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The Variable Sun

Its steady warmth and brightness are illusory; the sun’s output
of radiation and particles varies. Systematic observations are beginning
to unveil the causes of these changes and their effects on the earth

o someone lving on the beach or

I taking a daytime stroll, the blaz-

ing sun seems constant and un-
changing. Actually, the sun is a var-
iable star. The well-known 11-year
*sunspot cycle"—which is thought to
be now near its peak—is but one as-
pect of a complex, 22-yvear magnetic
fluctuation during which the sun var-
ies in its output of visible and ultravio-
let light, X rays and charged particles.
These fluctuations can heat and ex-
pand the earth's upper atmosphere,
cause auroras, knock out power lines,
alter the planet's ozone layer and per-
haps influence climate. Even this cy-
clic variation cannot be considered
reliable, because the sun has exhibited
quite different patterns of behavior as
recently as the 17th century, and there
is good reason to expect that its be-
havior will change again.

This possibility is of more than ac-
ademic interest, because any major
change in the sun's luminosity or even
in its level of activity could affect the
habitability of the earth. Current dis-
cussions of possible changes in the
global environment tend to focus on
the effects of human activities, such
as the climatic implications of accu-
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mulating greenhouse gases and the
destruction of ozone by chlorofluoro-
carbons. Understanding and quantify-
ing these effects demands an aware-
ness of other causes of environmental
change, particularly long-term varia-
tions in the sun's emission of light
and charged particles. Investigators
are working to determine more accu-
rately the connections between condi-
tions on the sun and those on the
earth and to predict—or determine if
ir is even possible to predict—the fu-
ture course of solar variability.

The first indication that such pre-
dictions might be possible appeared
in 1843, when Heinrich 5. Schwabe, a
German apothecary and amateur solar
observer, announced that the number
of dark spots visible on the solar disk
seemed to vary in a regular, roughly
10-year cycle. Schwabe's evidence for
a sunspot cycle came to the notice of
I. Rudolf Wolf, who became the direc-
tor of the newly established Zurich
Observatory in 18535, At Zurich, Wolf
tracked the daily sunspot number
based on reports from an internation-
al network of observers; he also com-
piled a history of the sunspot number
based on records from the previous
150 years. Wolf found a corrected av-
erage period of about 11.1 vears for
the sunspot cycle, although both the
period and amplitude varied consider-
ably from cycle to cyvcle.

A graph of the sunspot cycle from
1610 to the present reveals that the
sunspot number has oscillated with-
out interruption since about 1715 [see
illustration on page 28]. During the
13 cycles of reliable data collected
since 1848, the cycle's length has var-
ied between about 10 and 12 years.
The cycle's amplitude has been even
less regular, ranging from an annual
mean spot number of about 45 in
1804 and 1818 to a peak of roughly
190 in 1957. The present cycle may
produce the highest sunspot number
and overall level of activity vet record-
ed, judging from its current behavior,
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The regular variations of the sun-
spot cyvcle are notably absent for
the years from 1645 to 1715, when
very few sunspots were observed. This
period of depressed solar activity
is known as the Maunder minimum,
named after the British solar astrono-
mer E. Walter Maunder, who did much
to draw attention to it in the late 19th
and early 20th centuries. AStronomers
inirially tended to ignore Maunder's
findings or to attribute them to the
crude telescopes and poor observa-
tional techniques of the age.

Recently, though, John A. Eddy, a so-
lar astronomer at the University Cor-
poration for Atmospheric Research in
Boulder, Colorado, has accumulated
convincing evidence that the dearth
of sunspots documented by Maunder
was a real and rather remarkable as-
pect of solar behavior [see “The Case
of the Missing Sunspots,” by John A.
Eddy; SCIENTIFIC AMERICAN, May, 197 7).
The Maunder minimum occurred dur-
ing the most severe portion of a peri-
od of unusually cold weather, known
as the Little Ice Age, which extend-
ed roughly from the 16th to the 18th
centuries; the possible connection be-
tween these events is intriguing but
still speculative. The Maunder mini-
mum and the small peaks in the so-
lar cycles at the beginning of the 19th
century may explain why more than
two centuries passed between the
first European sunspot observations—
which were made around 1610, short-
ly after the invention of the telescope,
by Galileo and others—and Schwabe's
discovery of the 11-vear cycle.

