
1.  Introduction
Certain cyclic fluctuations of solar activity have important clues to the physical nature of solar dynamo process 
(Charbonneau, 2020). The resultant solar output variations significantly impact space climate and space weather 
on Earth and the solar system (Temmer, 2021). The most pronounced quasi-periodic variation of solar activ-
ity is the Schwabe cycle (Usoskin, 2017), which varies between 9 and 14 years with an average of ∼11 years. 
The amplitude of the Schwabe cycle is fluctuating and is sometimes exceptionally highly depressed when the 
Sun comes into a grand minimum (Usoskin, 2017) which is usually attributed to a distinct solar dynamo mode 
(Käpylä et  al.,  2016; Usoskin et  al.,  2014). A well-known grand minimum in solar activity is the Maunder 
Minimum (Eddy, 1976) from 1645 to 1715 AD, during which sunspots are exceedingly rare, the total solar irra-
diance is declined (Shapiro et al., 2011), and the solar wind keeps blowing at a lower speed (Cliver et al., 1998; 
Lockwood et al., 2014; Owens et al., 2017). The grand minimum is not unique to solar activity, but also appears 
in the activity of other stars (Judge & Saar, 2007). The Maunder Minimum is usually considered as the archetype 
of the grand minima in solar and stellar activity and is key to understand the solar and stellar dynamo.

Characterizing the periodicity of solar activity during the Maunder Minimum will benefit the understand-
ing of the nature of solar dynamo. Lots of data sets have been used to investigate the cyclic activity during 
the Maunder Minimum, such as the sunspot observations (Nagovitsyn,  2007; Ribes & Nesme-Ribes,  1993; 
Vaquero et al., 2015), the cosmogenic radionuclide data sets (Beer et al., 1998; Miyahara et al., 2004; Poluianov 
et al., 2014; Usoskin et al., 2021), and the polar aurora at high latitudes (Schlamminger, 1990; Schröder, 1992; 
Silverman, 1992). However, the currently used data sets give controversial results on the solar cycle length during 
the Maunder Minimum, which has been suggested to be a normal 11-year (Beer et al., 1998; Poluianov et al., 2014; 
Schlamminger, 1990; Schröder, 1992), a lengthened ∼13–16-year (Miyahara et al., 2004; Silverman, 1992), or a 
shortened 9 ± 1 year solar cycle which is uncertain because of the unclear sunspot situation around some years 
(Vaquero et al., 2015). Obviously, limited by the quality of solar activity proxies, there is still no consensus on 
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the cyclic variations during the Maunder Minimum, especially the cycle length, which is crucial to constrain the 
solar dynamo model.

Some dynamo models have reproduced Maunder Minimum-like behavior with no emerged magnetic flux in 
one or both solar hemisphere(s). However, these models usually give divergent cycle periods during the grand 
minima. For example, Passos et al. (2014) showed that the cycle period during grand minima-like episodes is 
similar to that of normal activity phases, whereas Karak and Miesch (2018) suggested considerable changes in 
the cycle period. The controversial cycle period of the Maunder Minimum motivates us to seek a reliable solar 
activity data set throughout the episode to pin down its exact value.

On the Earth, there are two types of auroral displays that are closely related to solar activity. The first is the polar 
aurora and the second is the red equatorial aurora. In Earth's high-latitude regions, energetic particles precipi-
tating along the dipolar geomagnetic field lines collide and excite the atoms and molecules in the atmosphere 
to gener ate polar auroras (Ni et  al.,  2016), which have long been considered as optical manifestation of the 
solar activity in near-Earth space (Gorney, 1990; Silverman, 1983). Traditionally, auroras are just observed in 
the high-latitude oval region surrounding the geomagnetic poles and are occasionally observed in low latitudes 
during extreme space weather events (Figure 1). However, past polar aurora records during the Maunder Mini-
mum did not give a convincing, definitive conclusion about the solar cycle length due to the small sample size. 
Hence, to explore the periodicity of solar activity during the Maunder Minimum, we concentrated our studies on 
a particular class of red equatorial auroras compiled from historical books (He et al., 2020; Wang et al., 2021) 
and found a significant ∼8-year cycle, providing important clues for future investigation of solar dynamo during 
the GM.

