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The dimensions of space challenge the human powers of imagination. The num-
bers are difficult to grasp: 150 million kilometres as the distance between the
Sun and Earth, or the Sun’s diameter of some 1.4 million kilometres. Whose
imagination can fully comprehend that our Earth could fit into the Sun more
than one million times over?

Although far away, the Sun and the other stars are the source of effects which
have a considerably stronger inf luence upon our lives than has been assumed
until recently. Many space phenomena have a direct inf luence upon our Earth,
not only in the form of life-giving thermal radiation, but also as life-threatening
hazards.

Current media reports confirm a certain disquiet:
• After the serious train accident (19 fatalities) of early January 2000 in Norway,

an expert voiced his suspicions that a signal’s fatal switch to “track clear” was
caused by heightened solar activity.

• An Icelandic study of 265 pilots reports that the observed incidence of skin
cancer is 25% higher among pilots than among non-pilots. The stated cause,
apart from irregular sleeping habits, is that pilots are much more exposed to
cosmic radiation.

• Researchers in the US and Europe have forecast that the current solar cycle 
will reach its maximum in the coming months. And it is not only since the last
maximum some eleven years ago that serious effects have been observed on
our increasingly technology-dependent world.

The aim of this publication by the scientists Dr Frank Jansen, Berlin, and 
Dr Risto Pirjola, Helsinki, is to make non-specialists aware of the effects of “space
weather”. The publication intends to identify those areas of life and economic
activity which are affected, and to draw the insurance industry’s attention to
potential losses. The information presented is the result of extensive investiga-
tions and discussions with many representatives from different sectors: airlines
and aerospace operators, electrical energy and electronics companies, telecommu-
nications companies and railway equipment manufacturers as well as research
institutes. We would like to express our thanks to all these people.

Understanding space weather requires a knowledge of certain physical concepts.
The first section gives a brief overview of these concepts and also touches upon
interrelationships with terrestrial weather. Further details may be found in a
glossary in the Appendix (terms in italics are listed in the glossary). The second
and third sections describe the effects of space weather on our technological
world, not merely indicating hazards and potential damage, but also posing
questions as to the predictability of the effects, the possible forecasting methods
and countermeasures. The fourth section is addressed to the insurance industry:
Are insurance covers, which are mainly limited to sudden and accidental dam-
age, more heavily exposed than before, or less – given the new knowledge about
space weather and the possibilities for dealing with it?

While the current state of knowledge does not allow many of these questions 
to be answered at present, putting them forward is the first step in stimulating
discussion.

Preface 
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Figure 1
Auroras, as in this case in northern Finland,
result when charged particles from the Sun
collide with the Earth’s atmosphere.
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1.1 Introduction

“Space weather” is a phenomenon which is caused by radiation and atomic

particles emitted by the Sun and stars. Space weather is thus determined by the
most varied interactions between the Sun and interplanetary space, and the Earth.
It not only affects the functioning of technical systems in space and on Earth, 
but may also endanger human health and life. The effects of this phenomenon 
are many and varied: they include electronic failures, immediate and long-term
hazards to astronauts and aircraft crews, changes in electrostatic charging of satel-
lites, interruptions in telecommunications and navigational systems, and power
transmission failures and disruption to rail traffic. Space weather is thus a lot more
than the impressive auroras at high latitudes (Figure 1), with which we are all
familiar.

Our increasingly technology-dependent world is sensitive to solar activity and to
changes in this activity. We are on the threshold of the next maximum in solar
activity, which scientists have forecast for mid-2000. If we are to understand the
relationships between solar activity and its possible effects, we need to have a
clearer understanding of weather processes in space. Improved early warning of
impending hazards from space is also needed. In cooperation with other aero-
space organisations and scientific institutes, NASA and ESA have thus initiated
scientific projects which are intended to make global space weather monitoring
possible.

1.2 Fundamentals of space weather

Space weather and its effects are largely determined by the Sun, solar wind, and
solar and galactic cosmic rays, while the state of the Earth’s magnetosphere, ionos-

phere and thermosphere also bear an inf luence.

1.2.1 The Sun

The Sun, our star, is the primary source of space weather (Figure 2). Due to the
nuclear fusion within the Sun and the acceleration processes occurring in its
atmosphere, the Sun emits electromagnetic radiation and particle radiation, such
as the solar wind and solar cosmic rays.

The Sun emits electromagnetic radiation over a spectrum stretching through
gamma, X-ray and ultraviolet radiation, visible light, thermal or infrared radia-

tion, and solar radio radiation. Emissions throughout the entire spectrum are
continuous, but radiation levels are greater by many times during eruptions.
Fortunately, the hazardous, very-short-wavelength gamma rays and X-rays do not
penetrate the Earth’s atmosphere. Only radiation from the ultraviolet wavelengths
reaches the ground, attenuated by the ozone layer. One feature common to all
electromagnetic radiation – from the gamma to the radio ranges of the spectrum
– is that its photons have a velocity of 300,000 km/s (the speed of light), and 
thus cover the distance between the Sun and Earth (150 million kilometres) in
only eight minutes.

1 Basic principles of space weather
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Unlike electromagnetic radiation, the particles emitted by the Sun (the relatively
slow solar wind and the rapid solar cosmic rays) pass through the heliosphere at
differing speeds. The solar wind carries the particles to the Earth at an average
speed of 400 to 500 km/s. This speed is important for forecasting space weather:
because the solar wind generally takes two to four days to reach the Earth from
the Sun, this period would allow certain precautions to be taken.

One specific form of the solar wind which has a strong inf luence on space weather
has recently been investigated: coronal mass ejections (CMEs, see Figure 3). CMEs
are much higher in mass and travel at up to three times the velocity of the solar
wind.

Figure 2
A cross-section of the Sun. The distance from
the centre of the Sun to the innermost layer
of the solar atmosphere (photosphere) is
700,000 km (solar radius). Solar composition
from the inside outwards: The zone of
nuclear fusion at 13 million degrees (white
core); the zone transporting heat to the 
Sun’s surface, convection cells (arrows),
which cause the granular structure of the
photosphere; the protuberances (bright, 
arc-shaped clouds of hot gases) and
sunspots (dark areas of cooler gases and
strong magnetic fields). Of relevance to
space weather are the solar wind, coronal
mass ejections (CME) and solar cosmic rays.
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Figure 3
A CME (white spots) leaves the Sun at 
1500 km/s on 6th November 1997; the 
white circle indicates the occluded Sun 
(upper pictures). Just two hours later, 
the first protons reach the SOHO satellite
(located 1.5 million kilometres out from 
the Earth in the direction of the Sun) 
causing disturbance among SOHO 
instruments (light dots and lines on the 
lower pictures).

1997/11/6 12:10(C2) 11:50(C3)

13:30(C2) 13:46(C3) 14:26(C2) 14:13(C3)

12:36(C2) 12:41(C3)
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During a CME, vast quantities (billions of tonnes) of solar material are f lung out
into the heliosphere at velocities up to 1500 km/s. Because some CMEs are
associated with protuberances, flares and increased f lux in the X-ray and radio
ranges of the spectrum, it is possible to observe their origin and development in
the solar atmosphere. CMEs contain not only large quantities of helium and iron,
but also high-energy atomic particles such as protons and electrons, held together
by strong magnetic fields in the CME. This results in large voltage differences and
currents, which are particularly hazardous for satellites. However, it is not only the
internal composition of a CME which determines its effects, but also the shock
wave on its leading edge which multiplies the density of the solar wind plasma
approximately fourfold. The frequency of CMEs on the Sun is approximately 3.5
events per day at a solar maximum, but only one event every five days at a solar
minimum. At a solar maximum, a CME reaches the Earth’s orbit about once
every five days, but only about once every 45 days at a solar minimum. CMEs
may extend to up to thirty million kilometres. It is suspected that many large
CMEs initiate geomagnetic storms in the Earth’s magnetic field. At a solar maxi-
mum, some 12 CME-induced geomagnetic storms may be expected annually on
the Earth, while 1.3 may be expected at a solar minimum.

