3 dB. Thus a solar radio burst could disrupt wireless base stations that were pointed in

the solar direction at the time. Lanzerotti et al. (2005) have pointed out that, statistically, a

solar radio burst (f *1 GHz and greater) with amplitude[103 SFU may occur every few

days during solar maximum conditions. The duration of bursty microstructures can also

affect wireless base stations (Lanzerotti et al. 2005). Short term variations often occur

within solar radio bursts; they may be many tens of dB larger than the underlying solar

burst intensities upon which they are superimposed (Isliker and Benz 1994). The subject

matter of solar radio bursts acting as direct sources of space weather effects by interfering

with wireless systems have been widely studied (Goodman 2005; Gary et al. 2005;

Lanzerotti 2007; Messerotti 2008).

Solar radio bursts can cause the loss of signal lock in a Global Positioning System

(GPS) receiver and may lead to positioning and navigation failures (Klobuchar et al. 1999;

Chen et al. 2005; Cerruti et al. 2006). Afraimovich et al. (2007, 2008) investigated the

failure of the GPS for more than 10 min during a solar flare on December 6, 2006 during

solar minimum and showed that the associated solar radio burst has a flux density of 105

SFU, with a peak flux density of 106 SFU. Kennewell (1989) pointed out the effect of solar

radio bursts on downlink satellite communications. Because geostationary satellites are

aligned with the Sun at the equinoxes, satellite communications can be disrupted by the

increase of radio noise caused by solar radio bursts (Messerotti et al. 2009). Solar radio

bursts exhibit a wide range of spectral shapes and intensity levels, knowledge of which is

essential for determining the nature and severity of bursts on specific technologies such as

radar, satellite-to-ground communications, or civilian wireless communications (Burton

et al. 1975). Research on solar radio phenomena remains an active and productive field

(Daly et al. 1996; Gary and Keller 2004; Mann 2005) because they provide relevant

information on the source processes of solar weather. The applications of solar radio

physics to space weather are key ones.

2.1.4 Energetic Particles

The radiation environment of the Earth’s atmosphere is very dynamic and consists of

several components of ionizing radiation: (a) galactic cosmic rays (GCRs); (b) solar

energetic particles (SEPs); and (c) radiation belt particles. The origin, flux density, energy

distribution, spatial and temporal variations of each of these particle populations signifi-

cantly differ from each other. The energy of these particles ranges from a few keV to some

GeV. The fastest SEPs move with a velocity of more than half the speed of light, and they

arrive at the Earth a few minutes after the light flash due to the solar flare (Svestka and

Simon 1976; Tascione 1994; Vainio et al. 2009).

Galactic cosmic rays reach their maximum intensity when the Sun is least active and are

at a minimum intensity during solar maximum. In contrast, during maximum solar activity
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an increased number of CMEs and solar flares produce high energy solar particles

(O’Sullivan 2007). The Van Allen radiation belt contains electrons and protons with

energies from several keV up to several hundreds of MeV (Walt 1994); their distribution in

time and space depends on solar wind and other parameters. Thus, energetic charged

particles (GCRs, SEPs and radiation belt) in the vicinity of the Earth vary with altitude,

latitude and stage of solar cycle (Vainio et al. 2009).

The highest energy particles can even penetrate the skins of space probes inside and

outside the Earth’s magnetosphere, and damage spacecraft subsystems and scientific

instrumentation in the payload (McKenna-Lawlor 2008). Communications with spacecraft

can also be affected due to plasma induced surface changing and to energetic charged

particle induced internal charging.

2.1.4.1 Galactic Cosmic Rays The primary particles in cosmic rays (Primary Cosmic

Rays) are mostly protons from distant astrophysical objects. The energy range of cosmic

ray (CR) primaries is from *1 GeV upto *1020 eV or more (Kudela 2009). The dif-

ferential flux of primary cosmic rays varies between 10-28 and 104 (m2st s GeV)-1 for the

energy range 1020–108 eV and it can be approximated by a power law decrease (Cronin

et al. 1997). Cosmic rays of up to *1015 eV are considered to be of galactic origin

(Gaisser 1990). Studies indicate that supernova remnants are galactic CR accelerators up to

energies close to the first knee (*3 9 1015 eV) in the energy spectrum of CRs (Funk

2008). The secondary cosmic rays (air showers) are produced in the Earth’s atmosphere by

the interaction of a primary cosmic ray with an atom of the atmospheric gas (Amsler et al.

2008).

The Cosmic Ray Isotope Spectrometer (CRIS) instrument on the ACE (Advanced

Composition Explorer) spacecraft measures in interplanetary space the CRs in the energy

range from*50 to*500 MeV/nucleon, with isotopic resolution for elements with Z = 2

to Z = 30 (Stone et al. 1998). George et al. (2009) compared the composition of galactic

cosmic rays with the solar system constituents and reported similar relative abundances

except at Z = 3–5, 9–10, and 19–25. The mass composition of CRs at ultra high energy is

still under debate (Kudela 2009) and precise measurements of the CR composition in the

energy interval 1016 eV\E\ 1019 eV is required to determine the transition from

galactic to extra-galactic CR components.

The galactic cosmic rays (GCRs) enter the outer heliosphere (the region of the space

where the Sun’s magnetic field dominates) where the particles interact with the ambient

solar wind plasma and the interplanetary magnetic field (IMF). The motions of these very

energetic charged particles are there controlled by the IMF and by magnetospheric fields in

the vicinity of the planets. The IMF in the heliosphere modulates the GCR flux at energies

below a few hundred MeV per nucleon. The solar energetic particle population is modified

by acceleration at the Sun and by plasma discontinuities in interplanetary space (Crosby

2007; Klecker 2009). Thus the GCR flux in the near-Earth space environment is controlled

by solar magnetic activity and follows an 11 year cycle. The GCR activity is anti-corre-

lated with the main solar activity indices (such as sunspot number) (McCracken et al.

2004). The GCR flux also responds to solar wind variation on both long and short time

scales (Kudela 2009; Siingh and Singh 2010). In the heliosphere, plasma turbulence is not

well characterized and hence the transport of charged particles parallel and perpendicular

to the mean magnetic fields are not well understood. Even the form of mean magnetic field

in the heliosphere is not well known (Fahr et al. 1986). To address these problems a large
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set of in situ measurements from large distances (up to several hundreds of AU) and with

good coverage of heliolatitudes and longitudes is needed.

The CR time profile observed at the Earth’s surface depends on many effects of

interplanetary, geomagnetic and atmospheric origin. The routine monitoring of CRs using

an ionization chamber started in January 1932 at Hafelekar, Austria, and CR intensity

decreases during some geomagnetic storms by *1% was reported (Messerschmidt 1933).

This effect was called a Forbush decrease (FD). Two types of FDs are observed; the non-

recurrent type is associated with CMEs and the*27 day recurrent type is associated with

corotating high speed solar wind streams (Lockwood 1971; Iucci et al. 1979). The relation

between geomagnetic activity and FDs is not one-to-one (Kudela and Brenkus 2004).

Verma et al. (2009) showed that all large FDs are associated with CMEs, the majority of

them are ‘‘halo’’ CMEs coming directly towards the Earth and that most FDs are associated

with interplanetary shocks. However, the correct descriptions of the effect of individual

CMEs on cosmic ray modulation and on cosmic ray fluxes varying on short time scales are

not known.

The Earth’s magnetosphere acts as a shield against GCRs and SEPs (the latter are also

referred to as solar cosmic rays). The transmission of CRs through the magnetosphere is

quantified by the geomagnetic cut-off rigidity, which represents the lowest rigidity. The

rigidity of a charged particle is defined as its momentum per unit charge. All particles with

the same rigidity follow a track with the same curvature in a given magnetic field. This

means that for each point in the magnetosphere and each direction from that point, there

exist rigidity thresholds below which the cosmic rays are not able to reach this point. The

threshold value is called the geomagnetic cut-off rigidity (Cooke et al. 1991). The cut-off

rigidity also depends on whether a geomagnetic storm is in progress (Tyasto et al. 2008;

Kudela et al. 2008; Desorgher et al. 2009). Desorgher et al. (2009) obtained magnetic field

models during major magnetic storms using neutron monitor data and they also studied the

effect of individual magnetospheric currents on variations in cut-off rigidity.

Cosmic rays produce ionization in the lower atmosphere which increases with

increasing latitude and which decreases with increasing solar activity. Reliable quantitative

models of CR ionization are based on an analytical approximation of the atmospheric

cascade (O’Brien 2005) and on a full Monte Carlo simulation of the atmospheric cascade,

including all the secondaries (Desorgher et al. 2005; Velinov and Mishev 2007). The

additional ionization produced by GCRs enhances the conductivity of the lower atmo-

sphere and hence may enhance the thunderstorm current which charges the global atmo-

spheric electric circuit by facilitating enhanced charge transfer between the thunderstorms

to the Earth (Singh et al. 2004; Siingh et al. 2007; Siingh and Singh 2010).

GCRs affect global electric circuit (GEC). Rycroft et al. (2007) discussed a GEC model

driven by thunderstorms and electrified shower clouds and showed that each contributed

almost equally to maintaining the ionospheric potential. Recently, Rycroft and Odzimek

(2010) have discussed the effects of lightning and sprites on the ionospheric potential, and

threshold effects on sprite initiation, obtained using an analog model of the global atmo-

spheric electric circuit. The effects of GCRs on aerosol, lightning, ozone, cloud coverage

and global temperature have been reviewed by Siingh and Singh (2010). Finally, it is

suggested that a model of the GEC, including stratospheric aerosols, cloud cover, upward

lightning, cosmic rays and the solar wind as inputs, needs to be developed.

There are two ways that GCRs can affect space weather systems: (a) the high energy

charged particles produce direct changes in materials/systems exposed to them both in

space and above the surface of the Earth, (b) the anisotropic distribution of GCRs incident

on the Earth’s atmosphere affects atmospheric processes differently, which manifest
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themselves as latitudinal/longitudinal dependencies. Cosmic ray anisotropies may also be

used as a tool for remote sensing of magnetic field changes in the heliosphere (Kudela et al.

2000).

Galactic cosmic rays having energies greater than 500 MeV can be used for short term

alert systems for major geomagnetic storms. This is based on the fact that the Larmor radii

of GCRs in the interplanetary medium are sufficiently large that they are affected by large

scale interplanetary magnetic field inhomogenities originating at the Sun well before the

disturbances reach the Earth’s orbit and geomagnetic disturbances occur (Marusek 2007;

Siingh and Singh 2010).

2.1.4.2 Solar Energetic Particles The significant sources of Solar Energetic Particle

(SEPs) fluxes in the interplanetary medium are solar flares and shock waves driven by

CMEs. The typical distribution of energy in a solar flare is about half for the plasma, one

quarter for electromagnetic radiation and one quarter for high energy charged particles

(Kudela 2009). Before 1990, it was presumed that SEP events were mostly driven by solar

flares. Based on observational results in the early 1990s, it was realized that large SEP

events are driven by CME shock waves rather than by solar flares (Reames et al. 1996 and

references therein). The impulsive SEP events are attributed to solar flares, whereas the

large gradual SEP events result from the continuous acceleration of particles at CME

driven shocks (Gosling et al. 2005). The terms impulsive and gradual are applied to

distinguish the time scales of SEPs (Reames 1999). The gradual events are due to erupting

filaments as a part of a CME and are dominated by protons. Density structures of the

extended corona and pre-existing energetic particles influence the production of SEPs

(Gopalswamy et al. 2004; Kahler and Vourlidas 2005).