In the low-latitude region, if the geomagnetic field intensity is low enough to allow energetic particles to penetrate 
deep into the atmosphere, such as in the South Atlantic Anomaly (SAA), a special dynamic red equatorial aurora 
can occur during geomagnetic storms (He et al., 2020) and thus is closely related to solar activity. The geomag-
netic West Pacific Anomaly (WPA), which is a low-intensity geomagnetic anomaly in the West Pacific region 
as revealed by several geomagnetic models (Campuzano et al., 2019; Constanble et al., 2016; He et al., 2021; 
Jackson et al., 2000), existed between ∼1500 and 1800 AD, covering the Maunder Minimum (Figure 1). The 
geomagnetic field intensity in the WPA is low enough to allow energetic particles to penetrate deep into the 
atmosphere and excite dynamic equatorial aurora during storm time, and therefore can be used as a proxy of the 
solar activity. This kind of auroras during the Maunder Minimum was fortunately observed by the naked eyes of 
ancient Korean professional astronomers and routinely recorded on daily resolution, from which a large equato-
rial auroral catalog was compiled (Wang et al., 2021), providing a unique way to investigate solar activity during 
the Maunder Minimum.

2.  Data and Methods
2.1.  A Catalog of Ancient Aurora in the WPA

There exist several frequently used auroral list in the past, which have been created by the community for different 
purposes and therefore show different emphasis on either origin of ancient books or geographic location or span 
of time (Dai & Chen, 1980; Hayakawa et al., 2017; Lee et al., 2004; Lockwood & Barnard, 2015; Stephenson 
& Willis, 2008; Usoskin et al., 2015; Willis et al., 1996, 2007; Yau et al., 1995; Zhang, 1985). In a recent team-
work, we compiled a new auroral catalog from ancient Korean historical books of the Koryo-Sa, the Choson 
Wangjo Sillok and the Seungjeongwon Ilgi through automatic retrieval from the digital books with formatted 
keywords and manual confirmation for each record (Wang et al., 2021). The new catalog contains a considerably 
greater number of auroral observations than previous lists. Our study has presented an opportunity to confirm 
that most, or perhaps all, of the auroral observations south of the Korean peninsula were equatorial auroras 
resulting from energetic particle precipitation into the atmosphere facilitated by the WPA during that period (He 
et al., 2020, 2021).

The red aurora usually occurs in a height range of 200∼400 km (Aryal et al., 2018; He et al., 2020, 2021). The 
maximum visible region from the ancient observatory in Seoul, Korea for this height range is shown as the cyan and 
pink circles respectively in Figure 1. The configuration of the geomagnetic field is interesting during the Maun-
der Minimum. First, there is a low-intensity WPA southward of the Korea peninsula and the equatorial auroral 
generated in this region is visible to an observer at Seoul. Second, according to the CALS10k.2 geomagnetic field 
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model (Constable et al., 2016), the Magnetic Pole is close to the North Pole 
during the Maunder Minimum and the regions below geomagnetic latitudes 
of 50° is visible to an observer at Seoul. Therefore, both polar aurora and 
red equatorial aurora could be observed at Seoul. For the polar aurora, only 
during strong geomagnetic storms (Kp ≥ 7), and thus strong solar eruptions 
(such as strong coronal mass ejections), that the boundary of polar aurora 
could expand to geomagnetic latitudes below 50° (according to National 
Oceanic and Atmospheric Administration Space Weather Scales). However, 
Usoskin et  al.  (2015) have shown from a combination of auroral catalogs 
that 1715 polar auroral observations were seen in Europe below geomag-
netic latitudes of 50°, soon after the end of the Maunder Minimum, but none 
were recorded during the Maunder Minimum, strongly supporting that the 
ancient Korean observations were of red midlatitude/equatorial aurora. For 
the red equatorial auroral, energetic particle precipitation in the WPA during 
a small geomagnetic storm can make the aurora visible to naked eye (He 
et al., 2020). During 1620–1810 AD, there are 1406 aurora records, 1012 of 
which are red equatorial aurora records observed in the southern nocturnal 
sky of Korea Peninsula (south, southwest, and southeast). In this study, we 
just focus on the red equatorial aurora records.

Although the auroras were recorded daily, we bin the data by temporal reso-
lution in two different ways in this study. The first is 10-year resolution data 
which denotes the number of days with auroral records during each 10-year 
interval (see Figure S1c in Supporting Information S1). The second is 1-year 
resolution which denotes the number of days with equatorial auroral records 
during each year (Figure 2b). At the beginning of the Maunder Minimum, 
the magnetic intensity of the WPA began to increase (see Figures S1b and 
S1d in Supporting Information S1), strengthening the shielding of magnetic 
field to the energetic particles, and thus leading to the decreasing trend of red 
equatorial aurora occurrence after 1645 AD. After 1700 AD, even there is 
a decrease in magnetic intensity as deduced from the aurora records (Korte 

et al., 2009), the intensity is not so low as that during the first half of the Maunder Minimum. Therefore, the 
number of auroral records kept at a low level during the second half of the Maunder Minimum.

