Our crazy Sun

Scientists used data from
three different wavelengths
of light to make this com-
posite image of our dynamic
star. Its surface, as is appar-
ent in this view, is far from
calm. Activity along arcing
magnetic field lines can lead
to ejections of material that
wreak havoc on technology
93 million miles (150 million
kilometers) away. esanasa/soro
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A serious solar storm could cause an
electromagnetic mess that could take a decade to
clean up. Bob Berman explains why the Sun’s
activity is more of a problem than ever before and

what we're doing about it.

ontreal’s vast underground pedes-
trian system was far from crowded
that cold Sunday night in March
1989 as graveyard-shift workers
avoided the streets above. Without
so much as a warning flicker, everything went
black before battery backup spotlights illuminated
wall sections like torches. Elevators stopped with a
jolt, their occupants trapped. Streetlights through-
out the Quebec province went out as a tenth of
Canada’s population plunged into a total blackout.

The cause? Space weather.

But the agent of destruction didn’t come here
from Mars or the Orion Nebula or interstellar
space. It came from the Sun. And right now, the
Sun is at the height of its activity. The long-awaited
solar maximum, when the Sun sizzles with the
greatest storms, flares, and prominences of the past
13 years, occurs in 2013.

Slammed by the Sun

In 1971, scientists at the U.S. Naval Research Labo-
ratory first discovered that the Sun sometimes lets
parts of itself go. David Roberts, an electronics
technician at the Orbiting Solar Observatory,
noticed that part of the telescope’s images had sud-
denly brightened. When he took this data to solar

physicist Richard Tousey, Tousey noticed that the
bright region began as part of the Sun and then
moved away into space — ejected. But why?

The Sun’s complex magnetic field contains
regions that disconnect with a snap and then
reconnect, unleashing the energy of thousands of
hydrogen bombs and hurling atomic fragments
into space in what is called a coronal mass ejection
(CME). CME:s can contain 10 billion tons of mate-
rial and travel nearly 2,000 miles per second (3,200
kilometers/s), or 1 percent of light-speed, carrying
energy equivalent to the Sun’s entire output for one
second. Such strong events happen most around
solar maximum — like this year — and occur
because the solar magnetic field releases energy.

To have a significant effect on Earth,a CME
must be massive and launched at high speed from
near the center of the Sun’s disk. Its trajectory then
must cause it to collide with Earth.

A CME’s charged particles have their own mag-
netic field. If that field lines up with Earth’s (a
50-50 chance), our protective magnetosphere
guides the plasma harmlessly around the planet.

Bob Berman is an Astronomy columnist and author of
The Sun’s Heartbeat: And Other Stories from the Life of
the Star That Powers Our Planet (Little Brown, 2011).
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Magnetic field lines

On January 23, 2013, the
Solar and Heliospheric
Observatory caught a coronal
mass ejection in the act. To
the lower left of the disk, the
Sun is shooting high-speed
plasma into space. Although
Q T  the amount of material was
substantial, it was traveling
at only 375 miles per second
(603 kilometers/s), 10 times
slower than the fastest ejec-
tions, and thus did not cause
extensive damage or disrup-
tion on Earth. esa/nasassoro
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But if the lines are opposite ours, the energy from the plasma trans-
fers to Earth. The solar detritus, channeled along our field lines,
swarms into our atmosphere near the poles. If the particles are trav-
eling more than 270 miles per second (447 km/s) and there are more
than 130 particles per square inch, they can essentially lift Earth’s
magnetic layers, allowing charged particles into the atmosphere. We
see this process as aurorae. When the planet’s magnetosphere
changes repeatedly, the result is called a “geomagnetic storm.”

Long before those charged particles themselves get here, though,
the radiation hits. As photons travel at the speed of light, they take
only eight and a third minutes to travel from the Sun to Earth, so
the radiation portends the arrival of the mass. While we can see the
events occur, Earth does not experience the most significant effects
until the actual matter arrives.
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A The Sun does not rotate
like a solid body. From

the equator to the poles,
the spin rate slows down.
Because of this differential
rotation, the Sun’s magnetic
field gets tangled and pro-
duces strong local fields.
Active regions of the Sun are
locations where the fields
break the surface. Scientists
think coronal mass ejec-
tions occur when two field
lines oriented in opposite
directions meet and release
energy. ASTRONOMY:ROEN KELLY, AFTER
NASA/MSFC (MAGNETIC FIELD LINES); NASA/
SDO (SOLAR SURFACE)

-« When the Sun sends

a coronal mass ejection
streaming toward Earth, the
electromagnetic radiation
(depicted here as red waves)
reaches Earth before the
charged particles, which
travel at only 1 percent the
speed of radiation and must
make their way through the
solar wind. Astronomy:ROEN KELLY

But as Chris Balch, lead space weather forecaster at the
National Oceanic and Atmospheric Association (NOAA),
points out, the radiation isn’t benign: “First there are high-
energy electromagnetic waves that come in at light-speed.
This includes extreme ultraviolet and X-rays.”

