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Abstract. A solar rotational period of approximately 27 days
has been detected in cloud and lightning activities, although
the mechanism of the sun–climate connection remains unclear. In previous studies, lightning activity in Japan showed
a significant signal of the solar rotational period, especially
around the maxima of the decadal solar cycles. Here we analyze the time series of lightning activity in the AD 1668–
1767 period, extracted from old diaries in Kyoto, Japan, and
search for the signal of solar rotational cycles. The 27-day
cycles were detected in the lightning data and occurred only
around the maxima of the decadal sunspot cycles. The signal disappeared during AD 1668–1715, which corresponds to
the latter half of the Maunder Minimum when both radiative
and magnetic disturbances were thought to have been weak.
These findings provide insight into the connection between
solar activity and the Earth’s climate.
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Introduction

Correlations between solar cyclic activity and climate variations have been detected over a wide range of timescales,
from monthly (Muraki et al., 2004; Sato et al., 2005; Takahashi et al., 2010; Hong et al., 2011; Scott et al., 2014), to
decadal and multidecadal (Camp and Tung, 2007; Miyahara
et al., 2008; Yamaguchi et al., 2010), to millennial (Bond et

al., 2001; Obrocta et al., 2012). However, the detailed mechanisms of these connections are currently uncertain. Among
the common cycles, the 27-day variability is of great importance because it offers the opportunity to understand how the
sun influences weather and climate.
The apparent solar radiations detected on Earth, which are
associated with solar rotations, alter over a 27-day period
(Coddington et al., 2016). The radiative outputs from the solar surface are controlled by the appearance and disappearance of sunspots and faculae, whereas the flux of open magnetic field is influenced by the appearance of sunspots and
coronal holes (Lockwood, 2013). The magnetic outputs influence the flux of galactic cosmic rays incident on the Earth.
Cosmic rays constitute a possible medium that connects the
Sun and climate (Gray et al., 2010). As the magnetic flux
conveyed to the solar surface increases and decreases over a
decadal scale, the intensity of the 27-day component in the
solar-related parameters varies over time.
Previously, we analyzed the lightning data over the
AD 1989–2015 period and found a significant 27-day periodicity in the summertime wide-area lightning activity in
Japan, especially around the maxima of the 11-year solar cycles (Miyahara et al., 2017a). The signal was strongest at a
spatial coverage of at least a few hundred thousand square
kilometers (covering more than 15 prefectures). A 27-day
signal also appeared in the minima of the solar cycles, but the
strength was approximately half that of the solar maxima.
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Analysis methods

Thunder and lightning events are frequently recorded in old
diaries. During the Edo era (1603–1868), the weather information was often regularly recorded in priestly diaries. By
examining these diaries, we can further explore the characteristics of the 27-day periodicity in lightning occurrences
during long-term high and low solar activity. Recently we
extracted a 100-year continuous record of summertime lightning events from several famous old diaries written in Kyoto
Ann. Geophys., 35, 1195–1200, 2017
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In modern times, the abovementioned 27-day signal shows
a northeastward migration pattern, suggesting that the impact
of solar activity propagates to Japan from lower latitudes.
Consistent with this finding, the 27-day period in cloud activities is most significant in tropical regions (Takahashi et
al., 2010; Hong et al., 2011). Therefore, the equatorial region
may enable us to trace the solar influence on weather and
climate.
In addition to examining the spatial extent of the 27-day
periodicity in cloud and lightning activities, we must carefully test the temporal variations in the solar 27-day period in the meteorological phenomena associated with the
centennial-scale high and low solar activities.
During the last decades, solar activity has rapidly trended
downward. This trend may be a precursor of the coming Grand Minimum (e.g., Lockwood, 2013). The behavior of cyclic lightning activity over grand minima (such
as the Maunder Minimum) might establish whether or not
the 27-day periodicity becomes less significant during longterm low solar activity. For example, coronal mass ejections
(CMEs), the major source of modulations in galactic cosmic
rays on daily to monthly timescales, are expected to rarely
occur during grand minima. High-speed solar wind streams
from coronal holes may maintain cyclical behavior under
such conditions, as was the case during the recent solar minimum, and it may affect the lightning activities via modulating energetic protons (Scott et al., 2014). However, Owens et
al. (2017) estimate that the band of slow solar wind expanded
to cover a sufficiently wide range of solar latitudes during the
Maunder Minimum that the Earth continued to remain in the
slow solar wind; the influence of any corotating fast streams
had been minimized. The monthly-scale radiation changes
should also be reduced due to the disappearance of sunspots.
If radiation or galactic cosmic rays can generate the 27-day
cyclic behavior of lightning, then such solar 27-day signals
should be absent during the Grand Minimum.
This paper traces the possible behavioral transition of the
27-day periodicity in the lightning activities in Kyoto from
the mid-17th to the mid-18th century, which includes the
Maunder Minimum. The data were extracted from old diaries
written in Kyoto. Section 2 describes the dataset and analysis
method, Sect. 3 presents the results and discussion, and the
concluding remarks are summarized in Sect. 4.
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Figure 1. (a) Time series of monthly sunspot numbers during
AD 1989–2015. The red and blue shading defines the periods of solar maxima and minima, respectively, used in the analyses. (b) Periodicity of lightning events from May to August in Kyoto during
the solar maxima (red line) and minima (blue line). The red and blue
dashed lines denote the 2 and 3 SD in the solar maxima and minima,
respectively. The red shaded bars indicate the 27–30-day period.