2.2.  Lomb-Scargle Spectral Analysis

The Lomb-Scargle (LS) spectral analysis is a well-known algorithm for detecting and characterizing peri-
odic signals in unevenly sampled data (Press & Rybicki,  1989) after the pioneer work by Lomb  (1976) and 
Scargle (1982). It is equivalent to the least square fitting of the sine waves to the data under the theory of Bayes. 
In our study, since the aurora occurrence records distribute unevenly versus time, determining periods in such 
series is not directly possible with methods such as Fast Fourier Transform and may require some degree of 
interpolation to fill in gaps. Therefore, Lomb-Scargle spectral analysis was applied in the paper. Specifically, for 
a time series of aurora records with N elements, x(k), the Lomb-Scargle periodogram as a function of frequency 
f is derived by the following formula (Lomb, 1976; Scargle, 1982):

LSP(𝑓𝑓 ) =
1

2𝜎𝜎2

⎧⎪⎨⎪⎩
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where t(k) is the date corresponding to aurora occurrence, 𝐴𝐴 𝑥𝑥 and σ 2 are respectively the mean and the variance of 
the aurora record time series. To insure the time invariance of the computed spectrum, the time shift τ is defined 
as follows:

𝜏𝜏 =
1

2(2𝜋𝜋𝜋𝜋 )
tan−1

∑𝑁𝑁
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∑𝑁𝑁
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cos(2(2𝜋𝜋𝜋𝜋 )𝑡𝑡(𝑘𝑘))
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Figure 1.  Illustration of auroral observations from Korean peninsula. The 
ancient observatory at Seoul, South Korea, is denoted by the white dot. The 
magenta color shows the core of the paleo-West Pacific Anomaly (WPA) 
of low magnetic intensity. The Earth rotation axis and the geomagnetic axis 
are denoted by the black and red lines, respectively. The geomagnetic axis is 
calculated with the CALS10k.2 model at 1645 (Constable et al., 2016). The 
red circles represent the geomagnetic latitudes above 50° with an increment 
of 10°, also calculated with the CALS10k.2 model. The pink and cyan circles 
show the visible range at Seoul for altitudes of 400 and 200 km, respectively.
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In the paper, the Lomb-Scargle periodogram results were shown in Figure 2d. Furthermore, in Figure 2d we also 
show the 95% possibility of detection level line, which means that the normalized power spectral density larger 
than the value represented by the line has a 95% probability that a period in the spectrum is not due to random 
fluctuations.

3.  Results
During the Maunder Minimum, the low-intensity WPA centered at South China Sea (Figure 1) provided the 
conditions necessary to produce equatorial aurora, analogous to that seen in the SAA. Northward of the WPA, 
ancient dynasties in China, Korea, and Japan preserved numerous official/unofficial astronomical records, of 
particular importance here being the official daily records in ancient Korea around the seventeenth century. 
The most frequently recorded night sky glow was described as “vapors like fire light,” which has been widely 

Figure 2.  Evolutions of solar activity and equatorial aurora records. (a) Annual group sunspot number (GSN) from 1620 to 1810 AD. (b) Annual equatorial aurora 
records from 1620 to 1810 AD. The dashed blue curve denotes a multipeak Gaussian function fit of an envelope of the red equatorial aurora occurrence. (c) Zoom-in 
view of the red equatorial aurora occurrence during the period from 1640 to 1715 AD. The sporadic records of GSN deduced from the active-day statistics (Vaquero 
et al., 2015) are overplotted. (d) The LS normalized power spectrum (NPS) of the red equatorial aurora occurrence during the period from 1640 to 1720 AD. The 
horizontal dashed line indicates the 95% possibility of detection level line, and the vertical dashed line marks the peak at 8.2 years.
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interpreted as red auroras (Hayakawa et al., 2017; Stephenson & Willis, 2008). Recently, Wang et al.  (2021) 
systematically searched the Korean historical books and established a large catalog containing 2013 auroral 
records from 1012 AD to 1811 AD (see Figure S1 in Supporting Information S1). A total of 1012 equatorial 
aurora records observed in the southern nocturnal sky from 1620 to 1810 are used in this study. The comparisons 
between the annual auroral records and the annual group sunspot number (GSN) (Hoyt & Schatten, 1998) are 
shown in Figure 2.

