When
the Sun
Means
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Auroras are the nice side of space weather. But the
solar system also has its storms. The Sun can unleash
particle storms that cause considerable damage to
technical infrastructure on Earth. Partly with the aid of
new telescopes, specialists from the Max Planck Insti-
tute for Solar System Research want to better under-
stand why our star is especially active every 11 years.
One of their main goals is to be able to forecast solar
storms with enough warning to enable mitigating
steps to be taken.

Text:
Jan Berndorff

sually colorful across Germany: wind. Sometimes they shone calmly,
glowing green curtains stretched shifting from green to red to violet.
across the starry sky from the islands off
Germany’s northern coast to the foothills  What countless people captured with their
of the Alps in Bavaria. Sometimes the cameras on those nights were auroras.

The first months of this year were unu-  lights fluttered rapidly like flags in the
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When these phenomena are visible not
just at higher latitudes such as Scandina-
via or the Arctic, but even in Central Eu-
rope, this is a sign of particularly high so-
lar activity. After all, auroras originate in
eruptions on our home star: violent turbu-
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Earth in correct proportion
to the Sun

lence in the magnetic field hurls a torrent
of charged particles into space. When the
magnetized cloud meets Earth’s magnetic
field, it dents it. This causes Earth’s mag-
netic tail to flutter in the geomagnetic
storm. In parts of that magnetic tail, indi-

vidual field lines draw close enough to
snap together and reconnect, releasing a
burst of energy. The forces unleashed in
this process accelerate charged electrons
along the Earth’s bent magnetic field up
to its poles. On the way, the particles
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cause oxygen and nitrogen in the atmos-
phere to glow —resulting in auroras. Every
11 years or so, the Sun produces a particu-
larly high number of such eruptions. For
one to two years, solar storms, which are

considerably stronger than the normal so-
AN
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lar wind, move through space more fre-
quently. “At lower geographic latitudes,
Earth’s magnetic field offers stronger pro-
tection,” says Sami Solanki. He is Direc-
tor at the Max Planck Institute for Solar
System Research in Géttingen. If a par-
ticularly strong torrent of particles hits

Earth, it presses against Earth’s magnetic

field to such an extent that even those

magnetic field lines based at middle lati-
tudes reconnect — meaning solar particles

rain down into the atmosphere over more

southern parts of Europe too. This can

have unpleasant consequences: satellites,
space stations, and high-flying airplanes

are exposed to more intense particle radi-
ation from the Sun, power lines on the

ground are overloaded by the charged

particles, transformers burn out, and the

result is large-scale power outages. The

European Space Agency (Esa) has calcu-
lated in a study that a violent solar storm

could cause damage amounting to up to

EUR 15 billion in Europe alone. Experts

from the United States’ National Re-
search Council put the figure at up to

USD 2 trillion for the U.S. In other words:

as important and fascinating as this star is

for us — after all, the Sun provides 99.96

percent of the energy that stops Earth

from cooling — it is also capable of de-
struction. Which is why researchers want

to better understand how it works.

Views of the
Sun’s Poles

Although researchers have already been ob-

serving and taking measurements relating
to the Sun for decades using telescopes
both on the ground and in orbit, numer-
ous details relating to its complex mag-
netic field remain unknown. And it is this
magnetic field that unleashes solar storms.
“If we better understand these processes,
we can model them, and if we model them,
we can also make forecasts — for example,
about dangerous storms that threaten to
strike Earth,” says Kinga Albert, who car-
ries out research in the Gottingen-based
Institute’s Sun and Heliosphere Depart-
ment.

Albert is currently studying the first meas-

urement data from Esa’s Solar Orbiter
probe, to which the Max Planck Institute
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contributed a key instrument: the Polari-
metric and Helioseismic Imager. This in-
strument captures images of the Sun’s
surface in visible light and determines the
strength and direction of its magnetic
field. Solar Orbiter is now getting closer
to the Sun than Mercury, the innermost
planet. For the first time, a solar telescope
with high-resolution cameras is entering
new scientific territory by leaving the
ecliptic — the plane on which all the plan-
ets orbit the Sun with a few degrees of de-
viation. In this way, Solar Orbiter can ob-
tain a detailed view of the Sun’s poles. To
date, almost all of the images of the Sun
and its magnetic field have been from the
side, as they have been taken from the
ecliptic. The Sun’s axis of rotation is only
tilted by about 7 degrees from this plane.
“From this angle, we can see hardly any-
thing, unfortunately, meaning that the
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Venus

Summary

Magnetized plasma hurled into
space by the Sun can not only
trigger auroras when it meets
Earth’s protective magnetic field,
but also cause considerable dam-
age to technical infrastructure.
Such solar storms occur
increasingly often at the height of
the Sun’s 11-year cycle.