The 11-year variation of sunspot
number is now known to be
merely the most visible aspect
of a profound oscillation of the sun's
magnetic field that affects many other
aspects of the sun’s surface and at-
mosphere and possibly its deepest in-
terior as well. George Ellery Hale and
his collaborators at the Mount Wilson
Observatory in California found the




first evidence of solar magnetic oscil-
lation in their measurements of sun-
spot spectra. They discovered that cer-
tain absorption lines in the spectra
were broadened and polarized much
like lines in laboratory spectra of mag-
netized gases, which had been studied
by the Dutch physicist Pieter Zeeman.
By analyzing this “Zeeman effect,”
they determined that the strength of
the magnetic fields around sunspots
is between 2,000 and 3,000 gauss,
thousands of times stronger than the
earth's field. They also showed that
most spots occur in paired groupings
that resemble giant magnetic dipoles
(a bar magnet is one example of a
dipole) and that are usually oriented
roughly parallel to the solar equator.

In 1912 Hale announced that the
magnetic polarity of these sunspot
dipoles had switched sign in the first
spots of the new cycle that began that
vear. By 1924 he had collected enough
observations to announce that this
switch in polarity ocourred at each ac-
tivity minimum and was a basic fea-
ture of the sunspot cycle. He conclud-
ed that the 11-vear cvcle of sunspot
number is actually half of a 22-year
solar magnetic cycle, during which
the polarity of sunspot groups revers-
es twice, hence returning to its origi-
nal state.

Much more sensitive measurements
of the sun's magnetic field are now
made on a daily basis with the magne-
tograph, which was developed by Har-
old D. and Horace W, Babcock at Mount
Wilson in 1951. One surprising finding
extracted from such magnetograms,
and from other evidence, is that the
sun's surface magnetism is confined
to small regions of intense magnet-
ic field that cover only a few percent
of the total area of the photosphere,
the layer that forms the sun's visible
surface. The largest areas of a sin-
gle magnetic polarity are the sites of
spot formation; smaller areas, rang-
ing in size down to the resolution

TWO VIEWS OF THE 5UN reveal complex
processes beneath its mottled appear-
ance. A wvisible-light photograph (top)
shows sunspots and bright areas called
faculae on the sun's “surface,” or photo-
sphere. Photographs made in a red wave-
length emitted by hydrogen capture de-
tails in the hotter, higher-altitude re-
gion called the chromosphere (bottom).
A bright flare, or solar eruption, can be
seen. Dark filaments of relatively cool,
dense gas are suspended by magnetic
forces. Powerful magnetic fields deter-
mine much of the sun's outer structure.
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limit of the most detailed magneto-
grams (about 200 kilometers), appear
bright in most wavelengths of radia-
tion. These especially luminous areas
of the solar surface are called faculae
(Latin for “little torches™); they were
first seen early in the 17th century.

Hale and his collaborators tried in-
conclusively to observe the magnetic
field near the sun's poles in an effort
to determine if the sun had a global
dipole field analogous to the earth's
magnetic field. More sensitive meas-
urements during the past 20 vears in-
dicate that the fields around the north
and south solar poles are indeed usual-
v, but not always, opposite in polari-
ty and that they switch sign around
the time of peak activity.

These observations also have re-
vealed that the geometry of the sun's
magnetic field is far more complicated
than that of the earth's field, which
can be reasonably modeled as a dipole
magnet. The sun's field at low lati-
tudes can be visualized as a series of
field lines or magnetic tubes wrapped
around the sun roughly parallel to its
equator, submerged below the solar
surface. Where these toruslike field
lines emerge above the surface, they
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form looping stitches of magnetic
field that extend into the outer layers
of the solar atmosphere, sometimes
reaching millions of kilometers out
toward the planets before connecting
back to the sun. Active regions, visible
as spots and faculae, appear where
these lines intersect the photosphere,

The mechanism that causes the so0-
lar magnetic cycle remains poorly un-
derstood, although it has been the
focus of intense research during the
past half-century. Astronomers gener-
ally agree that the observed changes
in the sun's magnetism are caused by
the motions of solar plasma forced
across existing magnetic felds. Plas-
ma is highly ionized gas—that is, gas
in which many electrons have been
stripped from their nuclei—and so is
electrically conductive. Motions in the
solar plasma induce both a current in
the plasma and an associated magnet-
ic field, which in turn intensifies the
original field.