An increased solar activity and/or a locally weakened magnetic field can both contribute to the enhanced parti-
cle precipitation that causes the dynamic equatorial auroras. It has been demonstrated that, at the centennial 
time scale, the red equatorial aurora occurrence (i.e., the number of days with red equatorial aurora records 
in each year) is modulated by the temporal variation of the magnetic intensity in the WPA (He et al., 2021), 
as illustrated by the blue dashed line in Figure 2b. Therefore, the red equatorial aurora occurrence after the 
Maunder Minimum (after 1715) did not recover to a higher level as that of the GSN, and this is mainly owing 
to the recovery of the WPA (See Data and Methods, and Figure S1 in Supporting Information S1). The secular 
change in the intrinsic geomagnetic field (e.g., geomagnetic pole shift) can also influence the auroral sightings 
in the polar region (Lockwood & Barnard,  2015). Combining the auroral records with other auroral cata-
logs (Usoskin et al., 2015), the Maunder Minimum can be defined as a real minimum in auroral occurrence. 
Besides the variations on the centennial timescale, the annual aurora records also exhibit fluctuations close to 
the Schwabe cycle scale, which we will focus on to investigate the relation between the red equatorial aurora 
and solar activity.

Before the Maunder Minimum (1620–1645 AD), there are two significant peaks in the GSN as indicated by the 
two vertical dashed lines at 1625 and 1639 AD (Figure 2a), respectively. Interestingly, there are also two peaks 
in the red equatorial aurora occurrence (Figure 2b), perfectly corresponding to the two GSN peaks. Furthermore, 
both the red equatorial aurora occurrence and the GSN show an extended minimum between 1625 and 1639 AD. 
The good consistency of the variations of the red equatorial aurora occurrence and the GSN before the Maunder 
Minimum indicates that the red equatorial aurora can be used as a solar activity proxy to characterize the cyclic 
variations during the Maunder Minimum.

The variation of the red equatorial aurora occurrence during the Maunder Minimum is shown in Figure 2c. The 
sunspot record is extremely sparse during this period, showing no prominent, continuous cyclic variations from 
1645 to 1670. The red equatorial aurora occurrence exhibits four prominent successive ∼8-year cyclic variations 
during the first half of the Maunder Minimum, which lasted at least for four stable cycles with the cycle minima 
at 1645, 1653, 1662, 1670, and 1678 AD (Figure 2c), respectively. The corresponding cycle lengths are 8, 9, 
8, and 8 years, respectively, with an average of 8.25 years. It is noted that the 8-year cyclic variation is mainly 
remarkable during the descent into the Maunder Minimum and not later in the Maunder Minimum. It suggests 
that the solar activity behavior might have changed as the grand minimum progressed, which is consistent 
with the solar activity declination as revealed by the cosmogenic isotope abundances (Lockwood et al., 2011). 
It could also be due to low occurrence of the red equatorial aurora in the vicinity of the enhancement of the 
magnetic field strength in the WPA (He et al., 2021) (See Figure S1 in Supporting Information S1). Neverthe-
less, the Lomb-Scargle (LS) normalized power spectrum for the equatorial auroral records from 1640 to 1720 
in Figure 2d further reveals that the dominant period is 8.2 years during the Maunder Minimum. These results 
indicate that, during the Maunder Minimum, the solar dynamo cycle was not switched off but entered another 
cyclic mode.

4.  Conclusions
Purely in terms of cycle length, the 8-year cycle found here is close to the 9 ± 1 year inferred from the sunspots 
(Vaquero et al., 2015). However, there are significant differences. The sunspot data sets cannot distinguish each 
cycle precisely and only give a rough estimation of the cycle length with a large uncertainty. However, the 8-year 
cycle shown here is stable and reliable, with each cycle's minima precisely identified. The 8-year cycle provides 
a new constraint on the solar dynamo model and is crucial for understanding the generation of the GM. In addi-
tion, the identified individual cycles are essential for studying the solar-terrestrial relations during the Maunder 
Minimum.

Such a remarkably stable ∼8-year cyclic variation lasting for four cycles could exclude the chaotic nature of the 
solar dynamo during the Maunder Minimum. In normal solar activity beyond the GM, the solar cycle amplitude 
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is inversely correlated with the cycle length (Solanki et al., 2002). Following the inverse relationship between 
the cycle amplitude and length, the highly depressed solar activity during the Maunder Minimum should have a 
lengthened cycle. However, the 8-year cycle reported here contradicts this scenario. Therefore, the 8-year cycle 
reported here differs from the normal ∼11-year Schwabe cycle fluctuating between 9 and 14 years and indicates 
the different solar dynamo during the Maunder Minimum.