These waves can ionize up to 45 miles (72km) of Earth’s
atmosphere, turning neutral particles into charged ones all
the way down to the stratosphere, the layer that extends from
about 6 miles to 30 miles (10km—50km) above sea level.

The actual coronal material, though, has to plow through
the continuous slower-moving solar wind — lower-energy
particles the Sun sends constantly into space — before it can
get to Earth. The CME’s movement through the solar wind
creates shock waves and slows its speed. On average, particles
from a CME take three to four days to arrive at Earth.

Canadian blackout

On Friday, March 10, 1989, an explosion in the middle of the
Sun’s disk sent a swarm of protons and electrons in Earth’s
direction. While these particles would not arrive right away,
the accompanying high-energy electromagnetic radiation
whooshed to our world in only a few minutes and disrupted
communications. Radio Free Europe’s broadcasts into the
Soviet Union were jammed, and the CIA assumed the prob-
lem was the work of Soviet electronics specialists. Instead,
unbeknownst to all, it was the first sign that Earth was under
attack from the nearest star.

Two days later, the swarm of solar particles finally struck
Earth’s magnetic field at 1,000 miles per second (1,600 km/s).
The solar material, channeled along Earth’s field lines,
swarmed into our atmosphere near the poles. Instantly, it cre-
ated enormous electrical currents in the thin air, giving birth



to the most spectacular displays of the
northern lights in many years. You didn’t
need to be in Alaska. The aurora flickered
over skies in the southern United States.

While compasses went crazy, electrical
currents surged beneath the displays.
Garage doors all over the continent went up
and down all night long. The ground itself
sizzled; areas with high concentrations of
igneous rock experienced geomagnetically
induced currents in power lines.

At 2:44 A.m. on March 13, the Sun-
induced surges wreaked havoc on Quebec’s

» When charged
particles from the
Sun breach Earth’s
protective magne-
tosphere, we see
aurorae from the
ground. Jamie cooper

¥ During the geo-
magnetic storm of
1989, people could
see aurorae at much
lower latitudes than
during periods of
solar quiescence.
ASTRONOMY: ROEN KELLY, AFTER
AMERICAN GEOPHYSICAL UNION

power grid. The 100-ton capacitor
Number 12 at the Chibougamau
substation tripped and went off-
line. Two seconds later, a second
capacitor blew, and then 100 miles
away at the Albanel and Nemiskau
stations, four more capacitors went
down. When yet another died and
five transmission lines from James
Bay tripped, the 9,460-megawatt
output from Hydro-Quebec’s La
Grande Hydroelectric Complex
stopped. The Quebec power grid
had collapsed. Three million peo-
ple were in darkness; over half a
million of them depended on elec-
tricity for heat. The work week
began with the Montreal metro
silent and useless. The city’s main
airport, Dorval, was stripped of its radars and closed.

The storm came within a hair’s breadth of also shutting down
the U.S. electrical grids. New York Power had already lost 150
megawatts the moment the Quebec power grid went down, while
the New England Power Pool lost 10 times that amount. Ninety-
six New England utility companies fizzled but were able to bor-
row power from other reserves. A large step-up transformer failed
at the Salem Nuclear Power Plant in New Jersey — one of about
200 separate events in the U.S. that included generators going out
of service and voltage swinging at major substations. And yet the
U.S. barely managed to avoid a series of cascading blackouts.

Meanwhile, up in space, intense solar bombardment fried sat-
ellites’ semiconductors, and they tumbled out of control for hours
before engineers revived them. Sensors on the shuttle Discovery,
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Auroral zon
* extreme on
March 13, 1989

After the 2003
coronal mass
ejection that led
to what is known
as the “Halloween
Storm,” satel-
lites captured a
surprisingly dark
view of the East
Coast (right),
where power out-
ages were wide-
spread. nationAL
OCEANIC AND ATMOSPHERIC
ADMINISTRATION
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launched a few days earlier, showed anomalous pressure in critical
tanks supplying hydrogen to a fuel cell. When the solar storm
ended, the mysterious readings vanished.

The worst-case scenario

That was nearly 25 years ago — ancient history — but was that
the worst that could have happened? Not even close. These days,
we rely more heavily than ever on electronics, transmission lines,
and satellites. A decade ago, jetliners made a dozen polar flights;
last year, there were 7,000. But our brave new world has failed to
provide many brave new safeguards against space weather.

