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several suggestions that sunspot activity was moderate or even
high during the core MM (1645–1700), being comparable
to or even exceeding the current solar cycle #24 (Schove
1955; Gleissberg et al. 1979; Cullen 1980; Nagovitsyn 1997;
Ogurtsov et al. 2003; Nagovitsyn et al. 2004; Volobuev 2004;
Rek 2013; Zolotova & Ponyavin 2015). Some of these sugges-
tions were based on a mathematical synthesis using empirical
rules in a way similar to Schove (1955) and Nagovitsyn (1997)
and therefore are not true reconstructions. Some others used
a re-analysis of the direct data series (Rek 2013; Zolotova &
Ponyavin 2015) and provide claimed assessments of the solar
variability. While earlier suggestions have been convincingly
rebutted by Eddy (1983), the most recent ones are still circu-
lating. If such claims were true, then the MM would not be
a grand minimum. This would potentially cast doubts upon the
existence of any grand minimum, including those reconstructed
from cosmogenic isotopes.

There are indications that the underlying solar magnetic cy-
cles still operated during the MM (Beer et al. 1998; Usoskin
et al. 2001), but at the threshold level as proposed already by
Maunder (1922):

It ought not to be overlooked that, prolonged as this in-
activity of the Sun certainly was, yet few stray spots
noted during “the seventy years’ death”– 1660, 1671,
1684, 1695, 1707, 1718 [we are, however, less certain
about the exact timings of these activity maxima] – cor-
respond, as nearly as we can expect, to the theoretical
dates of maximum. ... If I may repeat the simile which
I used in my paper for Knowledge in 1894, “just as in
a deeply inundated 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 con-
figuration of the submerged champaign,” to the above
mentioned years seem be marked out as the crests of a
sunken spot-curve.

The nature of the MM is of much more than purely aca-
demic interest. A recent analysis of cosmogenic isotope data
revealed a 10% chance that MM conditions would return within
50 years of now (Lockwood 2010; Solanki & Krivova 2011;
Barnard et al. 2011). It is therefore important to accurately de-
scribe and understand the MM, since a future grand minimum
is expected to have significant implications for space climate
and space weather.

Here we present a compilation of observational and his-
torical facts and evidence showing that the MM was indeed
a grand minimum of solar activity and that the level of solar
activity was very low, much lower than that during the DM
as well as in the present cycle # 24 . In Section 2 we revisit
sunspot observations during the MM. In Section 3 we analyze
indirect proxy records of solar activity, specifically aurorae bo-
realis and cosmogenic isotopes. In Section 4 we discuss con-
sequences of the MM for solar dynamo and solar irradiance
modeling. Conclusions are presented in Section 5.
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Fig. 1. Annual group sunspot numbers during and around the Maunder
minimum, according to Hoyt & Schatten (1998) - GSN, Zolotova &
Ponyavin (2015) – ZP15, and loose and strictly conservative models
from Vaquero et al. (2015a) (see Sect. 2.1), as denoted in the legend.

2. Sunspot observation in the 17th century

Figure 1 shows different estimates of sunspot activity around
the MM, quantified in terms of the annual group sunspot num-
ber (GSN) RG. The GSN has recently been corrected as a re-
sult of newly uncovered data or corrections of earlier errors
being applied (see details in Vaquero et al. 2011; Vaquero &
Trigo 2014; Lockwood et al. 2014b). This series, however, con-
tains a large number of generic no-spot statements (i.e. that no
spots were seen on the Sun during long periods), which should
be treated with caution (Kovaltsov et al. 2004; Vaquero 2007;
Clette et al. 2014; Zolotova & Ponyavin 2015; Vaquero et al.
2015a, see also Sect. 2.3). Figure 1 also shows two recent esti-
mates of the annual GSN by Vaquero et al. (2015a), who treat
generic no-sunspot records in the HS98 catalogue in a con-
servative way. The sunspot numbers were estimated using the
active-vs -inactive day statistics (see Sect. 2.1, with full details
in Vaquero et al. 2015a). All these results fall close to each
other and imply very low sunspot activity during the MM. On
the contrary, Zolotova & Ponyavin (2015), henceforth called
ZP15, argue for higher sunspot activity in the MM (the red dot-
ted curve in Figure 1 is taken from Figure 13 of ZP15), with the
sunspot cycles not being smaller than a GSN of 30, and even
reaching 90–100 during the core MM.