Unlike a solid body such as the
earth, the sun's outer regions do not
rotate at the same angular rate at all
latitudes, a feature first demonstrat-
ed by the British astronomer Richard
C. Carrington around 1860, The sun's
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SOLAR CYCLE manifests itself in the
changing number of spots on the sun's
visible surface (left). The dearth of spots
between about 1645 and 1715, known as
the Maunder minimum, appears to coin-
cide with an era of unusually cold weath-
er. The current cycle, cycle 22, is predict-
ed to reach its peak this month; it has
already surpassed the level of activity of
the two previous cyvcles and may exceed
cvele 19, thelargesteverrecorded{above).

equatorial regions complete one ro-
tation in about 25 days, roughly 25
percent faster than the poles; there
is a reasonably smooth variation in
berween. This differential rotation is
probably a key factor in driving the
dynamo that maintains the sun's mag-
netic field. A field line initially extend-
ing directly along the surface between
the solar poles and constrained to
move with the surface plasma would
be progressively stretched by the fast-
er equatorial rotation. After a few so-
lar rotations, the line would be wound
almost parallel to the egquator. This
deformation of the field lines proba-
bly accounts for the geometry of the
solar magnetic field and for the east-
west orientation of sunspot groups
|see illustration on page 30]. The
stretching of magnetic field lines in-
creases their intensity to the high val-
ues measured in sunspots.

The eruption of magnetic flux from
the sun is believed to be partially re
sponsible for the change in polarity of
the sunspot fields between cycles. As
the magnetic tubes that give rise to
active regions emerge from the sun's
interior, their magnetic flux eventually
disperses across the solar surface, At
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“he same time, the flux is pushed out-
ward into higher layers of the solar
atmosphere by new magnetic fields,
which rise from below as a result of
the sun's differential rotation. The re-
sult is a shedding of the old flux that
somehow removes the original polari-
n and leaves the new flux with a net
exress of the opposite polarity.

The combination of the shedding of
“old” magnetic field by eruption and
dispersal and the generation of new
field by differential rotation is proba-
bly sufficient to explain the solar mag-
netic cycle, but little is known about
the process by which the sun rids
itself of the old polarity. Computer
simulations of the dynamics of solar-
plasma motions and of their interac-
tions with the magnetic field have dif-
ficulty producing the 11-year cycle in
conjunction with the sun’s differential
rotation. A major uncertainty has been
the nature of the sun's internal rota-
tion, which was essentially unknown
until recently, Observations of the
sun's glohal oscillations [see “Helio-
seismology,” by John W. Leibacher,
Robert W. Naves, Jurl Toomre and Rog-
er K. Ulrich; SCIENTIFIC AMERICAN, Sep-
tember, 1983] are providing a window
into the interior of the sun, making it
possible to analyvze the depth profile
of solar rotation and to calculate its
influence on the solar dynameo. Recent
findings indicate that the outer 30
percent of the sun's interior rotates
differentially, much as its surface
does. This suggests that much of the
dynamo action in the sun may take
place far below the surface.

Although astronomers still remain
far from a comprehensive under-
standing of the sun's magnetic oscilla-
rions, measurement of the magnetic
cycle's effects on key solar ourputs
would in itself be an important ad-
vance, Climatologists would be guite
satisfied to know the amplitude and
characteristic time scales of solar-lu-
minosity changes even if the astro-
physical explanation of the changes
had to wait. Fortunately, substantial
progress has heen made in the past
few years in this kind of empirical
understanding of the sun's behavior.

ne important advance has been

the discovery of cyclic varia-

tions in the sun's total light
output, known as the total solar irra-
diance, or—ironically—the solar "con-
stant.” The vagaries of the earth's at-
mosphere have made measurement of
the solar constant notoriously diffi-
cult, but satellite instruments now re-
veal that it varies by as much as .2
percent over time scales of weeks.

This relatively short-term variation is
caused by the passage of dark sun-
spots and bright faculae across the
solar disk as the sun executes its ap-
proximately monthly rotation.

