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Chapter 4

Solar-Terrestrial Interactions

Section1.—The Terrestrial Space Envionment

The efects of the radiation and particles that stream out from the Sun would be quite deadly for the inhabitants of Earth
if not for two protective features. The first one is Eart@iimosphere, which blocks out the x-rays and most of the
ultravioletradiation. When x-ray or ultraviolet photons encounter the atmosphere they hit molecules and are absorbed,
causing the molecules to becoiorized photons are re-emitted but at much longer (and less biologilestyuctive)
wavelengthsThe second protective mechanism is the Eartidgnetic field. This protects livinggamisms from the

chaged particles that reach the planet steadily as part of the solar wind and the much greater bursts that arrive
following mass ejections from the Sun. When gledrparticles encounter a magnetic field, they generally wrap around

the field lines. Only when the path of the particle is parallel to the field can it travel without deflection. If the particle
hasany motion across the field lines it will be deflected into a circular or spiral path by the Lorentz Force. Njest char
particlesin the solar wind are deflected by the Eartimagnetic field at a location called thagnetopauseabout 10
Earthradii abovetheEarthonthe day side. Inside the magnetopause, the Barihgnetic field has the dominarfeet

on particle motion, and outside, the solar wénmiagnetic field has control.

Until 1960, Earths magnetic field, called the geomagnetic field, was thought to be a slipple fieldlike that of a

bar magnet. \&Wdo not yet know the details of what produces the geomagnetic field, except that there must be currents
circulatinginside Earth, probably associated with the molten coith Ve discovery of theolar wind physicists
realizedthat the magnetic field of Earth is pushed away from the Sun. The solar wind exerts a pressureson Earth’
magnetidield which compresses it on the Sun-facing side and stretches it into a very long tail on the side away from the
Sun. This complex magnetic envelope is called the magnetosphere (Figure 4—1). On the Sun-facing side, the solar wind
compressethe magnetosphere to a distance of about 10 Earth radii; on the downwind sidagtie¢otailstretches

for more than 1000 Earth radii. The magnetosphere is filled with tenuous plasmase@ntitiensities and
temperaturesyhich originate from the solar wind and tlb@osphere The ionosphere is the highly cbed layer of

Earth's atmosphere which is formed by the ionizinfgelf of solar radiation on atmospheric molecules. In the early
1960s,solar physicists began to realize that the solar wind carries the8aghetic field out to the far reaches of the

solar system. This extension of the Sumagnetic field is called theterplanetary magnetic fieldand it can join with
geomagnetifield lines originating in the polar regions of Earth. This joining of thesSaimd Eartts magnetic fields is

called magnetic reconnection and happens most fiefently when the two fields are anti-parallel. Through
reconnectiorthe magnetic fields of Sun and Earth become coupled together

Solar wind particles approaching Earth can enter the magnetosphere because of reconnection and then travel along the
geomagnetidield lines in a corkscrew path (Figure 4-2). Positive ions and electrons follow magnetic field lines (in
oppositedirections) to produce what are called field-aligned currents. The solar wind and the magnetosphere form a
vastelectrical generator which converts the kinetic gpeaf solar wind particles into electrical eggrThe power
producedby this magnetohydrodynamic generator can exceéd W@tts, roughly equal to the average rate of
consumptiorof enegy in the United States today! The very complex plasmas and currents in the magnetosphere are
not fully understood. Some of the solar wind particles travel back along the magnetotail in currents which make the tail
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Figure 4-12.—A “side view” of the Earth and magnetosphere showing some of the important regions.

look like it has a giant battery in it. Some particles follow the field lines that converge near the polar regions of the earth
and bounce back and forth, trapped in a magnetic mirror. Other particles are injected into the ionosphere and form an
oval of light around the polar regions of Earth, calledain®ral ovals. (Figure 4-2)

The auroras are caused by electrons colliding with molecules in the ionosphere (Figure 4-3). These collisions both
ionize the molecules and excite them into emitting a wide spectrum of light from infrared to ultraviolet. The most
common auroral emission is a whitish-green light with a wavelength of 558 nm, which is produced by atomic oxygen.
A beautiful pink emission comes from excited molecules of nitrogen. The large, moving curtains of color that result
from molecular excitation are familiar to people of the far northern and southern latitudes, although they can be seen
from anywhere on Earth if the conditions are right. Auroras occur near both the north and south polar regions of Earth,
and the two displays are nearly mirror images of each other. The northern lights are calledrtnborealis, while

the southern lights are called tharora australis.