An example of SEP events during the 2003 Halloween events is shown in Fig. 5. The

intensities of electrons and protons as measured by the GOES/SAMPEX/ACE satellites in

several energy bands are shown for the period from October 26 to November 7, 2003

(Mewaldt et al. 2005; Schwenn 2006b). The major five SEP events along with X-ray flares

(indicated by dotted vertical lines) are shown. The largest SEP event attained its peak

intensity during shock passage of the Earth on October 29. It is associated with the X17.2

flare and a halo CME about a day earlier (Schwenn 2006b). The maximum proton energy

was probably larger than 1 GeV. Energetic protons penetrated the SOHO spacecraft and

caused the temporary malfunction of several CCD cameras (Schwenn 2006b).

Figure 6 shows the times of occurrence of high energy ([30 MeV) proton events with

large fluences ([109 proton cm-2) during the period 1855–2001 (McCracken et al. 2001;

Cliver and Svalgaard 2004). The events during the period 1855–1950 were obtained using

the nitrate composition in ice-cores (McCracken et al. 2001). Ionospheric and satellite data

were used to extend the list up to 2001. From the figure it is seen that the biggest event of

1859 had a fluence of 18.8 9 109 proton cm-2, whereas the next largest event occurred in

1895 with a fluence of 11.1 9 109 proton cm-2. The third largest event occurred in

November 1960, with a fluence *9.7 9 109 proton cm-2.

After acceleration at flare sites and shock waves in the corona and in interplanetary space,

the energy of protons in SEPs reaches from a few keV to GeV. The observation of the peak

intensities at low energies within a Corotating Interaction Region (CIR) at places that are

not magnetically connected to the shocks (Richardson and Zwickl 1984) and no observa-

tion of a turnover of the spectra below a few tens of keV/nucleon suggest that the ions are

locally accelerated either by a stochastic (Schwadron et al. 1996) or a compressional
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Fig. 5 Time history of energetic protons and electrons during the period from October 26, 2003 to
November 7, 2003. The top panel shows electron data from EPAM/ACE (top trace) and PET/SAMPEX
(1.9–6.6 MeV). The SAMPEX points are averaged over separate polar passes, including only data obtained
at invariant latitudes[75�. It is possible that the intensities shown near the end of 29 October through
30 October (SEP event 3) are overestimated because of background contributions. The middle panel shows
low-energy proton data from ACE/EPAM and the bottom panel includes protons measured by GOES-11 in
six different energy intervals. The occurrence of X-class flares (obtained from NOAA) are indicated by
dotted vertical lines with the intensity labeled above each line. Interplanetary shocks are indicated by dashed
vertical lines labeled by an ‘‘s’’. Major proton events during this interval are labeled 1 to 5 (credit: Mewaldt
et al. 2005; Schwenn 2006b)
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(Giacalone et al. 2002) mechanism. Recently, Shih et al. (2009) and Krucker et al. (2009)

have discussed charged particle acceleration in solar flares.

The impulsive SEP events often have major enhancements in 3He/4He and enhanced

heavy ion abundances because of resonant wave-particle interactions at the flare site

(Balasubrahmanyan and Serlemitsos 1974). The results from several space missions have

also shown enhancements of 3He in the particle population accelerated at interplanetary

shocks (Klecker 2009). Heavy ions are also observed during large events at high energies,

and high charge states of Fe are observed in gradual events (Ryan et al. 2000). These

anomalies may contain information about the acceleration and transport processes, and

they require further studies.

SEP events also contain electrons and neutrons (Lin 1980). The energy spectra of

electrons extends from a few keV to 100 MeV (Moses et al. 1989). The energy spectra are

usually represented by a power law spectrum with indices of 3 and higher (Lin et al. 1982).

At low energies below a few tens of keV, the fluxes are variable and show several spectral

breaks and kinks (Lin 1985). Evenson et al. (1984) showed that most events with high

fluxes of 5–50 MeV electrons appear to have been produced by flares which also produced

observable fluxes of gamma-rays. In some cases electron fluxes with energies above

30 keV are observed with a time delay of 30 min (Klassen et al. 2002).There is contro-

versy about their origin (Haggerty and Roelof 2002). Klassen et al. (2005) analyzed the

October 28, 2003, flare and reported three separate stages of injection. They remarked that

‘‘The association of two delayed injections with solar events is not well understood’’. Thus,

the origin, acceleration and motion of electrons along and across the magnetic field need

further investigation.

Biermann et al. (1951) suggested the possibility that solar flare accelerated protons with

energies greater than 100 MeV can interact with other atoms of the solar atmosphere and

may cause nuclear reactions that release gamma-rays and relativistic neutrons. Chupp et al.

(1982, 1987) reported the first direct detection of gamma-rays and neutrons on the NASA

Seventh Orbiting Solar Observatory (OSO-7) following an impulsive solar flare. The

released neutrons and gamma ray lines are related. The neutron spectra depend on the

parameters of proton spectra and acceleration mechanism of protons. Hence, the obser-

vation of gamma ray lines can be used to study acceleration mechanism of protons and

Fig. 6 The times of occurrence
of all[30 MeV proton events
with fluences exceeding
109 proton cm-2 between 1855
and 2001. Pre-1950 values are
based on nitrate composition in
ice cores and later values are
based on ionospheric
measurements and direct satellite
observations (credit: McCracken
et al. 2001; Cliver and Svalgaard
2004)
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proton spectra. Even the abundance of elements can be studied. For example, the capture

on protons produces the 2.223 MeV gamma ray lines. The capture on 3He gives no

detectable radiation but it affects the time profile of the 2.223 MeV line and can set

constraints on the 3He/H ratio in the photosphere (Ramaty et al. 1983; Chupp 1988;

Ramaty et al. 1996).

Relativistic solar neutrons reach the Earth unhindered and these are also received by

ground-based neutron monitors. However, it is difficult to differentiate them from those

neutrons that are generated from the interaction of relativistic SEP fluxes with the Earth’s

atmosphere. The enhanced neutron fluxes reaching the ground, also called ground level

events (GLEs), are observed by a network of neutron monitors installed all over the globe

(Bieber et al. 2004). During the 2003 Halloween events three GLEs were observed (Bieber

et al. 2005). Vashenyuk et al. (2009) analyzed 32 large GLEs observed during the period

1956–2006 using data from the world wide network of neutron monitors. The analysis

revealed two distinct relativistic proton populations: the early pulse like intensity increase

with an exponential energy spectrum, and the late gradual increase with a softer energy

spectrum of power law form. The component with the power law spectrum agrees with the

time of maximum flux obtained from direct solar proton measurements on spacecraft and

balloons (Vashenyuk et al. 2009).

Models based on evolving shock properties, wave-particle interactions and particle

transport processes have been developed (Lee 2005; Vainio and Laitinen 2007, 2008; Ng

and Reames 2008; Vainio et al. 2009) which could reproduce some features of shock

associated SEP events. Characteristic features such as the start time of the event, peak flux,

fluence and the corresponding energy spectrum, etc., are not predicted. This is due to the

complexity of the physical processes involved in the generation, acceleration and transport

of SEPs in space (Laurenza et al. 2009). The analysis and interpretation of data from the

SDO and many other spacecraft will improve the situation.

2.1.4.3 Earth’s Radiation Belts The Earth’s radiation belts, commonly known as the Van

Allen belts, are composed mainly of electrons and protons with energies greater than

several tens of keV and up to several hundreds of MeV (Van Allen et al. 1958; Van Allen

and Frank 1959). There are two radiation belts, the inner and outer belts. Charged particles

in the radiation belts are trapped by the geomagnetic field, which is assumed to be dipolar.

High energy particles are locally accelerated by magnetospheric processes, produced

through the trapping of SEPs during geomagnetic activity. The elemental composition of

ions in the outer radiation belt is similar to that of the solar wind up to energies of several

tens of MeV. The ratio of Oxygen / Carbon is close to the value observed in the solar wind.

This result does not favor an ionospheric source (Hovestadt et al. 1978). The inner belt is

produced via the cosmic ray albedo neutron decay (CRAND) process (Singer 1958;

Lazutin and Logachev 2009); a fraction of neutrons produced during the interaction of high

energy cosmic rays with the Earth’s atmosphere is backscattered and decay into protons

and electrons (White 1973).

The inner and outer belts are separated by a slot region at L = 2.2–3.5 during quiet

periods, which shifts to lower L-values during disturbed periods (Kuznetsov et al. 2005).

The peak flux of protons occurs near L = 1.3, with lower energy fluxes peaking at higher

L-shells. The proton belt (L\ 1.7) is quite stable (Blanc et al. 1999). The protons are lost

by Coulomb collisions with electrons in the plasmasphere, by charge exchange with

hydrogen atoms, and by collision with atmospheric atoms.
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Secular changes in the geomagnetic field over hundreds of years may gradually increase

the proton density by a factor of*10 due to contracting drift shells (Selesnick et al. 2007).

The proton flux displays a solar cycle variation which is in anticorrelation with the solar

flux (Miyoshi et al. 2000). High solar activity causes heating and expansion of the upper

atmosphere, leading to an increase in the collision rate and to proton losses. In the outer

region (L[ 3), variations in the proton flux have been observed during the interaction of

an interplanetary shock with the Earth’s magnetosphere. Shock related compression of the

magnetosphere could accelerate protons of solar origin up to tens of MeV within tens of

seconds (Blake et al. 1992; Hudson et al. 1995; Lorentzen et al. 2002; Looper et al. 2005).

The NASA models of radiation belts based on many satellite measurements of protons

from 0.1 to 400 MeV and electrons from 0.1 to 7 MeV over a wide range of L-values are

available on the website: http://modelweb.gsfc.nasa.gov/models/-trap.html.

The electrons in the outer belt are mostly of solar wind origin and they are accelerated

inside the magnetosphere. Several possible mechanisms have been proposed (Li and

Temerin 2001; Friedel et al. 2002; Horne 2002). Betatron and Fermi acceleration as a result

of transport across the magnetic field (radial diffusion towards the Earth) becomes much

more efficient when ULF waves at frequencies of a few Hz are present (Elkington et al.

1999). This is corroborated by the high correlation between the occurrence of ULF waves,

flux increases and the speed of solar wind (Mathie and Mann 2000; Horne et al. 2005).

Recent observations show the peak particle density near L = 4.5 and not in the outer

region as required by inward radial transport (Iles et al. 2006; Chan et al. 2007; Shprits

et al. 2007). This suggests the presence of a local acceleration mechanism (Horne 2007;

Shprits et al. 2007).