To better understand this cycle,
researchers at the Max Planck
Institute for Solar System
Research are investigating the
dynamics of the Sun’s magnetic
field using the Solar Orbiter and
Sunrise observatories.

They are also involved in a future
mission named Vigil. Its goal is to
forecast potentially devastating
geomagnetic storms early on,
enabling protective measures to
be initiated in a timely fashion for
power networks and satellites.

GRAPHIC: GCO, BASED ON ESA & MPI FOR SOLAR SYSTEM RESEARCH
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poles are still largely unexplored,” says
Solanki with regret. “However, we sus-
pect that what goes on there is crucial for
our understanding of the Sun’s 11-year
cycle.”

Fiery Plasma

During this cycle, which can last between 9
and 13 years, the Sun undergoes an aston-
ishing transformation: starting as a dipole
with field lines running fairly straight be-
tween north and south, as is familiar from
Earth’s magnetic field, these field lines in-
creasingly unravel. Based on current re-
search, this happens as follows: like Earth,
the Sun is essentially a giant dynamo. As
it rotates, the charged matter it’s made of

— plasma composed of hydrogen and he-
lium — generates a magnetic field. How-

Vigil

ever, it rotates at different speeds at differ-
ent latitudes: once every 35 days at the
poles and once every 25 days at the equa-
tor. As the magnetic field lines and
charged particles in the plasma are cou-
pled to each other, the original north-
south field lines practically wrap around
the Sun with time, creating a fairly com-
plex and roughly ring- or donut-shaped
magnetic field.

The magnetic field arising from this differ-

ential rotation is anchored at the base of
what is known as the “convection zone.”
This zone corresponds to the outer third
of the Sun, where energy from the Sun’s
interior is transported to the outside not
through radiation, but through powerful
flows and circulation in the plasma. Just
beneath the surface, bubbles shoot up at
an average of 3000 kilometers per hour
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Sunrise
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Observatories at work: the
space probe Solar Orbiter is
orbiting the Sun at an ever
steeper angle in relation to the
ecliptic. The all-round view
helps with our understanding
of how the Sun’s magnetic field
develops. Sunrise — a solar
telescope that soars over Earth
attached to a stratospheric
balloon — observed an active
phase of the Sun in 2024.
Should a solar eruption be on
course to hit Earth, Vigil’s outer
position will enable it to offer a
warning several days in
advance in the 2030s. Fore-
casts to date have often come
too late: Soho, for instance,
doesn’t see the storm’s front
until it’s just around the corner.
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before cooling down and sinking again:
the plasma bubbles and seethes like water
boiling in a pan.

At the base of the convection zone, the mag-

netic field is densely packed and so turbu-
lent that field lines tear away and form
tube-like shapes. Inside such magnetic
field cages there is less solar plasma than
in the surroundings, so they rise to the
surface like submarines with empty tanks.
Where the groups of field lines break
through the surface, magnetic forces pre-
vent additional hot plasma from following.

The Sun’s two faces: the
global magnetic field
alternates between a
regularly shaped and orderly
dipole as on Earth (top) and a
chaotic, wound-up magnetic
field. A single cycle lasts
around 11 years.

GRAPHIC: GCO, BASED ON MPI FOR SOLAR SYSTEM RESEARCH

KNOWLEDGE FROM

Convection and hence the transport of
energy are prevented — sunspots are cre-
ated, which are often far larger than Earth
and appear dark because they are at a
temperature of only around 4000 degrees,
while temperatures of around 5500 de-
grees prevail elsewhere in the photo-
sphere.

The more active the Sun is, the more sun-

spots can be seen and the more dynamic

and chaotic the magnetic field is at its sur-
face. The outermost superheated layer of
the Sun’s atmosphere is called the corona.
Coronal loops arise along field lines that

reach far above the surface, often an-
chored in the vicinity of sunspots. Some-
times, the field lines twist and knot to-
gether until the tension becomes too

great, causing the magnetic cage to break

apart and hurl a torrent of plasma into

space with tremendous force. Experts

call this a coronal mass ejection. They’re

the cause of a phenomenon also known as

a solar storm. After raging for one to two

years — the last period of peak activity be-
gan in 2024 and probably ended with the

auroras at the start of this year — the Sun

slowly calms down again. The number of
sunspots decreases, and the field lines

gradually align themselves with the di-
pole again. But this time they are the

other way around: what was formerly the

magnetic north pole becomes the mag-
netic south pole, and vice versa.

