
I t all starts with the Sun. The Sun is incredibly hot — 
many millions of degrees Celsius in its core. It is so 
hot that electrons are freed from atoms within the Sun, 

allowing ions and free electrons to co-exist in the form of 
‘plasma’ (see ‘Superstorm’, PHYSICS REVIEW Vol. 21, No. 3, 
pp. 2–5).

When there are free electrons whizzing around there is an 
electric current and a magnetic field (Box 1). The Sun rotates 
once every 27 days, which acts to contort the magnetic fields. 
The plasma, therefore, has complex magnetic fields embedded 
within it.

It is also worth remembering just how far away the Sun is — 
around 150 million km. At this distance, it takes light 8 minutes 
to travel from the Sun to the Earth. Nuclear fusion within the 
Sun releases energy, which is carried away by electromagnetic 
radiation (Figure 1) and by sub-atomic particles such as electrons 
— these particles make up the solar wind. The solar wind is 
not constant — sometimes faster, sometimes slower — and 
complicated by the rotation of the Sun.

Occasionally the Sun emits solar flares and can send massive 
ejections of plasma out into space. When this activity is directed 
towards Earth, we need to take an active interest in the potential 
impacts that it can have.

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

This article describes how charged particles and magnetic fields 
in and around the Sun produce ‘space weather’ events (including 
aurorae, whose colours depend on atomic energy levels) and 
explains why such events may disrupt power transmission and 
communications as a result of induced currents. 

Exam links 

Forecasting 
space weather

Space weather refers to the variable conditions on the Sun and in the 
space environment around us. It can influence the performance 
and reliability of technological systems and even endanger 
health and life. There is a whole branch of physics 
dedicated to space weather, with research being 
undertaken across the world
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What causes space weather?
There are different types of space weather, caused by different 
events on the Sun. Often the observed activity is related to 
changes to sunspot regions. Sunspots are areas of intense, 
localised magnetic fields on the Sun’s surface, which appear 
darker than their surroundings. Sunspots can last up to a few 
weeks, but they tend to evolve (change in size and shape) over 
their lifetime. The complexity of a sunspot region can indicate 
the probability of activity. Space weather advisors therefore 
spend a lot of time studying images and movie loops of sunspot 
regions to analyse their complexity and so predict how they will 
evolve.

Complex sunspot regions can be the source of solar flares and 
even coronal mass ejections (CMEs). Solar flares are explosive 
releases of energy, equivalent to a 1 billion megatonne nuclear 
explosion (for comparison, it was a 15 kilotonne nuclear bomb 
that devastated Hiroshima in 1945). The energy from a solar 
flare is carried away by electromagnetic radiation and charged 
particles, and can result in a blackout of high-frequency radio 
communication on the sunlit side of the Earth.

Large solar flares are often associated with huge ejections 
of mass from the Sun. These CMEs emit billions of tonnes of 
plasma, sometimes at speeds of over 1000 km s−1, taking 18–96 
hours to reach Earth if they are directed towards us. 

Space weather advisors are also on the lookout for features 
called ‘filaments’ or ‘prominences’, which occur where plasma 
flows along magnetic field lines that loop out of the Sun. These 
massive loops of plasma can hang from the Sun for several 
weeks, occasionally erupting, sending billions of tonnes of 
plasma out into space. These CMEs tend to have a slower speed 
(around 400–500 km s−1), taking several days to reach the Earth 
if they are directed towards us.

Why do we need to forecast space weather?
Space weather can cause disruption to satellite operations, 
communications, navigation and electrical power, leading to a 
wide variety of problems. A few years ago the UK government 
recognised that space weather is a real threat to the UK’s resilience 
and so it was added to the UK’s National Risk Register. The Met 
Office established a Space Weather Operations Centre to provide 

24/7 monitoring, forecasting and advice to the government and 
customers.

Our vulnerability to the impacts of space weather increases 
with our use of technology. It is therefore important that we 
work to improve our ability to forecast space weather accurately, 
giving affected industries as long a lead-time as possible.

Figure 1 The solar electromagnetic spectrum
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Box 1 Charged particles and magnetic fields

The movement of charged particles (e.g. electrons) gives rise to a 
magnetic field. For example, current in a long, straight wire produces 
a circular magnetic field, and a current in a coil produces a field along 
the axis of the coil (Figure 1.1). The moving charges do not need to be 
confined to a wire; any movement of charge gives rise to a magnetic 
field. 

