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the more significant hazard for the 21st century, and
is discussed here.

The Sun is a magnetic star and undergoes cycles of
magnetic variability, roughly of the order of 11 years
(the ‘sunspot cycle’). During these cycles, eruptions of
ionised gas from the solar atmosphere, permeated by
magnetic fields and known as coronal mass ejections
(CMEs), can be driven earthwards on the solar wind.
The geomagnetic hazard occurs when these CMEs
interact with the Earth’s magnetic field, injecting
energy and electrically charged particles into the
Earth’s space environment, or magnetosphere.

Aurora over Deeside, North East Scotland.
Image © Jim Henderson Photography.

Overview
• The geomagnetic hazard arises from rapid
and/or large changes in the magnitude and
direction of the natural geomagnetic field.

• Rapid magnetic variations can be hazardous
to some technologies, such as power grids,
pipelines, satellites, and railways.

• Whilst the geomagnetic hazard cannot be
prevented, careful monitoring and prediction
enables operators to better safeguard their
technologies and thus mitigate their risk.

Why does this hazard occur?
The Earth’s geomagnetic field changes over time,
in both strength and direction, due to two general
processes. The first process, which acts over seconds
to decades, is controlled by the Sun through the
phenomenon of space weather. The second process
is that which creates the Earth’s magnetic field in
the liquid outer core of the planet and evolves over
months to millennia. The first of these processes is
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The impact of a CME can trigger a geomagnetic
storm within the magnetosphere, which may last
from a few hours to a few days.

CMEs are generally more numerous during the
ascending, maximum and descending phases of
the solar activity cycle. During the descending and
minimum phases of the cycle, streams of fast solar
wind that are rooted in solar coronal holes may
affect the Earth. These streams give rise to generally
lower magnitude geomagnetic storms and tend to
recur every 27 days with the Sun’s rotation.

What are the consequences of it occurring?
The hazard from space weather affects technologies
such as:
• power grids (through high-voltage transformer
failures, protective relay operation, voltage
harmonics and instabilities)
• pipelines (increased corrosion rate)

• GPS positioning (degraded positional accuracy)

• satellite, spacecraft or aircraft communications
(degraded and/or intermittent communications)
• satellite, spacecraft or aircraft operations
(electronic component failure)

There is also a risk to astronaut or air-crew health
from radiation. The space weather hazard to aircraft
primarily affects polar air routes. There is also
some evidence that mobile phones and wireless
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communications and control systems on the ground
may be at risk.

The more specific geomagnetic hazard affects
electrically grounded and conducting networks,
including power grids, pipelines and, potentially,
railway networks. The geomagnetic hazard may
also affect high-precision magnetic navigation, such
as directional drilling for oil and gas. Heating of
the neutral upper atmosphere during geomagnetic
storms also increases drag on low-altitude satellites,
particularly those in polar orbits.
During a space-weather ‘event’ the geomagnetic
hazard will be present to a greater or lesser degree.
However the geomagnetic hazard does not occur
without an accompanying space-weather event.
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only northern Britain may be affected (north
and central Scotland). However, the geomagnetic
hazard is generally a continental- to global-scale
phenomenon, so in the worst cases all parts of the
UK are equally at risk.

Actual exposure to the hazard will depend on the
technology concerned. For example in the UK highvoltage power system, transformers (and hence the
consumer electricity supply) close to the coast and
at the ends of relatively long lines will be most at
risk. The same considerations will apply to other
electrically grounded networks.

Magnetic navigation errors also generally increase
with latitude, with UK-wide impact expected during
major geomagnetic storms.

It is also worth stressing that there is no evidence of
a direct human health issue from the geomagnetic
hazard, as opposed to the known radiation hazard to
aircraft and spacecraft associated with space weather.

Scientific detail

Monitoring and measurement

A damaged electrical transformer after a geomagnetic
storm in March 1989. Image © John Kappenman.

What is the cost to the UK economy?
No published data on UK costs are available, to our
knowledge. However, a US National Academy of Science
report in 2008 gave figures for the USA. Potential
costs were estimated to run into trillions of dollars, if a
geomagnetic storm were to cause widespread failure
of the US power grid. The report also estimated grid
repair times lasting from months to years.