These short-term fluctuations were
first identified clearly—in data ob-
tained in 1980 with radiometers flown
on the Solar Maxfmum Mission [ SMM)
and Nimbus 7 satellites—by Richard C.
Willson of the Jet Propulsion Labora-
tory in Pasadena, Calif, and John H.
Hickey of the Eppley Laboratory in
Newport, B. L, respectively. It was hard-
er to identify longer-term changes in
the solar constant over the course of
the sunspot cvcle, because these varia-
tions have turned out to be on the
order of .1 percent; slow changes in
radiometer calibration at this level
were difficult to rule out. Convincing
evidence finally arrived when readings
from both radiometers, which had
been falling along with the sun's de-
creasing activity level since 1980, flat-
tened out in 1986 and began to rise in
1987 as the sun moved into its current
cycle and increased its activiry.

Data from the two satellites indicate

that the sun’s brightness decreased
by about .1 percent between the peak
of solar activity in 1981 and its min-
imum in mid-1986. Surprisingly, the
sun grew more luminous as the num-
ber of sunspots on its surface grew
larger. Analysis of this behavior by
Judith L. Lean of the Naval Research
Laboratory and myself indicates that
the increase in photospheric area cov-
ered by bright faculae outweighs the
increase in area of dark spots as solar
activity increases.

Do these changes in the selar con-
stant affect the earth’s weather or cli-
mate? It is fairly simple to calculare
the effect of variations of solar irradi-
ance on the earth's global mean tem-
perature. Present-day climate models
suggest that the size of the effect is
well below .1 kelvin. This is a small
fraction of the global-warming effect
itypically several tenths of a degree)
that is expected from the measured
increase in the concentration of at-
mospheric carbon dioxide during the
past few decades.

The measurements of solar irradi-
ance made from space so far extend

MAGNETIC FIELD LINES trap huge streamers of hot, ionized gas in the solar atmos-
phere, or corona. These appear as dark lines in photographs of the sun made in
short-wavelength ultraviolet light {top). The largest streamers emanate from sun-
spots. A magnetic image of the sun made at the same time reveals the intense mag-
netic fields associated with the streamers (bettom). Dark and light areas represent
opposite magnetic polaritics; the strongest fields occur in bipolar active regions.
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DIFFERENTIAL ROTATION of the sun is believed to drive the
solar magnetic cyvcle. The solar surface drags existing magnet-
ic field lines along with it as the sun rotates. A complete rota-
tion requires about 25 davs near the sun's equator and about
28 days at midlatitudes; over several rotations, a field line
that initially followed a straight north-south path {a) winds
up, stretches horizontally and intensifies (b). Sunspots ap-

pear where the most intense tubes of magnetic flux emerge at
the surface; the points of emergence and reentry of the tubes
have opposite polarities (c). Sunspots usually form in pairs
at similar latitudes because they follow the horizontal stretch-
ing of the magnetic field near the surface. Sunspot pairs are
huge magnetic dipoles; their orientation in the Northern
Hemisphere is opposite to that in the Southern Hemisphere.

over barely one sunspot cycle. Cur-
rent information is insufficient to tell
whether larger solar-irradiance varia-
tions occur, perhaps in conjunction
with slower variations in solar activi-
tv such as the one that produced the
Maunder minimum. It has been esti-
mated that during the Little lce Age
global mean temperatures dipped by
as much as about .5 kelvin below the
long-term average, enough to precipi-
tate a period of significant glacial ad-
vance and to cause a series of failed
crops in Europe. If the cooling were a
result of a change in the sun's lumi-
nosity, it would have required a dip in
the solar irradiance of between .2 and
.3 percent acting over several decades,
according to calculations based on
standard climate models. A dedicated
program of highly precise irradiance
monitoring from outer space could
detect long-term changes in the sun's
luminosity and enable astronomers to
determine whether a future lull in so-
lar activity is likelv to lead to another
extended period of global cooling.
Owver the years numerous attemnpts
have been made to find links between
the solar cycle and terrestrial weather.
The eminent British astronomer Sir
William Herschel guessed (correctly!)
that the sun is brightest during sun-
spot maxima, and he mused that the
resulting higher temperatures would

improve the wheat crop and cause
prices to drop. In 1801 he announced
that the price of wheat was indeed
correlated with the sunspot cycle. The
correlation vanished, however, and
Herschel turned his attention to other
matters. Many other apparent “links"”
have been similarly short-lived, and
all suffer from the fact that they are
statistical rather than causal connec-
tions; nobody has yvet demonstrated a
plausible mechanism whereby such
tiny variations in the solar constant
could have an appreciable effect at the
earth's surface.