The local acceleration can be achieved through the resonant wave-particle acceleration

between energetic electrons and whistler mode waves (Horne and Thorne 1998; Horne

et al. 2003a, b, 2005, 2006; Trakhtengerts and Rycroft 2008). Out of the various whistler

mode waves present in the magnetosphere, chorus waves are preferred because (a) chorus

waves are most intense between L = 4–6 from midnight to the early afternoon MLT

sector, corresponding to the peak in the flux density of the outer radiation belt (Meredith

et al. 2001, 2003), (b) wave power increases with magnetic activity in a region where the

ratio of the electron plasma frequency to the gyrofrequency is low, which is also a con-

dition for the efficient diffusion of electrons to higher energies (Horne et al. 2003a), and (c)

wave acceleration predicts an energy dependent ‘‘flat top’’ pitch angle distribution, which

has also been observed during a magnetic storm (Horne et al. 2003b). During the resonant

wave-particle interaction, the chorus waves grow at the cost of low energy (*10 keV) and

small pitch angle electrons. At the same time waves also interact with much higher energy

electrons at large pitch angles and accelerate them (Horne 2007; Shprits et al. 2006, 2007).

Thus there is a transfer of energy from a large number of low energy electrons at small

pitch angles to accelerate a fraction of the population at large pitch angle to higher energy.

Resonant wave-particle interactions also scatter particles into the loss cone

(Trakhtengerts and Rycroft 2008), leading the loss of particles from the interaction region

into the atmosphere. The waves involved can be plasmaspheric hiss (Abel and Thorne

1998; Meredith et al. 2006), electromagnetic ion cyclotron waves (Albert 2003; Summers

and Thorne 2003; Glauert and Horne 2005), lightning generated whistlers and whistler

mode waves from ground based radio transmitters (Abel and Thorne 1998).

The energetic electrons and protons gyrating along geomagnetic field lines penetrate

deeper in to the atmosphere in the South Atlantic Anomaly region due to the weakness of

the geomagnetic field there, and they pose a hazard to satellites in LEO (Low Earth Orbit)

at that location. Precipitating energetic electrons stimulate the high frequency whistler
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mode emissions via the incoherent Cerenkov radiation process (Rothkaehl and Parrot

2005). Precipitating energetic electrons also generate hard X-rays through bremsstrahlung

radiation (Feldman et al. 1996; Bucı́k et al. 2006). A LEO satellite detected enhanced (by

about 28 dB) high frequency emissions over the Euro-Asia region (Klos et al. 1997); these

are thought to be caused by high energy (0.5–1.5 MeV) precipitating charged particles

from the radiation belt (Rothkaehl and Klos 2003). Precipitation of high energy particles

may disturb the topside ionosphere and lead to enhanced turbulence in the ionospheric

plasma (Rothkaehl and Parrot 2005).

Further, precipitating electrons cause localized ionization and changes of lower iono-

spheric plasma conductivity (Demirkol et al. 1999; Rodger et al. 2001). The feedback of

magnetospheric Alfven waves and varying ionospheric conductivity leads to the creation of

complex magnetosphere-ionosphere current systems (Pokhotelov et al. 2004). Kuznetsov

et al. (2007) studied the distribution of both electrons and protons during geomagnetic

storms between August 2001 and August 2003 by CORONAS-F measurements and

showed that the charged particle fluxes decreased abruptly in the outer belt during the main

phase of the storm and the slot region is filled. They found that a new belt is built up, and

the lowest L-value to which the belt is shifted is given by*|Dst|
1/4 (Tverskaya et al. 2003),

where Dst is the storm time ring current index. During the recovery phase the outer

radiation belt recovers. In all the cases studied, the Earth’s radiation belts exhibited

variations for several days.

2.1.5 Solar Wind

The solar wind is tenuous magnetized plasma, a mixture of ions and electrons flowing

away from the Sun. The solar wind and the IMF carried with it prove to be a key link

between the solar atmosphere and the Earth’s magnetosphere. On average, the solar wind

at Earth orbit has a mean density of about 4 cm-3, a mean velocity VSW of about 400 km/s,

and a mean interplanetary magnetic field magnitude of 5 nT. The average direction of the

interplanetary magnetic field along the Parker spiral in the ecliptic plane is at an angle of

about 45� from the radial direction (Hundhausen 1972; Hundhausen 1997) (see Fig. 2b).

Geomagnetic activity is primarily driven by magnetic reconnection between the IMF

and the terrestrial magnetic field. The orientation of the IMF plays a dominant role for the

geoeffectiveness of solar wind disturbances. As the dipole is close to being perpendicular

to the ecliptic plane, it is primarily dependent on the southward component of the IMF, i.e.

a negative value of BZ, and the reconnection rate is proportional to the y-component of the

motional electric field (E = -VSW 9 BIMF) of the solar wind (Vasyliunas 1975; Dungey

1981; Lakhina and Tsurutani 1998; Priest and Forbes 2000). Figure 7 shows a schematic of

the solar-interplanetary-magnetosphere coupling during solar maximum years. Different

field components and their flow directions are shown (Singh 2003). During reconnection, a

significant transfer of energy, momentum and mass from the solar wind to the Earth’s

magnetosphere takes place. Coherent solar wind structures containing a southward mag-

netic field and high velocities are thus the most efficient drivers of dayside magnetopause

reconnection and hence of space weather events.

High speed solar wind streams encountering the Earth most often originate from low

latitude coronal holes (mostly during the quiet Sun) having funnel-shape magnetic struc-

tures, expanding in the corona with a narrow neck in the photosphere (Gabriel 1974). The

solar wind plasma is considered to be supplied by plasma emanating from the many small

magnetic loops forming and crowding the funnel and extending to a few 1,000 km in

height above the photosphere. Through magnetic reconnection, plasma is fed from all sides
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to the funnel, where it is accelerated and finally forms the fast solar wind (Tu et al. 2005;

Balogh et al. 2008).

The slow solar wind originates from above the more active regions of the Sun. During

declining and minimum phases of the solar cycle, the slow solar wind emanates from the

solar equatorial region, whereas the fast solar wind comes from the polar regions

(McComas et al. 2003). High speed solar wind is often associated with strong Alfvenic

fluctuations, leading to strong fluctuation of IMF Bz and the solar wind velocity. These

waves are effective drivers of medium-level magnetic activity in the high latitude mag-

netosphere and in the ring current (Tsurutani and Gonzalez 1987). Sometimes density

enhancements and magnetic field compression coincide with the start of the increase of

wind speed (Tsurutani et al. 2006). During the declining phase of a solar cycle, the coronal

holes extend to low latitudes, sometimes even reaching the ecliptic plane.

The CMEs traveling through the interplanetary medium are transient disturbances

which happen at random intervals. These disturbances are superimposed on the back-

ground solar wind. This is the persistent flow of ionised solar plasma and a remnant of the

solar magnetic field that spreads out in the Parker (1957) spiral pattern. Although it is

always present, the solar wind does not always flow at the same speed; different parts travel

faster than others. As a result the faster parts catch up with the preceding slower parts, so

that alternating regions of compressed plasma and fields, and less dense regions, are

formed. The passage of these regions called corotating interaction regions (CIRs) as they

sweep by the Earth’s magnetosphere induces geomagnetic activity through variations of

the solar wind pressure and magnetic field orientation at the Earth’s magnetopause (Singh

2003).

When the high speed solar wind emanating from a coronal hole runs into the slower

solar wind, there is a compression of the plasma and the magnetic field; this forms a

Corotating Interaction Region (CIR) (Crooker et al. 1999). A schematic diagram showing

the structure of a typical high speed stream with the embedded CIR is shown in Fig. 8

Fig. 7 Schematic of the solar-interplanetary-magnetosphere coupling during solar maximum years, during
which a coronal mass ejection is the most important source for interplanetary and magnetospheric
disturbances (credit: Singh 2003)

602 Surv Geophys (2010) 31:581–638

123



(Borovsky and Denton 2009). The CIRs seldom have fast shocks or continuous, strongly

southward interplanetary magnetic field (IMF) and thus drive only moderate geomagnetic

activity (Scholer 1999; Alves et al. 2006; Borovsky and Denton 2006). It is generally

believed that geomagnetic disturbances recurring at 27 day intervals could be associated

with CIRs.

Studies show that both CMEs and CIRs produce magnetic fields significantly larger than

the normal IMF (Lindsay et al. 1995). CIRs associated with compressed plasma and fields

often produce larger dynamic pressure than the CMEs (Watari 1997). The increase of IMF

fluctuations in CIRs is due to the presence of large amplitude Alfven waves within the

body of the corotating streams (Tsurutani et al. 1995a), which has been confirmed by

Ulysses’ observations (Tsurutani et al. 1995b). Ulysses observations showed the tilted

latitudinal structure of the CIRs; the tilt of the CIRs decreases with increasing distance

from the Sun (Gosling et al. 1993). Thus, high speed solar wind emanating from out of the

ecliptic plane, particularly in the vicinity of magnetic sector boundaries (where a CIR is

easily formed) can also become effective in producing geomagnetic disturbances (Gosling

et al. 1976; Scholer 1999).

2.2 Interplanetary Space

The sudden ejection of plasma and magnetic field structures from the Sun’s atmosphere in

the form of CMEs influences the Earth’s environment to produce space weather hazards. In

addition, galactic cosmic rays, originating from far beyond the solar system are scattered

by the IMF and are at maximum at solar minimum and at minimum at solar maximum.

Beyond the protective shield of the Earth’s atmosphere and magnetosphere, there are

sources of radiation that can be a serious hazard to humans and electronic equipment. High

energy charged particles in space include the sudden intense bursts of the solar energetic

particles (SEPs) that can last several days. Studies show that pre-existing energetic par-

ticles, preceding CMEs and the density structure of the extended corona all have an

influence on the production of SEP (Kahler and Vourlidas 2005). The many processes

involved in the development of SEP events include the acceleration and transport of

particles in a time dependent system formed by the propagating CME-driven shock, the

associated evolving magnetic field topology and the generation of magnetic field fluctu-

ations (Webb et al. 2001).

Major features of shock-associated SEP events are reproduced by detailed models of the

evolving shock properties, wave-particle interactions and particle transport processes

(Lee 2005; Vainio and Laitinen 2007, 2008; Ng and Reames 2008; Vainio et al. 2009).

Fig. 8 Schematic showing the
structure of a typical high-speed
stream including the embedded
corotating interaction region
(CIR) (credit: Borovsky and
Denton 2009)
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The distribution of particles streaming along magnetic field lines produces resonant Alfven

waves (Melrose 1982). At high particle intensities, the resonant wave intensity becomes

sufficiently large to scatter the particles that come behind and reduce their streaming. This

process traps the particles near their source and also puts a limit on the outward flow of the

streaming particles. These trapped particles around a shock are accelerated and the

appearance of their intensity-time profile will depend on the solar longitude of the observer

relative to the CME (Kahler 2001). This effect arises because of the spiral nature of the

magnetic field. An observer’s magnetic connection to the shock swings eastward with time,

either approaching or receding from the intense nose of the shock (Reames 2001). The

shock strength may also decrease with time as the shock expands radially. The flow of

particles from the distant shock is limited in intensity due to scattering of self generated

Alfven waves; very large intensity peaks can occur when a strong shock from the central

meridian of the Sun passes over the spacecraft. Events with high intensities of[100 MeV

protons at shock peaks are rare, may be once in a decade. But their effect is severe on a

long duration space mission. Further, the rarity of such events makes it difficult to study

them and to forecast the probability of their occurrence.