The solar wind and solar cosmic rays also contain atomic particles from the Sun,
mainly hydrogen nuclei, but also heavy iron and nickel nuclei. Solar cosmic rays
are substantially faster than the solar wind and may reach peak velocities of up to
100,000 km/s. The time delay between a rise in solar cosmic rays and its arrival
on Earth thus ranges between some tens of minutes and a few hours – which
leaves little time to react (see Figure 3).

1.2.2 The eleven-year solar activity cycle

Dark spots, sometimes visible with the naked eye, have long been observed on
the Sun. The frequency with which they occur varies greatly. Monthly averages
have been recorded since 1749. The period between two successive maxima in
the relative number of sunspots is on average eleven years, the peaks and troughs
being known as the solar maximum and solar minimum respectively. It is now
known that the number of sunspots is only the most obvious feature of solar
activity. Thanks to satellite observations, it has been possible to prove that the
number of f lares, the intensity of total solar radiation, the solar wind and the
solar constant are subject to this eleven-year period (Figure 4).
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1.2.3 Galactic cosmic rays

The Sun is the primary source of space weather; galactic cosmic rays are a
secondary source. Like cosmic rays originating from the Sun, galactic cosmic rays
consist of nuclei, protons and electrons, all materials ejected into space by the
stars of the Milky Way, our galaxy. Over the vast expanses of interstellar space 
(the space between the stars), galactic cosmic rays are accelerated to speeds
approaching that of light by shock waves, penetrate the heliosphere and reach the
Earth. However, the intensity of galactic cosmic rays is variable because once they
have entered the heliosphere, they interact with the solar wind (Figure 5).
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Figure 4
The following are also indicators of the
eleven-year period: variation in the solar
constant on Earth from 1978 to 1999, as
measured from various satellites.
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Figure 5
Interaction of solar activity and galactic
cosmic rays between 1950 and 1990: the
intensity of galactic cosmic rays on Earth 
is at a maximum when solar activity is
minimal (quiet Sun) and vice versa (active
Sun). The average variation in intensity
between solar minimum and solar maximum
is approximately 20%, but daily variations
may be in excess of 200%.
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Figure 6
Variously aged stars in the Milky Way are
the source of galactic cosmic rays.
Secondary cosmic rays reach ground level,
meaning that technical systems such as
aircraft, computers and railways are
exposed to it.
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Although galactic cosmic rays always have a lower intensity than solar cosmic
rays, they play a significant part in space weather due to their high energy. More
exactly, since the velocity of galactic cosmic rays approaches the speed of light,
the mass of the particles rises sharply with their velocity. In accordance with
Einstein’s relation between energy and mass, the energy of the particles thus also
increases. In a nutshell, the high energy of galactic cosmic rays means that they
also have a high penetrating power for many kinds of materials. Galactic cosmic
rays were thus a considerable hazard to the astronauts during the Apollo lunar
expeditions. However, Space Shuttle crews are still exposed to this hazard, as will
be the crews of the planned international space station and of future f lights to
Mars. 

Another important aspect of galactic cosmic rays is the occurrence of particle
showers in the Earth’s atmosphere. These are produced by the galactic cosmic
rays colliding with constituents of the Earth’s atmosphere and generating many
new particles (secondary cosmic rays) which reach ground level. At the cruising
altitudes for passenger aircraft (10 to 12 kilometres), the count of such particles
is approximately 1000 times greater than that at an altitude of 25 km. Air traffic
is therefore particularly exposed to the hazards of cosmic rays.

1.2.4 From the geomagnetic field to geomagnetically induced currents

William Gilbert, an English scientist, established in 1600 that the Earth is a large
magnet. The geomagnetic field is created by very strong electrical currents f low-
ing over the surface of the Earth’s core, at a depth of approximately 2900 km.
The geomagnetic field is approximately similar to the dipole field of a bar magnet,
with the magnet being in the centre of the Earth. The geomagnetic field is
continuously undergoing slow change. The time scale of this change is on the
order of years. Over periods of millions of years, the field may reverse polarity or
even disappear. At present, the geomagnetic pole of the northern hemisphere is
approximately at latitude 79° north, longitude 104° west: ie in Canada, north of
the arctic circle. Due to the different positions of the geomagnetic pole of the
northern hemisphere and the geographic north pole, the geomagnetic latitude of
North America is greater than that of Europe. 

The area of geospace whose physical processes are dominated by the geomagnetic
field is the magnetosphere.

Immediately below the magnetosphere (Figure 7) at an altitude of 1000 kilome-
tres, there is the upper layer of the Earth’s atmosphere, the ionosphere, which
extends down to an altitude of 70 kilometres above the Earth’s surface. The
ionosphere contains a large number of positively and negatively charged particles,
which is why it behaves like a plasma. There is considerable electromagnetic inter-
action between the particles. The ionosphere thus has a marked impact on radio
communications systems: depending upon the frequency of the waves, the ionos-
phere ref lects or refracts the waves or allows them to pass through unchanged. In
stormy space weather conditions, the characteristics of the ionosphere may be
changed in such a way as to cause massive disruption to the propagation of radio
waves. 
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Figure 7
The solar wind strikes the Earth’s magnetic
field, imparting a comet-like shape to the
magnetosphere, sharply delimited on the
dayside (approximately 60,000 km away
from the Earth) and with a tail of up to 1
million kilometres in length on the nightside
of the Earth. The Van Allen belt contains
particularly large numbers of particles from
cosmic rays. From 2000, the ESA’s four
Cluster satellites will conduct a more
detailed investigation of processes in the
magnetosphere.
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When the velocity of the solar wind is particularly high, the many charged parti-
cles which strike the field of the magnetosphere follow the lines of magnetic
force far down into the Earth’s atmosphere, especially at high latitudes. It is for
this reason that the auroras are visible at such latitudes (Figure 1). These particles
from the Sun cause currents of varying intensity in the ionosphere and magneto-
sphere. These currents also create a magnetic field which induces an electric field
that in turn produces currents in the Earth (Faraday’s law of induction).

This electrical field also causes voltage differences between different points on
the Earth’s surface. This can result in a voltage difference, for example between
the earthing points of two transformers. A current thus f lows through the high-
tension line connecting the transformers. This current is known as geomagneti-

cally induced current (GIC).1

The geoelectric field produces GICs not only in energy transmission systems, but
also in other transmission systems, such as oil and gas pipelines, telecommuni-
cations cables and railway installations. GICs are generally a source of problems in
such systems: in electric power systems, the transformers may be saturated, caus-
ing emergency shutdowns or destroying the system. GICs may cause corrosion in
pipelines and problems in corrosion monitoring, disruption to telecommunica-
tions signals, destruction of components, and malfunctions in railway operation.
GICs f low in any large metallic structure or system, such as bridges or rail net-
works, in a similar manner as in pipelines, power transmission and telecommuni-
cations cables. None of these systems have yet been sufficiently well investigated
with regard to the possible effects of GICs. As with pipelines, corrosion problems
in bridges could be attributable to such currents. Corrosion caused by GICs is
moreover possible in any other solidly earthed metallic structure, such as high ten-
sion pylons. 