Since the early 1900’s scientists have suspected that both the auroras and the variations in the Earth’s magnetic field
must be caused by some kind of currents which flow in the upper atmosphere. Today we know that there are many
currents which flow in the magnetosphere caused by the very complicated interplay between the solar wind and Earth’s
magnetic field. Although these currents are only partially understood at present, the one that has been studied most
extensively is the Birkeland currenwhich is associated with the auroras. When the solar wind encounters the Earth’s
magnetic field about 50,000 km above Earthelectromotive force (EMF) of about 100,000 volts is generated. This
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Figure 4-13.—Energetic electrons travel along the geomagnetic field lines towards the polar regions, striking
the upper atmosphere and resulting in the display of lights called aurora.

appliedEMF is distributed throughout the magnetosphere and EBantiwer atmosphere, much as the voltage from a
electric utility generator is distributed around a power grid. A portion of the -gofad-generated EMFperhaps
10,000volts, accelerates electrons down magnetic field lines into the ionosphere at altitudes of about 100 km. These
electronsfirst travel horizontally and then back up to the upper atmosphere to form a closed circuit. Although this
circuit has many similarities to a simple circuit with wires and a batitely also very complex since it occurs in
three-dimensionapace and varies wildly in time as the selard intensity changes. Currents as high as one million
amperesare common, and the total power produced in this giant generator can be as muchlgs\@us10t is the
high-speecklectrons near the bottom of this current loop which collide with molecules and atoms of the atmosphere
that produce the auroras. The strongest auroral emission comes from altitudes of about 100 km. As with any simple
circuit, enegy is dissipated as the electrons flow around the loop. Some of thig/estews up as the light of the
aurorasput most of it becomes thermal egyerheating the atmosphere. Another important result of the Birkeland
current is that, like any current loop, it produces a magnetic field. This field extends down to trsesHefdbe where

it adds to the geomagnetic field, causing it to fluctuate (see Activity 7). These fluctuations in magnetic field can then
inducecurrents in the Eartd’'surface, or in conductors like power lines or pipelines. All of this is determined by the
behaviorof the solar wind reaching Earth, which in turn is determined by the events taking place on the Sun. When the
auroras are highly visible, often it is a sign that there is a higher flux of particles from the solar wind. It also means that
many of our electronic systems on Earth may become disrupted or even damaged.
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Figure 4-14.—High-speectlections strike atoms and molecules in the lower ionosploausing them to emit
visible light seen as the awa.

Section2.—Terrestrial Effects

The complex coupling of the solar wind and the geomagnetic field produces niectg efear Earth. Earth is
embeddedn the outer atmosphere of the Sun and thereforéeistadl by events which occur in the surface layers and
coronal regions of the Suneffestrial efects are the result of three general types of conditions on the Sun: eruptive
flares, disappearing filaments and coronal holes facing Earth.

Flares are short term brightenings that last for minutes or hours. They usually occur near active regions on the Sun
where abrupt changes in magnetic field are taking place. A complete understanding of the conditions and sequence of
eventsassociated with flares is still lacking, but generally when a flare begins, plasma is accelerated out from the Sun.
This plasma usually returns in an arching fashion and, upon colliding with the denser material of the chromosphere,
emits Bremsstrahlung x-raysIn more eruptive flares, plasma is thrown completely away from the Sun, and this
radiationcan have a significantfett if it reaches the Earth environment.

Long-term eruptive activity is usually associated with the disappearanfimroénts Filaments are the long,
string-like features which appear prominently i lgdhotos of the Sun (Figure 3—6). They hang like clouds in the low
chromospheréor days or weeks then disappgarmost cases by dissipating, much like Earth clouds “burhlof

other cases, though, filaments disappear by rising up, away from the chromosphere to form giant arching prominences.
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When prominences appear at the limb of the Sun, where we can see them freide{bpectaculaphotoscanbe
taken.In some cases prominences break away from the Sun gedlansts of plasma are hurled outward into space.