Susceptible locations

The geomagnetic hazard generally increases
with latitude. During minor geomagnetic storms
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The BGS operates the UK network of three
geomagnetic observatories at Lerwick, Eskdalemuir
and Hartland. The BGS also operates five overseas
observatories on Ascension Island, Port Stanley
(Falkland Islands), King Edward Point (South
Georgia), Sable Island (Eastern Canada) and
Prudhoe Bay (Alaska).
Each observatory records the magnitude and
direction of the geomagnetic field vector, sampling
every second and reporting to a 1 nanotesla (nT)
resolution. 1nT is approximately 1/50 000th of the
strength of the Earth’s magnetic field in the UK.
Geomagnetic data are provided for academic and
other study at a one second time interval, as well as
in the form of one minute, one hour, daily, monthly
and annual mean values.
The UK observatories have three sets of recording
instruments to ensure 24/7 real-time capability
for geomagnetic hazard monitoring. A set of
instruments at an observatory comprises a
proton precession magnetometer (measuring the
absolute strength of the field every ten seconds), a
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fluxgate magnetometer (measuring the directional
variations every second) and backed by (at least)
weekly manual measurements to establish absolute
directional baselines, e.g. relative to true north.

The BGS geomagnetic observatory data are displayed
in real time as ‘magnetograms’, i.e. as time series
plots of the three components of the magnetic field
vector on any given day. Geomagnetic data may
also be presented as indices of activity, also in real
time, which seek to capture the envelope or range
of magnetic variations according to internationally
agreed scales, thus allowing ready comparison of
conditions around the world.

Examples affecting the UK
A geomagnetic storm, following from one
or more CMEs between 6 and 13 March
1989 caused damage to two National Grid
transformers (Erinmez et al., 2002). Otherwise
only anecdotal evidence exists, believed to
be partly due to commercial sensitivity over
impacts, or past ignorance of this natural hazard.
International evidence is more common. For
example the geomagnetic storm of March 1989
resulted in a widespread shut-down of the
Hydro-Québec power system that took more
than nine hours to reverse. During a severe
geomagnetic storm in 2003, permanent damage
was sustained in a number of transformers in
South Africa and a blackout occurred in Sweden.
One ongoing issue, both scientifically and
in the engineering community, is the extent
to which more numerous, but less intense,
geomagnetic storms may shorten the working
lifetime of sensitive technologies, through
successive impacts that do not individually
result in documented equipment failure.

How is the hazard characterised?
The hazard can be characterised by geomagnetic
activity indices derived from UK and worldwide
observatory data, which include:
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Illustration, not to scale, showing the influence of
the Sun on the Earth’s magnetic field: a CME is seen
leaving the Sun, in the solar wind, to impact the
Earth’s magnetosphere. Image © NERC.
• K — a three-hour, local measure of geomagnetic
activity calculated for any magnetic observatory.
• Kp — a worldwide average of K indices from 13
different observatories, which provides a threehour, planetary measure of geomagnetic activity
at mid latitudes, on a scale of 0 to 9, akin to a
‘Richter scale’ for geomagnetism.
• Ap — as for Kp, but converted to physical units
and expressed as a daily average.

• ap — as for Ap, but on a three-hour scale rather
than as a daily average.

• aa — a measure of global activity from just two
magnetic observatories (Hartland, UK and Canberra,
Australia), measured on a three-hour timescale.
Ap >50 is a widely quoted threshold for the onset
of a major magnetic storm. Ap >100 indicates the
occurrence of a severe magnetic storm. The hazard
can also be quantified locally on the K scale of 0 to 9,
defined for each observatory separately, but in
such a way that K indices are directly comparable
between observatories around the world.
The hazard may be quantified in a more physical
way by the rate-of-change of the horizontal
component of the magnetic field, usually quoted
as nT/minute or nT/second. Other, more physical
measures of the hazard include the hourly standard
deviation in the magnetic field or the envelope of
magnetic variations (both in nT).
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Monitoring and response by the BGS
The BGS Geomagnetism team makes daily
magnetic activity forecasts during the normal
working week, with occasional cover for
weekends where circumstances warrant. In
advance of a magnetic storm, or if one has
commenced, the team issues a public interest
‘activity alert’ by email. The Geomagnetism
team also uses Twitter, Facebook and the
BGS main website to communicate a brief
activity forecast and to note the potential for
seeing the Northern Lights (Aurora Borealis).
See www.geomag.bgs.ac.uk/data_service/
space_weather/alerts. The Geomagnetism
team provides geomagnetic reference data
for precision navigation, e.g. for the oil and
gas sector. These near real-time data can be
applied even during geomagnetic storms to
reduce uncertainty in the drilling direction.