1.3 Space weather and terrestrial weather

Connections between space weather and terrestrial weather have been the subject
of much controversy. Is there any correlation between the two phenomena?

In principle, the extent to which space weather contributes to weather on Earth
remains unclear. Possible connections are not simple to demonstrate, but there
are some unmistakable clues. For example, lightning f lashes are known to strike
upwards into the ionosphere from the top of storm clouds. In this case, an elec-
tric circuit is formed in the atmosphere, which at the very least is clear proof of
an electrical connection between terrestrial weather processes and the ionosphere.
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Other aspects also have yet to be studied conclusively. During space weather
storms, for example, a large number of high-energy particles enter the atmosphere.
At altitudes of some tens of kilometres, they probably contribute to chemical
reactions that give rise to nitrogen oxide compounds, which may in turn bring
about an increase in ozone concentration at lower altitudes.

Another factor meriting investigation is the presence of very high energy particles
in galactic cosmic rays. These particles penetrate down to cloud level, ie to a few
kilometres above the Earth’s surface. In the atmosphere, this high energy cosmic
radiation ionises atmospheric particles, and this may effect cloud formation. 

Establishing how these processes actually work and the significance of such
phenomena is a major challenge to research scientists. Thus it may be possible to
draw conclusions about cloud formation from the relationship that has been
established between reduced solar activity and increased levels of galactic cosmic
rays (Figure 5): it may well be that the effect of space weather on cloud forma-
tion is at its greatest at the time of the solar activity minimum. 
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Figure 8
Photomontage of the Ulysses probe and a
photograph of the Sun by the SOHO satellite.
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2.1 History 

The first observations of the effects of space weather on technical systems were
made in the mid-nineteenth century, when telegraphy was in its infancy. All of
Great Britain’s telegraph wires became unusable during two geomagnetic storms
in 1847 and 1859. Since these first experiences, disruption to telegraph and tele-
phone systems has recurred regularly during large magnetic storms, ie once or
twice per sunspot cycle. In 1921 and 1958, such induced currents caused fires in
telegraph installations in Sweden. In February 1958, the transatlantic communi-
cations cable suffered the effects of a severe magnetic storm, as a result of which
the signals were distorted to a loud booming or a quiet whisper – depending
upon the direction of the induced voltage relative to the operating voltage.

The first effects on a power transmission system occurred in North America in
1940, where a severe magnetic storm caused voltage f luctuations and transformer
shutdowns. North America has experienced electrical power line shutdowns and
blackouts during other storms. The best known event occurred during a major
magnetic storm on 13 March 1989 (Figure 9). Storms of geomagnetic origin
saturated transformers in the Hydro Québec power supply system, caused auto-
matic shutdowns and produced voltage f luctuations and harmonic frequencies in
the electricity. A domino effect ultimately caused the entire system to collapse.
Québec suffered a power cut lasting nine hours. 

Oil and gas pipelines are electrical conductors which often extend for hundreds
or thousands of kilometres. Just a few decades ago, currents occurred during
work on a long gas pipeline in Canada which could not be explained by conven-
tional current sources. These currents correlated with geomagnetic disturbances.
Numerous studies of geomagnetic effects were carried out in the seventies in con-
nection with the construction of the Trans-Alaska pipeline, which is located in
the auroral region. However, disturbances of a geomagnetic origin have also been
observed in equatorial pipelines.

In July 1982, Sweden experienced space weather-induced voltage f luctuations
that resulted in malfunctions in railway signals. Figure 10 summarizes the relative
number of sunspots, magnetic activity and significant problems in technical sys-
tems on Earth over the last two centuries. The eleven-year cycle of solar activity is
clearly discernible, as is the dependency of magnetic activity upon the relative
number of sunspots. Most problems occurred at a sunspot maximum. Technical
systems have, however, also been disrupted by large magnetic storms at times
when sunspots are at a minimum.

2 The practical consequences of space weather

Figure 9
The geomagnetic storm of 13 March
1989 destroyed this transformer in 
New Jersey, US
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Man has long been ignorant of the wide-ranging effects that space weather could
have: as a result, the “cosmic causes” behind many disturbances to technical
systems probably went unrecognised. Because space weather may also damage
only components within a system – the insulation in transformers, for example –
without causing an immediate problem, other reasons are often suspected as the
primary cause: no connection with space weather is recognised. 

2.2 Risks for electronics

We cannot conceive of an industrial society like our own without electronic
components. Miniaturisation has been progressing for decades, with circuits
operating at ever lower voltages and with even smaller f lows of electrons. Around
1978, IBM experts2 started assuming that “soft errors” in computers also cause
electronic noise. Soft errors are non-reproducible, spontaneous errors or changes
to stored data. Soft errors at chip level do not generally affect computer opera-
tions directly, because the system can shut itself down before an incorrectly set
data bit is used. 

On Earth, soft errors are caused, for example, by particle showers from galactic
cosmic rays. The effect of cosmic rays on LSI components is that neutrons and
pions collide with the substrate (a silicon atom), where fission of the silicon pro-
duces an electron storm which may disrupt electronic systems. IBM thus investi-
gated SRAM memory chips in Leadville, Colorado (altitude 3100 m) in February
and March 1987, ie not during a maximum of solar activity. The investigation
revealed an error rate for the memory chips of several errors per week. In com-
parison, the error rate at sea level is some 13 times lower. The reason for this is
that cosmic rays are less intense at sea level. However, the error rate and thus the
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Figure 10
Relative number of sunspots since 1845
(blue areas) and magnetic disturbances
(orange bars). The black diamonds in the
upper margin show the timing of major prob-
lems in technical systems due to geomag-
netic effects.1
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risk of affecting computer memory chips is not solely dependent on altitude, but
also on geomagnetic latitude and longitude, as these factors also affect the
amount of cosmic radiation at ground level. Neutrons thus occur some six times
more frequently at the poles than they do at the equator because the Earth’s
magnetic field is similar to that of a dipole magnet: the shielding effect is at its
greatest at the equator and at its lowest at the geomagnetic poles.

2.3 Risks for space flight 

Satellites usually spend several years in space, so they are exposed to the short
and long-term effects of space weather. This means, for example, that at a solar
maximum there is a greater than 95% probability that a solar f lare will occur
during a one-year mission. A 100 MeV (million electron volt) proton from such 
a f lare can pass effortlessly through 40 mm of aluminium, a 3 MeV electron
through 6 mm. This is why, for example, astronauts are not allowed to leave the
Space Shuttle for space walks during solar f lares. 

It has recently proved possible to establish a clear link between space weather 
and its effects on electronic components and satellites. A study3 reports 31 irreg-
ularities up to and including complete satellite failure, both in geospace and dur-
ing interplanetary f light. The most widely known disturbances and failures are
those of the Canadian ANIK communications satellites on 20/21 January 1994
and of the Telstar 401 satellite on 11 January 1997, neither of which occurred at
a solar maximum. In the ANIK satellites, electrons led to loss of orbital control.
Telstar 401 was probably crippled by a CME. NASA’s well-known Pioneer probe
was heavily exposed to a particle shower in the vicinity of Jupiter, and Voyager 1
was also exposed to the effects of space weather during its several years of inter-
planetary f light. Cosmic rays repeatedly caused the entire power transmission to
reset, necessitating a system restart each time. The effects of space weather are
many and varied, ranging from poor timekeeping of the clocks on GPS satellites
to individual instrument failures and static build-ups or discharges on satellites. 