The fast CMEs often drive large-scale density waves out into space which eventually

steepen to form collisionless shock waves, similar to the bow shock in front of the Earth’s

magnetosphere. The shock front is the outer boundary of the plasma sheath that results

from the compression, deflection and heating of the ambient solar wind by the ensuing

ejecta (Tsurutani et al. 1988). The sheath may contain substantial distortion of the inter-

planetary magnetic field due to field line draping (McComas et al. 1988) around the ejecta

cloud pressing from behind.

For about one third of all shocks driven by interplanetary CMEs (ICMEs), the suc-

ceeding plasma exhibits to an in situ observer the topology of magnetic clouds (MCs), such

as magnetic bottles, tongues or bubbles. MCs are localized regions in interplanetary space

having enhanced magnetic field strength, lower proton temperature (as compared to the

background solar wind) and a large scale large-angle smooth rotation of the magnetic field

vector (Burlaga 1991). Analyzing data from different interplanetary spacecraft, Burlaga

et al. (1981) proposed a locally cylindrical topology with circular magnetic field lines

around a common cloud axis. Figure 9 shows a sketch of the MC shape as a cylindrical

flux-rope (Watermann et al. 2009b). The simple flux-rope topology of MCs makes them

useful for MHD modeling (Osherovich and Burlaga 1997). As the density inside the MCs

Fig. 9 Topology of magnetic clouds as cylindrical flux ropes, a global view b local view (credit:
Watermann et al. 2009b)
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is often extremely low, the force-free configuration proposed by Goldstein (1983) and

developed by Feng et al. (2006) could be more useful in identifying the configuration and

boundaries of MCs. Non-force free models have also been developed. All of these con-

sidered a cylindrical cloud with circular (Cid et al. 2002) or elliptical (Mulligan and

Russell 2001) cross sections. Vandas et al. (2006) proposed an elliptical cross section

model with a force-free configuration. To date, there is no single model which can produce

all the observed features of MCs.

CMEs originating from the solar disk and propagating directly along the Sun–Earth line

appear as halo CMEs (Howard et al. 1982, 1985). Full halo CMEs have an apparent

angular width of 3600, and, if coming from the front-side of the Sun, give an early warning

of possible geomagnetic disturbance. Associated activities on the solar disk in the form of

post-eruptive loops, disappearing filaments (erupting prominences) or flare signatures have

been observed (Tripathi et al. 2004). The ICME corresponding to a front-side halo CME

detected in the field view of SOHO/ LASCO placed on the Sun–Earth line may take a few

days to reach the magnetosphere of the Earth (Brückner et al. 1995). However, not every

halo CME will reach the Earth. Schwenn et al. (2005) studied 181 front-side halo CMEs

and showed that 15% did not show any in situ discernable signature. The longitudinal

location of the source is of vital importance. Events occurring close to the limb and on the

back side of the Sun have little probability of arrival at the Earth, whereas those originating

close to the Sun–Earth line have a high probability. Even if halo CMEs originating near the

limb reach the magnetosphere, then they tend to be less geoeffective and only a shock may

be observed (Manoharan et al. 2004), because the angular extent of the shock is larger than

that of the corresponding CME (Akasofu and Fry 1986).

Rodriguez et al. (2009) analyzed three front-side full halo CMEs that occurred on April

4, 2000, June 6, 2000 and September 12, 2000 (close to the maximum solar activity period)

and showed their speeds to be higher than 1,100 km s-1. Out of the three events, one

originated close to the limb and produced a severe geomagnetic storm, whereas the other

two started off close to the central meridian but produced weak and moderate geomagnetic

storms. This non-typical geomagnetic response has been explained in terms of the non-

radial direction of the eruption derived from the mass distribution in the halo (Moon et al.

2005), the passage of the Earth through a leg of an interplanetary flux-rope, and strong

compression at the eastern flank of a propagating interplanetary CME during its interaction

with the ambient solar wind (Rodriguez et al. 2009).

2.3 Magnetosphere

A magnetosphere (see Fig. 10 which illustrates the Earth’s magnetosphere) is the cavity

formed by the interaction of the solar wind and the interplanetary magnetic field with the

intrinsic magnetic field or ionized upper atmosphere of a planetary body. In the terrestrial

case, the interaction is dominated by the strong intrinsic quasi-dipolar geomagnetic field.

While the magnetospheric field in general excludes the solar wind plasma from the

magnetosphere, at times the solar wind can gain entry into the magnetosphere through the

magnetopause. This occurs when the IMF and the magnetospheric fields are antiparallel

and magnetic ‘‘reconnection’’ creates an ‘‘open magnetosphere’’ configuration (Dungey

1961). Plasma entry is strongly modulated by the orientation of the interplanetary magnetic

field, and is enhanced during periods of southward IMF (Russell and McPherron 1973).

While the plasma enters mostly through the dayside magnetopause, some of the parti-

cles gain entry through the nightside magnetopause boundary layers at low latitudes

(Paschmann 1997). During northward IMF, high latitude reconnection over the magnetic
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pole allows for particle entry at the high-latitude plasma mantle. A minor portion of the

energy, estimated to be about 10%, enters via viscous interaction processes (Axford and

Hines 1961).

The solar wind plasma, consisting mostly of protons and a small percentage of doubly

charged helium and other heavier ions, populates much of the outer magnetosphere through

these processes. The IMF and solar wind pressure also control both the cusp position and

its extent in the dawn-dusk and North–South directions (Dubinin et al. 2002). The cusps

are believed to be another place of transport of plasma into the magnetosphere. Analyzing

the POLAR spacecraft data, Chen et al. (1998) presented a Cusp Energetic Particle (CEP)

event having (a) a decrease in magnetic field magnitude in the dayside cusp, (b) a more

than one order of magnitude increase in intensity of 1–10 keV ions, and (c) a substantial

(more than 3r, r being the standard deviation of the measured data) increase in intensity

above background for[40 keV ions (dominated by protons). These CEP events have shed

light on the origin of the energetic particles in the magnetosphere (Fritz et al. 2003 a, b)

and in upstream ion events (Chen and Fritz 2002a, b).

The origin of energetic particles in the CEP events was debated to be (i) locally

energized in the high-altitude cusp (Sheldon et al. 1998; Chen et al. 1998), (ii) energized

particles from the ring current source in the geomagnetic tail associated with substorms and

drifting into the cusp (Blake 1999; Antonova et al. 2000; Chen and Fritz 2001), or (iii)

particles energized at the quasi-parallel bow shock and subsequently transported into the

cusp (Chang et al. 2000). The solar wind plasma in the high altitude dayside cusp regions

causes extremely large diamagnetic cavities, which are identified by a combination of low

magnetic field strength and high solar wind plasma intensity (Chen et al. 1998). These

cavities are associated with particles of energies from 20 keV up to 10 MeV. Turbulent

electric fields *10 mV/m were also observed in the cusp (Chen and Fritz 1999). Obser-

vational facts reveal that cusps are regions of turbulent magnetic fields filled with shocked

solar wind plasma and, occasionally, with plasma of ionospheric origin (Lemaire and

Gringauz 1998; Chen and Fritz 1999).

Fig. 10 Schematic diagram of the magnetosphere (http://space.rice.edu)
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Fu et al. (2005) analyzed RAPID instrument data collected by Cluster spacecraft; they

showed a continuous sunward flow which could be a result of high latitude reconnection

when the IMF was northward. The high speed of flow might be a consequence of accel-

eration of the plasma in the presence of a strong magnetic field during the reconnection

process (Dungey 1961). This sunward flow is termed reverse convection (Crooker et al.

1992). High latitude reconnection can also open up a path for charged particles to enter or

escape from the magnetosphere (Zong et al. 2002). Lavraud et al. (2005) have presented an

overview of Cluster observations in the high latitude cusp region, showing that it is filled

with magnetosheath plasma of solar wind origin. Both precipitating and mirroring com-

ponents were observed. However, the dayside plasma sheet was mainly populated with

ions of magnetospheric origin. Usually, the plasma flow during northward IMF is such that

the plasma mantle may not form (Sckopke et al. 1976). Observations (Lavraud et al. 2005)

support to this hypothesis. The presence or absence of the plasma mantle region strongly

depends on the nature of the IMF and the subsequent large scale plasma convection in the

cusp regions.

The above discussion and observations suggest that convection in the cusp is strongly

linked with the interplanetary conditions. Therefore, in order to understand exactly how

solar wind plasma enters the magnetosphere, one has to know precisely the global struc-

ture, the magnetic field topology and dynamics of the high-latitude cusp region and its

surroundings. It is suggested that numerical simulations including input from Cluster

experiments should be performed to understand the dynamics of the cusp regions.

In addition to the solar wind, the Earth’s upper atmosphere contributes both to the

neutral and charged particle density in the magnetosphere. The neutral exosphere, or the

upward extension of the atmosphere, fills the near-Earth space with gas of an exponentially

decreasing density (Tinsley et al. 1986). While the neutral atoms and molecules are not

influenced by the electromagnetic forces, the geocorona (envelope of ionized gases,

especially hydrogen, surrounding the Earth at the outer limit of the atmosphere) is sig-

nificant to space physics processes in at least two ways—Coulomb collisions and charge-

exchange processes with neutral atoms are significant loss mechanisms for energetic

charged particles in the inner magnetosphere (Fok et al. 1995), which contribute to the

recovery to quiet conditions after a magnetic storm. Further, the slow neutral atoms charge

exchanging with fast charged particles create a population of high-speed neutrals and low

speed ions.

During active times, when the flux of energetic charged particles is sufficiently high,

this mechanism provides a means of imaging the inner parts of the magnetosphere (Bertaux

et al. 1989; Williams et al. 1992). The extreme ultraviolet (EUV) imager (Sandel et al.

2001) onboard the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE)

satellite produces full global images of the Earth’s plasmasphere by remote-sensing solar

30.4 nm light wave resonantly scattered by He? ions in the plasmasphere. Plasmaspheric

images are obtained every 10 min with a spatial resolution of 0.1 RE (Goldstein 2006).

Hence plasmaspheric dynamics can be followed from storm onset and erosion through

recovery and refilling. Such results have complemented more than 40 years of in situ and

ground observations (Darrouzet et al. 2009, Singh et al. 2010).

2.3.1 Magnetospheric Dynamics

Magnetospheric dynamics play a major role in space weather studies (Pulkkinen 2007).

Solar wind mass, momentum and energy enter the magnetosphere via magnetic recon-

nection at the magnetospheric boundaries in regions where the interplanetary and terrestrial
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fields are antiparallel (Dungey 1961), by via viscous interactions along the boundary

(Axford and Hines 1961), and via the magnetospheric cusps (Fritz and Fung 2005). In a

quiescent situation, the energy inflow is gradual, the energy is dissipated in the ionosphere,

and magnetic flux opened at the dayside reconnection process is closed by a quasi-static

reconnection process in the distant magnetotail at up to about 100–200 RE from the Earth.