Yet the quest persists. In 1987 Karin
Labitzke of the Free University of Ber-
lin reported the most convincing link
vet found. She discovered that the
occurrence of mid-winter warmings in
the 1].5. and Western Europe has corre-
lated remarkably well with the solar
cycle over the past 40 years, provided
the switch in direction of stratospher-
ic winds roughly every two vears is
taken into account. The relation she
found has withstood repeated statis-
tical tests, and it correctly predicted
the warming that accounted for the
very mild winter of 1988-89 in the UK.
and Western Europe. An unambiguous
and physically explicable connection
between solar and climatic variabil-
ity would represent a tremendous ad-
vance in the understanding of the re-
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lation between the earth and its star.

he scope of solar variability ex-

tends far beyond changes in the

appearance and brightness of
the photosphere. The magnetic cvcle
also affects the progressively higher
lavers of the solar atmosphere, known
as the chromosphere, corona and so-
lar wind. The plasma temperature in
these regions actually exceeds that of
the photosphere even though they are
farther from the sun's nuclear heat
source, Because the energy losses
from these tenuous plasmas are very
low, extremely high temperatures—up
to millions of degrees—can be main-
tained by relatively small inputs of
energy. This energy is probably de-
rived from the dissipation of sound
waves produced by the churning of
the photosphere and of electric cur-
rents associated with magnetic fields
at or below the photosphere.

These hot outer layers of the sun's
atmosphere are responsible for the
sun's highly variable emissions of X
ravs and of extreme ultraviolet radia-
tion (EUV), or the wavelengths between
about 100 and 1,000 angstrom umnits
(ome angstrom unit is 10°" meters)
The chromosphere also emits a sub-
stantial fraction of the sun's ultravio-
let radiation at wavelengths between
about 1,600 and 3,200 angstroms and
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orobably accounts for most of the
wariability in these radiations. Solar X
-zvs have less impact on terrestrial life
‘nan Uv and EUv emissions, which are
»f concern because they significantly
zf¥ect the earth’s atmosphere.

The cause of the variability in Euv
-adiation seems clear from analysis of
bservations obtained from solar tele-
=;opes on Skvlabin 1973-74 and from
more recent satellites such as SMM.
ntense, locally closed dipole magnetic
7elds in active regions act as magnetic
“cages” that prevent the escape of hot
coronal plasma from the sun’s gravita-
=:onal attraction. This trapped plasma
= about 10 times denser than that in
*he gquiet surrounding areas, and the
Zenser plasma radiates much morg
intensely in the EUv. Active regions are
therefore the major source of solar
71V emissions, and these emissions
ise and fall along with the changes in
*he solar-activity cycle.

The sun's EUV output variation over
*he course of an entire 11-year sun-
spot oycle has not yvet been measured
successfully. It is a challenge to de-
sign spectrometers and detectors for
*his spectral range and to ensure that
their calibration will remain sufficient-
o steady under powerful Euv irradia-
*ion in space to identify reliably slow
changes of even several tens of per-
cent. Measurements in the prominent
avdrogen emission line at 1,216 ang-
:troms (the Lyman alpha line) indicate
: variation in intensity of about a fac-
*or of two.

The rapid rise of the current so-
ar cycle has produced a dramatic in-
crease in the solar Euv flux, raising
concerns at the National Aeronautics
and Space Administration about the
arbital lifetimes of the Hubble Space
Telescope and the Long Duration Ex-
oosure Facility (LDEF), a massive orbit-
ng platform containing 57 zero-gravi-
™ experiments. The problem is atmos-
cheric drag: during periods of high
solar activity, the increased guv heat-
g of the earth’s upper atmosphere
zbove about 100 kilometers can cause
‘emperatures in the ilonosphere to
=0ar to almost three times the values
sncountered at periods of low activ-
v, These higher temperatures in turn
znable the atmosphere o support a
zas density as much as 50 tmes
nigher at an altitude of 600 kilome-
*=15, where the space telescope is sup-
sosed to orbit. The greater atmos-
cheric density would lead to increased
Zrag and a much shorter orbital life-
“me before a reboost by the space
shuttle would be necessary for the
§1-billion telescope. NaSA has there-
‘ore asked solar astronomers to pre-

dict both the magnitude of the current
cycle's activity and its time of maxi-
mum in an effort to choose the best
launch date for the space telescope
and to plan for the recent shuttle re-
trieval of the LDEF.

