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The Maunder Minimu
The reign of Louis XIV appears to have been a tim

real anomaly in the behavior of the s
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zero. In contrast, in the years around a
sunspot maximum there is seldom a day
when a number of spots cannot be seen,
and often hundreds are present.

Past counts of sunspot number are
readily available from the year 1700 (3),

[m and workers in solar and terrestrial stud-
ies often use the record as though it were

of of uniform quality. In fact, it is not. Thus
it is advisable, from time to time, to

,un. review the origin and pedigree of past
sunspot numbers, and to recognize the
uncertainty in much of the early record.

,Addy

A Brief EHistory

It has long been thought that the sun is
a constant star of regular and repeatable
behavior. Measurements of the radiative
output, or solar constant, seem to justify
the first assumption, and the record of
periodicity in sunspot numbers is taken
as evidence for the second. Both rec-
ords, however, sample only the most
recent history of the sun.
When we look at the longer record-of

the last 1000 years or so-we find in-
dications that the sun may have under-
gone significant changes in behavior,
with possible terrestrial effects. Evi-
dence for past solar change is largely of
an indirect nature and should be subject
to the most critical scrutiny. Most acces-
sible, and crucial to the basic issue of
past constancy or inconstancy, is a long
period in the late 17th and early 18th
centuries when, some have claimed, al-
most no sunspots were seen. The period,
from about 1645 until 1715, was pointed
out in the 1890's by G. Sporer and E. W.
Maunder. I have reexamined the contem-
porary reports and new evidence which
has come to light since Maunder's time
and conclude that this 70-year period
was indeed a time when solar activity all
but stopped. This behavior is wholly un-
like the modem behavior of the sun
which we have come to accept as nor-
mal, and the consequences for solar and
terrestrial physics seem to me profound.
The author is an astronomer on the Special Pro-

jects staff of the High Altitude Observatory, Nation-
al Center for Atmospheric Research, Boulder, Colo-
rado 80303.
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The Sunspot Cycle

Surely the best-known features of the
sun are sunspots and the regular cycle of
solar activity, which waxes and wanes
with a period of about 11 years. This
cycle is most often shown as a plot of
sunspot number (Fig. 1)-a measure of
the number of spots seen at one time on
the visible half of the sun (1). Sunspot
numbers are recorded daily, but to illus-
trate long-term effects astronomers more
often use the annual means, which
smooth out the short-term variations and
average out the marked imprint of solar
rotation.

There is as yet no complete physical
explanation for the observed solar cycle.
Modem theory attributes the periodic
features of sunspots to the action of a
solar dynamo in which convection and
surface rotation interact to amplify and
maintain an assumed initial magnetic
field (2). Dynamo models are successful
in reproducing certain features of the 11-
year cycle, but with these models it is
not as yet possible to explain the varying
amplitudes of maxima and other long-
term changes.
The annual mean sunspot number at a

typical minimum in the 11-year cycle is
about six. During these minimum years
there are stretches of days and weeks
when no spots can be seen, but a month-
ly mean of zero is uncommon and there
has been only 1 year (1810) in which the
annual mean, to two-digit accuracy, was

Dark spots were seen on the face of
the sun at least as early as the 4th cen-
tury B.C. (4), but it was not until after
the invention of the telescope, about
1610, that they were seen well enough to
be associated with the sun itself. It
would seem no credit to early astrono-
mers that over 230 years elapsed be-
tween the telescopic "discovery" of sun-
spots and the revelation of their now
obvious cyclic behavior. In 1843, Hein-
rich Schwabe, an amateur, published a
brief paper reporting his own observa-
tions of spots on the sun for the period
1826 to 1843 and pointing out an appar-
ent period of about 10 years between
maxima in their number (5).

Rudolf Wolf, director of the Observa-
tory at Bem and later at Zurich, noticed
Schwabe's paper and shortly after set
out to test the result by extending the
limited observations on which the 10-
year cycle was based. In 1848 he orga-
nized a number of European observa-
tories to record spots on a regular basis
and by a standard scheme, thus in-
augurating an intemational effort which
continues today. Wolf also undertook a
historical search and reanalysis of old
data on the sun in the literature and in
observatory archives. More than half of
the record of sunspot numbers in Fig. 1,
and all of it before 1848, is the result of
Wolf s historical reconstruction. The
most reliable part of the curve thus
comes after 1848, when it is based on
controlled observations. Wolf found de-
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scriptions and drawings of the sun which
allowed him to reconstruct daily sunspot
numbers 30 years into the past-to
1818-although, unlike the real-time
data, they came from a thinner sample
and with less certain corrections for ob-
servers and conditions. He was able to
locate sufficient information on the more
distant past to allow reconstructed
"monthly averages" of the sunspot num-
ber (that is, a minimum of one observa-
tion per month) to 1749, and approxi-
mate "annual averages" from more scat-
tered data to 1700 (3). The reliability of
the curve, and especially of its absolute
scale, may be graded into four epochs:
reliable from 1848 on, good from 1818
through 1847, questionable from 1749
through 1817, and poor from 1700
through 1748.
Wolf collected data to extend the his-

torical curve the final 90 years to the
telescopic discovery of sunspots in 1610
(6). He published estimated dates ofmax-
ima and minima for 1610 through 1699
but not sunspot numbers. That he elect-
ed to discontinue sunspot numbers at
1700 may be significant: perhaps he felt
he had reached the elastic limit of the
sparse historical record at the even cen-
tury mark; it could also be that at 1700 he
ran into queer results. In this article I
shall point out that the latter probably
applies. It seems fair to assume that,
once he had confirmed and refined
Schwabe's cycle, Wolf was biased to-
ward demonstrating that the sunspot
cycle persisted backward in time (7);
thus, when the cycle appeared to fade,
especially in dim, historical data, he
would have been inclined to quit the case
and to call it proven. In any event we
should be especially skeptical of the
curve in its thinnest and oldest parts
(1700 through 1748), and to question
anew what happened before 1700.
Even though we are aware of the vary-

ing quality of the Wolf sunspot record,
most of us probably take it as evidence
of a truly continuous curve, much like
the sample of a continuous wave form
that we see on the screen of an os-
cilloscope. We assume that, just as
Schwabe's 17-year sample was enough
to reveal the cycle's existence, so the
260-year record in Fig. I is adequate to
establish its likely perpetuation to the
future and extension through the past.
Reconstructions of the solar cycle have
been estimated from indirect data to the
7th century B.C. in the Spectrum of
Time Project (STP) of D. J. Schove, but
these heroic efforts are of necessity
based on far from continuous informa-
tion and are built on the explicit assump-
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tion of a continued 11-year cycle (8-11).
Recent insights into the physical basis
for the sunspot cycle and its origin in the
fluid, outer layers of the sun give us new
cause to suspect that at least some of the
features of the present sunspot cycle
may be transitory. If we accept the solar
dynamo, we must allow that any of its
coupled forces could have changed
enough in the past to alter or suspend the
"normal" solar cycle. Indeed, there is
now evidence that solar rotation has var-
ied significantly in historic time (12).

The "Prolonged Sunspot Minimum"

The possibility that sunspots sharply
dropped in number before 1700 was
pointed out rather clearly by two well-
known solar astronomers in the late 19th
century. In papers published in 1887 and
1889 the German astronomer Gustav
Sporer called attention to a 70-year peri-
od, ending about 1716, when there was a
remarkable interruption in the ordinary
course of the sunspot cycle and an al-
most total absence of spots (13). Sporer
was studying the distribution of sunspots
with latitude and had found evidence
that the numbers of spots in the northern
and southern hemispheres of the sun
were not always balanced. To check this
observation he had consulted historical
records, including Wolf s, and was sur-
prised at what he found in the data of the
17th and early 18th centuries. Not long
after, Sporer died. Meanwhile, E. W.
Maunder, superintendent of the Solar
Department, Greenwich Observatory,
took up the case. In 1890 Maunder sum-
marized Sporer's two papers for the Roy-
al Astronomical Society and in 1894 gave
a fuller account in an article entitled "A
Prolonged Sunspot Minimum" (14, 15).
In his second paper Maunder provided
more details and pointed out that to ac-
knowledge this unusual occurrence was
to admit that the solar cycle and the sun
itself had changed in historic time, and
could again. He stressed that the reality
of a "prolonged sunspot minimum" had
important implications not only for our
understanding of the sun but also for
studies of solar-terrestrial relations.