Energy transfer is most efficient when the reconnection process takes place at the

dayside magnetopause, which occurs during periods when the interplanetary field points

southward and is thus antiparallel to the intrinsic geomagnetic field (Akasofu 1981;

Laitinen et al. 2006). Variability in the North-South component of the interplanetary

magnetic field causes episodic energy loading dissipation cycles, termed magnetospheric

substorms (Baker et al. 1996; Sergeev et al. 1996a). Magnetospheric substorms and

geomagnetic storms are the most commonly occurring response to enhanced solar wind

driving, but the magnetosphere can have other dynamic states. Steady convection inter-

vals are periods of steadily southward IMF and steady, relatively slow solar wind flow

that drives continuous, low level auroral activity without any evident substorm expansion

phase (Sergeev et al. 1996b). Stronger levels of driving may lead to saw tooth oscilla-

tions, which are large scale substorms associated with strong, longitudinally extended,

quasi-simultaneous injections at geostationary orbit every 2–3 h (Henderson et al. 2006;

Pulkkinen et al. 2006).

Substorms typically occur at a rate of four to five per day, each lasting typically 2 h

(Akasofu 1968; Kintner et al. 2008; Daglis 2001). They are initiated by enhanced dayside

reconnection and hence increased energy input to the magnetosphere. This causes a con-

figuration change in the magnetosphere including the enhancement of the magnetospheric

current systems and the formation of a thin and intense current sheet from near-geosta-

tionary distance outward. It can be centered at local times far from midnight, can appar-

ently be localized to one meridian, and can have multiple onsets centered at different local

times (McPherron 1970; Pulkkinen et al. 1992). The current sheet at the centre of the

magnetotail has a thickness of only a few 100 km; the magnetic field component normal to

the current sheet becomes very small, only a few nT (Sergeev et al. 1993). As this thin

current sheet grows unstable, a rapid dissipation process quickly expands to a large scale

reconnection event whose effects are observable over a large portion of the coupled

magnetosphere-ionosphere system (Hones 1979). Because the reconnection region is

limited in the cross-tail direction, the flow shear between the fast outflow from the

reconnection region and the ambient eastward plasma flow within the plasmasheet creates

a pair of field-aligned current sheets, where the current flows to the ionosphere at the

eastern edge of the reconnection region and out from the ionosphere at the western edge

(McPherron et al. 1973). On the ground at high latitudes, magnetospheric substorms create

disturbances in the geomagnetic field caused by the field-aligned current systems and

auroral electrojet currents in the ionosphere where they close (Baumjohann et al. 1981).

Geomagnetic storms are largest magnetospheric disturbances which are associated with

many space weather phenomena. While substorms can occur without magnetic storms,

almost all storms include substorm activity. The storm occurrence is normally indicated by

a large decrease of the Dst index which measures the variations in the geomagnetic North–

South component at equatorial stations. It is constructed using the horizontal component of

the geomagnetic field observed at low to mid latitudes (Surgiara 1965; Sugiara and Kamei

1991). It was introduced as a measurement of the intensity of the ring current (Surgiara

1965). Dst is always negative during storms. A larger negative Dst means a more intense

storm and generally a more intense ring current. However, Dst is not a perfect measure of

ring current intensity because it is influenced by other magnetospheric currents, such as the
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cross-tail current (Daglis et al. 1999). Intense geomagnetic storm events, typically char-

acterized by a peak Dst\-100 nT (Gonzalez et al. 1994), have the potential to be the

most disastrous to the near-Earth space environment.

As mentioned earlier, the major interplanetary drivers of intense magnetic storms are

CMEs (Echer et al. 2006; Gonzalez et al. 2007). Corotating interaction regions (CIRs) also

lead to storm development. However, the CIR-driven storms exhibit a weaker intensity

than the CME-driven ones; they mainly develop during the declining phase of the solar

cycle (Tsurutani et al. 2006; Gonzalez et al. 2007). The interaction of the inner magne-

tosphere storm-associated processes with the magnetotail substorm-associated processes

are highly complex, and presently under active study. Whether the substorm-associated

magnetic field variations and their associated electric fields are necessary for the buildup of

the ring current energy density is debatable (McPherron 1997; Daglis and Kamide 2003).

Some arguments indicate that convection alone can account for the ring current increase

(Ebihara and Ejiri 2003), whereas others have concluded that an energization process

leading to charged particles with energies exceeding 100 keV needs smaller-scale, time

varying electric fields (Ganushkina et al. 2005). The theory of wave-particle interactions in

the magnetosphere has been reviewed recently by Trakhtengerts and Rycroft (2008). A

probabilistic assessment on likely future storm occurrence is one of the top priorities for

space weather forecasting (Tsubouchi and Omura 2007).

2.4 Magnetosphere–Ionosphere Dynamics

The terrestrial ionosphere produced and maintained by solar extreme ultraviolet (EUV)

radiation and X-radiation extends from 70 km altitude to several thousand kilometers

(Rees 1989; Kivelson and Russell 1995; Prolss 2004; Kintner et al. 2008; Schunk and Nagy

2009). The ionosphere poses an interesting challenge for many radio systems that make use

of it for signal transmission. Being a magneto-ionic medium imbedded in a background

neutral atmosphere, it exhibits very interesting properties, including refraction, anisotropy,

dispersion and dissipation. An understanding of ionospheric properties (Bailey et al. 2000;

Denton et al. 2009) provides information about a wide range of solar-terrestrial interac-

tions, and has significant space weather implications.

Once the interplanetary energy has coupled to the magnetosphere, magnetospheric

plasma convection is enhanced and geomagnetic field-aligned currents accelerate plasma

from the magnetotail into the polar ionosphere. The precipitation of charged particles into

the polar atmosphere excites visual auroras, and increases the conductivity of the lower

ionosphere (D and E regions) in the auroral electrojet. Magnetospheric energy introduced

into the polar region heats the thermosphere, changing the distribution of atmospheric

constituents and hence the ionospheric electron density profile (Denton et al. 2009). This

generally appears as reduced ionospheric critical frequencies (i.e. reduced plasma fre-

quencies, for the ordinary mode of propagation) and increased heights of maximum

electron density (Ondoh and Marubashi 2001; Hunsucker and Hargreaves 2003; Denton

et al. 2009).

Geomagnetic storms represent the single most important space weather phenomenon

and also are an exciting and rewarding topic that covers an interesting spectrum of ion-

osphere-magnetosphere interactions. Until the early 1970s, there was no evidence of the

now well known fact that the storm time ring current is replete with oxygen ions of

ionospheric origin (Shelley et al. 1972; Balsiger et al. 1980; Daglis et al. 1999), whereas

previously they were thought to be of solar origin. Based on the experimental and ana-

lytical evidence of O? injection into the ring current, Daglis (1997a) concluded that the
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larger the storm is (as quantified by the Dst index) the larger the O
? contribution to the ring

current; the Dst magnitude and the O? contribution to the ring current increase at same

time. Daglis (1997b) suggested that the role of O? (the major outflowing ionospheric ion)

in the evolution of intense storms is to cause the rapid final enhancement of the ring current

at storm maximum and to induce an equally rapid initial decay of the ring current. This

may be the cause of the two steps observed in the development (Kamide et al. 1998) and

recovery (Noël 1997) of intense storms.

The enhanced ring current and varying auroral currents cause large variations in the

time rate of change of the geomagnetic field, which in turn induces electric potential

differences across large areas of the Earth’s surface (considering it to be a conductor) and

across cables (used for communication systems, or systems that are grounded to the Earth

such as power grids, etc). The enhanced earth potential may lead to overruns of the

compensating voltage swings that are designed in power supply systems (Anderson et al.

1974) that are being used to power the signal repeaters and regenerators used in optical

fibre transmissions. Ring current enhancements can directly produce potential drops

depending upon the nature and the orientation of underground Earth conductivity

structures.

The decrease in Dst index is linearly related to the total particle energy injected from the

ionosphere into the inner magnetosphere driving the ring current and ionization changes.

Thus magnetic activity indices may also be considered as drivers of the ionospheric per-

turbations expressed by a positive phase (increasing electron and ion population densities)

followed by a negative phase (depletion of ionization) (Gulyaeva and Stanislawaka 2010).

Thus geomagnetic storms are related to the perturbations in ionospheric ionization.

However, not all the perturbations in the ionospheric ionization are associated with geo-

magnetic storms, because variations in solar UV and EUV energy flux will also cause

variations in ionospheric ionization.

3 Space Weather Effects

CMEs and ICMEs are the main causes of severe space weather at Earth which damages

technological infrastructures in space as well as on the ground. Space and terrestrial

technologies are increasingly sensitive to solar storms and the resulting changes to the

Earth’s radiation environment in the magnetosphere (Lilensten 2007; Bothmer and Daglis

2007). Here, we summarize some major effects of space weather. Table 2 (Koskinen et al.

2001) lists some space weather effects and their relations to the space environment.

3.1 Ionospheric Effects

The ionosphere significantly affects the propagation of radio frequency (RF) signals which

pass through it or are reflected by it (Cannon 1994a, b). The effects are many and varied,

but include absorption, refraction, retardation and scintillation. At frequencies above

*1 MHz, the lower D region causes absorption and the higher E and F regions cause other

effects. The diverse set of affected systems includes ground-ground high frequency (HF)

communications, ground-space radio communications (e.g., for telemetry or altimetry),

global positioning system (GPS)—particularly single or multiple frequency navigation

systems, and space based radars (Goodman and Aarons 1990). HF communications and

radar systems rely on the ionosphere for their operation but also have to contend with its

effects. The performance of most systems is degraded by ionospheric variations, but for
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certain specialist systems detailed ionospheric knowledge can be of great benefit (Schunk

and Sojka 1996; Bilitza 2001; Song et al. 2001; Scherer et al. 2005).

3.1.1 Effects on Communications

A century after Marconi’s feat of trans-Atlantic radio communication, the ionosphere

remains both a facilitator and a disturber in numerous communication applications. The

military, as well as police and emergency agencies in many nations, continue to rely on

wireless links that make extensive use of radio frequencies from several kHz to hundreds

of MHz that use the ionosphere as a reflector. At higher frequencies (*few GHz, typical

operating frequencies for mobile telephone systems) the production of bubbles in the

ionosphere, prevalent in equatorial and auroral regions of the Earth, are a prime source of

scintillations in satellite-to-ground signals. Distributed ionospheric currents during geo-

magnetic active periods can also be the cause of considerable problems, at all geomagnetic

latitudes, for navigation or communication systems.

The basic physical chain of events behind the production of large potential differences

across the Earth’s surface begins with greatly increased and time varying electrical currents

flowing in the magnetosphere and ionosphere. The temporal and spatial variations of these

increased currents then cause large variations in the time rate of change of the magnetic

field at Earth’s surface. The time variations in the field in turn induce potential differences

across large areas of the surface that are spanned by cable communication systems, so

inducing currents in them (Pirjola 1998; Boteler et al. 1998; Pirjola 2007). Telecommu-

nications cable systems use the Earth itself as a ground return for their circuits, and these

Table 2 Lists some space weather effects and their relations to the space environment (credit: Koskinen
et al. 2001)

Space weather effect Space weather parameters Material/object parameters

Drag Total density
Temperature
Fluid velocity

Cross-sectional frontal area
Mass
Relative velocity
Shape

Atom displacement Particle flux Shielding, material, geometry

Dark current increase Particle flux
Photon flux (UV, X, c)

Shielding
Absorption

Surface charging Electron flux (\300 keV)
Proton flux (\8 MeV) UV flux

Secondary emission
Photoelectric emission
Geometry

Internal charging Electron flux ([300 keV) Shielding, material, geometry

SEEs Ion flux ([100 MeV)
Proton flux ([10 MeV)

Technology (CMOS)

Human effects Ion flux ([100 MeV)
Proton flux ([10 MeV)

Cell nature (eyes, gonads, bone marrow)

Orbital elements Atmospheric scale height Cross-sectional area, optical
properties, shape

Electrostatic discharges Meteoroids and debris
UV radiation, plasma

Relative velocity, size, type of surface

Collision Meteoroids and debris Technology, type of materials
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cables thus provide highly conducting paths for concentrating the electrical currents that

flow between these newly established, but temporary, Earth batteries (Lanzerotti 2001).