Measuring the sun's 11-vear varia-
tion is somewhat easier in the ultra-
violet than it is in the Euv, and dur-
ing the past decade more effort has
been devoted to observations in ul-
traviolet wavelengths because they di-
rectly affect the earth's ozone lay-
er. Data from the Nimbus 7 and Solar
Mesosphere Explorer satellites clearly
show a 27-day variation (caused by the
sun's rotation) at wavelengths shorter
than about 3,000 angstroms. The am-
plitude of the 11-vear solar-cycle vari-
ation in the uv is elusive because of
calibration difficulties, but it seems to
range from as much as 20 percent
around 1,500 angstroms to only 1 or
2 percent at wavelengths longer than
2,500 angstroms.

Current models of ozone produc-
tion indicate that these changes in
solar Uv emissions might cause a vari-
ation of from 1 to 2 percent in total
global ozone. This could account for
much of the global decrease in strato-
spheric ozone measured by satellites
berween 1978 and 1985, a period of
mostly declining solar activity. The ef-
fects of the solar cycle clearly must
be taken into account in attempts to
identify the cause of this ozone de-
crease and the longer-term decrease
measured by ground-based instru-
ments between 1969 and 1986. The
slow decrease in global ozone is less

dramatic than the more recently iden-
tified hole in the ozone layer over the
Antarctic, but, if this decrease contin-
ues, it will be even more serious.

he sun's output of charged par-

ticles, which depends primar-

ily on conditions in the layers
above the photosphere, also changes
over the course of the solar cycle. The
maost important of these particles in
terms of their impact on terrestrial
systems are the high-energy protons
that are occasionally spewed out by
explosions in the solar corona. The
earth is also affected by the more
general outpouring of coronal plasma
called the solar wind.

The high-energy solar protons ob-
served at the earth range in energy
from about 10 million to 10 billion
electron volts (for comparison, a pho-
ton of visible light has an energy of
about two electron volts). The most
energetic protons travel at close to the
speed of light and arrive at the earth
about eight minutes after certain of
the largest solar flares have occurred.
These flares are huge eruptions in
solar-active regions; they cause these
regions to grow dramatically brighter
in X rays and in Euv. Flares are thought
to derive their energy from the rapid
annihilation of the intense magnetic
fields, which heats the plasma and
produces powerful electric fields that
accelerate charged particles.

Large proton events are of concern
to commercial airlines, particularly
those flving along polar routes, where
the earth's magnetic field lines curve
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FLICKERING of the sun was recorded by radiometers on two satellites, Nimbus 7
(blue) and Solar Maximum Mission (red). Short-term decreases in solar output pro-
duced the sharp spikes in the SMM data, and most of those seen in the Nimbus 7data,
which also included some instrument noise. On the average (vellow ling), the sun
shone brightest at the time of maximum sunspot activity. Apparently the greater
number of bright faculae at maximum activity outweighed the effect of dark spots.
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down to the surface and allow charged
particles to penetrate to low altitudes,
exposing passengers to elevated lev-
els of radiation. These events pose a
more serious threat to astronauts, es-
pecially those who may fly on polar-
orbiting satellites. Proton events also
have been implicated in the failure of
computer systems; last August one
such event temporarily shut down the
Toronto stock exchange. Only a few
dozen such large flares occur during
a solar cycle, but their frequency is
much higher near sunspot maxima
than it is near minima.