Magnetic fields affect the motion of charged particles. A charged 
particle moving in a magnetic field experiences a force at right 
angles to the field and its own direction of motion. The size of the 
force, F, depends on the magnetic field, B, the particle’s charge, q, its 
speed, v, and the angle, θ, between its motion and the field direction 
(Figure 1.2):

F = Bqv sin θ
Particles moving parallel to a magnetic field experience no force 

(sin 0° = 0). Other charged particles moving in the field are deflected 
into spiral or circular paths around the magnetic field lines. 

If a charged particle is in a magnetic field that changes with 
time, then the particle experiences a force even when it is at rest. 
If charged particles in a changing field are free to move, then the 
changing field induces a current (a flow of charged particles). 

wire

(a)

(b)

current

magnetic �eld lines

current current

Figure 1.1 Magnetic fields due to electric current (a) in a long, 
straight wire and (b) in a solenoid
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Figure 1.2 The force on this moving positively charged particle 
acts away from you at right-angles to the page
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Space weather forecasts enable customers such as power 
companies and satellite operators to take precautions to protect 
equipment from damage, allowing them to maintain vital 
services. Even if a forecast is not possible, 24/7 monitoring 
allows us to understand the causes of disruption, so that if 
satellites are damaged we know whether the Sun was to blame. 

Recent research suggests that the speed of the solar wind has 
an impact on the number of lightning strikes on Earth — the 
faster the wind, the more lightning strikes. It is possible that 
the charged particles in the solar wind can penetrate thunder 
clouds, making discharge (lightning) easier.

The solar wind strengthens the magnetic field around the 
Earth, shielding us from cosmic rays from outside the solar 
system by deflecting incoming charged particles (Box 1). At a 
solar minimum, the Earth is relatively weakly shielded, allowing 
more cosmic rays to penetrate the atmosphere. Some research 
suggests that this may give us generally cloudier conditions. 

Energetic charged particles from the Sun can also penetrate 
the Earth’s upper and middle atmosphere and change the 
make-up of gases there — particularly nitrous oxide. Whether 
or not this has an impact on the climate on the ground is an area 
of active research.

There is an 11-year solar cycle, over which the number of 
sunspots peaks and falls. You tend to get more frequent space 
weather events around solar maximum; however, you can still 
get activity at solar minimum. Figure 2 shows this sunspot cycle. 
You can see that we have just passed the latest sunspot peak, 
which was a lower peak than we have seen in recent decades. 

Satellites
We use satellites to observe and monitor the Sun. Several satellites 
are positioned around 1.5 million km away from the Earth at 
the L1 Lagrangian point. This is a stable position between the 
Earth and the Sun, giving the satellites an uninterrupted view 
of the Sun. One such satellite is SOHO (Solar and Heliospheric 
Observatory), which produces images of the Sun as well as 
collecting data. We use the images to measure the speed and 
direction of the plasma and to predict when it is likely to arrive 
at Earth, as well as any potential impacts. 

Another satellite that provides very useful images is SDO 
(Solar Dynamic Observatory), which is in a geosynchronous 
orbit at around 36 000 km altitude above New Mexico, USA. 
This satellite takes very high-resolution images of the Sun, some 
examples of which can be seen in Figure 3. 

Satellites can themselves be affected by space weather. 
Charged particles can gather on the outside of satellites and 
cause surface charging, which can result in a sudden discharge 
and damage to the satellite. High-energy particles can penetrate 
the satellite’s protective outer layers and cause false commands 
in the electronics known as ‘single event upsets’. 

Interaction with Earth’s magnetic field
Once a CME arrives at Earth, the plasma interacts with the 
Earth’s magnetic field (the geomagnetic field), causing a 
geomagnetic storm that can last for several days. The CME will 
only interact strongly with Earth’s magnetic field if its magnetic 
field is in the opposite direction from the Earth’s magnetic field. 
We do not know the polarity of the CME’s magnetic field until 
it reaches satellites at the L1 position, which is 99% of the way 
to Earth. This gives us about 20–60 minutes’ notice of whether 
the CME will cause a geomagnetic storm.