The precise effects of these anomalous electrical currents depend upon the technical

system to which the long conductors are connected. In case of long telecommunication

lines, the Earth potentials can cause overruns of the compensating voltage swings that are

designed into the power supplies (Anderson et al. 1974). At present, the time variations and

spatial dependencies of these currents are not well understood or predictable from one

geomagnetic storm to the next. This is of considerable importance since the induced Earth

potentials are very much dependent upon the conductivity structure of the Earth underlying

the affected ionospheric regions. This area of research involves a close interplay between

space plasma geophysics and solid Earth geophysics.

3.1.2 Effects on Navigation Systems

Navigation systems are adversely affected by space weather. Aeroplanes and ships use

very low frequency (VLF) radio signals from transmitters to determine their positions.

During solar events and geomagnetic storms, the system may give navigators information

that is inaccurate by as much as several km (Filjar 2008; www.swpc.noaa.gov/primer). If

navigators are alerted that a geomagnetic storm is in progress they can switch to other

systems. Global positioning system (GPS) devices are affected by the sudden variations in

ionospheric density caused by space weather because a radio receiver’s position is com-

puted using code and carrier phase information contained in the satellites’ RF signals.

Since 1993, 24 or more GPS satellites have provided worldwide coverage and positioning

capabilities (Skone and Yousuf 2007).

3.2 Effects on Satellites

Space weather has severe impacts on satellites (Tribble 1995; Hastings and Garrett 1996),

rocket launchers (Boscher et al. 1998; Bourdarie and Bourrieau 1999) and GPS/navigation

systems (Goodman and Aarons 1990; Wellenhof et al. 2001). Radiation effects depend on

the energy of the radiation, from galactic cosmic rays, solar energetic particles and radi-

ation trapped in the Earth’s Van Allen belts (Bourrieau et al. 1996; Crosby et al. 2006). A

number of spacecraft anomalies and failures following significantly enhanced fluxes of

high energy radiation during interplanetary disturbances have been identified (Baker et al.

1996, Reeves et al. 1998; Barbieri and Mahmot 2004 and references therein). Dorman et al.

(2005) found a clear difference between satellite anomaly probability and various physical

characteristics of the interplanetary space, geomagnetic field and energetic particles of

different energy and type.

The magnetic disturbances associated with space weather events may produce changes

in the local magnetic field, leading to altitude determination problems with satellites and

spacecraft that use magnetic guidance. The effect can be particularly large, e.g., when a

geostationary satellite may enter the solar wind when extreme solar wind pressure com-

presses the dayside magnetopause severely.

The low energy (few eV and above) components interacting with the surfaces of the

satellite can produce surface charging on the material used to encase the satellite (Garrett

1981). The plasma flux can be highly variable in time and intensity, which may result in

different charging levels. In the absence of good electrical connection between the various

surface materials, differential charging on the surface can produce very high voltages
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(*800 V) leading to breakdown discharges (Lanzerotti 2007). These discharges may

damage components and subsystems of the spacecraft (Koons 1980; Vampola 1987).

The cross-magnetosphere electric field during enhanced geomagnetic activity convects

the plasma sheet towards the Earth, to within the geosynchronous orbit. In such a case

surface charging effects may occur, especially in the local midnight to dawn sector of the

orbit (Mizera 1983).

High energy ([MeV) charged particles can penetrate through a satellite skin deep into

its interior. The intensities of these particles may change by many orders of magnitude over

the course of minutes. The penetrating charged particles produce transient electrical pulses

leading to upsets and latchups in the signal and control electronics of satellites (Crosby

et al. 2006). Such particles may also cause the build up of electrical charges on insulating

(dielectric) materials such as those used in coaxial cables. Such a charge build up may

ultimately result in electrical breakdown and cause not only electromagnetic interference

but also damage to the electronic components (Lanzerotti 2007).

Low Earth orbit (LEO) satellites are strongly affected by the atmospheric density which

determines the drag acting on the satellite and hence the lifetime of the satellite. The upper

atmospheric density responds to the solar activity, depending on season, local time, latitude

and magnetic storm conditions. During periods of high solar activity, the upper atmosphere

expands. If magnetic activity is also triggered then intense electric currents produce

additional heating in these regions and cause drag on LEO satellites (Flury and Contant

2001; Klinkrad 2007).

The impact of light meteoroids and space debris left in orbit from space launches and

from satellites that may breakup can disorient or even may cause a total loss of a satellite

(Daglis 2001; Carlowicz and Lopez 2002). The US Air Force systematically tracks a large

number of pieces of space debris that are circling the Earth, most of which are in LEO

(Lanzerotti 2007). Such hazards are not usually classified as space weather hazards.

Table 3 (Koskinen et al. 2001) categorizes some components of space environment and

their effects on spacecraft.

3.3 Space Radiation Effects

With the increasing use of microelectronics of ever diminishing size, space systems are

becoming increasingly susceptible to space weather events due to the highly ionizing

interactions of cosmic rays and solar energetic particles. Humans in space are normally

well protected by the effective shielding in space stations. However, flashes in the astro-

naut’s eyes due to high energy charged particles have been seen when they are inside the

Space Shuttle (Allen and Wilkinson 1993). During extra vehicular activities (EVAs),

effects similar to those experienced inside space vehicles are possible, but with the

shielding being much less (Lemaignen 1988). Charging effects can also appear when

astronauts cross the boundary between sunlight and shadow (Koskinen et al. 2001). The

charged particle radiation (over the entire range of energies) that permeates the near-Earth

space environment remains a difficult problem for the design and operations of these and

other space based systems (Shea and Smart 1998; Koons et al. 1999).

The fluxes of low energy (few eV to few keV) charged particles in the Earth’s mag-

netosphere are highly variable in time, and can produce different levels of surface charging

on the materials that encase a satellite (Garrett 1981). A number of spacecraft anomalies,

and even failures, have been identified as having occurred following many days of sig-

nificantly elevated fluxes of several MeV energy electrons (Baker et al. 1987, 1996; Reeves

et al. 1998). These very energetic particles can produce upsets and errors in space-borne
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electronic instruments (Todd 2000). There is no realistic shielding possible for systems in

space that are bombarded by Galactic Cosmic Rays (*1 GeV and greater).

3.4 Effects on Ground-Based Systems

Large electric currents are continuously flowing in the magnetosphere and ionosphere; a

disturbance in the solar wind changes to the current system. The variations of magneto-

spheric and ionospheric currents are seen as geomagnetic disturbances or storms at the

Earth’s surface. The auroral electrojet system is of particular importance concerning

geomagnetic disturbances; similar effects are also experienced at lower latitudes (Rastogi

1999). According to electromagnetic theory, a geomagnetic variation is accompanied by a

geoelectric field (Weaver 1994). The Earth consists of conducting material, so the geo-

electric field drives currents within the Earth.

The geoelectric field implies the existence of voltages between different points on the

Earth’s surface which produce geomagnetically induced currents (GICs). Rapid temporal

changes of the geomagnetic field produce GICs in technological conductor systems like

electric power systems, oil and gas pipelines, telecommunications cables and railway

equipment (Lanzerotti et al. 1999; Boteler 2003; Pirjola 2007; Huttunen et al. 2008).

Liu et al. (2009) have calculated GICs in mid- to low- latitudes power grids based on

plane wave methods. However, this plane wave method is relatively rough, especially for

Table 3 Categorization of components for space environment and their effects on spacecrafts (credit:
Koskinen et al. 2001)

Components of the
space environment

Effects System affected Other problems

Neutrals Drag
Oxidization
Contamination

Orbit control
Temperature control
Shields

Glow

Photons Heating
Photo-emission
Surface ageing
Background noise increase
Positive voltage

Temperature control
Sensors

Contamination

Plasmas Surface ageing
Current closure
Surface charging ESDs
EM noise

High-voltage systems
Temperature control
RF systems

Contamination

Particle radiation Ageing
Atom displacements
Internal charging ESDs
Background noise increase SEEs
DNA damage
Cell destruction

Temperature control
Electronic components
Solar cells
Star trackers
Detector background
Living organisms

Genetics, cancer
Death

Meteoroids Impact
Induced neutral and plasma
environment

Partial destruction
Attitude control
Coating erosion

ESDs
Contamination

Debris Impact
Induced neutral and plasma
environment

Partial destruction
Attitude control
Coating erosion

ESDs
Contamination

Magnetic field Local change Magnetic attitude control
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applications to large areas and to sharp conductivity variations such as occur at coastal

regions. More elaborate models should be studied, developed and used in further research.

3.4.1 Power Line Systems

The problems of geomagnetically induced currents in power lines and flowing in high

voltage transformers have been recognized at least since the early 1970s (Albertson et al.

1974), but were brought into serious consideration by the widespread failure of the Hydro-

Quebec power grid (Canada) resulting from the severe geomagnetic storm on March

13–14, 1989 (Blais and Metsa 1993; Bolduc et al. 1998). The estimated peak electrical

power lost exceeded 20,000 MW and rendered millions of people problems for about 9 h.

The problem occurs when quasi-DC (frequency range 0.01–0.0001 Hz) geomagneti-

cally induced currents (GICs) flow between the high voltage lines and the Earth through

transformer windings. The GICs can saturate the transformer core reducing their efficiency

dramatically, perhaps damaging the transformer due to increased heating or triggering

safety systems that remove the transformer from the circuit, and possibly creating knock-

on effects in the rest of the grid (Clark 2001; Crosby et al. 2006). It is not only the

geoelectric field that dictates the GIC magnitude in power systems but also their geo-

metrical and structural details have a significant influence (Molinski 2002; Trivedi et al.

2007). Usually GICs vary greatly from site to site in a power system, and model calcu-

lations may reveal those sites that are probably prone to the largest GIC magnitudes

(Viljanen and Pirjola 1994; Wik et al. 2008). The severity of the effects on power grids also

depends on the latitude of the grid, and on the conductivity of the underlying surrounding

land or sea.

One of the most important factors determining the effects of GICs on a transmission

system is transformer design, and hence space weather models can play an important role

in specifying design parameters. An issue for further research is the effect of long term

wear on transformers which have been exposed to saturating GICs over many years (Pirjola

2007; Liu et al. 2009).

3.4.2 Pipe Line Systems

Pipelines, particularly those that are buried or under water, may experience rapid corrosion

due to GICs flowing through them. The problem is especially severe if they are not

properly protected from corrosion. That is done by maintaining them at a negative elec-

trical potential with respect to the ground (Clark 2001; Crosby et al. 2006). During a

magnetic storm the electric field induced along the pipeline may counteract the applied

potential, removing the corrosion protection and possible even accelerating corrosion

(Pirjola et al. 1999; Trichtchenko and Boteler 2001).