Variations in the continuous flow of
solar-wind plasma past the earth give
rise to a quite different class of in-
teractions. This relatively low-energy
plasma can be visualized as the “over-
flow" of the solar corona, which is too
hot to be entirely contained by the
inward pull of the sun’s gravitational
field. The solar wind is excluded from
the immediate vicinity of the earth
by the planet’s magnetic field, which
exerts an electromagnetic force on
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charged particles attempting to cross
the earth's field lines; the volume
around the earth from which the bulk
of the solar wind is excluded is called
the magnetosphere. Flares and other
magnetic eruptions in the solar at-
mosphere lead to disruptions in the
solar wind that alter the plasma pres-
sure exerted on the magnetosphere.
The resulting fluctuations in the
geomagnetic field are typically only .1
percent of its roughly one-gauss in-
tensity. But the electric currents they
can induce in large-scale conductors
at the earth’s surface, such as power-
line networks and oil pipelines, can
have dramatic effects. For instance, on
March 13, 1989, a powerful geomag-
netic storm caused by flares asso-
ciated with one of the largest spots
ever observed knocked out electrici-
ty throughout the province of Quebec.
Such potent geomagnetic storms
are caused in part by the flares that
erupt in active regions of the sun, and
so these storms increase in frequency
along with sunspot number during the

WAVELENGTH (ANCSTROM UNITS)

PENETRATION DEPTH of solar radiation through the earth's atmosphere varies ac-
cording to its wavelength. The graph shows the altitudes at which about half of a
given radiation is absorbed. Fortunately for life, nitrous oxide in the thin atmosphere
more than 50 kilometers above the earth’s surface blocks the sun’s highlv variable,
short-wavelength ultravioler emissions. At lower altitudes, ozone and molecular
oxygen absorb longer-wavelength ultraviolet rayvs, which are also harmful to life.
Changes in the sun’s ultraviolet emissions affect the structure of the ozone layer.
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magnetic cycle. The steadier outflow
of the solar wind seems to originate
from areas of the corona outside ac-
tive regions, where the sun's magnetic
field lines stretch outward to the earth
and beyond, thereby creating a path
along which charged particles can
travel relatively unencumbered.

In some regions of the sun, the
open field-line configuration allows
charged particles in the solar wind to
escape gquite easily. This results in
areéas of depleted coronal plasma, or
“coronal holes.” Holes are always pres-
ent near the solar poles, bur they can
also evolve at lower latitudes. Low-lati-
tude holes produce high-velocity so-
lar-wind streams that can spray the
earth directly and recurrently as the
sun rotates. The appearance of holes
is linked to the solar cycle, but with
a different sort of modulation than is
observed for sunspots. Although the
data are limited to less than two full
solar cycles, it appears that the largest
low-latitude holes develop during the
declining phase of a cycle, so that their
contribution to geomagnetic activity
is greatest a few vears after the peak
sunspot number.

F I Yhe many ways in which solar
variability affects the terrestri-
al environment underscore how

useful it would be to be able to predict

the size and timing of the next sun-
spot maximum. Present attempts at
prediction are extremely limited be-
cause they rely on empirical rules de-
rived from the behavior of past cycles.
Nevertheless, these rules have provid-
ed some useful estimates of the cur-
rent cycle—cycle 22—and have been
useful for nasa's calculations of orbit-
al lifetimes. It appears from current
behavior that this cyvcle will equal or
exceed the activity level of the larg-

est cycle reliably recorded: cycle 19,

which peaked in 1957,

The ability 1o predict future solar
activity depends critically on knowl-
edge of past activity. Several sources
of information stretch farther into the
past than the first telescopic observa-
tions of spots in 1610. Naked-eve ob-
servations of large sunspots extend
back to at least the fourth century B.C.,
although before Galileo's time, spots
were usually thought to be planets or
other nonsolar phenomena crossing
the solar disk. Auroras visible at low
latitudes are caused primarily by so-
lar flares; aurora observations have
proved to be a less ambiguous means
of inferring past solar behavior.

A particularly long record of solar
activity is hidden in the historical
abundances of carbon 14, a radioac-
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rive isotope of ordinary carbon 12. The
oroduction of C-14 in the earth's at-
mosphere is determined by the flux of
high-energy particles known as galac-
tic cosmic rays, which are produced by
snergetic processes outside the solar
svstem. The ability of these cosmic
sz2vs to penetrate into the solar system
< decreased by the strength and ge-
ometry of magnetic fields carried out
from the sun by the solar wind at high
solar-activity levels. In the course of
ohotosynthesis, plants take up C-14
along with other isotopes of carbon
and incorporate it into their structure,
Solar-activity levels over the past two
millennia can be estimated by study-
ing the relative abundance of C-14
in the tree rings of old, but still liv-
ing, trees; the ages of the rings can
be calculated simply by counting back
from the present.