This phase in particular is still a puzzle:

“We are still unable to explain how the
Sun recreates order from all the chaos,”
says Solanki. That is exactly what Solar
Orbiter is tasked with uncovering. Some
of the images and measurements that the
solar telescope recorded in 2025 have al-
ready been published. But the analysis of
much of the data has only just begun:

“We won’t be able to publish the initial re-
sults before the end of this year, and I
can’t give anything away yet,” says
Solanki. “All I can say is, we have made
exciting discoveries that likely disprove
some models.”

The Sun Between
Chaos and Order

His colleague Kinga Albert is working on

measurements relating to magnetic struc-
tures close to the poles: “There are mag-
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netic areas there that range in size from
large to small. Admittedly, none of them
are as big as the sunspots near the equator,
but they are at least around the size of
Germany. Some change within a few
hours, while others remain stable for days.
Some are positive, while the magnetic po-
larization of others is negative.” These
structures exist within the granulation
pattern — this is the grainy structure of
mighty plasma bubbles that arise due to
convection. “The currents bring together
magnetic fields that are drifting at the
surface and that are mostly the remnants

DOES SOLAR ACTIVITY
INFLUENCE CLIMATE
CHANGE?

It’s not the Sun’s activity, but
rather the greenhouse gas
emissions of humans that have
caused global warming since
industrialization. While it’s true
that solar activity — and thus the
energy emitted to Earth — increas-
es every 11 years, it then
decreases again. The difference
is only plus or minus one watt per
square meter. In total, the Sun
supplies 1361 watts per square
meter. The CO, or methane
molecules emitted through
human actions store additional
thermal radiation from the Sun in
Earth’s atmosphere and increase
the natural greenhouse effect.
Compared to the period 1850-
1900, additional radiative forcing
of around three watts per square
meter is now acting on Earth. In
the same period, the intensity of
the Sun’s radiation has only
increased by around 0.12 t0 0.75
watts per square meter — and has
even decreased slightly in the
past 50 to 60 years.

Viewed across the last tens of
thousands of years, average
radiative forcing has been very
stable. This enabled a warm and
largely consistent climate, in
which advanced human civiliza-
tions developed. But that’s over
now: the current average global
temperature is higher than in the
last 125,000 years.



of larger sunspots. They form units like
foam does on the sea, only to be scattered
again,” explains Albert. She is still busy
taking stock and looking for patterns. “I
can’t offer any interpretation as of yet.”
“Our journey to the poles is just beginning
though,” stresses ILakshmi Pradeep
Chitta, who conducts research in the
same department as Albert. He adds that
the space probe will orbit the Sun at an
angle of 33 degrees in a few years — break-
ing out of the ecliptic and offering an even
clearer view of the poles. “This means
that we will be able to follow the Sun’s
journey back into its dipolar state in detail,
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something we have been unable to prop-
erly explain to date,” says Pradeep Chitta.

However, the researchers have even more

tricks up their sleeves for getting the Sun
to divulge its secrets. One of these is an-
other very special solar observatory
named Sunrise, led by the Max Planck In-
stitute for Solar System Research. This
telescope, which weighs about 2.5 metric
tons and has a one-meter mirror, is neither
on the ground nor hurtling through space.
Instead, it hangs from a giant helium bal-
loon at a height of around 37 kilometers, at
the threshold between Earth’s atmos-
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Something new under
the Sun: discussions in
the Institute’s foyer
between Kinga Albert,
Lakshmi Pradeep Chitta,
Smitha Narayanamurthy,
and Sami Solanki (left to
right).

phere and space. There, it avoids clouds
and disruptive atmospheric turbulence,
but it can also be brought back to Earth
and maintained. It thus combines the
benefits of telescopes in space and on the
ground.

In 2024, the balloon, which has a diameter
of 130 meters when filled to capacity,
started out near Kiruna, in northern Swe-
den. It was carried by stratospheric west-
erly winds along the Arctic Circle to Can-
ada, where it landed around a week later.

“This flight was a total success,” says a de-
lighted Smitha Narayanamurthy, who is
responsible for analyzing data at the Insti-
tute. Thanks to the midnight sun and its
position above the clouds and weather, the
telescope observed the Sun continuously
and took high-resolution pictures. “Sun-
rise enables us to track eruptions from
start to finish, and we’ll see from the data
whether and how they give advance warn-
ing,” says Solanki. “We have a huge treas-
ure trove of 200 terabytes of data in our
hands, and we’re only just beginning to
utilize it.” This data includes numerous
spectra and polarization patterns in high
resolution, enabling Narayanamurthy to
track granulation in detail and discover
small plasma eddies and whirls.