The third source of mass traveling out from the Sun isahenal hole easily seen as a dark region in an x-ray photo of

the Sun (Figure 3—10). Magnetic field lines extend outward from coronal holes, in contrast to other regions of the Sun
where field lines arch back to connect (Figure 3—3). The open field structure of coronal holes acts like a conduit for low
densityplasma which streams out stead@pronal holes reside permanently near the poles of the Sun, and the solar
wind streaming out from these generally does not reach the Earth. But during some rotations of the Sun, coronal holes
form at lower latitudes, facing the Earth (Figure 3-8), and these act like a broadly focused fire hose spraying the Earth
with a high intensity of chgedparticles.

We now know that mid-latitude coronal holes (usually occurring during the phase of solar activity following solar
maximum)are sources of high-speed solar wind streams, whidetdedrth in synchronism with the 27-day solar
rotation. Previously the cause of these recurring geomagnetic storms was unknown, so the regions were called
M-regions,M for mysterious. Non-recurrent major storms angdageomagnetic storms are almost always associated

with coronal mass ejections (CMEs) and with the shock waves associated with CMEs.

Several centuries ago, the disruptivieets of the Sun were totally unnoticed by humans. But as technology developed
that utilized currents, conductors, and eventually electromagnetic waves, the disrdptite cdfthe Sun became
evident. Early telegraph systems in the 1800s were subject to mysterious currents that seemed to be generated
spontaneouslylt was not until Vdrld War I, when radio communications were heavily relied upon, that solar
disturbancesvere recognized as a serious problem. From that time on, our reliance on electronic technology has grown
exponentiallyand so has the disruptive potential of the Sun. The massive collapse of the Hydro-Quebec power system
in 1989, which resulted in the temporary loss of 9450 megawatts of electrical poslEbly marked the moment
whenmore than just the scientific community took solar disturbances seridufdw of the major décts that are a

problem today are described below

Geomagneticallylnduced Currents

Whenan intense sge of solar wind reaches Earth, there are many changes which occur in the magnetosphere. The day
side of the magnetosphere is compressed closer to the surface of Earth and the geomagnetic field fluctuates wildly
type of event is generally calledyaomagnetic stormDuring a geomagnetic storm the high-latitude currents which
occur in the ionosphere change rapidtyresponse to changes in the solar wind. These currents produce their own
magneticfields which combine with Earth’magnetic field. At ground level, the result is a changing magnetic field
whichinduces currents in any conductors that are present. These are called geomagnetically induced currents, which
often flow through the ground unnoticed by humans. But when good conductors are present, like pipelines and
electricalpower transmission lines, the currents travel through these as well. These currents are the result of voltages
that are induced during geomagnetic stornadtages as high as 10 volts per mile have been measured. Although this
may seem small, it leads to a potentialedénce of 10,000 volts in a 1000 mile long pipeline or power lin€.957,

voltage diferences of 3,000 V were recorded along a trans-Atlantic cable between Newfoundland and Ireland.

Inducedcurrents are much more serious at higher latitudes, near the auroral oval, and in areas which liggabove lar
depositof igneous rock. Because igneous rock has a low conducthatynduced currents tend to take a path through
man-madesonductors. In pipelines, these currents cause increased corrosion and the malfunction of flow meters. The
Alaska pipeline has carried as much as 1000 A during geomagnetic storms.gén pdawer systems, like
Hydro-Quebecsuiges of induced current overload transformers and capacitor banks, causing damage and shutdown.
The problem is worsened by the fact that geomagnetically induced currentgeledaect current, while all of our

power systems are alternating curredzdro-Quebec was especially vulnerable because it is located fairly far north

and it sits above huge igneous rock formations. Since 1989 power companies have become very concerned about
geomagnetistorms. Vith better warning, power plants can protect themselves to some extent, but there is still a high
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degreeof vulnerability Electrical engineers are attempting to design protective mechanisms, but as we build bigger
power systems, with more miles of transmission lines, our vulnerability increases.