For subsequent analysis we consider two scenarios of solar
activity that reflect opposing views on the level of solar activ-
ity around the MM before 1749: 1) L-scenario of low activ-
ity during the MM, as based on the conventional GSN (Hoyt
& Schatten 1998) with recent corrections implemented (see
Lockwood et al. 2014b, for details) – and which appear as
the black curve in Fig. 1; 2) H-scenario of high activity dur-
ing the MM, based on GSN as proposed by ZP15 shown as
the red dotted curve in Fig. 1). This last scenario also qual-
itatively represents other suggestions of high activity (e.g.,
Nagovitsyn 1997; Ogurtsov et al. 2003; Volobuev 2004). After
1749, both scenarios are extended by the international sunspot
number (http://sidc.oma.be/silso/datafiles). We use annual val-
ues throughout the paper unless another time resolution is ex-
plicitly mentioned.
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2.1. Fraction of active days

High solar cycles imply that ∼ 100% of days are active with
sunspots being seen on the Sun almost every day during such
cycles, with the exception of a few years around cycle min-
ima (Kovaltsov et al. 2004; Vaquero et al. 2012, 2014). If
sunspot activity was high during the MM, as proposed by the
H-scenario, the Sun must have been displaying sunspots almost
every day. However, this clearly contradicts the data, since the
reported sunspot days, including those reported by active ob-
servers, cover only a small fraction of the year, even around the
proposed cycle maxima (see Fig. 2 in Vaquero et al. 2015a).
Thus, either one has to assume a severe selection bias for ob-
servers reporting only a few sunspot days per year when spots
were present all the time, or to accept that indeed spots were
rare.

During periods of weak solar activity, the percentage of
spotless days is a very sensitive indicator of activity level
(Harvey & White 1999; Kovaltsov et al. 2004; Vaquero &
Trigo 2014), and much more precise than the sunspot counts.
However, this quantity tends towards zero (e.g. almost all
days are active) when the average sunspot number exceeds 20
(Vaquero et al. 2015a). Vaquero et al. (2015a) consider several
statistically conservative models to assess the sunspot number
during the MM from the active day fraction. The ‘loose’ model
ignores all generic no-spot statements and accepts only explicit
no-spot records with exact date and explicit statements of no
spots on the Sun, while the ‘strict’ model considers only such
explicit statements as in the ‘loose’ model, but made by at least
two independent observers for the spotless days. In this way,
the possibility of omitting spots is greatly reduced since the
two observers would have to omit the same spot independently.
The strict model can be considered as the most generous up-
per bound to sunspot activity during the MM. However, it most
likely exaggerates the activity by over-suppressing records re-
porting no spots on the Sun. These models are shown in Fig. 1.
One can see that these estimates yield sunspot numbers that
do not exceed 5 (15) for the ‘loose’ (‘strict’) model during the
MM.

2.2. Occidental telescopic sunspot observations:
Historical perspective

The use of the telescope for astronomical observations quickly
became widespread after 1609. We know that in the second
half of the 17th century there were telescopes with sufficient
quality and size to see even small spots. Astronomers of that
era also used other devices in their routine observations, such as
mural quadrants or meridian lines (Heilborn 1999). However,
as proposed by ZP15, the quality of the sunspot data for that
period might be compromised by non-scientific biases.

2.2.1. Dominant world view

Recently, ZP15 have suggested that 17th century scientists
might have been influenced by the “dominant worldview of
the seventeenth century that spots (Sun’s planets) are shadows
from a transit of unknown celestial bodies”, and that “an object

on the solar surface with an irregular shape or consisting of a
set of small spots could have been omitted in a textual report
because it was impossible to recognize that this object is a ce-
lestial body”. This would suggest that professional astronomers
of the 17th century, even if technically capable of observing
spots, might have distorted the actual records for politically or
religiously motivated, nonscientific reasons. This was the key
argument for ZP15 to propose high solar activity during the
MM. Below we argue that, on the contrary, scientists of the
17th century were reporting sunspots quite objectively.

Sunspots: Planets or solar features?
In the first decades of the 17th century there was a controversy
about the location of sunspots: either on the Sun (like clouds) or
orbiting at a distance (like a planet). However, already Scheiner
and Hevelius plotted non-circular plots and showed the per-
spective foreshortening of spots near the limb. In his Accuratior
Disquisito, Christoph Scheiner (1612) wrote pseudonymously
as ‘Appelles waiting behind the picture’ and detailed the ap-
pearance of spots of irregular and variable shape, and finally
concluded (Galileo & Scheiner 2010):

They are not to be admitted among the number of stars,
because they are of an irregular shape, because they
change their shape, because they [. . . ] should already
have returned several times, contrary to what has hap-
pened, because spots frequently arise in the middle of
the Sun that at ingress escaped sharp eyes, because
sometimes some disappear before having finished their
course.

Even though Scheiner up until this point had believed that
sunspots were bodies or other entities just outside the Sun, he
did note all their properties very objectively. Later, Scheiner
(1630) concluded in his comprehensive book on sunspots,
“Maculæ non sunt extra solem” (spots are not outside the Sun,
p. 455ff.) and even “Nuclei Macularum sunt profundi” (the
cores of sunspots are deep, p. 506). On the contrary, Smogulecz
& Schönberger (1626) who were colleagues of Scheiner in
Ingolstadt and Freiburg-im-Breisgau, respectively, called the
spots “stellaæ solares” (solar stars) with the sense of moons.
Some authors, especially anti-Copernican astronomers, such as
Antonius Maria Schyrleus of Rheita (1604–1660) (see Gómez
& Vaquero 2015) and Charles Malapert (1581–1630), followed
the planetary model. On the other hand, Galileo had geometri-
cally demonstrated (using the measured apparent velocities of
crossing the solar disc) that spots are located on the solar sur-
face. In fact, the changes in the trajectory of sunspots on the
solar surface were an important element of discussion in the
context of heliocentrism (Smith 1985; Hutchison 1990; Topper
1999).