It is not obvious that anyone in solar
physics listened. In any case, nearly 30
years later, at 71, Maunder tried again
with another paper of the same title on
the same subject (16). Included were quo-
tations from a paper by Agnes Clerke
who had claimed that during the "pro-
longed sunspot minimum" there was al-
so a marked dearth of aurorae (17).
Maunder offered as well the interesting

conjecture that the long delay between
the telescopic discovery of sunspots and
Schwabe's discovery of the solar cycle
may have been due in part to this tempo-
rary cessation of the solar cycle during a
part of the interim.

In their five papers Sporer and Maun-
der made the following striking asser-
tions: (i) that for a 70-year period, from
approximately 1645 to 1715, practically
no sunspots were seen; (ii) that for near-
ly half of this time (1672 through 1704)
not a single spot was observed on the
northern hemisphere of the sun; (iii) that
for 60 years, until 1705, no more than
one sunspot group was seen on the sun
at a time; and (iv) that during the entire
70-year period no more than "a handful"
of spots were observed and that these
were mostly single spots and at low solar
latitudes, lasting for a single rotation or
less; moreover, the total number of spots
observed from 1645 to 1715 was less than
what we see in a single active year under
normal conditions.

Maunder supported these claims with
quotations from the scientific literature
of the period in question. The editor of
the -Philosophical Transactions of the
Royal Society, in reporting the discovery
of a sunspot in 1671 (in the middle of the
"prolonged sunspot minimum"), had
written that (15, p. 173) ". . . at Paris the
Excellent Signior Cassini hath lately de-
tected again Spots in the Sun, of which
none have been seen these many years
that we know of." (Following this, the
editor went on to describe the last sun-
spot seen, 11 years before, for those who
might have forgotten what one looked
like.)

Cassini's own description of his 1671
sighting reads as follows (15, p. 174):
". . . it is now about 20 years since astron-
omers have seen any considerable spots
on the sun, though before that time,
since the invention of the telescopes they
have from time to time observed them."
Cassini also reported that another
French astronomer, Picard, ". . . was
pleased at the discovery of a sunspot
since it was ten whole years since he had
seen one, no matter how great the care
which he had taken from time to time to
watch for them" (16, pp. 141-142). And
when the Astronomer Royal, Flamsteed,
sighted a spot on the sun at Greenwich in
1684, he reported that "[t]hese appear-
ances, however frequent in the days of
Scheiner and Galileo, have been so rare
of late that this is the only one I have
seen in his face since December 1676"
(15, p. 174).
Maunder did not have to look hard to

find support for the strange case, for an
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absence of sunspots in the latter part of
the 17th century had been matter-of-fact-
ly reported in astronomy books written
before Schwabe's discovery of the cycle
(18). William Herschel had mentioned it
in 1801 (19). Herschel's source of infor-
mation was LaLande's three-volume
opus, Astronomie, of 1792, in which
dates and details are given of the anoma-
lous absence of sunspots, including some
of the quotations that Maunder later
used (20). Thus, neither Maunder nor

Sporer had "discovered" the "pro-
longed sunspot minimum." These au-

thors, like myself, were simply pointing
back to an overlooked and possibly im-
portant phenomenon which in its time
had not seemed unusual but which looms
large in retrospect.

Questions

Maunder's assessment of the signifi-
cance of the "prolonged sunspot mini-
mum" was probably not an exagger-

ation. If solar activity really ceased or

sank to near-zero level, it places a re-

strictive boundary condition on physical
explanations of the solar cycle and sug-

gests that a workable mechanism for so-

lar activity must be capable of starting,
and maybe stopping, in periods of tens of
years. It labels sunspots as possibly tran-
sitory characteristics of the sun, and by
association also flares, active promi-
nences, and perhaps the structured co-

rona. One of the enigmas in historical
studies of the sun is the long delay in the
naked-eye discovery of the chromo-
sphere (21) and the lack of any ancient
descriptions of coronal streamers at
eclipse (22, 23). It may be more-than
curious coincidence that the discovery of
the chromosphere (1706), the first de-
scription of the structured corona (1715),
and a lasting, tenfoldjump in the number
of recorded aurorae (1716) all came at
the end of the Maunder Minimum, when,
it seems, the solar cycle resumed, or

possibly began, its modem course. If
Maunder's "prolonged sunspot mini-
mum" really happened, it provides
damning evidence (24) in the protracted
debate over the production of sunspots
by planetary gravitational tides, for
through the years between 1645 and 1715
the nine planets were, as always, in their
orbits. Finally, as Maunder stressed, this
apparent anomaly in the sun's history, if
real, offers a singularly valuable test peri-
od for studies of the connection between
solar activity and terrestrial weather. If
the Maunder Minimum really occurred,
it may define a minimum of a long-term
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envelope of solar activity which could be
more important for terrestrial implica-
tions than the 11-year modulation that
has for so long occupied attention in
solar-terrestrial studies (25).

It seems worthwhile to open, once

again, the case of the missing sunspots,
for it was never really solved. All the
early work was based almost entirely on

the same piece of evidence: the paucity
of sunspot reports in the limited litera-
ture of the day. Sporer's original papers

and Maunder's expansions of them
leaned heavily on a lack of evidence in
archival records and journals, and on

contemporary statements that it had
been a long time between sunspot re-

ports. But in the words of a modem
astronomer, absence of evidence is not
evidence of absence (26). How good
were the observers in the 17th century,
and how good the observing techniques?
How constant a watch was kept? How
many spots were missing, and when?
New evidence has come to light in the 50
years since Maunder's time: we now

have better catalogs of historical au-

rorae, compilations of sunspot observa-
tions made in the Orient, a fuller under-
standing of tree-ring records, and a new

tool in atmospheric isotopes as tracers of
past solar activity. New understanding
of the sun since Maunder's day can

sharpen our assessment of the facts in
the case: we now know the relationship
of sunspots to solar magnetic fields and
something of the relation of magnetic
fields to the corona, and can thus exam-

ine more critically the evidence from
total solar eclipses during the time.

I
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Solar Observations in the 17th Century

History has left an uncanny mnemonic
for the dates of the Maunder Minimum:
the reign of Louis XIV, le Roi Soleil,
1643 through 1715. This was also the
time of Milton and Newton; by 1642
Brahe, Kepler, and Galileo were gone.

Astronomical telescopes were in com-

mon use and were produced com-

mercially; they featured innovations and
important improvements over the origi-
nal miniature models which in 1612 had
sufficed to distinguish umbrae and pen-

umbrae in sunspots and by 1625 had
been used to find the solar faculae. Dur-
ing the Maunder Minimum the Green-
wich and Paris observatories were found-
ed, and Newton produced the reflecting
telescope; it was also the age of the long,
suspended, and aerial telescopes with
focal lengths that stretched to 60 meters
and apertures of 20 centimeters and
more (27). The more usual telescopes
turned on the sun had focal lengths of 2
to 4 meters and apertures of 5 to 10 centi-
meters, which would describe most solar
telescopes used in the 18th and 19th cen-

turies as well. To observe sunspots then,
as today, one projected the solar image
on a white screen placed at a proper

distance behind the eyepiece (Fig. 2).
The image scale was adequate to permit
one to see and to sketch not only spots of
all sizes but their features and their differ-
ences; observers recorded details of
white-light faculae, penumbral filaments,
satellite sunspots, and most of the obser-
vational detail known of sunspots today
(Fig. 3).

01 1iI ' I-,I, 1-I -% IIII lII O
830 1840 60 160 1870 1890 1900 90 1920 1930 1940 1960 1960

Fig. 1. Annual mean sunspot number, R, from 1700 to 1960. [From (3); courtesy of M. Wald-
meier]
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Fig. 2. Illustration of the technique used in the early 17th century for the observation of sun-

spots in which the solar image is projected on a screen [from a contemporary account by Schei-
ner (31)]. [By permission of the Houghton Library, Harvard University]

During the Maunder Minimum the
same astronomers who observed the sun

discovered the first division in Saturn's
ring (in 1675) and found five of Saturn's
satellites (1655 through 1684); the former
discovery attests to an effective resolu-
tion of almost I arc second and the latter
to an acuity to distinguish an 11 th-magni-
tude object less than 40 arc seconds from
the bright limb of the planet. During the
17th century astronomers observed sev-

en transits of Venus and Mercury, which
implies a certain thoroughness and a

knowledge of other spots on the sun at
the time. Romer determined the velocity
of light (1675) from precise observations
of the orbits of Jupiter's satellites. Dur-
ing the same century at least 53 eclipses
of the sun-partial, annular, or total-
were observed, including some in Asia
and the Americas. It is significant that
not one solar eclipse that passed through
Europe was missed (28, 29).