To avoid corrosion, pipelines are equipped with a cathodic protection system (Von

Baeckman et al. 1997). This tries to keep the pipeline at a negative potential with respect to

the soil which inhibits current flow from the pipe to the soil. Different harmful processes

may take place if the negative potential becomes too large; therefore the potential has to be

carefully adjusted. This is an engineering solution to the space weather effect, to provide an

active protection to cope with the most severe expected magnetic storms, rather than

relying on a space weather prediction service (Viljanen et al. 2006). Space weather models

may help in determining and specifying the design parameters. Reliable forecasts of

geomagnetic activity will be useful in planning service schedules, when testing may be

disrupted by geomagnetic activity.
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3.4.3 Other Effects of Space Weather

The first observations of space weather effects on technological systems were made in

telegraph equipment more than 150 years ago (Barlow 1849). Many times since then,

systems have suffered from overvoltages, interruptions in the operations and even fires

caused by GICs flowing through the equipment (Boteler et al. 1998). Records of distur-

bances also offer a possibility of estimating the magnitude of geoelectric field by knowing

the maximum overvoltage which the equipment can stand. It has been suggested that

currents induced in railway signaling systems can be responsible for malfunctions of the

system. During a magnetic storm in July 1982, such an effect made traffic lights turn red

without any train coming, in Sweden (Wallerius 1982).

Submarine telephone cables lying on the ocean floors form a special category of systems

affected by geomagnetic disturbances (Root 1979). Their length implies that the voltages

induced on such cables during geomagnetic storms may reach some hundreds or even

thousands of Volts, leading to possible problems (Lanzerotti et al. 1995). These voltages,

which are also affected by the flow of seawater, are monitored on trans-Atlantic and trans-

Pacific cables and on some shorter ocean cables as well.

In exploration geophysics, magnetic surveys are conducted to obtain information about

subsurface rocks. Measurements include temporal changes of the field arising from ion-

ospheric and magnetospheric effects, so there is the problem of separating these variations

from the desired spatial variations (Lanzerotti 1979). If surveys are made over small areas

on land then the effect of the time dependent field can be removed by running a magne-

tometer at the base station and subtracting the observed field from the survey data. This

method does not yield correct results if the survey region is far away from the base station

and the region to be surveyed is quiet large. This is because the base data may not be

representative of the external field variations all over the survey area.

If surveys from aircraft or ships are made, then care has to be taken that the survey is

carried out during quiet periods. Because of cost implications, reliable forecasts of geo-

magnetic activity should be used in planning survey operations. As the intensity of the

effect of a magnetic storm is latitude dependent, surveys in auroral regions are more

affected than those in low latitude regions. It is clear that the issue here is one of designing

systems to be free from geomagnetically induced electric fields. Space weather models

may be of value in specifying system parameters during the design phase.

Another consequence of space weather is its effect on humans and biological systems in

space and on aircraft (Baker et al. 2006). Solar proton events (SPEs) can knock electrons

from cell molecules and damage them, especially from the skin, eye and blood-forming

organs. These damaged cells are unrepairable (Crosby et al. 2006). If DNA (deoxyribo

nucleic acid) is damaged then cell reproduction is hampered and even the effect could be

passed to the next generations. Biological effects can also be in the form of severe burns,

sterilization, cancer and damage to other organs.

Astronauts and cosmonauts on space missions are susceptible to the biological effects

posed by energetic charged particles. Astronauts performing extra vehicular activity (EVA)

in their spacesuits are less protected than those in their metallic space capsule or inside the

Space Shuttle. A 10 g cm-2 aluminum shelter should provide adequate protection. Com-

puter simulations show that inside a spacecraft an astronaut would absorb lethal doses of

radiation in 10 h after the start of a major event (Turner 1996; Hanslmeier 2003). However,

a number of studies have concluded that a properly shielded astronaut would not be

exposed to radiation levels above the recommended limit (Wilson et al. 1997, 1999).

Efforts are being made to study the response of exposure of biological material to the space

616 Surv Geophys (2010) 31:581–638

123



environment and to measure the charged particles and solar extra-terrestrial radiation with

a multi-channel dosimeter (Häder and Dachev 2003; Miroshnichenko 2008).

Galactic cosmic rays and transient solar proton events (SPEs) are the principal sources

of natural radiation at aircraft altitudes (*10 km). The radiation dose increases with

altitude by a factor of 103 from sea level up to*25 km. On the ground, the dose is a factor

of two higher near the poles than at the equator, and with solar cycle the value is similar

(Shea and Smart 2000a, b). The crew and passengers on board aircraft flying at greater

altitudes and on polar routes are more susceptible to radiation hazards than those flying at

lower altitudes on non-polar routes (Jones et al. 2001). With increasing air traffic, aircraft

are bound to fly at higher altitudes and, as a consequence, the possibility of harmful effects

of radiation will be enhanced.

The variations of cosmic radiation at aircraft altitudes are being studied jointly by the

University College London’s Mullard Space Science Laboratory and Virgin Atlantic

Airways. In flight, measurements are being made using Tissue Equivalent Proportional

Counters. Details are available on the website http://www.mssl.ucl.ac.uk/cosrad/index.htm.

4 Predictability of Space Weather

Forecasting space weather is the specification of the state of the space environment at a future

time; it is a major challenge (Singer et al. 2001; Schwenn et al. 2005; Weigel et al. 2006).

This is because, in addition to formulating and implementing a test of a model or theory, it is

burdened with the complications of issuing a predictive statement with limited information

and in advance of the event (Vassiliadis 2007). The trustworthiness and accuracy of space

weather forecasting, even for large solar wind events, i.e. flares and CMEs, and their impacts

are still poor (Watermann et al. 2009a, b). Space weather predictions involve forecasting the

time of occurrence and arrival at the Earth of CMEs at the outer boundary of the magne-

tosphere and their interaction with it. They depend on our understanding of all the relevant

phenomena, their consequences and the development of technological capabilities to mon-

itor precisely their features. Thus, one challenge of making predictions of space weather

depends strongly on how the prediction will be used. The problem is complicated by the fact

that a device in space can be affected in many different ways.

Solar wind effects on the magnetosphere range from a compression of the magneto-

pause caused by solar wind dynamic pressure to heating of neutral atmosphere through

processes including Joule heating. The impact of violent solar wind perturbations on

geospace is also felt through geomagnetic storms (large deviations of the magnitude and

orientation of geomagnetic field), particle storms (enhanced radiation levels in the mag-

netosphere) and ionospheric storms (increased and highly variable ionization of the upper

atmosphere and sometimes even the middle atmosphere). Geomagnetic storms during the

later declining and minimum phases of the solar cycle are caused mostly by CIRs whereas

intense storms at solar maximum and the early declining phases of the cycle are caused by

ICMEs (Cid et al. 2004; Denton et al. 2006). Borovsky and Denton (2006) have listed

significant differences between CME driven and CIR driven storms and their effects on

space-borne and ground based technological systems. They have also discussed the

influence of storms on magnetospheric convection and energetic charged particle fluxes.

The plasma particle distribution in the cusp region and outer radiation belt tend to vary

in a relatively coherent way under the influence of major external drivers like solar wind

streams and CMEs. Thus it is possible to use the overall behavior of the outer zone electron

radiation belt population and the day to day variations for a single satellite or a few

Surv Geophys (2010) 31:581–638 617

123

http://www.mssl.ucl.ac.uk/cosrad/index.htm


satellites only. Specification models that use magnetic activity indices can characterize the

state of the outer radiation belt (Moorer and Baker 2001). Prediction schemes have been

developed based on a combination of earlier values of radiation belt fluxes, and past and

present solar wind parameters (Watermann et al. 2009a, b).

Coronal mass ejections are routinely recorded by the SOHO instruments (Yashiro et al.

2004) and important information about CMEs, including their travel direction, determined

from solar coronagraph data (Yashiro et al. 2004) made available to the science community

through the website: http://cdaw.grfc.nasa.gov/CME_list/. Space weather effects will be

produced by those CMEs events that propagate in a direction which may lead to an

encounter with the near-Earth space environment. Only such events require space weather

warnings because they can produce space weather effects. CME events that are not

propagating towards the Earth will not interact with the Earth’s space environment and

hence in those cases space weather warnings are not required.

The prediction of geomagnetic activity comes down to the prediction of the state of the

solar wind at the magnetopause, which depends on solar flare eruptions, CMEs, halo CMEs

and SEP events. No model currently exists that can predict the onset of CMEs at the Sun

(Messerotti 2008) based on solar parameters. We can only track bipolar regions as potential

sources of CMEs from the Sun’s East-to-West limb and monitor CME onset in the white

light and the source region activity at EUV wavelengths (Tripathi et al. 2004). It is difficult

to measure the real speed of CMEs and halo CMEs because of projection effects

(Cremades and Bothmer 2004). However, to do that is essential to forecasting its arrival at

the Earth’s orbit. Also it is difficult to quantify the geoeffective (in terms of severity of

geomagnetic activity) parameters of CMEs (i.e. their speed, intensity and duration of

associated southward directed magnetic field) in advance.

Several authors have used the plane-of-sky speed for forecasting (Gopalswami et al.

2001; Cane and Richardson 2003; Michalek et al. 2003); the plane-of-sky speed is oriented

perpendicular to the Sun–Earth line. Schwenn et al. (2005) have developed an empirical

relationship between the CMEs travel time to 1 AU and its expansion speed in the SOHO

coronagraph’s field of view. Their empirical formula yields arrival times with a 95% error

margin of 24 h. For a CME observed near the Sun, it takes about 1–4 days for the asso-

ciated ICME to reach 1 AU. The observed error in arrival time of an ICME may be due to

travel through a very different type of ambient solar wind. Also it might have undergone

acceleration or deceleration depending on the relative solar wind speeds.

The majority of intense geomagnetic storms (Dst B -100 nT) are generated by halo

CMEs (Cid et al. 2004), but many frontside halo CMEs are not followed by intense storms.

Hence forecasting magnetic storms only on the basis of their occurrence will lead to false

alarms (St Cyr et al. 2000). Akasofu and Fry (1986) analyzed more than 200 halo CMEs

and showed that only one event originating at longitude larger than 300 from the solar

central meridian resulted in a magnetic storm with Dst B -200 nT. Gopalswamy et al.

(2007) analyzed 378 halo CMEs and proposed that halos originating at longitudes[45�

from the central meridian could generally produce moderate storms (-50 nT C Dst C

-100 nT), whereas those originating closer to disk centre (longitudes\45�) may generate

stronger storms (Dst B -100 nT). This was considered to be a consequence of the angular

width of a typical CME being around 50–60� (St Cyr et al. 2000).