For a peek at the possibilities, it’s fascinating to rewind back to
August 28, 1859, when the Sun became unusually crowded with
spots and flares for an entire week. On September 1, British
astronomer Richard Carrington watched in amazement as one
flare brightened so much that it doubled the Sun’s light in that sec-
tion of the disk. He could not, of course, see the X-rays streaming
from that spot. Although he did not know it, Carrington was wit-
nessing the largest CME in the Sun’s recorded history.

Making the effects on Earth even more pronounced, a CME
also had occurred the day before. These earlier particles had
crashed through the solar wind and cleared a path between the
Sun and Earth. As a result, this new CME needed only 18 hours to

LEARN MORE

To read more articles about the daily absurdi-
ties of our crazy Sun, visit www.Astronomy.
com/extracontent.

WWW.ASTRONOMY.COM 25



Solar disk

reach our planet, which is the second-fastest recorded journey to
Earth. So while Carrington had seen only the photons September
1, the ultra-high-speed pieces of the Sun hit Earth early the morn-
ing of September 2, creating the most powerful geomagnetic
storm ever recorded.

At the time, telegraph lines were the only wires that carried
current. They had been erected all over the U.S. and Europe just
20 years earlier. These started sizzling and popping. Sparking
equipment plagued countless telegraph offices on both sides of
the Atlantic as frightened operators leaped from their seats. Some
did not move in time and were found unconscious on the floor.

The damage was extensive and costly. Meanwhile, brilliant
aurorae lit up the skies. They went beyond the normal pale green,
containing deep crimsons at both low and high latitudes, alarm-
ing millions who had never seen or imagined that the heavens
could possibly contort in such ways. They were so bright over the
western U.S. that people got up and made breakfast, assuming
dawn had arrived. In New York City, gawkers crowded rooftops
and sidewalks.

This was before we had electronics, pipelines, satellites, GPS,
jets flying polar routes, a manned space station, or long-distance
high-voltage power lines. Have things become more secure since
then, or less so?

-« Coronal mass
ejections can last
for long periods of
time, such that the
flow of material
appears as a loop
bigger than the
Sun itself. esa/nasa/
SOHO

» The European
Space Agency has
an online applica-
tion that allows
users to generate
maps of the loca-
tions of satellites.
As seen in this
2012 illustration,
Earth-orbiting
technology is
abundant. Any of
these instruments
could be disrupted
by solar activity. esa

Solar storm preparation
During a 2003 CME known as the “Hallow-
een Storm,” outbursts of energy triggered
geomagnetic storms with wide-ranging

effects. Strong currents over northern

Europe caused transformer problems, a sys-
tem failure, and a blackout; NASA officials instructed the Interna-
tional Space Station astronauts to take shelter from radiation; and
airlines ordered jets to avoid high-latitude routes to prevent high
radiation levels and communication blackouts. The eruption
impacted 59 percent of Earth and space science missions.

Yet this was only a moderate solar burp. What would a mael-
strom like the 1859 event do to us in today’s high-tech environment?

In response to the 2003 storm’s effects, a U.S. government work-
shop convened in May 2008 to answer that very question. For the
first time, an all-star team of space-weather experts assembled
under one roof. Their conclusions were anything but reassuring.

They estimated that a truly major Sun storm would produce
damage of $1 trillion to $2 trillion during the first year alone. A
“severe geomagnetic storm scenario,” they said, would require a
recovery time of three to nine additional years.

Todd La Porte, an associate professor at George Washington
University in Washington, D.C., says space-weather events are what
social scientists call a “low-frequency/high-consequence” event —
one that can have devastating effects but does not occur with the
frequency that forces society to develop plans for coping.

Obviously, we’re vulnerable. So what are we doing about it?

Researcher Doug Biesecker of NOA A’s Space Weather Prediction
Center in Boulder, Colorado, explains the importance of prepara-

& tion: “We have more and more corporate, private,
/ . .
In 1859, Richard o P foo™ » and governmfent customers whose.hvellhoods
Carrington drew // ' depend on being able to guard against solar storms.
this sketch of solar ™54, o It’s big business.”
flares and sunspots. |/ e n g “For airlines,” he continues, “the primary issue is

Just 18 hours later,
material from the
coronal mass ejec-
tion he didn’t real-
ize he'd witnessed

reached Earth. It ‘
produced the larg-
est geomagnetic
storm on record.
ROYAL ASTRONOMICAL SOCIETY/
NASA ASTROPHYSICS DATA
SYSTEM

communication. High-frequency (HF) systems are
cheaper. For polar flights, HF is the only communi-
cation method, so if it is out, they can’t fly there.”