Active astronomers of the time includ-
ed Flamsteed, Derham, Hooke, and Hal-
ley in England, both of the Huyghens in
Holland, Hevelius in Poland, Romer in
Denmark, the Cassinis, Gassendi, de la
Hire, and Boulliau in France, Grimaldi
and Riccioli in Italy, and Weigel and von

Wurzelbau in Germany, to name but a

few. And astronomers of that era were

generous in their definition of astronomy
and still included the sun among objects
of respectable interest. During the years
when the Cassinis were pursuing their
investigations of Saturn in Paris, they
also wrote scientific articles on their ob-
servations of the sun and sunspots (30).
In 1630 Christopher Scheiner published a

massive book, the Rosa Ursina, on sun-

spots and faculae and methods of observ-
ing them (31), and Hevelius produced in
1647 a detailed appendix on sunspots and
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a chapter on solar observation in his
Selenographia (32).

In 1801 William Herschel commented
that instrumental and observational
shortcomings could explain most of the
sunspot dearth between 1650 and 1713,
and that, had more modern equipment
been turned on the sun, many more spots
would have been found (19); but we have
little cause to think that he had looked
very far into the matter, which then
seemed of minor import, long before the
discovery of the sunspot cycle. Maunder
did not cite Herschel's dissenting view,
but trumped it anyway, with a quotation
from the more contemporary English as-

tronomer William Derham, who in 1711
had given his view on whether observers
of the time could have missed the spots
(16, pp. 143-144):

There are doubtless great intervals some-
times when the Sun is free, as between the
years 1660 and 1671, 1676 and 1684, in which
time, Spots could hardly escape the sight of so
many Observers of the Sun, as were then
perpetually peeping upon him with their Tele-
scopes in England, France, Germany, Italy,
and all the World over.

It seems clear that on this question Der-
ham was right and Herschel wrong and
that during the period of the Maunder
Minimum astronomers had the in-
struments, the knowledge, and the abili-
ty to recognize the presence or absence
of even small spots on the sun. And I
might add that it does not take much of a
telescope to see a sunspot.
Was a continuous watch kept on the

sun? This is quite another question, and
one for which direct evidence is lacking.
Scheiner (1575-1650) and Hevelius
(1611-1687) for at least a number of
years made daily drawings of the sun and
sunspots, but we cannot assume that this

dutiful practice was continued by succes-
sors without interruption for 70 years.
There were no organized or cooperative
efforts, so far as we know, to keep a
continuous diary of the sun, as is done
today. But the motives of astronomers,
then and now, are much the same: when
a surprising dearth of sunspots was re-
ported, as it was on repeated occasions
during the span, we can expect that it
would have inspired a renewed search to
find some. In this respect it is significant
that new sunspots were reported in the
scientific literature as "discoveries,"
and that the sighting of a new spot or
spot group was cause for the writing of a
paper (30). This practice, were it fol-
lowed today by even a few owners of 5-
centimeter refractors, would produce an
intolerable glut ofmanuscripts in the min-
imum years of the sunspot cycle and an
avalanche in the years of maximum.

Comparisons with the present time are
dangerous: toward the end of the 17th
century the first learned societies were
founded and the first journals came into
existence. These journals were limited in
number and scope and restricted in au-
thorship and in that time bore little re-
semblance to the scientific periodicals
we read and rely on for thorough cov-
erage today. Absence of evidence may
be a limited clue in such circumstances,
as may uncontested and possibly unrefer-
eed reports. Moreover, prevailing ideas
of what something is influence how it is
observed and reported. Sunspots were
not thought to be what we know they are
today. The original theological opposi-
tion to spots on the sun had been as-
suaged long before 1645, but, throughout
the period of the Maunder Minimum and
until Wilson's observations in 1774 (33),
a prevalent concept of sunspots was that
they were clouds on the sun, and who
keeps a diary of clouds? Finally, we can
suspect that sunspots, like all else in
science, went in and out of vogue as
objects of intense interest. After the ini-
tial surge of telescopic investigation, sun-
spots may have drifted into the doldrums
of current science. If this is so, Schei-
ner's massive tome may have been in
part to blame: the Rosa Ursina must
have been considered a bore by even the
verbose standards of its day, and it may
have smothered initiative for a time (34,
35).

Aurorae

Records of occurrence of the aurora
borealis and aurora australis offer an in-
dependent check on past solar activity
since there is a well-established correla-

SCIENCE, VOL. 192

 o
n 

O
ct

ob
er

 1
, 2

01
6

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

http://science.sciencemag.org/


tion between sunspot number and the
number of nights when aurorae are seen.
The physical connection is indirect: au-
roral displays are produced when
charged particles from the sun interact
with the earth's magnetic field, resulting
in particle accelerations and collisions
with air molecules in our upper atmo-
sphere. Aurorae register, therefore,
those particle-producing events on the
sun (such as flares and prominence erup-
tions) which happen to direct their
streams toward the earth. Since these
events arise in active regions on the sun,
where there are also sunspots, we find a
strong positive correlation between re-
ported numbers of the two phenomena.

Aurorae are especially valuable as his-
torical indicators of solar activity since
they are spectacular and easily seen, re-
quire no telescopic apparatus, and are
visible for hours over wide geographic
areas. They have been recorded far back
in history as objects of awe and wonder.
An increase in the number of reported

aurorae inevitably follows a major in-
crease in solar activity, and a drop in
their number can generally be associated
with the persistence of low numbers of
sunspots, with certain reservations. As
with sunspots, aurorae will not be seen
unless the sky is reasonably clear, and an
absence of either on any date in histori-
cal records could be due simply to foul
weather. For the period of our interest
we can exclude the possibility of years or
decades of persistent continental over-
cast, since this would constitute a signifi-
cant meteorological anomaly which
would certainly have been noted in
weather lore or cited by astronomers of
the day (36).

In fact, the period between 1645 and
1715 was characterized by a marked ab-
sence of aurorae, as was first pointed out
by Clerke. "There is," she wrote, ". . .

strong, although indirect evidence that
the 'prolonged sunspot minimum' was
attended by a profound magnetic calm"
(17, p. 206). Historical aurora catalogs
(37, 38) confirm her assessment that
there were extremely few aurorae report-
ed during the years of the Maunder Mini-
mum. Far fewer were recorded than in
either the 70 years preceding or follow-
ing.

Auroral occurrence is a strong func-
tion of latitude, or more specifically of
distance from the geomagnetic poles.
Analyses of auroral counts in the modern
era (39) lead us to expect a display al-
most every night in the northern "auro-
ral zone"-a band of geomagnetic lat-
itude which includes northern Siber-
ia, far-northern Scandinavia, Iceland,
Greenland, and the northern halves of
18 JUNE 1976

Canada and Alaska. But this region is
aJso an area of sparse historical record
for the 17th century, and it should prob-
ably be excluded from consideration for
the present purpose. In a more populous
band just south of this zone-which in-
cludes Sweden, Norway, and Scotland-
we expect aurorae on 25 to about 200
nights per average year, the higher num-
ber at higher latitude. Progressively few-
er are expected as we move south. For
most of England, including the London
area, we expect to see an average of 5 to
10 aurorae per year, or roughly 500 in 70
"normal" years. In Paris we can expect
about 350 in the same period, and in Italy
perhaps 50. From England, France, Ger-
many, Denmark, and Poland, where as-
tronomers were active during the Maun-
der Minimum, we might have expected
reports of 300 to 1000 auroral nights, by
the statistics of today. Fritz's historical
catalog (37) lists only 77 aurorae for the
entire world during the years from 1645
to 1715, and 20 of these were reported in
a brief active interval, from 1707 to 1708,
when sunspots were also seen. In 37 of
the years of the Maunder Minimum not a
single aurora was reported anywhere.
Practically all reported aurorae were
from the northern part of Europe: Nor-
way, Sweden, Germany, and Poland.