The event of 7 to 10 January 1997

On 17 January 1997, CNN’s Financial Network reported: “Telstar 401 out of
service: Satellite’s failure could cost AT&T several hundred million dollars”.
AT&T had announced that attempts to re-establish contact with the Telstar 401
satellite had been unsuccessful, so the satellite had to be regarded as a total loss.
This loss considerably reduced the value of the Skynet Satellite Service, which
had previously consisted of three satellites, and was used for relaying television
programmes. The total loss cost the insurance industry some USD 135 million,
while consequential losses were uninsured. What was the cause of the unusual
and abrupt failure of this barely three-year-old satellite? Telstar 401’s failure
coincided exactly with a major geomagnetic storm. On 10 January 1997, the day
the storm hit the Earth, a voltage of –800 V was measured on another satellite
instead of the usual value of –100 to –500 V. Such voltages are known to
strongly affect the electronic systems of satellites. On the same day, around
midday, neutron monitors on Hawaii and in Colorado recorded increased levels of
particle f lux on the Earth.
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ESA’s SOHO satellite is located 1.5 million kilometres out from the Earth in the
direction of the Sun. Due to its greater proximity, the SOHO satellite was able to
measure a CME-induced increase in the velocity of the solar wind in the early
hours of 10 January 1997. 

The following effects may be encountered during space travel:

a) Satellites become charged with static electricity due to
– their periodic passage through the Van Allen belt,
– their orbits over the polar regions of the Earth and over the South Atlantic

Anomaly (a region above the South Atlantic where the Earth’s magnetic
field is weaker),

– f light in terrestrial and interplanetary space,
– the above-mentioned high energy particle storms. In such cases, the high

energy electrons penetrate deeply into the satellites’ electronics.

b)High energy electrons produce dielectric charging on unprotected satellite
components. For example, in the Canadian ANIK E-1 (insured for USD 150
million) and ANIK E-2 communications satellites, problems occurred due to
concentrations of these high energy electrons in their vicinity. Moreover, there
are large potential differences between the dielectrically charged components
of a satellite and their metallic surfaces, resulting in discharges with transient
surges of electrical current and the destruction of equipment.

c) Transient voltage surges caused by charging and discharging within satellites
may generate so-called phantom commands. These result in the loss of instru-
ments, power supply or propulsion components. Transient surges frequently
occur between midnight and morning due to the path which electrons tend to
take during geomagnetic disturbances: along the magnetosphere’s long “tail”
on the Earth’s nightside. 

The long-term effects of space weather are the result not only of galactic cosmic
rays, but also of solar ultraviolet radiation. As a function of orbit altitude,
electronic systems, solar cells and even structural materials are at risk. Solar UV
radiation is also more intense above the protection afforded by the atmosphere,
resulting in embrittlement of some materials.

Space weather exerts a braking effect on satellites. This cannot be calculated, and
it has often proved impossible to provide early, accurate predictions as to when
satellite components will re-enter the atmosphere and burn up or impact the
Earth’s surface. The Earth’s atmosphere is known to expand at times of increased
energy input – during the arrival of solar particle storms, for example, or due to
the cyclical increases in solar activity and solar UV radiation. The satellites are
then more likely to collide with these microscopic particles, which prompts them
to decrease – either abruptly or gradually – their orbital altitude. These losses of
orbital altitude are hazardous because they can lead to temporary loss of commu-
nication with satellites. Objects that remain in orbit around the Earth for many
years, such as the Hubble Space Telescope or the future International Space
Station, must repeatedly be shunted to higher orbital altitudes to offset these
losses (see Figure 12, page 22). 
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2.4 Risks for aviation

Flight crews, passengers and on-board electronics are directly exposed to the sec-
ondary cosmic rays produced in the Earth’s atmosphere. This secondary cosmic
radiation reaches its highest intensity precisely at the cruising altitude of passen-
ger aircraft. In 1994, a European Commission-funded study was started to inves-
tigate the interactions between the radiation field and exposure in air travel. 
The final report, written by a multidisciplinary team of scientists in cooperation
with various international airlines, was published in 1999.4 Column 3 of Figure
11 shows the dose rates measured for the high-energy portion of cosmic rays,
while column 4 indicates the dose rates calculated for the lower energy portion 
of cosmic rays. Exposure was three times higher during f lights over Europe than
over the equator. At high latitudes, westward f lights – from Europe to North
America, for example – involve greater exposure to radiation than do correspond-
ing f lights eastwards. The expected radiation exposure during supersonic f lights
in the Concorde from London to New York is twice that expected in conven-
tional f lights. Figure 11 raises various as yet unanswerable questions: How high
are the dose rates at a solar activity maximum, and how does the dose rate
change over a complete cycle of solar activity? Is the higher dose rate for
Milan–Tokyo f lights as compared with Milan–Los Angeles f lights attributable to
the fact that the Milan–Tokyo measurements were not made during the solar
minimum (around 1995)?

Route Date Dosis equivalent Total dosis equivalent
of exposure (CR-39) (LUIN 98F)

(ICRP 60) (ICRP 60)
�Sv/hour �Sv/hour

Supersonic
London–New York Dec 94–July 95 7.24�0.29 11.4
London–New York Dec 96–June 97 7.13�0.56 11.3
London–New York July 97–Feb 98 6.99�0.64 11.1

Subsonic
Irish government
jet (Europe) May 93–Dec 93 4.03�0.33 –
Dublin–New York May 93–Dec 93 3.56�0.13 5.6
Milan–Los Angeles Autumn 95–Spring 96 2.99�0.29 5.4
Milan–Tokyo May 97–July 97 3.13�0.52 5.0
Rome–Rio de Janeiro Oct 96–Dec 96 1.19�0.12 2.0

Figure 11
Dose rates for various flight routes measured
between May 1993 and February 1998:
London–New York (British Airways,
Concorde), Europe (Irish government jet),
Dublin-New York (Aer Lingus), Milan–Los
Angeles (Alitalia), Milan–Tokyo (Alitalia) and
Rome–Rio de Janeiro (Alitalia). Strikingly,
radiation exposure during supersonic flights
approaches the maximum permissible mean
dose rate limit pursuant to radiological pro-
tection regulations for occupational radiation
exposure of 7.5 �Sv/h (microsieverts per
hour).
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Figure 12
The NASA LDEF (Long Duration Exposure
Facility) satellite had no thrusters. During the
last solar maximum, it lost altitude more
rapidly than expected and had to be brought
back to Earth by the Space Shuttle in January
1990, six weeks before an estimated uncon-
trolled re-entry into the atmosphere. 
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Another result was that for the first time, atomic nuclei of oxygen were discov-
ered on conventional f lights, and still heavier iron nuclei on supersonic f lights.
The proportion of atomic nuclei heavier than helium is 2% in supersonic f lights
and 0.5% in conventional f lights. Since the traces left by atomic nuclei on the
materials with which they collide increase in severity proportional to their mass,
it is important to know the effects of such ionisation upon crews and passengers.