In addition to affecting aircraft communications,
these storms impact communication on the ground.
Emergency managers at all levels and the U.S. Coast
Guard use HF radio. GPS devices won’t work prop-
erly, causing problems for surveying, drilling, and
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agriculture, in addition to your use of a cellphone.



Solar particles can induce a charge in satellite semiconductors, pro-
ducing random commands, and satellites are necessary for every-
thing from television to weather monitoring.

Plus, as we saw in Canada, space weather can cause electrical-
grid collapses and power blackouts as well as induce hundreds of
amps of currents to run along pipelines.

Space-weather forecasters

Space-weather guardians’ tool kits include old-fashioned magne-
tometers, which measure the strength and direction of magnetic
fields, and ground-based particle detectors. But the most valuable
— not to mention coolest — pieces of equipment are the satellites
and spacecraft. In past decades, the European Space Agency (ESA)
and NASA flew the robotic space probe Ulysses over the Sun’s poles,
and NASA placed solar-wind detectors aboard the departing Voy-
ager spacecraft, which are now approaching the edge of the solar
system. But the modern workhorses are much more focused.

The Geostationary Operational Environmental Satellites
(GOES), which stare at the Sun and Earth simultaneously, measure
the effects of solar storms by observing X-rays. The SOlar and
Heliospheric Observatory (SOHO) is parked nearly a million miles
sunward of us. It can see solar flares and CMEs with its corona-
graph, which blocks the light coming directly from the disk so the
corona is more visible. SOHO watches these events as they happen
and provides two to four days’ warning.

The Advanced Composition Explorer (ACE), possibly the most
valuable of all, has exceeded its shelf-life and doesn’t yet have a

replacement. ACE is parked at the first
1 Lagrangian point (L1), one of five places
where the Sun’s gravity balances that of
Earth; L1 is between the star and our planet.
The instrument measures the density and
magnetism of the solar wind, allowing it to
give specific warnings about space weather
one to two hours in advance.

Finally, there’s the Solar TErrestrial REla-
tions Observatory (STEREOQ), a pair of
machines that takes data on flares and
CME:s and shows dark coronal holes where
the CME:s blast off. If the Sun sends a CME

Because of solar
observatories,
scientists can count
sunspots, which
indicate solar
activity, and can
determine where in
the solar cycle we
are. Astronomers
expect the cycle to
peakin 2013, with
sunspots and CMEs
decreasing after
that point. noan/swec
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Sun-orbiting
satellites like those

our way, it shows up as a symmetrical explo-
sion: It looks like it’s coming at us. STEREO
also is able to peer around the Sun’s far side

shown above ob-
serve solar activity
constantly and can

provide advance
warning of coronal
mass ejections that
may produce geo-
magnetic storms.
While foreknowl-
edge can help us
prepare, it does
nothing to stop the
high-energy mate-
rial and radiation
headed our way.
ASTRONOMY: ROEN KELLY

to see storms that will rotate into the hemi-
sphere facing us.

The newest satellite, launched in May
2010, is the Solar Dynamics Observatory
(SDO), which is returning stunning images
at 10 wavelengths. Its jobs are to monitor
the Sun’s ever-changing magnetism, stare at
flares as they emit X-ray flashes, watch as
surface pulses send acoustic waves through
the interior, and monitor the Sun in the
extreme ultraviolet. At these wavelengths,
the Sun can change its output a thousand-
fold in minutes, heating up and thickening Earth’s atmosphere in
the process. Scientists predict the Sun’s fluctuations will increase as
solar maximum approaches.

But Juan Rodriguez, a researcher who works on GOES, warns
against focusing only on solar maximum. “We’ve had more single-
event satellite upsets during this recent minimum than ever before,”
he says. Cosmic rays from faraway parts of our galaxy or even other
galaxies come in most strongly when the solar wind is quietest.

“Take a camcorder into a closet in pitch blackness,” he says,
“and you’ll see periodic flashes on the screen. These are impacts of
cosmic rays. They are less frequent but more penetrating than solar
particles, and we get more of them when the Sun is quiet.”

So just when the Sun most blasts us with pieces of its body —
like this year — it is also using itself as a shield to block alien par-
ticles, making them arrive here at only half their quiet-Sun rate.

The Sun remains violent and fascinating, and it affects us far
more than any other celestial object in the universe. And, for all the
billions of dollars we spend, it still can disable our fancy technolo-
gies at a whim, at any time, and in a way that will take the unaware
public and mass media by utter surprise.

' ‘ i TO SEE MORE AMAZING IMAGES OF SOLAR ACTIVITY, VISIT www.Astronomy.com/toc.
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