F'or 63 years of the Maunder Minimum,
from 1645 until 1708, not one was report-
ed in London. The next, on 15 March
1716, moved the astronomer Edmund
Halley to describe and explain it in a
paper that is now classic (40). He was
then 60 years old and had never seen an
aurora before, although he was an as-
siduous observer of the sky and had long
wanted to observe one.
The auroral picture, which seems clear

at first glance, is muddied by subjectivity
and by the obscurity of indirect facts
from long ago. Historical catalogs cannot
record aurorae but only reports of au-
rorae. Clerke did not mention that auro-
ral counts from all centuries before the
18th are very low by modern standards.
The 77 events noted during the Maunder
Minimum actually exceed the number
recorded in any preceding century ex-
cept the 16th, for which there are 161 in
Fritz's catalog. By contrast, 6126 were
reported in the 18th century and about as
many in the 19th century (41).
The really striking feature of the histor-

ical record of aurorae (Fig. 4) is not so
much the drop during the Maunder Mini-
mum but an apparent "auroral turn-on"
which commenced in the middle 16th
century and surged upward dramatically
after 1716. Were the historical record of

Fig. 3. A 17th-century drawing of the sun and sunspots by Hevelius (32). [By permission of the
Houghton Library, Harvard University]
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uniform quality (and it is not), this appar-
ent "switching on" of the northern (and
southern) lights would loom as the most
significant fact of recent solar-terrestrial
history. In truth, it must in part at least
reflect the general curve of learning
which probably holds for all of life in
northern Europe at the time. The Renais-
sance came to auroral latitudes later than
to the Mediterranean, and the envelope
we see in Fig. 4 may be but its shadow.
The effect is large, however, and a part
of it could well represent a real change in
the occurrence of aurorae on the earth,
and, by implication, a change in the be-
havior of the sun. It is important that

a

0CD 25

1550 1600

b
Aurorae:

Reports per decade in E
south of the Polar Ci

50 r

0
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v101100 1200 1300 1400

Fig. 4. Reported aurorae [from Fritz (37)]. (a)
annual mean sunspot number superposed as w
44, 46) shown as solid squares. (b) Reports per
must be multiplied by the numbers shown at th
Minimum is shown in each diagram as a horizoi
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auroral reports do not increase monotoni-
cally with time as a learning curve might
imply; the number reported rose in the
9th through 12th centuries and then fell
off.
The separation of the physical from

the sociological in Fig. 4 is a question of
major importance in studies of the sun
and earth. An acceptable solution would
involve starting with a new and careful
search for auroral data, particularly from
northern latitudes, in the New World,
Old World, and Orient. It must include
careful allowance for superstition and
vogues and restrictions in observing au-
rorae, shifts of population, and the possi-

bly important effects of single events,
such as the development of the printing
press (about 1450), or Gassendi's decrip-
tion of the French aurora of 1621 (38, p.
15) and Halley's paper in 1716 (40). One
suspects that the dramatic jump in the
number of reported aurorae after 1716
was a direct result of this important pa-
per of Halley, which put the auroral phe-
nomenon on firm scientific footing so
that more aurorae were looked for and
more regular records were kept.
As for the Maunder Minimum, its pres-

ence in the auroral record is surely real,
appearing in Fig. 4 as a pronounced
pause in the already upward-sweeping
curve. Had Maunder looked first at
Fritz's auroral atlas, he could have hy-
pothesized a "prolonged sunspot mini-
mum" from auroral evidence alone.

Sunspots Seen with the Naked Eye

100 Spots on the sun were seen with the
naked eye long before the invention of
the telescope (42) and were particularly

75 o noted in the Far East, where a more
l continuous record survives. They offer

another check on the reality ofan extend-
50 ed sunspot minimum, since naked-eye

reports of sunspots might be expected
were there any strong solar activity at
the time. Large spots and large spot

25 groups can be seen with little difficulty
when the sun is partially obscured and

A.
reddened by smoke or haze, or at sunset

1650 1700.sL*L . ;; < 1 17 50 or sunrise; small groups or small spots
are beyond the effective resolution of the

4-9-7-6-4-8-10-3 5-9-9-10/-98X 5-9-9-10 eye and cannot be seen. Thus reports of
naked-eye sightings are biased toward
times of enhanced solar activity, and

100 attempts have been made to establish the
urope, epochs of past maxima in the solar cycle
ircle from naked-eye sunspot dates (43, 44).

Pretelescopic sunspot observations
probably come almost wholly from acci-
dental observation. In Europe reports
are rare and fragmentary (4). It is from

2 the Orient, where sunspots were deemed
important in legend and possibly in augu-

50 ry, that we find more extensive and use-
ful records. But here, too, the numbers
are small and can only be used as a very
coarse indicator of past solar activity.

In 1933 (5 years after Maunder's
death), Sigeru Kanda of the Tokyo As-
tronomical Observatory compiled a com-
prehensive list of 143 sunspot sightings
from ancient records of Japan, Korea,

_
0 iioo 1700 1800 0 and China, covering the period from 281500 1600 10 180B.C. through A.D. 1743 (43). Most came

All reports, from 1550 to 1750 by year, with the after the 3rd century so that the long-
ihite curves at the right and Far East aurorae (43,

a

r decade in latitudes 0° to 66°N; counts after 1715 term average was about one sighting per
e top right of the plot. The period of the Maunder decade. Were they distributed regularly
ntal line. (or just at solar maxima), we would thus
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expect six or seven events during the
Maunder Minimum. It is significant that
none was recorded between 1639 and
1720-a Far East gap that matches West-
ern Hemisphere data very well.
As with aurorae, the evidence is neces-

sary but not sufficient. Social practices
or pressures could have suppressed ob-
servation or recording of spots during
the time (45), leading to an apparent but
unreal dearth. Moreover, the sunspot
gap from 1639 to 1720 is neither the only
nor the longest in Kanda's span of re-
ports: there were 84 years without any
reports of sunspot sightings ending in
1604, 117 years ending in 1520, and 229
years endihg in 808 (Fig. 5a).
We may extend the naked-eye data in

a sense by adding dates of reported au-
rorae in Japan, Korea, and China. All of
these lands lie at low auroral latitudes,
where displays are expected no more
than once in 10 years. As in the case of
sunspots seen with the naked eye, au-
rorae reported in the Orient are pre-
sumed to sample only intense solar activ-
ity. And, as with the sunspot sightings,
no Far East aurorae were reported dur-
ing the Maunder Minimum, and more
specifically between 1584 and 1770 (43,
44, 46). The oriental data (sunspots and
aurorae) confirm that there were no in-
tense periods of solar activity during the
Maunder Minimum and probably no
"normal" maxima in the solar cycle.
We may use the long span of oriental

sunspot data as a coarse check on pos-
sible earlier occurrences of prolonged
sunspot minima, or other gross, long-
term modulations of sunspot activity.
Of particular note is an intensification of

sunspot and aurora reports in the 200-
year period centered at around 1180,
which is about halfway between the
Maunder Minimum and a more extended
period of absence of Far East sunspots
and aurorae in the 7th and early 8th
centuries. As I will show below, the
naked-eye maximum coincides with a
similar maximum of solar activity in the
"4C record. If this is a real long-term
envelope of solar activity, its period is
roughly 1000 years. We may je measur-
ing only social effects, but, as with histor-
ical European aurorae, the subject is one
of potential importance which deserves
more specific attention by historians.

Carbon-14 and the History of the Sun

Modern confirmation for Maunder's
"'prolonged sunspot minimum" may be
found in recent determinations of the
past abundance of terrestrial 14C. Carbon
and its radioactive isotopes are abundant
constituents of the earth's atmosphere,
chiefly as carbon dioxide (CO2). When
CO2 is assimilated into trees, for ex-
ample, the carbon isotopes undergo
spontaneous disintegration at well-
known rates. Thus, by a technique now
well established, it is possible to deter-
mine the date of life of a carbon-bearing
sample, such as wood, by chemical mea-
surement of its present '4C content and
comparison with a presumed original
amount. The method requires a knowl-
edge of the past abundance of 14C in the
atmosphere, and this value is found by
analyzing, ring by ring, the 14C content of
trees of known chronology. The history

of relative 14C abundance deviations is
now fairly well established and serves as
the basis for accurate isotopic dating in
archeology (47-50).
The 14C history is useful in its own

right as a measure of past solar activity,
as has been demonstrated by a number
of investigators (51, 52). The isotope is
continuously formed in the atmosphere
through the action of cosmic rays,
which, in turn, are modulated by solar
activity. When the sun is active, some of
the incoming galactic cosmic rays are
prevented from reaching the earth. At
these times, corresponding to maxima in
the sunspot cycle, less than the normal
amount of "4C is produced in the atmo-
sphere and less is found in tree rings
formed then. When the sun is quiet, ter-
restrial bombardment by galactic cosmic
rays increases and the "C proportion in
the atmosphere rises. There are other
terms in the "C equilibrium process, as
well as significant lags, but, were there a
prolonged period of quiet on the sun, we
would expect to find evidence of it in tree
rings of that era as an abnormally high
abundance of "C.