The Geomagnetism team communicates a
detailed daily magnetic activity forecast, as
part of the UK Natural Hazards Partnership,
to the Met Office. The BGS Geomagnetism
team provides expert opinion on geomagnetic
hazard to the Civil Contingencies Secretariat
of the Cabinet Office, Department for
Energy and Climate Change (DECC) and
Government Office for Science (Go Science)
and contributes to the UK Space Environment
Impact Expert Group and a Royal Academy of
Engineering study on space weather impacts
on national infrastructure (RAE, 2013). In
2011, the BGS gave oral evidence to the
House of Commons Defence Select Committee
on ‘Developing Threats to Electronic
Infrastructure’.

Secondary hazards
Geomagnetic variations directly impact ground-level
technologies such as power grids, pipelines and
precision magnetic navigation.
A secondary issue is that extended loss of electrical
power or of piped fuel, due to geomagnetic hazard,
www.bgs.ac.uk

has wider societal and economic consequences. This
could include issues of health and wellbeing

Triggering mechanisms

Prior solar activity in the form of coronal mass
ejections and/or coronal holes is a requirement in
triggering geomagnetic hazard. Geomagnetic storms
do not occur without solar precursors. Therefore
solar observations, modelling and analysis are key
components in understanding the likelihood and
magnitude of the geomagnetic hazard.

The prevailing solar wind may diminish or
accentuate the impact of travelling disturbances
from the Sun. Therefore measurements and
modelling of the interaction between the Sun, solar
wind and the magnetosphere are also key activities.

Scenarios for future events

The ‘Carrington Event’ of September 1859 is widely
regarded in the scientific community as the most
significant geomagnetic hazard event of the past
160 years. This solar event and the subsequent
geomagnetic storm caused widespread problems in
the form of communication failures, fires and even
risk of electrocution in the international telegraph
networks of the time.

Recent research suggests that a ‘instantaneous’
magnetic field strength variation of ~5000 nT/
minute, or a ‘instantaneous’ directional variation of
10 degrees/minute, may be a reasonable worst-case
scenario for risk assessment on timescales of 100
to 200 years and at latitudes appropriate to the UK
(Thomson et al., 2011).
Nowadays, a repeat of the ‘Carrington Event’ would
affect the power distribution network of the UK, an
issue recognised by the UK government. Current
research is therefore directed to establishing how
widespread and how severe that impact would be.
Generally the impact of such events can be simulated
in models of the UK high-voltage grid (Beggan et
al., 2012). Based on such scenario testing, decisionmakers are better able to assess the robustness
of technological systems. This is a growing area of
partnership between the BGS Geomagnetism team
and industry.
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• UK Natural Hazards Partnership: www.bgs.ac.uk/
research/naturalHazardsPartnership.html
• Met Office: www.metoffice.gov.uk
• National Grid (MAGIC)

• European Space Agency (SWENET): www.esaspaceweather.net

References

1. Erinmez, I A, Kappenman J G and Radasky W
A. 2002. Management of the geomagnetically
induced current risks on the National Grid
Company’s electric power transmission system.
J. Atmos. Sol-Terr. Phys. 64(5–6), 743–756.

Aurora over Deeside, North East Scotland.
Image © Jim Henderson Photography.

Partnerships
• Finnish Meteorological Institute (Finland),
Neurospace, Swedish Institute of Space Physics
(Sweden), Catholic University of America, NASA/
Goddard Space Flight Center (USA), Geodetic and
Geophysical Research Institute (Hungary), Polar
Geophysical Institute (Russia): www.eurisgic.eu
• Space plasma and radio science group,
Department of Physics, University of Lancaster:
www.spears.lancs.ac.uk/samnet
• NOAA/NWS Space Weather Prediction Center:
www.swpc.noaa.gov

2. Thomson A W P, Dawson E B and Reay S J.
2011. Quantifying extreme behaviour in
geomagnetic activity. Space Weather. 9, S10001.
doi:10.1029/2011SW000696.

3. Beggan, C, Beamish, D, Richards, A, Kelly, G
and Thomson A. 2013. Prediction of extreme
geomagnetically induced currents in the UK highvoltage network. Space Weather. 11, SWE20065,
1–13. nora.nerc.ac.uk/502627

4. RAE (Royal Academy of Engineering). 2013.
Extreme space weather: impacts on engineered
systems and infrastructure. www.raeng.org.uk/
news/publications/list/reports/space_weather_
full_report_final.pdf

Further information
The BGS Geomagnetism team can be contacted by:
Email: enquiries@bgs.ac.uk
Telephone: 0115 936 3143

More information about geomagnetic data and geomagnetism research at BGS:
www.geomag.bgs.ac.uk/data_service/home.html
www.geomag.bgs.ac.uk
On Twitter: @BGSspaceWeather and @BGSauroraAlert
www.geomag.bgs.ac.uk/data_service/space_weather/alerts.html
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