Communications

Many of our communication systems utilize the ionosphere to reflect radio signals over long distance. Because the
ionospherds altered during geomagnetic storms, these reflected communications are often distorted or completely
fade out. Although TV and commercial radio broadcasts are raffelgted, longerdistancecommunication]ike
ground-to-air ship-to-shore, dice of America, and amateur radio, are frequently disrupted. A number of military
systems]ike early warning, ovethe-horizon radarand submarine detection, are greatly hampered during times of
high solar activitySome types of radio communication can be “jammed” by increased levels of radio output from the
Sun. The jamming of air trfid control frequencies can create dangerous situations for air travéleese are also

many navigation systems that are in widespread use today that are vulnerable to solar disturbances. Airplanes and ships
usesignals from transmitters located around the world to triangulate their positions. Solar activity can cause these
systemdo give location information that is inaccurate by several kilometers. If navigators are alerted that a proton
eventor geomagnetic storm is in progress, they can switch to a backup system.

Satellites

Satellitesare placed in orbits that are above most of Emdtrhosphere so that there is little frictional drdgcing

them. Communications satellites, in geosynchronous orbits, are about 6 Earth radii up. Low-orbiting satellites, which
speecaround the earth every 2 hours or so, are barely above thesBartbsphereDuringtimesof highsolaractivity

there is an increase in ultraviolet radiation and auroraggneput, and this heats up Eagl@tmosphere, causing it to
expand.The low-orbiting satellites then encounter increased drag which causes them to drop in their orbits. Satellites
with propulsion systems, and the fuel to run them, can be raised back to their correct orbits, but some of the satellite
orbits will decay causing them to fall to Earth; this was the fate of Skylab. The high satellites, in geosynchronous orbits,
are not subject to drag from atmospheric heating, but they are subjected to the solar wind. These satellites are usually
well protected from solar wind particles by the magnetosphere which normally has a minimum thickness of about 10
Earth radii. But when a sge in the solar wind reaches Earth, the front side of the magnetosphere can be compressed or
eroded away to a thickness of about 4 Earth radii. This places the high satellites outside the protective shield of the
magnetospherd.he impact of high speed particles has a corrosfeetedn satellites, and chyge buildup camesult

from these particles. Electrical dischas can arc across spacecraft components causing damage.

Biological Effects

For much of the world' population, living in the mid-latitudes, there is probably very little dirdeteivhen solar

activity occurs. Protons and electrons do not reach Bastirfface because of the shielding of the magnetosphere.
However aircraft flying high altitude polar routes are subject to a greater flux of protons becaumsagthetic
shieldingis weak near the poles. It is not yet known how serious this is for passengers, but some experts advise pregnant
womennot to fly on polar routes during times of high solar activityere is also great concern for the safety of
astronautsluring solar proton events. Astronauts on Space Shuttle flights are fairly safe because the Shuttle stays in a
relativelylow orbit, well protected by the magnetosphere. The spacecraft itself provides good shielding from particles,
but when astronauts are outside the spacecraft, they are in much greaterktagtic protons can penetrate deep

into the magnetosphere and expose an astronaut to a dangerous dose of radiation. Space missions which go outside the
magnetospherdike Moon or Mars missions, will have to deal with the problems of solar disturbances. A trip to Mars

will take 2 to 3 years, and the problems of exposure to sdksteiwill be significant. If a space station is built,
astronautsvill be working outside for long periods of time, and will be very vulnerable to solar radiation. There are
many questions about how to protect humans from fhetsfof solar activitybut the ability to predict dangerosslar
eventsand give advanced warning to those who are vulnerable, is one of our most powerful protections.
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There are a number of other biologicdéets, some substantiated and some not. It is well known that many animals use
Earths magnetic field to navigate. This explains how migratory birds can fly thousands of kilometers across oceans
and not get lost. It is not known exactly how these animals can detectsHatth’but studies on homing pigeons have
shownthat there are certain tissues in the head and neck regions that contain iron-rich molecules with magnetic
properties.What is known with certainty is that animals with magnetic navigational abilities tend to become
disorientedduring geomagnetic storms when the geomagnetic field fluctuates. Some researchers are beginning to
suspecthat humans are susceptible to magnefieces. A correlation has been made in Israel between solar activity
anda higherdeathratefor heart disease patients who are near death. Studies in Hungary claim a correlation between
high solar activity and increased industrial andfitadccidents. There are even people today who are looking for
correlationsbetween solar activity and the stock market. Apparently no one has yet gotten rich from this tenuous
connection!