Recently Rodriguez et al. (2009) presented an analysis of three front side full halo

CMEs, which have non typical geomagnetic responses. All of them had plane-of-sky

speeds higher than 1,100 km/s and two of them (observed on September 12, 2000 and June

6, 2000) originated closer to the central meridian but resulted in a weaker geomagnetic

response (Dst = -34 nT and -90 nT, respectively). The third one was initiated farther
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away from the disk (Observed on March 4, 2000) and produced the strongest geomagnetic

disturbance (Dst = -288 nT). This unusual behavior is explained using measurements

from the Advanced Composition Explorer (ACE) spacecraft positioned at the L1 point

(1.5 million km upstream of Earth) (Skone and Cannon 1998). The halo CME (September

12, 2000) was highly asymmetric with its bulk going towards the South. The associated

post-shock solar wind could not produce strong -Bz, leading to only a moderate geo-

magnetic storm (Dst = -39 nT).

This result is in agreement with that of Moon et al. (2005) who concluded that the mass

distribution in the CME correlates well with the geoeffectiveness of the CME. The ICME

corresponding to the halo CME of June 6, 2000 had a Bz = -20 nT in the post-shock

sheath region but the duration of this enhancement was too short to produce a strong

geomagnetic storm; there was only a moderate storm with Dst *-90 nT. This shows that

enhanced southward magnetic field for a long duration can produce a strong geomagnetic

storm. In the case of the halo CME on June 6, 2000, the strong shock arrived at the Earth,

produced strong and long lasting negative Bz and resulted in an intense geomagnetic storm

with the minimum Dst = -288 nT. In this case also, an asymmetric mass distribution was

observed. Rodriguez et al. (2009) proposed that this event might have been the result of a

strong and fast CME overtaking a previous slower one. They also discussed another

possibility, i.e., the strong compression at the eastern flank of the sheath and eastward

deflection of the fast ICME by the magnetic tension force from the IMF in the ambient

slow solar wind flow might have led to strong geoeffectiveness. These discussions show

that forecasting the geoeffectiveness of a CME is still far away and requires a more precise

understanding of the physical phenomena involved.

Information about CMEs, their velocity and their place of origin on the solar surface

enables geomagnetic activity to be forecast 1–3 days in advance (Srivastava 2005;

Gleisner and Watermann 2006a, b), the source of the most severe geomagnetic distur-

bances being CMEs with the highest velocity (Tsurutani 2001; Kim et al. 2005). However,

the effects in the near-Earth environment critically depend on whether the interplanetary

magnetic field in the post-shock solar wind rotates from North to South or vice versa. From

solar observations alone, it is impossible to detect either the solar wind speed in inter-

planetary space or the structure of the magnetic field, and hence the intensity and duration

of the geoeffective southward field direction (Bothmer and Rust 1997). All intense mag-

netic storms (Dst B -100 nT) of the 23rd solar cycle occurred under long-lasting south-

ward IMF conditions (Echer et al. 2008). The most geoeffective interplanetary structures

were identified as MCs driving fast shocks, sheath fields sandwiched between ICMEs and

associated shocks, or combined ICME, sheath and MC fields and CIRs (Echer et al. 2008).

The SMEI (Solar Mass Ejection Imager) provides better opportunity for forecasting the

occurrence of storms by tracking CMEs from near the Sun to Earth (Webb et al. 2009). It

can detect a number of geoeffective ICMEs at elongations of 20–30� from the centre of the

Sun. Webb et al. (2009) could produce near-real-time predictions using LASCO and SMEI

data for two storms. They have claimed that, on average, SMEI is capable of the first

detection of a geoeffective ICME about 1 day in advance. Considering 6 h to be the time

required by a forecaster to run a prediction program for the arrival time after data from

SMEI are used, a prediction lead time of *18 h can be achieved. Recently Davis et al.

(2009) analyzed the CME imaged by Heliospheric Images (HI) onboard the twin STEREO

spacecraft during December 15–19, 2008, and showed that a CME impact could have been

forecast at least 24 h in advance. Their analysis showed that the stereoscopic imaging

could predict the arrival time at the position of the ACE spacecraft and Earth to an

accuracy of a few hours. In the analyzed CME, the shock front was weak and no SEPs were
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observed, except a few energetic helium ions. STEREO observations could provide

forecasting of the timing and potential fluxes at least 24 h in advance, with better precision

than for the earlier cases (Webb et al. 2009).

Webb et al. (2009) have discussed the prediction of ICMEs using SMEI observations

and the HAFv2 (Hakamada- Akasofu-Fry version 2) 3-D solar wind model (Hakamada and

Akasofu 1982; Fry et al. 2001, 2003). They showed that the model could predict the ICME

properties with reasonable accuracy. The HAFv2 is a kinematic model which predicts solar

wind conditions such as speed, density, dynamic pressure and interplanetary magnetic field

at the Earth and elsewhere in the solar system based on observations at the Sun (Webb

et al. 2009). Figure 11 represents the forecast of ecliptic plane IMF showing the shock

propagating through a pre-existing CIR based on SMEI observations of an Earthward

directed halo ICME on May 29, 2003 and the HAFv2 model (Sun et al. 2008). The new

results from the STEREO mission (Russell 2008) will help researchers to prove or reject

existing theories on CME initiation, three dimensional structure evolution and propagation.

Hence, the results from the mission will be a quantum jump for space weather research and

predictions.

Hathaway and Wilson (2004) have shown the strong positive correlation between

sunspot numbers and 10.7 cm radio flux, total irradiance, X-ray flares, sunspot area, the

base-line level of geomagnetic activity and the flux of galactic cosmic rays. Recently,

Watari (2008) suggested a good negative correlation (correlation coefficient *-0.661)

between solar cycle length and the maximum monthly sunspot number of the next cycle.

On the basis of these correlations, space weather parameters may be predicted. The pre-

dicted maximum sunspot number for the 24th cycle would be about 101 and the next solar

maximum would occur around July 2012; the length of the cycle would be 11 years.

Fig. 11 Simulated results of IMF in ecliptic plane showing the shock propagating through a pre-existing
CIR (credit: Webb et al. 2009)
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Recently, Valach et al. (2009), using an artificial neural network model, has tried to predict

geomagnetic activity on the basis of solar energetic particle flux enhancements. The model

is based on the scheme proposed by Valach et al. (2007). Data concerning X-ray flares and

solar radio bursts (type II giving the signature of shock initiation in the solar corona and

type IV representing material moving upward in the corona) are used as input parameters

for the neural network. They showed that inclusion of information about high energy

proton flux data as additional input improves the forecasts. Analysis showed about 51%

forecast response (Valach et al. 2009).

Having the ability to predict such events today should save society hundreds of millions

of dollars a year (Baker 2009). As the modern world becomes ever more dependent on

technology that can be vulnerable to changes in the near-Earth space environment, the need

for accurate forecasting only increases. Accordingly various models are being developed

for the study and forecasting of space weather phenomena. Messerotti et al. (2009) have

reviewed the attempts made to model sunspots, solar radio bursts, solar flares, coronal

holes, coronal mass ejections and solar wind. All these phenomena are governed by the

distribution and variability of solar magnetic field. Precise measurements or reconstruc-

tions of magnetic field over the whole solar surface have not yet been possible (Messerotti

et al. 2009). Precise prediction of space weather requires precise knowledge of the solar

magnetic field. Further complications in developing suitable models arise from the sto-

chastic and chaotic behavior of solar plasma processes and the vast ranges of temporal,

spatial and energetic scales involved (Watermann et al. 2009a, b).

Groups working at the Center for Space Environment Modeling (CSEM), University of

Michigan, and the center for Integrated Space Weather Modeling (CISM), Boston Uni-

versity, USA, are engaged in developing comprehensive modules to study events from the

solar corona to the Earth’s atmosphere. The details of the models are available at the

websites http://butch.engin.umich.edu/ and http://www.bu.edu/cism/. The CSEM devel-

oped a Space Weather Modeling Framework (SWFM) modularized scheme (Tóth et al.

2005). It contains various versions and combinations of modules for the different phe-

nomena involved in space weather studies. Similarly CISM also contains different mod-

ules. Each module can run separately or in a coupled mode, depending upon the

requirements of the phenomena to be studied. Despite the various models currently

available, not a single model can predict the onset of a CME, its evolution and time of

arrival at the magnetopause, and its consequences as a space weather event.

5 Summary

We have discussed the physics, the effects and predictability of space weather, a topic of

interest to present day society, which is increasingly relying on space-based infrastructure

for communications and national security. There is a need to improve public awareness of

the risks which space weather poses. Additionally ambitious programs are being talked

about, such as developing colonies on the Moon and Mars, harvesting solar energy in

space, harvesting minerals and other precious elements available on other planets or

asteroids.

We have briefly discussed the solar wind, solar flares and their interaction with the

Earth’s magnetosphere. The present knowledge of CMEs including halo CMEs, MCs and

CIRs are reviewed because of their important role in the space weather. What is known of

their origin, propagation in interplanetary space and their effect in the magnetosphere and

atmosphere of the Earth have been considered. Out of various theories proposed for the
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generation of CMEs, the magnetic flux-rope theory seems to explain some features of

CMEs. Improvements in knowledge of the photospheric magnetic field structure, and of the

connection between small scale and large scale structures are required to understand CME

eruption. Understanding the mechanisms that lead to the eruption of CMEs will be

essential for making accurate predictions at the Earth. There is a question about the root of

magnetic clouds, as to whether they are connected to the solar surface or not. However,

many more efforts are required through modeling and refinement of observation techniques

to understand the generation and propagation mechanisms of CMEs and ICMEs. The

prediction of the geoeffectiveness of ICMEs is at present at a developing stage, because

efforts in this field are dependent upon the quality and quantity of observations as well as

on the understanding of physical phenomena taking place at the solar surface. Results from

the recent STEREO mission may improve the situation in regard to the relevant data.

The solar wind plasma and IMF control the formation, shape and size and location of

the northern and southern cusps on the magnetopause, which are the main places where

plasma directly enters the magnetosphere. Observations by the RAPID instruments aboard

the Cluster spacecraft shed light on high latitude reconnection when the IMF is northward.

However, in order to understand convection in the cusp regions and their dynamics, which

are linked with the interplanetary conditions, require many more experimental and theo-

retical/simulation studies.

The effects of space weather on communications, positioning and navigation, electronic

instruments aboard satellites, wireless systems, power line systems, pipelines, and bio-

logical systems (astronauts, airline crew and passengers) have been discussed. Finally, we

have attempted to present current possibilities for the prediction of space weather causes

and their consequences. Reliable and accurate prediction requires a precise understanding

of the many physical processes involved; here relevant measurements are being used as

input parameters. Measurements of solar wind and CME/ICME parameters from space are

helpful in improving our understanding of the basic processes, as well as providing input

parameters 1 day in advance. Considering the time required for computation, the predic-

tion of the CME/ICMEs arriving at the Earth could be made at least 18 h in advance.

Many sophisticated modeling efforts of the Sun–Earth system are currently underway,

but there is a serious need for more detailed models and improved predictions of intense

solar activity because of its severe impact on today’s human society.
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Bieber JW, Evenson P, Dröge W, Pyle R, Ruffolo D, Rujiwarodom M, Tooprakai P (2004) Spaceship Earth
observations of the Easter 2001 solar particle event. Astrophys J 601:L103–L106

Bieber JW, Clem J, Evenson P, Pyle R, Ruffolo D, Saiz A (2005) Relativistic solar neutrons and protons on
28 October 2003. Geophys Res Lett 32:L03S02
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