However, route, altitude and, to a certain extent, aircraft type have a decisive
inf luence upon the stated measurements.5 Flight routes at high northern lati-
tudes have become common (shorter f light paths), but entail higher radiation
exposure due to the geomagnetic north pole and the deeper penetration of
galactic cosmic rays into the Earth’s atmosphere. Since the normal cruising
altitude for supersonic aircraft as compared with that of subsonic aircraft (16 km
vs 10 km) is approximately 50% closer to the altitude at which the particle
shower reaches maximum intensity, the radiation dose is considerably higher
during supersonic f lights. Because of the cockpit windows, the f light deck crew
is even more severely exposed to the radiation field than are the better protected
people in the passenger compartment. Against this background, the Council of
Europe has proposed that from 2000, aircrews be treated as personnel receiving
occupational radiation exposure: these persons should receive a dose of no more
than 6 mSv annually – still twice the natural dose at ground level. 

Since the on-board electronics of modern aircraft contain microchips which
operate at low currents or voltages, the effects of the radiation field on aviation
are similar to the consequences for electronic systems in general described in
chapter 2.2. On-board electronic equipment containing CMOS semiconductors
and operating at 2.5 V exhibited a 100% increase in the soft error rate (SER)
when the f light altitude was changed from 9 km to 20 km. Moreover, due to
higher levels of particle radiation, the SER is significantly higher at f light altitude
than at sea level, being increased by a factor of about 15 at an altitude of 9 km.

These investigations were conducted at a solar minimum, and make no distinction
between the consequences of solar and galactic cosmic radiation. The measure-
ments were generally made over some hundreds of hours. For this reason, it was
virtually impossible to obtain any information about the arrival times of space
weather effects at aircraft cruising altitudes. What, then, are the consequences of
space weather on the still fast-growing global air transport sector? Will crews be
advised during route planning to take more southerly or lower-altitude routes on
the basis of routine space weather reports? What form should the safety measures
take, especially to ensure that f light crew on supersonic f lights are not exposed 
to the statutory maximum permissible hourly radiation dose? In brief, consider-
able work remains to be done in researching, monitoring and minimising radiation
exposure.
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2.5 Risks for telecommunications 

As mentioned in the “History” section, the first observations of the effects of
space weather on technical systems date back to the infancy of telegraphy. Time
and again since, disturbances have been noted in the form of voltage surges,
business interruption and fire; all of these disturbances being caused by geomag-
netically induced currents. There is also good reason to assume that certain
baff ling telecommunications interruptions have been caused by GICs. It is there-
fore informative to compare disturbance statistics with geomagnetic activity.

The principle underlying GICs in telecommunications cables is the same as for
pipelines and power supply grids. The cause is a geoelectric field generated by
magnetic disturbance. Reports of telecommunications problems open up the
possibility of estimating the strength of geoelectric fields, since the maximum
surge voltage of the affected device is known. During a magnetic storm in March
1940 in northern Norway, the value of the geoelectric field was approximately 
45 to 55 volts per kilometre, the highest value ever recorded. It is probable that
the present generation of telecommunications cables transmit GICs less well. 
On the other hand, modern systems contain ever more complex electronic
components. In order to be sure whether phenomena which do occur are con-
nected with GICs, it would be necessary either to carry out in-depth computer
modelling or to make measurements over a sufficiently long period of time. 
Only in this way would it be possible to arrive at statistically valid conclusions.
For statistical purposes, the minimum observation period is one solar activity
cycle (see Chapter 1.2.2). It is also important to take GICs into account in 
the case of modern optical fibre cables, since they also contain metal: cables for
supplying current to the amplifiers, reinforcement and cladding.

The length of deep-sea cables in particular would suggest that the voltage
induced in them during geomagnetic storms may easily amount to hundreds or
even thousands of volts. Voltage f luctuations of this magnitude have been
observed in transatlantic/transpacific cables, for example, and also in shorter
cables such as those between Russia and Japan.

Telecommunications facilities are not only affected by GICs in cables. All systems
using radio waves passing through the ionosphere or ref lected by the ionosphere
are sensitive to space weather phenomena. This is because the properties of 
the ionosphere change dramatically during space weather storms. Signals trans-
mitted between the Earth’s surface and satellites may be attenuated or disrupted,
impairing normal operation. 

For example, one day in 1996 – not during a solar activity maximum – failures
were recorded in a mobile radio telephone network in a large US state. At sun-
rise, the antennae directed eastwards registered four times the failure rate of those
directed westwards and northwards. The reason: a solar f lare.
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2.6 Risks in electric power transmission

A change in the geomagnetic field during a magnetic disturbance or storm
induces a geoelectric field. This results in voltage differences between transformer
earthing points. As Figure 13 shows, these voltage differences drive geomagneti-
cally induced currents through the transformers and along the high-voltage lines.
In a three-phase power system, GICs are distributed evenly amongst the phases.
GICs lead to transformer saturation: a transformer generally operating with very
low exciting current is subjected to a much stronger current, pushing it outside
its normal operating range.6 The consequences depend greatly on the type of
transformer, but may be as serious as shutdown. 

The GICs in electric power transmission systems during a geomagnetic storm 
are produced by the geoelectric field, which is determined by currents in the
ionosphere/magnetosphere and by the structure of the Earth’s conductivity. The
voltages associated with the geoelectric field depend on the distances between
points where the transmission system is earthed. Using computer modelling, it is
possible to determine those areas in a power transmission system which would be
most likely to react to GICs. In general, those transformers which are positioned
at the corners of an electrical power system suffer the worst damage from GICs
(see Figure 14).

Voltage

Earth’s surface

Figure 13
A problem for electric power companies: the
voltage between the earthing points of two
transformers causes geomagnetically
induced currents (GIC). These flow through
the three-phase transformers to the power
cables of high-voltage lines, which may satu-
rate the transformers and lead to overheating
and, in extreme cases, to destruction of the
unit.

Finland

Sweden

Norway

Russia

200 km

max =143 A

Figure 14
The orange lines show the direction and
intensity of the geoelectric field which causes
the greatest GICs in the various transformers
within the Finnish 400 kV electric grid (dotted
lines). The high GIC values at the corners of
the grid are particularly noteworthy.
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A large portion of the current carried by a saturated transformer is reactive, the
reactive current being proportional to the intensity of the GIC. An increased
proportion of reactive current reduces the transmitting capacity of the system, and
voltage tends to fall. When, in particular, power is demanded from the system,
failures may occur in the system and, ultimately, complete blackout. A return to
normal may take several hours, as was the case in Québec in March 1989. A satu-
rated transformer causes a large number of harmonic oscillations in the current
and voltage, disrupting the waveforms so that they are no longer pure 50 Hz or
60 Hz oscillations. Such phenomena may result in incorrect relay positions in the
protective devices, causing losses. In a saturated transformer, the magnetic f lux
rises to values for which it is not designed. In the worst instance, it may result in
fire and the destruction of the transformer.

In theory, the f low of GICs through the high-voltage or Earth connection lines 
of transformers may be blocked by using series-connected capacitors. After the
event of March 1989, various capacitors were installed in series in the Hydro
Québec system. However, this solution is expensive and technically complex. 
In addition, the use of series-connected capacitors may in fact cause the GICs to
become stronger in other lines. 

If an electric company is warned in advance of an approaching geomagnetic
storm, it can take various measures including reducing system load, testing the
series-connected capacitors for proper function, or disconnecting system compo-
nents. All these actions are expensive, so it is important to avoid incorrect or
misleading forecasts. 