Section3.—Forecasting and the Futue of Solar Physics

Seriousinterest in being able to predict solar activégd its diects on Earth, began duringovid War II. Electronic
technologiessuch as radio communication, radard magnetic submarine detection, were heavily relied upon for the

first time and it became clear that these technologies could be seriously disrupted by the Sun. Aftemiie waes

were developed for electronic technologies, especially with the birth of the space program. During the 1950s, there
were attempts to pool resources world-wide to improve forecasting, but this was to end in the late 50s with the launch of
the Soviet Sputnik and the beginning of the cold Waticipating the Moon mission of 196MASA becameheavily

involved because of the danger to astronauts. This reached a peak in 1973 with the Skylab missions. Since that time,
financialsupport for solar research has decreased, yet our need to be able to forecast solaoatitivigo increase

as vulnerabletechnologieshecomemore widespread Undoubtedly the power outage at Hydro-Quebec in 1989
underscoredhe importance of solar forecasting.

In the early days of solar forecasting, it was assumed that when a mass ejection occurred on the Sun there would be a
very predictable geomagnetic disturbance on Earth within a few hours or days. It was therefore believed that improved
forecastingvas just a matter of making better observations of the Sun so that flares and other mass ejections could be
detectedmmediately after they occurred. But experience soon showed thafdbts @i Earth did not correlate so

simply with events on the Sun; not all mass ejections had a notice&die @i Earth, and sometimes there were
geomagnetictorms when there was no apparent eruptive activity on the Sun.

We now know that how the Sutsimagnetic field connects with the geomagnetic field makes a feégedi€e in how

solar activity afects Earth. When a mass of plasma is ejected from the Sun, the plasma travels outward in the solar
wind. These plasma bursts have their own magnetic fields which are carried along with the plasma. How these fields
are oriented when they arrive at Earth determines whether magnetic reconnection wilMbesuthe direction of the

solar wind field is opposite the direction of Eastfield, magnetic reconnection occurs, andgbeemagnetosphere
essentiallybecomes a part of the solar magnetic field. In this condition, Earth is much more pronefexth®tthe

solar wind. Solar wind particles can enter the magnetosphere more @agitliose already within the magnetosphere

are enggized. Changes in solar wind magnetic fields cause wild fluctuations in the magnetospheric fields. In response
to these fluctuations, in accordance with Lerizaw massive currents flow throughout the magnetosphere. It is these
high altitude currents that induce voltages at ground level. If the magnetic field of the solar wind is in the same direction
as the Eartls field, then magnetic reconnection does not occur and the magnetosphere is much more separated and
protectedrom the solar wind. Under these conditions, ttieat$ of solar mass ejections are much less significant. In

order to know what is going to happen on Earth we must know not only what happened on the Sun but also the nature of
the magnetic fields that are carried along with the solar wind. Solar forecasters are interested in placing a satellite
betweerthe Sun and Earth so that the nature of the solar wind can be observed before it arrives. Until such a satellite can
be deployed, forecasting will remainfatfilt.
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The NOAA Space Environment Services Center (SESC) in Boulder is one of the world centers that makes forecasts of
solarandgeomagnetiactivity. Daily predictions are issued for the likelihood of solar flares, proton flares, x-ray events

and magnetic storms. Longenge forecasts are also made so that the launches of manned spaceflighttacerete

with more safetyThe SESC is a worldwide nerve center for about 1400 data streams, including x-ray and particle flux
data from the GOES satellitesgimages and magnetograms from observatories around the world, measurements of
the geomagnetic field at many locations, and 10.7-cm radio levels from several radio telescopes. Each day the features
of the solar disk are mapped by hand so that the evolution of active regions, coronal holes, flaments, and neutral lines
may be carefully studied. Forecasters attempt to consider all of this information when making their daily forecasts of
solar efects on Earth. At the present time, these forecasts are not very reliable; major flares are sometimes not forecast
and predictions that are made often do not come true. Even though forecasters gawaadant of data to work with,

the physics of the Sun, the magnetosphere, and the interplanetary medium is not well understood. At the present time,
many partial mathematical models have been developed, but there is no comprehensivethmo8elafTerrestrial
environment.