Such is the case. The first major anom-
aly found in the early studies of 14C
history was a marked and prolonged in-
crease which reached its maximum be-
tween about 1650 and 1700 (53), in re-
markable agreement in sense and date
with the Maunder Minimum. The phe-
nomenon, known in carbon-dating as the
DeVries Fluctuation, peaked at about
1690 and is the greatest positive excur-
sion found in the 14C record-corre-
sponding to a deviation of about 20 parts
per mil from the norm. Subsequent stud-

-201a . .. Z . . .... . . . * " * *- *-20

O _s I . . -10 -10 150

20 o 10_ 10

+10 ........I' \/\ I (\ +10 ,~50
~~~~~~~20 +~~~~~~~~~~~rVVV UIU\ 20~i 0

1100 1200 1300 1400 1500 1600 1700 1800 1900

B.C. AoD. Fig. 5. (a) History of deviations in the relative atmospheric "4C concentration
5000 3000 1000 0 1000

b from tree-ring analyses for the period 1050 to 1900 (54): single open circles,
GM

Northern Hemisphere data; double open circles, Southern Hemisphere data
-25 GM (a heavy line has been drawn through the Southern Hemisphere data); closed

circles, dates of reported sunspots seen with the naked eye from Kanda (43).
o0- , The annual mean sunspot number, R, is shown as a light solid line where

E known for the period after 1610, from Waldmeier (3) and this study. Periods
a +25 ., when the relative '4C deviation exceeds 10 parts per mil are shaded. They

0 Sg SSM define probable anomalies in the behavior of the solar cycle: 1100 to 1250,
CL+50 Grand Maximum; 1460 to 1550, Sporer Minimum; 1645 to 1715, Maunder

Minimum. (b) Measured 'IC deviation (in parts per mil) since about 5000
75 1 B.C., with observed (smoothed) curve of sinusoidal variation in the earth's

magnetic moment [from (61), figure 2]. At about A.D. 100 the magnetic mo-
+100 fl4Ir \ | b 1 ment reached a maximum of about 1024 gauss per cubic centimeter. Shorter-+4I0-I term '4C excursions attributed in this article to solar cause are marked with

1000 4 , ,arrows: M, Maunder Minimum; S, Sp6rer Minimum; GM, Grand Maximum
7000 5000 3000 1000 o in the 12th to 13th centuries. The sharp negative "4C deviation at the modern

Years before 1950 end of the curve is the Suess effect, due to fossil fuel combustion.
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ies have established the DeVries Fluctua-
tion as a worldwide effect.

Figure 5a shows a curve (open circles
and heavy line) of the relative deviation
in the 14C concentration based on recent
measurements of tree rings (54), plotted
with increasing concentration downward
for direct comparison with solar activity;
also shown are annual numbers of sun-
spots, from (3) and the present work
(light line), and the years of early naked-
eye sunspot sightings from Kanda (closed
circles) (43). The three quantities give a
wholly consistent representation of the
Maunder Minimum. We also note a clus-
tering of naked-eye sunspot sightings at
times when the 14C record indicates
greater than normal activity, and a gener-
al absence of them when the 14C record
indicates less than normal activity.
Where annual sunspot numbers are
plotted, the 14C curve seems a fair repre-
sentation of the overall envelope of the
sunspot curve. It thus seems valid to
interpret the 14C record as an indicator of
the long-term trend of solar activity and
of real changes in solar behavior in the
distant past, before the time of telescopic
examination of the sun (55-57).
We may calibrate the 14C curve for this

purpose by noting that the years of the
Maunder Minimum define a time when
the relative deviation of 14C exceeded 10
parts per mil. If we can make allowance
for other effects on 14C production and
equilibrium, we may infer that, whenev-
er the 14C deviation exceeded ± 10 parts
per mil, solar activity was anomalously
high or low, with the Maunder Minimum
corresponding to a definition of "anoma-
lous." We must remember that the 14C
indications will tend to lag behind real
solar changes by periods of 10 to 50
years, because of the finite time of ex-
change between the atmosphere and
trees. By this criterion there have been
three possible periods of marked solar
anomaly during the last 1000 years: the
Maunder Minimum, another minimum in
the early 16th century, and a period of
anomalously high activity in the 12th and
early 13th centuries. We can think of
these as the grand minima and a grand
maximum of the solar cycle, although we
cannot judge from these data whether
they are cyclic features.
The earlier minimum, which we might

call the Sporer Minimum, persisted by
our 10-parts-per-mil criterion from about
1460 through 1550. Its 14C deviation is
not quite as great as that during the
Maunder Minimum, although that dis-
tinction is not a consistent feature of all
representations of the 14C history (58).
We can presume that the Sporer Mini-
mum was probably as pronounced as the

11%

Maunder Minimum and that during those
years there were few sunspots indeed. It
appears to have reached its greatest
depth in the early 16th century when
there were also very few aurorae report-
ed.
We noted earlier the possibility of an

intensification of solar activity in the
12th and 13th centuries, on the basis of
naked-eye sunspot reports from the Ori-
ent. Evidence for the same maximum is
found in the historical aurora record
(Fig. 4): the number of aurorae in Fritz's
catalog (37) is about constant for the 9th,
10th, and 11th centuries (23, 27, and 21
aurorae per century, respectively), rises
abruptly for the 12th century (53 au-
rorae), and then falls for the next three
centuries (16, 21, and 7 aurorae). The 14C
record (Fig. 5a) shows a similar anomaly
in the same direction: a decrease in 14C
which could be attributed to a prolonged
increase in solar activity.
We must take care in assigning any of

the 14C variations to a solar cause for
there are other important mechanisms.
The overwhelming long-term effects on
14C production are ponderous changes in
the strength of the earth's magnetic field
(59, 60). Archeomagnetic studies have
shown that in the past 10,000 years the
earth's magnetic moment has varied in
strength by more than a factor of 2,
following an apparently sinusoidal enve-
lope with a period of about 9000 years,
on which shorter-term changes are im-
pressed. The terrestrial moment reached
maximum strength at about A.D. 100, at
which time we would expect to find a
minimum in 14C production because of
enhanced shielding of the earth against
cosmic rays.
The good fit of the observed

(smoothed) curve of geomagnetic change
to the long-term record of fossil 14C is
shown in Fig. Sb, from a recent com-
pilation (61), here replotted with increas-
ing 14C in the downward direction to
display increasing solar activity and in-
creasing geomagnetic strength as up-
ward-going effects. Damon (57) has
stressed that the long-term trends in the
radiocarbon content of the atmosphere
have been dominated in the past 8000
years by the geomagnetic effect, while
the shorter-term fluctuations have prob-
ably been controlled by changes in solar
activity. This- point seems clear in Fig.
Sb, where, near the modem end of the
curve, the Maunder Minimum (M) and
Sporer Minimum (S) stand out as obvi-
ous excursions from the long-term envel-
ope of geomagnetic change. And at about
1200 we find a broad departure in the
opposite direction, which might fit the
12th- and 13th-century maximum in sun-

spot and auroral reports. Whether the
sun was indeed responsible is open to
question, however, for Bucha (59) has
pointed out that this "'C decrease follows
a similar short-term increase in the
earth's magnetic moment (not shown in
Fig Sb), which had its onset at about
A.D. 900. Moreover, there is uncertainty
in the fit of the smoothed archeomag-
netic curve to the radiocarbon data,
and a shift to the right or left will change
the apparent contrast of these shorter-
term excursions.
We should like to know how solar ac-

tivity in a possible 12th-century Grand
Maximum compares with the present
epoch, but the present is an era of con-
fusion in "'C. The "'C concentration has
been falling steeply since the end of the
19th century, and the deviation (A"'C) is
now about -25 parts per mil. Were this a
solar effect, it would be evidence of
anomalously high solar activity. In fact,
the sharp drop is an effect of human ac-
tivity-the result of fossil fuel com-
bustion, which introduces CO2 with dif-
ferent carbon isotopic abundance ra-
tios-the so-called Suess Effect (47).
If fossil fuel combustion is responsible
for all of the modem "'C trend, then dur-
ing the 12th-century Grand Maximum
(when industrial pollution was not signifi-
cant), the natural "'C deviation may have
been much greater than at present and
the sun may have been more active than
we are accustomed to observing in the
modem era. There were possibly more
spots on more of the sun during the 12th-
century Grand Maximum, and, if the 11-
year cycle operated then, there may
have been higher maxima and higher
minima than any we see in Fig. 1.
The shallow dip and rise in the 14th

and early 15th centuries (Fig. 5a) suggest
the presence of a subsidiary solar period
of about 170 years, but these features
seem for now too slight to warrant specu-
lation; we may expect that additional 14C