The 8-year cycle is not unique for the Maunder Minimum. The cyclic variation around 8 years also appears 
in modern solar observations beyond the Maunder Minimum. For example, the hemispheric asymmetry of 
solar activity usually shows ∼8–9-year periodic variations (Ballester et  al.,  2005; De Paula et  al.,  2022; 
Deng et al., 2016). Besides, a weak ∼8-year period also appears in the modern sunspot data sets (Krivova 
& Solanki, 2002; Zhu & Jia, 2018) and the solar 10.7 cm radio flux (Roy et al., 2019). Taking advantage 
of the highly hemispheric asymmetric of sunspot activity with almost all sunspots confined to the south-
ern hemisphere during the Maunder Minimum (Ribes & Nesme-Ribes, 1993), the ∼8–9-year cycle in the 
hemispheric asymmetry of solar activity gives clues to understand the solar dynamo during the Maunder 
Minimum.

One consistent explanation of the ∼8-year cycle reported here is the superposition of the dipolar mode with a period 
around 22 years and the quadrupolar mode with a period around 13–15 years (Schüssler & Cameron, 2018), which 
is proposed to explain the ∼8–9-year periodic variations in hemispheric asymmetry of solar activity. Beyond the 
GM, the solar activity is dominated by the dipolar mode (∼22 years). For example, from 1874 to 2016, the ampli-
tude of the quadrupolar mode is only ∼0.17 that of the dipolar mode (Kitchatinov, 2022). Beyond the GM, the 
superposition of the dominant ∼22-year periodic dipolar mode and the subdominant ∼13–15-year periodic quad-
rupolar mode leads to the cyclic variations of solar activity dominated by the ∼11-year Schwabe cycle with a weak 
north-south asymmetry exhibiting a period of ∼8–9 years. When the dipolar mode and the quadrupolar mode have 
nearly equal amplitudes (Sokoloff & Nesme-Ribes, 1994), the superposition of them will lead to the solar activity 
being confined  almost only to one hemisphere, which is just the situation during the Maunder Minimum. The 
∼8-year solar cycle during the Maunder Minimum likely results from a combination of the dipolar mode (22 years) 
and the quadrupolar mode (∼13–15 years) with nearly equal amplitude (see Figure S2 and Text S1 in Supporting 
Information S1).

Another candidate source for the shorter cycle length (∼8 years) reported here is a meridional circulation flow 
faster than usual. The surface meridional circulation flow transports the magnetic field to the poles reversing the 
old polar field and building up the new polar field, the strength of which is strongly correlated with the ampli-
tude of the next solar cycle (Jiang et al., 2018). The meridional circulation counterflow near the base of the solar 
convection zone is a primary driver of the cycle length, with the meridional circulation flow speed inversely 
correlated with the solar cycle length (Dikpati & Charbonneau, 1999; Hathaway et al., 2003; Yeates et al., 2008). 
If a faster meridional circulation flow sweeps both the positive and negative polarity sunspots to the polar regions 
(e.g., in the surface flux transport model), lower net flux would be available for reversing the old polar fields and 
building up weaker polar fields of the new cycle (Hathaway & Rightmire, 2010; Nandy et al., 2011), leading to 
weaker and shorter cycles. Therefore, a meridional circulation flow faster than usual has the possibility to induce 
a shorter cycle length (∼8 years) with lower amplitude.

Finally, it is noted that it is the open solar flux (OSF) that links the photospheric field changes corresponding 
to sunspots and the auroral observations. Here we assume that the present-day relationship between aurorae 
and sunspots pertains to the Maunder Minimum. The assumption might not hold because of other sources, 
for example, the loss rate of OSF (Owens & Lockwood, 2012). Different sources of the cyclic variations in 
the Maunder Minimum to those seen before and after the Maunder Minimum are supported by the observed 
positive-correlation between the sunspot number and the cosmogenic isotope abundances (Owens et al., 2012; 
Usoskin et  al.,  2015), rather than the anti-correlation during normal solar cycles. Eclipse observations 
(Hayakawa et al., 2021) and numerical simulations (Riley et al., 2015) also showed some evidence that the 
form of the corona and hence the OSF was different during the Maunder Minimum. It remains to be discov-
ered whether the present-day relationship between aurorae and sunspots can be applied during the Maunder 
Minimum.
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Data Availability Statement
The ancient Korean auroral records used in this study (Wang et  al.,  2021) are publicly available in He and 
Wei (2021). The annual group sunspot number (Hoyt & Schatten, 1998) are publicly available at the World Data 
Center for Sunspot Index and Long-term Solar Observations (WDC-SILSO, 1620–1810). The GSN deduced 
from the active-day statistics are available in Vaquero et  al.  (2015). The CALS10k.2 geomagnetic model are 
available in Constable et al. (2016).
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