The results of ancient spot ohserva-
tions, auroral sighrings and C-14 data
were brought together in 1976 in Ed-
dv's groundbreaking study. Eddy de-
termined beyvond a reasonable doubt
that the Maunder minimum coincided
with dramatic reductions in the level
of solar activity, as indicated by the
paucity of auroras and by high C-14
levels, He and others have shown fur-
ther that such episodes of abnormally
low solar activity lasting many dec-
ades are a fairly common aspect of
solar behavior—another episode, the
Spiirer minimum, occurred between
about 1450 and 1550. On the other
hand, an extended period of high solar
activity between about 1100 and 1250
coincided with relatively warm weath-
er that seems to have made Viking
migrations to Greenland and the New
World possible. The historical record
indicates that another lull in solar ac-
tivity might reasonably be expected in
the next century.

Another source of evidence regard-
ing the “normal” behavior of the solar
cvcle, and of the sun’s variability in
the distant past, comes from observa-
tions of other stars similar in mass to
the sun. In a pioneering study pub-
lished in 1976, Olin C. Wilson of the
Mount Wilson Observatory showed
that chromospheric emissions observ-
able in visible light from many such
stars show cyclic variations over pe-
riods similar to that of the solar cy-
cle. This provided the first strong evi-
dence that magnetic-activity cycles are
a commeon feature of stars resembling
the sun in mass and age (and so also in
size and temperature). Measurements
of stellar-light curves are also provid-
ing tentative indications of differen-
rial rotation in these stars.

Studies of stars much yvounger than

SOLAR TELESCOPES have grown increasingly complex. In the 1850's J. Rudolf Wolf
made the first systematic measurements of the sunspot cycle using a small refract-
ing telescope that is still operating at the Zurich Observatory (left). In the 1980's the
Solar Maximum Mission satellite (right) performed delicate measurements of the
sun’s atmospheric structure and variable radiations. The satellite crashed 1o the
earth on December 2, 1989; its orbit decaved because of the expansion of the earth's
upper atmosphere caused by the high levels of solar activity that it was monitoring.

the sun show how intense and variable
the sun’s ultraviolet and total light
outputs might have been billions of
years ago, when life first appeared
on the earth. These studies reveal
that the level of a star’s photospher-
ic and chromospheric activity, and of
its coronal X-ray emission, correlates
quite closely with its rate of rotation.
Younger stars generally rotate fast-
er than older ones and therefore are
more intense and variable in uv light
and X rays; they also tend to vary more
in total luminosity. One recent and
unexpected finding is that vounger
stars seem to be fainter during peri-
ods of high activity, implving that, for
them, the effect of “starspots” over-
whelms that of faculae—the reverse of
the case for the sun.

omers will ever be able to make

long-term predictions about the
behavior of the sun? There may be
fundamental restrictions on the pos-
sibility of such predictions if the
processes driving the solar cycle are
nonlinear. Nonlinear systems do not
behave in the predictable manner of
simple oscillators, such as a pendu-
lum; relatively straightforward feed-
back of an “effect” on its “cause” can
lead to bewilderingly complex behav-
for. Even when their behavior is gov-
erned by a well-understood set of for-
ces, nonlinear oscillators can be so
sensitive to initial conditions that pre-
dictions extending substantially into
the future become impossible.

In the 1950's, while he was studying
long-range weather forecasting, Ed-
ward N. Lorenz of the Massachusetts
Institute of Technology made impor-

Is it realistic to expect that astron-

tant contributions to the study of non-
linear behavior. He showed that feed-
back between various mechanisms in
the atmosphere makes prediction of
future weather conditions difficult be-
cause current pressure, temperature
and winds must be known with impos-
sible accuracy in order to predict pre-
cisely more than several days into the
future. Analysis of the dvnamics of the
solar cycle suggests that its fairly reg-
ular behavior between about 1700 and
the present as well as its disappear-
ance for about six 11-year periods
between 1645 and 1715 may be char-
acteristic of a nonlinear oscillator.

Research now under way should
help establish whether the solar-activ-
ity cycle is predictable, at least in prin-
ciple, or whether it is chaotic. Even if
the solar cvcle is unpredictable, com-
prehending the possible relations be-
tween slow changes in solar activiry
and climate will be important in un-
raveling the earth’s past climatic rec-
ord—and in preparing us for varia-
tions that can be expected in the cen-
turies to come.
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