data will clarify the case. The informa-
tion available at present allows one to de-
scribe the history of the sun in the last
millennium as follows: a possible Grand
Maximum in the 12th century, a protract-
ed fall to a century-long minimum
around 1500, a short rise to "normal,"
and then the fall to the shorter, deeper
Maunder Minimum, after which there
has been a steady rise in the envelope of
solar activity (25).

This last phase, which includes all de-
tailed records of the sun and the sunspot
cycle, does not appear in the "'C history
as very typical of the sun's behavior in
the past, particularly if the phase of the
long-term curve is important. During
most of the last 1000 years the long-term
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envelope of solar activity was either high-
er than at present, or falling, or at grand
minima like the Maunder Minimum. As
with the present climate, what we think
of as normal may be quite unusual. The
possibility that solar behavior since 1715
was unlike that in the past has already
been proposed to help explain the sud-
den auroral turn-on. Another piece of
evidence comes from records of the
sun's appearance at eclipse.

Absence of the Corona at Eclipse

Historical accounts of the solar corona
at total eclipse offer another possible
check on anomalies in past solar behav-
ior. We know that the shape of the co-
rona seen at eclipse varies with solar ac-
tivity: when the sun has many spots, the
corona is made up of numerous long ta-
pered streamers which extend outward
like the petals of a flower. As activity
wanes, the corona dims and fewer and
fewer streamers are seen. At a normal
minimum in the solar cycle the corona
seen by the naked eye is highly com-
pressed and blank except for long sym-
metric extensions along its equator. We
now believe that coronal streamers are
rooted in concentrated magnetic fields on
the surface of the sun, which, in turn, are
associated with solar activity and sun-
spots. As sunspots fade, so do concen-
trated surface fields and associated coro-
nal structures. Continuous, detailed,
observations of the solar corona in x-ray
wavelengths from Skylab have con-
firmed the association of coronal forms
with loops and arches in the surface
fields and have shown that in areas
where there are no concentrated fields,
loops, or arches there is no apparent co-
rona (62).
Were there a total absence of solar ac-

tivity, we would still expect to observe a
dim, uniform glow around the moon at
eclipse: the zodiacal light, or false co-
rona, would remain, since it is simply
sunlight scattered from dust and other
matter in the space between the earth
and the sun. At times of normal solar ac-
tivity the corona seen at eclipse is a mix-
ture of the true corona (or K corona) and
the weaker glow of the zodiacal light (or
F corona). The latter is a roughly sym-
metric glow around the sun which falls
off in brightness from the limb and is dis-
tended in the plane of the planets where
interplanetary dust is gravitationally con-
centrated. If the F corona were ever seen
alone, we would expect it to appear as a
dull, slightly reddish, eerie ring of light of
uniform breadth and without discernible
structure.
18 JUNE 1976

Fig. 6. Early 17th-century observation of a solar eclipse, by projection in a darkened room, as
depicted in (80). Hevelius himself is depicted at the left, marking the obscuration of the sun by
the lunar disk. [By permission of the Houghton Library, Harvard University]

In fact, firsthand descriptions of total
solar eclipses during the Maunder Mini-
mum seem entirely consistent with an ab-
sence of the modern structured corona,
but proof seems blurred by the customs
of observing eclipses in the past and by
the fact that scientists seldom describe
what is missing or what is not thought to
be important. The solar origin of the co-
rona was not established until the late
19th century; before that it seemed equal-
ly well explained as sunlight scattered in
our own atmosphere, or on the moon. So-
lar eclipses were regularly and routinely
observed throughout the 17th century
but not to study the physical sun. They
were occasions to test the then popular
science of orbit calculation: careful mea-
surement and timing of solar obscuration
by the moon offered checks on lunar and
terrestrial motions and opportunity to
measure the relative sizes of solar and lu-
nar disks. Such details are best obtained
not at the eyepiece of a wide-field tele-
scope in the open air but in a darkened
room, by projection of the disks of the
moon and sun upon a card, as we see in a
contemporary drawing from Hevelius
(Fig. 6). Under these restrictive condi-
tions a corona, structured or not, could
escape detection, particularly since it ap-
peared so briefly and at just the time
when undivided attention was demanded
to observe the precise minutia of obscu-
ration (63).
Nor was it so important to seek out

geographic places on the central path of

a total eclipse. The corona-K or F-is
so faint that it cannot be seen except in
exact totality. But if one's purpose were
astronomical mensuration and timing, a
partial or near-total eclipse was almost
as good as a total eclipse and could be ob-
served more accurately in the familiar
conditions of permanent observatories.
Since partial solar eclipses can be seen
over large areas and thus occur fre-
quently at any location, there was not
the impetus of today to travel far and
wide to set up camp for one-time tries in
distant, hostile lands. Eclipse expedi-
tions are a modern fad that did not take
hold until about the 19th century (64).
These fundamental differences severe-

ly limit the number of cases we can test.
There were 63 opportunities to see the
sun eclipsed between 1645 and 1715 (65),
but only eight of them passed through
those parts of Europe where astrono-
mers did their daily work (Fig. 7). Anoth-
er case (1698) comes from the New
World. Only a few of the European
eclipses reached totality near any per-
manent observatory, and the three best
observed occurred at the end of our peri-
od of interest-in 1706, 1708, and 1715,
when spots had begun their return.

Nevertheless, from this list comes a
handful of accounts which bear on the
question and answer it consistently.
They are descriptions of the corona from
the eclipses of 1652, 1698, 1706, and
1708, the only contemporary fir5thand
descriptions of the sun eclipsed that I

1197

 o
n 

O
ct

ob
er

 1
, 2

01
6

ht
tp

://
sc

ie
nc

e.
sc

ie
nc

em
ag

.o
rg

/
D

ow
nl

oa
de

d 
fr

om
 

http://science.sciencemag.org/


Fig. 7. Paths of totality for solar eclipses in Europe, from 1640 to 1715, from Oppolzer (65). Sites
of observatories which reported eclipse observations in the period are shown as double circles.

can find (66). They were written, in gen-

eral, by amateurs and nonconformists
who watched the spectacle with eyes

open to all of it. None describes the co-
rona as showing structure. Not one men-

tions the streamers which at every

eclipse in the present time are so easily
seen with the naked eye to stretch as

much as a degree or more above the so-

lar limb. All describe the corona as very

limited in extent: typically only I to 3 arc

minutes above the solar limb. In each
case the corona is described as dull or
mournful, and often as reddish. No draw-
ings were made. Every account is con-

sistent with our surmise of what the zodi-
acal light would look like at eclipse, were
the true corona really gone.
By 1715, the annual sunspot number

had reached 26 and was climbing. At the
eclipse of that year, at the end of the
Maunder Minimum, the corona is fairly
well described, and for the first time we

have drawings of it. For the first time dis-
tinct coronal structures are described
emanating from the sun. R. Cotes of
Cambridge University described the co-

rona (in a letter to Isaac Newton) as a

white ring of light around the moon, its
densest part extending about 5 arc min-
utes above the limb; he then added the
following (67):

Besides this ring, there appeared also rays
of a much fainter light in the form of a rec-
tangular cross. ... The longer and brighter
branch of this cross lay very nearly along the
ecliptic, the light of the shorter was so weak
that I did not constantly see it.

We may presume that the light of the
shorter branch was the polar plumes

1198

which we see today at times of sunspot
minimum and that the longer, brighter
branch was the familiar equatorial exten-
sions seen at times of low sunspot activi-
ty. Thus by 1715 we find the corona de-
scribed in modern terms and fitting a fa-
miliar form.

In her paper on the dearth of aurorae

Clerke mentioned, without example, that
it appeared to her probable that during
the "prolonged sunspot minimum" the
radiated structure of the solar corona was
also "in abeyance" (17). Recently Parker
has repeated Clerke's conjecture (68).
The case for a disappearance of the struc-
tured corona during the Maunder Mini-
mum might seem more solid were it not
for the fact that the earliest description
yet found for the rayed or structured co-

rona at any eclipse is that of Cotes in
1715.

R. R. Newton has expressed the situa-