It was clear already at that time that sunspots were not plan-
ets, due to their form, colour, shape of the spots near the limb
and their occasional disappearance in the middle of the disk. A
nice example is given in a letter to William Gascoigne (1612–
1644), which William Crabtree wrote on 7 August 1640 (Aug
17 greg.) (Chapman 2004), as published by Derham & Crabtrie
(1711):

I have often observed these Spots; yet from all my
Observations cannot find one Argument to prove them
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other than fading Bodies. But that they are no Stars, but
unconstant (in regard of their Generation) and irregu-
lar Excrescences arising out of, or proceeding from the
Sun’s Body, many things seem to me to make it more
than probable.

Although some astronomers in the mid-17th century still
believed that sunspots were small planets orbiting the Sun, the
common paradigm among astronomers of that time was “that
spots were current material features on the very surface of the
Sun” (Brody 2002, page 78). Therefore, observers of sunspots
during the MM, in particular professional astronomers, did not
adhere to the “dominant worldview” of the planetary nature of
sunspots and hence were not strongly influenced by it, contrary
to the claim of ZP15.

Galileo’s trial.
The problem in the trial of Galileo was not the Copernican sys-
tem, but the claim that astronomical hypotheses can be vali-
dated or invalidated (an absurd presumption for many people
of the early 17th century) leading to a potential claim of rein-
terpreting the Bible (Schröder 2002). At that time the plane-
tary system was considered a mathematical tool for computing
the motion of planets as precisely as possible, and was not a
subject to be proved. This subtle difference was an important
issue during the first half of the 17th century to comply with
the requirements of the Catholic Church. While an entire dis-
cussion of the various misconceptions about the Galileo trial is
beyond the scope of this paper, there are many indications that
the nature and origin of celestial phenomena were discussed by
scholars of the 17th century, rather than being discounted by
a standard world view. We are not aware of any evidence that
writing about sunspots was prohibited or generally disliked by
the majority of observers in any document.

Shape of sunspots.
ZP15 presented a hand-picked selection of drawings to support
their statement that “there was a tendency to draw sunspots
as objects of a circularized form”, but there are plenty of
other drawings from the same time showing sunspots of irreg-
ular shape and sunspot groups with complex structures. Here
we show only a few examples of many. Figure 2 depicts a
sunspot group observed in several observatories in Europe in
August 1671. A dominant spot with a complex structure of
multiple umbrae within the same penumbra can be observed
with a group of small spots surrounding it. Another exam-
ple (Figure 3) shows a drawing of a spot by G.D. Cassini in
1671 (Oldenburg 1671c) 1, which illustrates the complexity,
non-circularity and the foreshortening of sunspots very clearly.
Finally, Figure 4 displays a sunspot observed by J. Cassini
and Maraldi from Montpellier (Mar-29-1701). There is a small
sunspot group (labeled as A) more or less in the middle of the
solar disc that is magnified in the bottom left corner. This ex-
hibits a complex structure and a legend that reads “Shape of the
Spot observed with a large telescope”. These drawings are not

1 Henry Oldenburg was Secretary of the Royal Society and com-
piled findings from letters of other scientists in the Philosophical
Transactions in his own words. We therefore cite his name although it
is not given for the actual article.

Fig. 2. Drawing of a sunspot group observed in August 1671, as pub-
lished in number 75 of the Philosophical Transactions, corresponding
to August 14, 1671.

limited to “circularized forms”, and such instances are numer-
ous.

It is important to note that observers who made draw-
ings actually retained the perspective foreshortening of spots
near the solar limb. Galilei (1613), Scheiner (1630), Hevelius
(1647), G.D. Cassini in 1671 (Oldenburg 1671c), Cassini
(1730, observation of 1684), P. De La Hire (1720, observation
of 1703), and Derham (1703) all drew slim, non-circular spots
near the edge of the Sun. It was clear to them that these ob-
jects could not be spheres. They were not shadows either since
that would require an additional light source similar to the Sun
which is not observed. A note by G.D. Cassini of 1684 says
(Cassini 1730):

This penumbra is getting rounder when the spot ap-
proaches the center, as it is always happening, this is
an indication that this penumbra is flat, and that it looks
narrow only because it is presenting itself in an oblique
manner, as is the surface of the Sun towards the limb,
on which it has to lie.

While G.D. Cassini was an opponent of Copernicus and
Newton (Habashi 2007), and in fact discovered a number of