A famous historical example of space weather was in 1859, 
when the Earth was engulfed in one of the largest geomagnetic 
storms ever recorded, called the Carrington event. Stunning 
auroras filled the skies for several nights across the world. More 
recently, in 2003, there were five discrete geomagnetic storms 
between 19 October and 7 November, known as the Halloween 
storms. These caused numerous satellite problems, interrupted 

Figure 3 Imagery from SDO (August 2011) showing a pair of active 
sunspot regions in three different wavelengths. The false-colour 
image on the left shows plasma near the Sun’s surface in the 
extreme ultraviolet. The middle image uses a similar wavelength to 
pick out the plasma flowing along looping magnetic field lines. The 
right image shows the sunspots by picking out the intense regions 
of magnetic field lines

Figure 2 The sunspot cycle since 1985Figure 2 The sunspot cycle since 1985
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oil drilling operations due to GPS impacts, caused some polar 
flights to be diverted and induced currents in power lines across 
the world. 

Disruption to power
During a geomagnetic storm, charged particles from the CME 
follow the Earth’s magnetic field lines. As the current flows, it 
creates its own magnetic field (see Box 1). This in turn induces 
a voltage potential on the surface of the Earth, leading to the 
creation of geomagnetically induced currents (GICs) in the 
Earth itself and in any conductors within (or near) it.

Currents are induced along conducting paths such as oil/
gas pipes, railway lines and high-tension electricity lines 
(via transformer groundings). As you can imagine, impacts 
on the power network caused by these induced currents  
in high-tension electricity lines are a concern. In March 1989 
6 million people lost power for 9 hours during a geomagnetic 
storm in Quebec. 

A recent study sponsored and undertaken by National Grid 
indicates that a reasonable worst-case scenario for the UK is 
for a 1-in-100 year Carrington-type event, with some localised 
blackouts lasting a few hours.

Aurora
The aurora is the only visible sign that we have of ongoing space 
weather affecting the Earth. It is one of the most significant 
visual phenomena to be found in the high-latitude ionosphere 
(Figure 4).

Figure 4 The aurora borealis photographed from space

Box 2 Light from atoms

Electrons within an atom can only have certain energies (known as 
energy levels). Each type of atom has its own unique set of energy 
levels. The electrons usually occupy the lowest-possible energy levels 
(the ground state), but if an atom collides energetically with another 
particle its electrons can be excited to higher levels. An excited 
electron can lose its excess energy by dropping to a lower level and 
emitting a photon, whose energy corresponds to the difference, 
∆E, between levels (Figure 2.1). The frequency, f, of the radiation is 
related to the photon energy by:

∆E = hf

where h is the Planck constant.

photon energy, ΔE = hf
ΔE
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Figure 2.1 Emission of a photon

6864_PhysRev_27_2_CC_Print.indd   5 28/09/2017   10:23



6 Physics Review  November 2017

at lower latitudes on Earth when a strongly negative polarity 
CME interacts with the geomagnetic field. The strength of 
geomagnetic storm produced by the interaction between the 
CME and Earth’s magnetic field is quantified using the Space 
Weather Scale for Geomagnetic Storms (www.metoffice.gov.
uk/publicsector/emergencies/space-weather/uk-scales) and is 
measured using the Kp index (0–9).

Figure 5 shows the midnight equatorward boundaries of the 
aurora across Eurasia based on the strength of the geomagnetic 
storm, showing that the aurora moves further south during a 
stronger geomagnetic storm. On a clear night away from light 
pollution the aurora can be seen 4–5 degrees in latitude further 
south than the boundaries shown. If you are interested in seeing 
the aurora in the UK, go to http://aurorawatch.lancs.ac.uk and 
sign up for alerts. 

Conclusion
Space weather is a complex area of physics, with a wide range 
of new terms. If there are any words in this article that you are 
unfamiliar with, take a look at this comprehensive glossary  
on the Space Weather Prediction Centre (SWPC) website:  
www.swpc.noaa.gov/content/space-weather-glossary.

The light of the aurora is produced when charged particles 
from the plasma in a CME move into Earth’s upper atmosphere 
and collide with atoms and molecules in the ionosphere. The 
electrons in the atoms and molecules within the ionosphere 
become excited, before returning to their initial state, emitting 
light. The colour of light depends on the atom involved (Box 2) 
— the characteristic green light most usually observed comes 
from excited oxygen atoms at high altitudes. 

In general, you are most likely to see the aurora close to 
the Earth’s magnetic poles. However, the aurora can be seen 

Jenny Rourke is deputy chief meteorologist at the Met Office. 
She has a keen interest in space weather, having spent 3 years 
previously working as an operational space weather advisor in 
the Met Office Space Weather Operations Centre (MOSWOC). 

Figure 5 Map of midnight equatorward boundaries of the aurora 
across Eurasia, based on the strength of the geomagnetic storm. 
Note that the aurora can be seen further south during a stronger 
geomagnetic storm 
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