tion very explicitly, on the basis of his
own researches for definite accounts of
the corona as positive documentation of
historical solar eclipses (23, p. 99):

The corona is mentioned in most modem
discussions of total solar eclipses, and to most
people it is probably the typical and spectacu-
lar sight associated with a total eclipse. In
view of this, it is surprising to see how little
the corona appears in ancient or medieval ac-
counts....

Newton continues (23, p. 601):

... there is no clear reference to the corona
in any ancient or medieval record that I have
found. The most likely reference is perhaps
the remark by Plutarch . . . but the meaning
of Plutarch's remark is far from certain.

I should add that here Newton is refer-

ring to any unambiguous description of
the corona, K or F.
A misleading statement common in

popular stories of eclipses is that the so-
lar corona was seen in antiquity much as
we would describe it today. Usually
cited are two early accounts, one by
Plutarch (about A.D. 46 to 120) and an-
other by Philostratus (about A.D. 170 to
245). Both reports are ambiguous at best,
and neither distinguishes between a
structured or an unstructured appear-
ance (69). The situation in all subsequent
descriptions before the 18th century
seems to be no different. At the eclipse
of 9 April 1567 Clavius reported seeing
"a narrow ring of light around the
Moon" at maximum solar obscuration
(although Kepler challenged this as possi-
bly an annular eclipse). Jessenius at a to-
tal eclipse in 1598 reported "a bright
light shining around the Moon." And
Kepler himself reported that at the
eclipse of 1604 (70): "The whole body of
the Sun was effectually covered for a
short time. The surface of the Moon ap-
peared quite black; but around it there
shone a brilliant light of a reddish hue,
and uniform breadth, which occupied a
considerable part of the heavens." None
of these or any other descriptions that I
can find fit a rayed or structured corona;
in many are the words "of uniform
breadth," and it seems to me most likely
that we are reading descriptions of the
zodiacal light, or of a K corona so weak
that its radiance is overpowered by the
glow of the F corona.

It could be that, until the scientific en-
lightenment of the 18th century, no one
felt moved to describe the impressive
structure of the solar corona at eclipse.
Indeed, there are other examples from
the history of eclipse observation where
large and striking features were missed
by good observers who were watching
other things (71). Perhaps the rays of the
corona at eclipse were thought to be so
much like the common aureole around
the sun that they were not deemed wor-
thy of description. Other excuses could
be offered. It will be hard for anyone
who has seen the corona with the naked
eye to accept these explanations and to
believe that, of the thousands ofobservers
at hundreds of total eclipses, not one
would have commented on a thing so
breathtaking and beautiful. It thus seems
to me more probable that, through much
of the long period of the Maunder Mini-
mum and the Sporer Minimum, extend-
ing between perhaps 1400 and 1700, the
sun was at such a minimum of activity
that the K corona was severely thinned
or absent altogether. The same may have
been true for a much longer span before
1400 and for different reasons may apply
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as well to the Grand Maximum of the
12th and 13th centuries and possibly ear-
lier. But here the records are so dim and
scant that conclusions seem unwar-
ranted. In any case the corona as we
know it may well be a modem feature of
the sun. It is an interesting question, and
another important challenge for histo-
rians.

Summary and Conclusions

The prolonged absence of sunspots be-
tween about 1645 and 1715, which
Sporer and Maunder described, is sup-
ported by direct accounts in the limited
contemporary literature of the day and
cited regularly in astronomy works of the
ensuing century. We may conclude that
the absence was not merely a limitation
in observing capability because of the ac-
complishments in other areas of astrono-
my in the late 17th and early 18th cen-
turies, and because drawings of the sun
made at the time show almost all the sun-
spot detail that is known today. Major
books by Scheiner and Hevelius, pub-
lished just before the onset of the Maun-
der Minimum, describe wholly adequate
methods for observing the sun and sun-
spots. We may assume that a fairly
steady watch was kept, since the dearth
of spots was recognized at the time and
since the identification of a new sunspot
was cause for the publication of a paper.
We can discount the possibility of 70
years of overcast skies, since there is no
evidence of such an anomaly in meteoro-
logical lore and since nighttime astrono-
my was vigorous and productive through
the same period. Evidence which con-
firms the Maunder Minimum comes from
records of naked-eye sunspot sightings,
auroral records, the now-available histo-
ry of atmospheric 14C, and descriptions
of the eclipsed sun at the time.

I can find no facts that contradict the
Maunder claim, and much that supports
it. In questions of history where only a
dim and limited record remains and
where we are blocked from making cru-
cial observational tests, the search for
possible contradiction seems to me a
promising path to truth. I am led to con-
clude that the "prolonged sunspot mini-
mum" was a real feature ofthe recent his-
tory of the sun and that it happened
much as Maunder first described it.

Earlier in this article I reviewed the
possible impact of a real Maunder Mini-
mum on theories of the sun and the solar
cycle. For some implications the dis-
tinction between no sunspots and a few
(annual sunspot numbers ofone to five) is
crucial; it is important to know whether
during the great depression of the Maun-
18 JUNE 1976

Fig. 8. Annual mean sun- 200
spot numbers at maxima in
the 11-year cycle, from
1645 to the present, to dem- 150
onstrate long-term trends
in solar activity. Evident is
the well-known 80-year 100
cycle (extrema shown as
triangles) imposed on a per-
sistent rise since the Maun- 50
der Minimum. The 78- or A A A A
80-year cycle was first
noted by Wolf (81) and lat- ° 1650 1750 1850 1950
er studied in detail by
Gleissberg (82). The solar constant has also been slowly rising through the period during which
it has been measured, since about 1908 (25, 72).

der Minimum the solar cycle continued
to operate at an almost invisible level,
with so few spots that they were lost in
our fuzzy definition of "zero." Maunder
held that there were enough instances of
sunspot sightings through the period to
make this case likely, and that the iso-
lated times when a few spots appeared
enabled one to identify the crests of a
sunken spot curve "just as in a deeply in-
undated country, the loftiest objects will
still raise their heads above the flood,
and a spire here, a hill, a tower, a tree
there, enable one to trace out the configu-
ration of the submerged champaign"
(16). This explanation seems to me un-
likely, since the known, visible crests are
not at regular spacings. We can hope that
more thorough investigation of contem-
porary literature will enable us to make
this important distinction which for now
seems beyond the limit of resolution.
The years of the Maunder Minimum

define a time in the 14C record when the
departure from normal isotopic abun-
dance exceeded 10 parts per mil. If we
take a 14C deviation of this magnitude as
a criterion of major change in solar be-
havior, we may deduce from 14C history
the existence of at least two other major
changes in solar character in the last mil-
lennium: a period ofprolonged solar quiet
like the Maunder Minimum between
about 1460 and 1550 (which I have called
the Sporer Minimum) and a "prolonged
sunspot maximum" between about 1100
and 1250. If the prolonged maximum of
the 12th and 13th centuries and the pro-
longed minima of the 16th and 17th cen-
turies are extrema of a cycle of solar
change, the cycle has a full period of
roughly 1000 years. If this change is peri-
odic, we can speculate that the sun may
now be progressing toward a grand maxi-
mum which might be reached in the 22nd
or 23rd centuries. The overall envelope
of solar activity has been steadily in-
creasing since the end of the Maunder
Minimum (Fig. 8), giving some credence
to this view. Moreover, throughout the
more limited span during which it has
been measured, the solar constant ap-

pears to have shown a continuous rising
trend which during the period from 1920
through 1952 was about 0.5 percent per
century (72).
The coincidence of Maunder's "pro-

longed solar minimum" with the coldest
excursion of the "Little Ice Age" has
been noted by many who have looked at
the possible relations between the sun
and terrestrial climate (73). A lasting
tree-ring anomaly which spans the same
period has been cited as evidence of a
concurrent drought in the American
Southwest (68, 74). There is also a nearly
1 : 1 agreement in sense and time be-
tween major excursions in world temper-
ature (as best they are known) and the
earlier excursions of the envelope of so-
lar behavior in the record of 14C, particu-