2.7 Risks for the oil and gas industry

Oil and gas pipelines have a tendency to corrode at points where electric current
f lows from the metal into the surrounding ground. Corrosion is an electrochemi-
cal process that occurs primarily at the surface of a pipeline. For this reason,
pipelines are provided with an insulating coating. However, since these protective
measures are not perfect, pipelines are equipped with a cathodic protection
system which keeps the pipelines at a negative potential of approximately one
volt in relation to the ground – a protective voltage which has to be maintained
permanently.

Effective cathodic protection is also dependent on the resistance of the neigh-
bouring ground. The geoelectric field, which is caused by magnetic disturbances,
results in geomagnetically induced currents (GICs) in pipelines and produces
additional voltages between the pipeline and the ground. The voltage difference
between pipeline and ground may easily exceed the protective voltage. Corrosion
protection is then no longer ensured (Figure 15).
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Today’s insulating materials exhibit greater electrical resistance than earlier prod-
ucts. This produces a greater voltage between a pipeline and the ground, which,
however, increases the risk of corrosion at those points of the pipeline where
insulation is defective. To precisely what degree the space weather-induced volt-
age between pipeline and ground actually increases the rate of corrosion in
pipelines is a question which has yet to be answered. Undisputed, however, is the
heightened corrosion risk for pipelines at high latitudes. 

As in power transmission systems, the intensity of the GICs along a pipeline 
and the voltage differences between pipeline and ground are dependent on two
factors: the geophysical situation and the details of the pipeline network.7
Modelling, supported by the measurement and observation of geomagnetic f luc-
tuations, is used to identify the most severely affected areas of a pipeline network.
In general, the pipeline-to-ground voltages are greatest at areas of non-uniformity
in the system: at the ends, bends and branches of the pipeline. However, varia-
tions in material or pipe diameter also encourage voltage differences. In the same
sense, f luctuations in the conductivity of the Earth also amount to non-unifor-
mity, the effects of which may generally extend over several tens of kilometres.
Experience shows that geomagnetically induced voltages are greater in long
pipelines than in short pipelines. Therefore, long sections of pipeline are some-
times isolated electrically by insulating f langes. This procedure does reduce the
voltages which occur, but at the same time increases the number of non-uniform
areas. All the effects of installing insulating f langes must therefore be analysed
very carefully.

Space weather risks to pipelines have not been investigated as thoroughly as to
power transmission systems. However, better modelling methods have been
developed more recently, and promising developments are expected from the
international study entitled “Pipeline GIC”, which is shortly to be published 
after four years’ work by eight companies under the guidance of the Geological
Survey of Canada.

2.8 Risks for railways

GICs hamper rail traffic by disturbing signalling systems. In Sweden in 1982, for
example, railway signals failed to switch correctly despite the lack of any visible
external inf luences. Voltage generated by a GIC may cause such malfunctioning.
For instance after the serious train accident with 19 fatalities which occurred in
Norway in January 2000, the suspicion was expressed that the signal’s fateful
switch to “track clear” was the consequence of heightened solar activity. However,
this was not proved to be the case. Modelling of the interaction between geomag-
netic storms and railway networks, and the effect of GICs on railway equipment
has not been conclusively studied thus far. 

Figure 15
An example of a magnetic disturbance and of
a voltage difference between pipeline and
ground which occurred simultaneously in two
countries (two hours’ time difference owing
to different times used in the diagrams, ie
GMT and CET). On 18 February 1999, a mag-
netic storm in Finland (lower diagram show-
ing magnetic field data) and in Hessen,
Germany (upper diagram showing voltage
measurements by Ruhrgas) affected
pipelines not only in Scandinavia but also
deep into Central Europe. Polar lights were
observed in Finland at the same time.
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Figure 16
ICE semiconductor components of this 
type are destroyed by cosmic ray particle
showers.
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Cosmic rays can also have a negative impact on rail equipment. When the ICE,
the German high-speed train, entered service in the early 1990s, power losses in
the drive system were soon noted. The electronic components involved were
found to have been destroyed by “short-circuiting” (Figure 16). This occurred
irregularly and never when the train was travelling through tunnels. The cause of
the short circuits was particles from the cosmic radiation shower: the atomic
nuclei of cosmic rays collide with atoms in the semiconductor, releasing energy.
The strong electrical field of the train’s power control devices may magnify the
effect. In the case of the ICE, it may have been these unfavourable circumstances
which resulted in the complete destruction of the components involved.

Replacement of the parts at risk is expensive, and it is estimated that approxi-
mately half of all ICE trains are still equipped with such parts. Measures have
now been taken to improve protection of the components, but only time will tell
how the drive technology used in the high-speed train’s latest generation will
react to space weather.
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Figure 17
A view of the auroras above the Earth taken
from space.
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Space weather forecasting is only possible where the complete chain of physical
phenomena is taken into account. These are described in the chapter “Basic prin-
ciples of space weather” and summarised schematically in Figure 18.

From the complexity of this chain and its individual links, it may be surmised
that space weather forecasting is extremely difficult. One approach which is often
used is to make forecasts only for certain parts of this chain, an example being
the prediction of geomagnetic storms. It would obviously be better if the inten-
sity of GICs caused by geomagnetic storms could be forecast for the various parts
of a power transmission system. This is not yet possible in practice, however,
because predictions are heavily dependent on possibilities for observing the Sun,
and on data from satellites near the Earth’s orbit. 

In more simple terms, it might be said that space weather forecasting today is at
the level reached by atmospheric weather forecasting about 50 years ago. Fifty
years ago, however, if storms were incorrectly predicted and preparations were
inadequate, the financial consequences were rather less than those entailed today
by inadequate space weather forecasting.

The basis for long and short-range forecasting consists of the “aftercast” and the
“nowcast”. The “aftercast” describes the procedure currently used most com-
monly in relation to space weather: individual events are analysed after they
occur, for example from the point of view of propagation and effect. The follow-
ing example from April 1997 illustrates the present-day possibilities of “after-
casting” by analysing the propagation of a solar space weather event as far as the
ionosphere. 

The event of 7 to 10 April 1997

Many observations are available in relation to this event.8 It was possible to
closely monitor the development of the state of the ionosphere thanks to GPS
satellites and their global system of ground stations. The ionosphere over Europe
behaved normally for almost all of 10 April; however, in the evening the electron
content of the ionosphere increased by more than one hundred percent within a
few hours.8 The SAMPEX satellite took an impressive picture of the distribution
of the electrons over the entire northern hemisphere of the Earth (Figure 19).

The conditions on the evening of 10 April produced wonderful polar lights, par-
ticularly in North America. Earlier on, at approximately 16.45 GMT, a CME,
which had originated in the Sun three days before, had collided with the Earth’s
magnetosphere. Through radio observations of the Sun and interplanetary space,
it was possible to determine precisely the propagation speed of the shock wave
connected with the CME. This was 670 km/s in the Sun’s corona and somewhat
more than 600 km/s in interplanetary space. 