Forecasting
Geomagnetic Storms

Anyone who wants to forecast geomagnetic
storms precisely also needs to know
whether and when a torrent of plasma will
hit Earth. This can take between half a
day and three days. As things stand so far,
a powerful solar flare with the potential to
cause serious disruptions on Earth cannot
be detected prior to its actual occurrence.
For example, the space probe Soho has
been observing the Sun from Lagrange
point 1 (L1), i.e. from the same direction

%
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The seething Sun: the cooler and
hence darker center of this sunspot
is surrounded by a scar-like
structure, caused by magnetic field
lines, which bend out radially from
the spot. Earth would fit into this
image detail approximately twice.

as Farth, since 1995. However, this satel-
lite has difficulty identifying whether a
solar ejection is actually heading toward
Earth and at what speed. This is due to
the fact that the camera on board covers
the Sun with a round mask and so mainly
sees ejections that emerge from the Sun
laterally. Only when the particles from
the Sun have already reached Soho —
which means the storm is just around the
corner — do sensors on board raise the
alarm. However, this leaves only around
30 to 60 minutes before the particle storm
reaches Earth’s protective magnetic field.
This is also the reason aurora forecasts
only apply a maximum of one hour in ad-
vance.

A Crucial View from
the Side

What solar storm forecasts lack is a view of

the Sun from a different perspective, ide-
ally while a storm is still brewing. More
helpful than the view from above, cap-
tured by Solar Orbiter, is that of the space
probe Vigil from the side. The Gottin-
gen-based Institute is also involved with
this probe, which Esa aims to launch to
Lagrange point L5 in 2031. “From L5,
due to the rotation of the Sun, Vigil will
observe events on the surface of the Sun
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five to six days before they are visi-
ble from L1 or Earth,” explains
Pradeep Chitta. That means when
eruptions are on the horizon, Vigil
can issue a warning as early as a
week in advance. And should a
plasma cloud actually be racing to-
ward Earth, Vigil can calculate its
direction and speed.

“Advance warning is extremely im-
portant,” says Solanki. “As we know
one thing for sure: so far, we've got-
ten off very lightly when it comes to
solar storms.” There haven’t been
any really severe solar storms since
humankind made itself vulnerable
to these cosmic catastrophes
through the widespread use of elec-
tricity and through space travel and
satellite technology. A whole host of
Starlink satellites have been lost on
one occasion, or the power net-
works have failed for a few hours in
half of Canada or satellite naviga-
tion in Germany. But considering

what the Sun is capable of, these were

mild events.

Sparking
Telegraph Poles

The most violent storm recorded to date oc-

curred in 1859. The Carrington Event, as
it is known, was named after a British as-
tronomer and was estimated to be two to
four times stronger than the most intense
solar storms since then. It triggered auro-
ras stretching to the Caribbean and North
Africa and caused forests to go up in
flames due to sparks from telegraph poles.
But electricity was not widespread at the
time, and so the damage remained mini-
mal. Today it would run into the billions,
and the repairs to the energy infrastruc-
ture could take weeks or even months. Ac-
cording to estimates, a Carrington-level
storm should occur around every 100 to
500 years. These estimates are based
partly on comparisons with such erup-
tions on other stars that are similar to the
Sun and on reconstructions of solar activ-
ity, which now reach several thousands of
years into the past.

“However, there may even be much more in-

tense solar storms than the Carrington
Event,” warns Solanki. These phenom-
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ena, known as Miyake events, are 10 to
100 times stronger. Over the last 14,500
years, there have been at least six Miyake
events. It is very likely that the true num-
ber is ten or more, but it is difficult to be
certain, owing to huge gaps in the data.
This occurrence of Miyake events is evi-
denced by measurements of the concen-
tration of the carbon isotope "C in the
growth rings of old trees. Such storms
produce enormous quantities of this iso-
tope in the atmosphere, which then builds
up in trees. The last particularly severe
event probably occurred in the year 774
AD. Nobody can say whether and when
such an event will happen again. It could
even occur during the next solar maxi-
mum.

Humans can’t influence the Sun’s activity.

That’s why it’s essential to prepare as best
we can, according to the Max Planck So-
ciety’s solar researchers. Even with a
warning period of a few days, astronauts
could flee to protective modules, com-
mercial flights over the poles could be
suspended, and sensitive instruments on
satellites could temporarily turn away
from the Sun. In other words, solar re-
search over the next few years might save

us from a catastrophe.
%

Glossary

ECLIPTIC

The plane on which all planets
orbit the Sun, with minor
deviations.

PLASMA

The ionized state of gas in the
Sun, which is so hot that atomic
nuclei and electrons move freely,
instead of being fixed together as
atoms. Plasma can conduct
electricity.

SOLAR STORM

Used colloquially when a coronal
mass ejection on the Sun hits
Earth and triggers a geomagnetic
storm in its magnetic field.
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