larly when a "'C lag time is allowed for:
the Sporer Minimum of the 16th century
is coincident with the other severe tem-
perature dip of the Little Ice Age, and
the Grand Maximum coincides with the
"medieval Climatic Optimum" of the
11th through 13th centuries (75, 76). These
coincidences suggest a possible relation-
ship between the overall envelope of the
curve of solar activity and terrestrial cli-
mate in which the 11-year solar cycle
may be effectively ifitered out or simply
unrelated to the problem. The mecha-
nism of this solar effect on climate may be
the simple one of ponderous long-term
changes of small amount in the total radi-
ative output of the sun, or solar constant.
These long-term drifts in solar radiation
may modulate the envelope of the solar
cycle through the solar dynamo to pro-
duce the observed long-term trends in so-
lar activity. The continuity, or phase, of
the 11-year cycle would be independent
of this slow, radiative change, but the
amplitude could be controlled by it. Ac-
cording to this interpretation, the cyclic
coming and going of sunspots would
have little effect on the output of solar ra-
diation, or presumably on weather, but
the long-term envelope of sunspot activi-
ty carries the indelible signature of slow
changes in solar radiation which surely
affect our climate (77).
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Fig. 9. Estimated annual mean sunspot numbers, from 1610 to 1750: open cii
Table 1; connected, closed circles are from Waldmeier (3); dashed lines (dec
crosses (peak estimates) are from Schove (8-11); triangles are Wolf's estimate
for an assumed 11.1-year solar cycle (3, 6).

The existence of the Maunder Mini-
mum and the possibility of earlier fluctua-
tions in solar behavior of similar magni-
tude imply that the present cycle of solar
activity may be unusual if not transitory.
For long periods in the historic past the
pattern of solar behavior may have been
completely different from the solar cycle
today. There is good evidence that with-

in the last millennium t
both considerably less
ably more active than w

the last 250 years. These
lar behavior may have
nied by significant long
radiative output. And t]
certainly accompanied
changes in the flow of

150 from the sun, with possible terrestrial ef-
fects. Our present understanding of the
solar wind is that its flow is regulated by

- closed or open magnetic field configura-
tI - 100 tions on the sun (78). We can only guess

what effect a total absence of activity
I \ ; \ and of large-scale magnetic structures

[;t/ would have on the behavior of solar wind
flow in the ecliptic plane. One possibility

8t /50 iS that, were the sun without extensive
t!-- -coronal structure during the Maunder

l \ j Minimum, the solar wind would have
blown steadily and isotropically, and pos-

1730 0
sibly at gale force, since high-speed

1730 1750 streams of solar wind are associated with
the absence ofclosed structures in the so-

rceestaremdataom lar corona. During an intensive maxi-

zddatesofmaxima mum, as is suggested for the 12th and
13th centuries, the solar wind was prob-
ably consistently weak, steady, and with
few recurrent streams.

[he sun has been The reality of the Maunder Minimum
active and prob- and its implications of basic solar change
{e have seen it in may be but one more defeat in our long
upheavals in so- and losing battle to keep the sun perfect,
been accompa- or, if not perfect, constant, and if in-

-term changes in constant, regular. Why we think the sun
hey were almost should be any of these when other stars
by significant are not is more a question for social than

atomic particles for physical science.

Table 1. Estimated annual mean sunspot numbers, R, from 1610 to 1715; X, sunspots noted but not counted; XX, unusual number of sunspots
noted but not counted; (X), unusually small number of sunspots noted but not counted. Schove's values are for the maxima of each supposedcycle.

Year R Waldmeier Schove Year R Waldmeier Schove Year R Waldmeier Schove

(3) (9) (3) (9) (3) (9)
1610 X 1646 1681 2

90

100

Minimum

Maximum 70

Minimum

1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668

1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680

0
0
3
0
2
I
2
0
0
0
4
4
0
0
0
0
0
0
0

0
0
6
4
0
2
0
10
2
6
0
4

Maximum 40

Minimum

Maximum 50

Minimum

Maximum 60.

Minimum

1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
16%
1697
1698
1699
1700
1701
1702
1703

1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715

0
0

11
0
4
0
5
4
0
0
0
0
0
6
0
0O
0
0
2
4
6
8

Maximum 50

Minimum

Maximum 30

Minimum

.5
11
16
23

9 36
18 58
15 29
18 20
8 10
3 8
2 3
0 0

0 0

2 2
3 11
10 27

50
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X
X
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Minimum
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1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
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1644
1645
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X
X
X
X
41
40
22

(X)
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(X)
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X

XX

6
16
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Appendix: Sunspot Numbers

I have used contemporary accounts of
telescopic observation of the sun to re-
construct estimated annual mean sun-
spot numbers for the period from 1610 to
1715 (Table 1 and Fig. 9). Principal
sources were Wolf s compilations (6)
and (13-16, 19, 20, 28-32). The journal
sources are, for the most part, the same
as those that were used by LaLande,
Sporer, and Maunder; thus, except for
the direct numerical data from Wolf,
Scheiner, and Hevelius, sunspot numbers
given here are simply a literal quantifica-
tion of Maunder's descriptive account.
Full reliance has been placed on unchal-
lenged statements in contemporary liter-
ature which specify periods in which no
sunspots were seen, as, for example, be-
tween 1656 and 1660, 1661 and 1671, 1689
to 1695, 1695 to 1700, and 1710 to 1713.

Earlier I classified Wolf s historical
sunspot data; by the same criteria the
data in Table 1 should be given a reliabili-
ty grade of "poor," since they come
from largely discontinuous sets and since
allowance for observer and site can only
be guessed. The estimated annual sun-
spot numbers are uncertain to at least a
factor of 2, and zero as an annual aver-
age means 0 to perhaps 5. The fact that
the telescopes of Flamsteed and Cassini
were in less than perfect observing sites
could have caused these observers to
miss a class of tiny, isolated spots which
might be detected and counted by keen
observers today. The more important
point is that their sites and instruments
were certainly adequate to detect any
level of activity higher than that at the
minima of the present solar cycle; they
might have missed a few spots but they
could not have missed a large number.
My sunspot numbers for the period

1700 to 1715 are somewhat lower than
those given for the same period by Wald-
meier (3), who took them from Wolf.
Both values are shown in Table I and
Fig. 9. The general agreement seems
heartening, but the difference may be im-
portant since it is in the only span of
overlap with other direct numerical com-
pilations. It is also in the least reliable
part of Wolf s data and the period of re-
covery from the Maunder Minimum, for
which a more gradual rise seems reason-
able. Auroral data and eclipse observa-
tions from the period of overlap seem to
me to support the more suppressed sun-
spot curve (Fig. 9). I find it hard to justify
Wolf s numbers for his first and possibly
second cycles and suspect that his unusu-
al-shaped maximum for 1705 was an arti-
ficiality of unrealistic correction factors.
Wolf did not have confidence in most of
18 JUNE 1976

the data for 1700 to 1749(6), and his num-
bers toward the beginning of that period
may represent, more than anything else,
a wishful extrapolation of normalcy. I al-
so show in Fig. 9 and Table 1 Schove's
estimates of decade-averaged and peak
sunspot numbers from the STP (8-11),
which we can also expect to be system-
atically high (79).
Numbers given for 1625 to 1627 and

1642 to 1644 (from Scheiner and He-
velius) are probably more reliable than
any subsequent data in Table 1, since
they are based on more nearly contin-
uous daily drawings. Data for 1611
through 1613 come from the observa-
tions of Galileo. Waldmeier (3) and
Schove (8-11) have apparently followed
Wolf in assuming that these three islands
of data before 1650 sample extrema of
the sunspot cycle: Galileo and Scheiner
at maxima, Hevelius at minimum. If
these periods are all nearer maxima, as I
suspect, they give some hint of the fall to
the long minimum that followed. The na-
ture of the fall suggests that the telescope
was invented barely in time to "discov-
er" sunspots before their numbers
shrank to nearly zero. Had the invention
of the telescope been delayed by as little
as 35 years, the telescopic discovery and
more thorough counting of sunspots
could have been postponed a full cen-
tury, burying forever the principal evi-
dence for the Maunder Minimum.
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