In most cases, the ability to predict the behavior of nhature comes from a mathematical model. For example, the motion
of an object falling in a gravitational field can be modelled using the mathematical expvesgiont . Earth weather
forecasterfiave been trying for the last 30 years to construct a mathematical model of the global weather using the very
complexequations of fluid dynamics to describe the circulation of the oceans and atmosphere. Even with the best
supercomputerso run these models, it has proven impossible to precisely model Earth wééddetling the
solarterrestrial environment is vastly more complex. The physics necessary to do this includes not only fluid dynamics
but also Maxwelk equations. This combination is knowmeaagnetohydrodynamicéVHD), and at the present time

the equations of MHD cannot be completely solved analytiddliynerical solutions exist which involve the use of a
computerin a “trial and error” fashion. Numerical solutions, howewan give incorrect results and at best are an
approximationThere is some suspicion that we have not yet developed the physics necessary to fully understand the
Sun, where strong magnetic fields are erupting and plasmas swirl at ultra-high temperatures. Certaipbsiilsie

to simulate these conditions in experiments on Earth.

Researcho improve solar forecasting is occurring in two major areas. The first area is the correlation of observable
phenomenavith effects on Earth. For example, we have observed a strong correlation between sunspot cycles and
disturbancesn Earth. Howevethis correlation is very coarse; we know that during a certain period of years there will

be high levelsof solar activity and the accompanying disturbances on Earth. But we cannot accurately predict these
disturbancess happening over specific days or hours, as we would like to be able to. Many researchers are trying to
refine the correlations between observable symptoms, like increased radio emission, and subsequent eruptions of
mass.Some of the best correlations yet are those that have been found between the evolution of sunspot groups and
eruptions.

The second area of work is that of constructing a model for the-BalastrialenvironmentIn additionto the
complexitiesof MHD, the problem is diifcult because there are threefeiiént domains involved, which all couple
togetherThe first domain is that of the Sun; to simply construct a mathematical model of the Sun is far beyond us at the
presentime. There are still many mysteries about what is going on inside the Sun, what triggers flares and even why
sunspots form. The second domain is the interplanetary medium, once thought of as empty space. This space is filled
with the solar wind plasma, which is not fully understood. The third domain is the geomagnetosphere, with its many
regionsand currents. The magnetotail, extending for millions of kilometers out from Earth, has Heeh wifstudy

directly and remains poorly understodlfe are not close to having a model for any onthe$edomainsby itself, yet

the final complication comes from the fact that these three domains are not at all separate. A change in one of these
domainscan have major consequences on the surface of Earth; we hope one day to have a comprehensive model for the
entire solatterrestrial environment but this is certainly a problem for physicists of the future. Forecasters will continue

to make forecasts based on our present knowledge and available data, and hopefully our forecasting ability will
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continueto improve. The physics of the setarrestrial environment is still one of the great frontiers, awaiting new
generation®f scientific explorers.
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Problems and Questions

1. Estimate the radius of curvature of the path of a solar wind proton when it
encounters the geomagnetic field. Assume that the proton is moving
perpendicular to the field at 400 km/s and the field has a strength of about
10" tesla). What is the motion of the proton like if there is a component
of velocity along the field lines?

2. Explain the processes by which solar activity can lead to induced currents
in conductors on Earth.

3. What is magnetic reconnection and why is it significant in how the Sun
can afect Earth?

4. How are low-orbiting Earth satellitesfetted by solar disturbances? What
about high-orbiting satellites?

5. What is magnetohydrodynamics and how is it used to help us understand
the solaiterrestrialenvironment?
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