3 Space weather forecasts

SR Space Weather eng  23.06.2000  9:36 Uhr  Seite 30



Geoelectric sphere
Earth

M
ag

ne
to

sp
he

re

Io
no

sp
he

re

Th
er

m
os

ph
er

e

Induction

Particle shower

GIC

Solar activity

Solar wind Solar cosmic rays CME

Galactic cosmic rays

Stars of the Milky Way

Figure 18
The space weather chain begins at the Sun,
is determined by the eleven-year cycle of
solar activity and by galactic cosmic rays,
and ends at the Earth’s surface.
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The event described is an example of the possibilities opened by modern technol-
ogy in the space weather forecasting field. Of particular significance is the fact that
“aftercasting” is not very difficult to carry out, although the correlation between
events on the Sun and space weather phenomena on the Earth is not always
direct. “Aftercast” analyses assist in understanding the complex physical processes
involved. Using a large number of these and similar analyses, the American Space
Environment Center in Boulder was able in 1999 to establish scales for the inten-
sity of space weather. A distinction is drawn between three categories: 1) solar
radiation storms, 2) radio blackouts and 3) geomagnetic storms. A one-to-five
scale (extremely strong to weak) was established for each of these three categories.
These scales, in turn, are based on measurable physical values such as the intensity
of solar particle f lows or solar X-rays. In addition, it was possible to use these
scales to classify various effects such as the impact on satellite control, power trans-
mission systems, radio wave propagation and astronauts. 

“Nowcasting” describes the procedure for monitoring the propagation of space
weather events practically on-line, in real time. There is at present a strong inter-
national impetus on the part of research institutions and industry to develop 
real-time recording of space weather effects. Thus, for example, it is important to
be able to record how a transformer behaves in real time under the inf luence of
the geomagnetic disturbance or GICs. Nowcasting allows technical systems to be
carefully monitored whenever any special events are expected, so as to waste no
opportunity for timely and adequate response to any developing problems. 

Actual forecasting, ie short and long-range prediction, can only be accurate if it is
carried out using a combination of comprehensive observation tools and models
of a) the Sun/heliosphere, b) the magnetosphere and c) the ionosphere/thermos-
phere. Operational models for all three are currently being developed in parallel.
A model of the magnetosphere, for example, could provide a core that, when
linked with ionosphere and thermosphere models, would result in a comprehen-
sive forecast tool. Though current computers cannot perform magnetosphere/
ionosphere simulations quickly enough to be of practical use, recently developed
GIC calculation techniques are sufficiently fast. Thus, improvements in magne-
tosphere/ionosphere simulations could lead to a breakthrough in GIC prediction.
This type of physical simulation may also be replaced in future by methods using
artificial intelligence and neural networks.

Future long and short-range forecasting will be possible only by combining all
three models. A first step could be to establish operational forecasting centres
that would work in conjunction with existing terrestrial and extraterrestrial
measuring stations. It is particularly important for predictions of major space
weather events to be reliable, because any unnecessary precautionary measures
would be very expensive.

Figure 19
The distribution of high energy electrons
(energy of more than 1 million electron
volts) from the magnetic cloud of 10 April
1997. North of the Arctic Circle, elevated
electron concentrations were recorded over
the North Atlantic, North America,
Scandinavia and Siberia.
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The possible consequences of space weather puts a new complexion on the risks
threatening our technical world. While people and technological systems have
always been exposed to terrestrial natural hazards, bringing space weather into
the picture opens up whole new dimensions which may ultimately affect the
insurance industry through personal injury, property and financial losses.

GICs may impact the electric power or telecommunications industries to the same
degree as, for example, the 1998 events of an ice storm in Québec or the power
failures in Auckland (technical cause) or San Francisco (human error). This shows
that traditional insurance cover (risk transfer) and new financial products (risk
financing) which cover purely financial losses may be affected. Moreover, the
economic damage caused by the above-mentioned events far exceeded the insured
losses.

What impact does this widening of perspective have on the insurance industry?
The basic premise which underlies insurance, namely of distributing the losses
suffered by individual policyholders over all the policyholders (according to a
system organised by insurers and financed by premiums), is not called into
question. However, the irregular nature of space weather raises questions about
the integrated risk structure behind mutual benefit associations. This irregularity
means that the probability and extent of losses which may be incurred by the
various companies involved in space and air travel, electric power generation and
transmission, telecommunications or oil and gas transport, are not necessarily
comparable. For this reason, individual risk assessment must be performed for
each insured company, so that premiums appropriate to the risk may ultimately
be determined and charged.

By the very definition of risk, it should be possible to determine the conse-
quences and probability of typical loss events. However, there are limits to how
far probability may be determined in relation to the effects of space weather.

In the area of space travel, the some 200 orbiting communications satellites are
at risk not only from space weather and space debris but also from comets and
meteorites, for example in the form of the Leonid meteor showers.9 If it is
assumed that 
• the ZHR (zenithal hourly rate, a measure of the density of particle showers) is

between 5000 and 150,000, 
• the impact velocity is 71 km/s and 
• Leonid showers last a maximum of 30 minutes, 

the probability of an impact being suffered by any one communications satellite
with 100 m2 of solar panels is between 0.006% and 2%. Under unfavourable
conditions, therefore, several satellites may be hit. NOAA (the United States
National Oceanic and Atmospheric Administration) publishes data, for example
on the Internet (www.spaceweather.com), on the likelihood of solar f lares and
geomagnetic storms of different magnitudes over 24 and 48 hour periods. On 22
February 2000, for example, it indicated a 1% chance of large f lares and a 30%
chance (within the first 24 hours) and 25% chance (within the next 24 hours) of
medium f lares.

4 What does space weather have to do with insurance?

SR Space Weather eng  23.06.2000  9:36 Uhr  Seite 33



34

The effect of electromagnetic radiation, solar wind and solar cosmic rays need not
necessarily result in complete satellite failure. Possible instances of partial or
restricted operation must be checked case-by-case, both from the operator’s and
the insurance industry’s perspectives. An inoperative satellite not only entails
losses arising from material damage and business interruption which may run 
to several hundred million dollars, but also the loss to the satellite operator of
customers and damage to its image, which may have serious economic conse-
quences.

Once these risks have been identified and analysed, therefore, any reasonable
recommendations to avoid or mitigate damage should be taken, in particular by
the manufacturers and operators. Shielding to protect against mechanical hazards
and radiation can only be used to a limited degree owing to the considerable
weight. The impact probability may be minimised, however, by reducing the
cross-sectional area facing the particle f lux of satellites equipped with extended
solar panels.

Aviation is much more amenable to risk reduction. For example, increasingly accu-
rate early warning or forecasting systems may make it possible to select routes 
so as to reduce exposure to people and aircraft. The level of f light crew training 
in managing hazardous f light situations means a considerable advantage over space
travel, as does the possibility of using backups to replace critical, failed compo-
nents (aircraft and spacecraft have standard systems redundancy).

As far as space weather risks are concerned, space and air travel are not exposed
to any new factors which were not included in previous insurance coverage
(including the negative effects of long-term exposure). Satellites and aircraft, for
example, generally have all-risk insurance cover. It is the operator’s (the insured’s)
duty, however, to take appropriate measures for loss prevention and mitigation.
This means that those responsible for space and air travel must give appropriate
consideration to the space weather phenomenon, which will include organisa-
tional and technical measures to protect f light personnel from excessive exposure
to high levels of cosmic radiation. In this area in particular, the results of current
research must be given adequate consideration.

One aspect which should not be forgotten is the often-applied restriction of
insurance cover to sudden, accidental events. Should events now be considered
foreseeable and thus no longer sudden and accidental because of the constant
improvements which are being made in space weather forecasting? Questions
relating to proof of causal connection could in future also be increasingly open to
debate.

Can these statements be applied to terrestrial technological systems?
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One feature of our modern industrial society is that uncertainty spreads only if 
a loss incident triggers consternation. In the present phase, confidence in tech-
nology is relatively high. The idea that technical systems could suddenly stop
functioning due to hazards originating beyond the atmosphere is beyond most
people’s powers of imagination, or it is quite simply suppressed: it is more com-
fortable to believe that a transformer was destroyed by a technical defect than 
to acknowledge the nebulous possibility that intangible, barely imaginable space
weather could have caused the damage.

From the perspective of the various lines of insurance involved, or even of the
insurance industry as a whole, lengthening the chain of causation is of hardly any
consequence. A transformer fire, as in New Jersey in March 1989 (see Figure 9),
would bring property insurance into play, with a possible extension to business
interruption insurance. Insurance policy conditions do not generally distinguish
between fires caused by lightning, technical failure or a GIC.

This example from the electric power industry may also be applied to electrical
or electronic telecommunications systems and to transport systems. Even when
corroded pipelines result in explosions or environmental damage, the conse-
quences are usually covered by the appropriate insurance: property, business
interruption, employers’ liability, product liability or environmental impairment
liability.

Underwriters should pay increased attention to the duties of the insured in rela-
tion to loss mitigation measures. The new solar activity maximum expected for
mid-2000 could be used as an opportunity to raise awareness and encourage a
more appropriate behaviour in respect of the risk. It should also be remembered
that networks have expanded greatly since the last maximum eleven years ago, in
particular in the electrical and electronic systems. This development has pro-
duced two risk-augmenting factors worthy of attention with regard to both the
economy and the insurance industry:

a) the number of systems liable to fail has increased considerably and may result
in accumulation losses;

b) interactions and interdependencies may amplify the effect of an event.

In sum, it is the insurance industry’s responsibility to provide information and
raise awareness. It is the responsibility of the insured to implement risk-mitigating
measures. For both of these reasons, early warning systems capable of detecting –
accurately and in good time – extraordinary solar activity and space weather
storms will become more important in the future. The predictability aspect must
be taken into consideration here, since insurance coverage is generally restricted
to sudden and accidental events. 
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Figure 20
Photograph of the solar corona taken by the
SOHO satellite, as also observed from the
Earth at a total solar eclipse. Many details
can be seen of the gases moving up to three
million kilometres outwards from the Sun’s
concealed surface.
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5 Appendix

Atomic particles
Atomic particles may be taken to mean parts
of atoms. Atoms consist of the atomic
nucleus (containing protons and neutrons),
and the atomic shell (comprised of elec-
trons).

CMOS
Abbreviation for Complementary Metal Oxide
Semiconductor.

Coronal Mass Ejection (CME)
Ejections of high-mass clouds of solar mate-
rials in the Sun’s corona (outermost layer of
the Sun’s atmosphere) into the heliosphere;
observed by satellites.

Dielectric charging
An electric field is built up and maintained in
an electrically non-conductive medium. 

Dipole field
In this case, the arrangement of two opposite
magnetic poles of equal strength (North and
South poles). In permanent magnets, the pat-
tern of the magnetic field lines is a dipole
field. 

Electromagnetic radiation
Described as periodic changes (temporal and
spatial) in the electric or magnetic field
strength of a wave. Types include light as
well as X- and gamma rays. 

Flare
Outbursts in the chromosphere of the Sun
(layer of the Sun’s atmosphere between the
photosphere and the corona), during which a
limited area rapidly and temporarily becomes
very bright.

Galactic cosmic rays
Particle radiation originating from the stars in
the Milky Way (our galaxy). The speed of
galactic cosmic rays approaches that of light
(300,000 km/s).

Geomagnetically induced currents (GICs)
Electric currents flowing within a technical
system, eg a power transmission network,
and caused by electric fields induced as a
result of a change over time in the geomag-
netic field. 

Heliosphere
Space around the Sun, including the planets.
The boundary of the heliosphere (approxi-
mately 7500 million kilometres from the Sun)
is defined by the area in which the pressures
of the solar wind and the interstellar medium
are equal.

Ionisation
Ionisation is the transformation of electrically
neutral atoms into electrically charged parti-
cles, or ions. In astronomy, particularly signif-
icant ionisation states are those in which
positive ions arise (electrons are separated
from the atomic shell).

Ionosphere
Upper layer of the Earth’s atmosphere where
the predominant process is the ionisation of
atoms and molecules by solar radiation.

LSI components
Abbreviation for large-scale integration.

Magnetosphere
Area around the Earth in which matter is
ionised and in which the Earth’s magnetic
field is the predominant factor.

Neutron monitor
Device stationed on the Earth for monitoring
neutrons.

Neutrons
Uncharged particles. To be found in atomic
nuclei, but may also arise as free particles
when cosmic radiation particles collide with
particles of the Earth’s atmosphere.

Nuclear fusion
Fusion of lighter nuclei to yield heavier ones.
Main source of energy generation inside the
Sun and stars.

Photons
Light quanta. Carry the energy and momen-
tum of a light wave.

Photosphere
Lowermost layer of the Sun’s atmosphere
(approximately 200 km thick), from which the
majority of the Sun’s light is radiated into
space. The photosphere is thus the visible
part of the Sun.

5.1 Glossary
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Solar radio radiation
Solar radiation in the radio frequency range
(ie MHz and GHz frequencies). It is subject to
marked variations. During outbursts of radio
radiation, solar radio radiation is multiplied
one hundred thousand times.

Solar wind
Particle radiation emitted constantly by the
Sun in all directions. In the solar wind,
speeds ranging from less than 10 km/s to
approximately 400–500 km/s have been
measured in the orbital plane (ecliptic) of the
planets around the Sun.

Solar X-rays
Electromagnetic radiation like light, but of 
a much shorter wavelength and thus having 
a much higher energy content than light. 
X-rays are not visible to the naked eye.

SRAM memory chips
Static RAM. Static read/write memory chip.

Thermosphere
The outermost layer of the atmosphere
between the mesosphere (40–80 km) and
outer space, where the temperature rises
with increasing altitude.

Ultraviolet radiation
Electromagnetic radiation like light, but of a
shorter wavelength and thus having a higher
energy content. The range of UV radiation
lies between that of light and that of X-rays.

Van Allen belt
Zone surrounding the Earth in the manner of
a belt, in which a particularly large number of
particles of cosmic rays are trapped and held
by the Earth’s magnetic field.

Pions
Abbreviation for Pi-mesons. Unstable ele-
mentary particles, the mass of which lies
between that of the electron and that of the
proton and which decay into lighter elemen-
tary particles. 

Plasma
Gas, the atoms of which are wholly or par-
tially ionised. Plasma thus consists of free
electrons and ions, for which reason it con-
tains both negative and positive charges.

Protuberances
Clouds of matter embedded in the Sun’s
corona outside the photosphere.
Protuberances stand out brightly at the Sun’s
edge against the darkness of the sky. 

RAM
Random Access Memory. Data in the RAM is
lost when the computer is switched off and
therefore have to be backed up to a hard
drive or floppy disk.

Solar constant
All the radiation output from the Sun (approx-
imately 1.36 kW/m2), which would impinge
on the Earth if radiation of all wavelengths
were able to fully pass through the Earth’s
atmosphere. Originally it was assumed that
this radiation output is constant. However, 
it varies over the course of the eleven-year
cycle of solar activity (see Figure 4).

Solar cosmic rays
Particle radiation emitted constantly by the
Sun in all directions. Its velocity is of the
order of 100,000 km/s. 

Solar gamma rays
Electromagnetic radiation with a short wave-
length and thus with a higher energy content
than X-rays. Gamma rays are not visible to
the naked eye.

Solar infrared radiation
Long-wave portion of the Sun’s electromag-
netic spectrum beyond the red end of the
visual range.
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