from the 17th to the 18th century, which motivated us to examine the periodicity of lightning days. The record covers
the latter half of the Maunder Minimum and the era of relatively high solar activity after recovery from the Maunder
Minimum.
Following the method of Miyahara et al. (2017a), we conducted a histogram analysis of the lightning record. As discussed in their paper, the phases of the 27-day periodicities in
solar-related parameters (such as solar radiation and galactic
cosmic rays) change in a random manner and are associated
with newly emerged sunspots and coronal holes. Therefore,
we analyze the frequency distribution of time intervals by
counting the number of days between every combination of
two lightning days. This analysis reveals the typical waiting
time of lightning days.
To examine the long-term characteristics of the 27-day signal in lightning activities, we consulted five old diaries stored
in Kyoto. According to the previous study, the 27-day periodicity was more significant in wide-area lightning activity
than local lightning, but some of the prefectures (including
Kyoto) retained a relatively significant signal. The frequency
spectrum over the AD 1989–2015 period in Kyoto, obtained
by using the Miyahara et al. (2017a) method, revealed a 27day periodicity in the summertime lightning activity (Fig. 1).
Similarly to the results of Miyahara et al. (2017a), the signal was more significant at the maxima of the solar decadal
cycles (3.5 SD) than at the minima (2.1 SD).
In diaries of the typical Japanese style, the daily weather
conditions are described before the daily occurrences are
recorded. To analyze the lightning dates in the 17th to 18th
centuries, we investigated the weather records in the diaries kept by Tsuneko Konoe (parts of AD 1668–1694), the
Myoho-in Temple (parts of AD 1695–1767), the Nijo family (parts of AD 1728–1730), and the Chion-in Temple (parts
of AD 1731–1767). The reliability of the daily weather descriptions from AD 1679–1697 was confirmed by consulting
the diary of Kaneteru Ichijo. When the records of two diaries
www.ann-geophys.net/35/1195/2017/
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Figure 2. (a) Number of lightning events from May to August during AD 1668–1767 excavated from five old diaries in Kyoto, Japan.
Note that the long-term differences in the numbers of lightning
events in the 17th and 18th centuries may not exactly reflect the
actual lightning activity level, as mentioned in the text. (b) Sunspot
numbers over the same period (Clette and Lefevre, 2016, black line;
Hoyt and Schatten, 1998, blue line). Blue shading indicates the period of the Maunder Minimum (Eddy, 1976).
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Figure 3. (a, b) Time series of group sunspot numbers for
AD 1716–1767. The red and blue shading defines the periods of solar maxima and minima, respectively, used in the analyses. (c) Periodicity of lightning events during solar maxima. The red dashed
lines denote 2 and 3 SD. The red shaded bar indicates the 27–30-day
period. (d) Same as in panel (c) but for solar minima.

sunspot activity began to recover around AD 1700 and ended
around AD 1715.
overlapped, we assumed that the data were mutually supplementary and acquired a composite dataset of the overlapped
lightning dates.
The abovementioned diary keepers appeared to differ in
their “sensitivities” to natural phenomena (in this case, lightning). Some of the diary keepers noticed weak lightening
events in both daytime and nighttime and recorded these trivial phenomena in their diaries. We noticed that the temple diary of Myoho-in and the private diaries of Tsuneko Konoe
and Kaneteru Ichijo presented more detailed weather conditions and their temporal transitions than the other diaries. The
family and temple diaries tended to be kept over longer periods than private diaries because the former were maintained
over successive generations. To obtain longer time series of
lightning dates in Kyoto, we have no choice but to acquire
composite data from several diary keepers despite their various sensitivities to natural phenomena. Owing to the composite data, the change in the absolute number of lightning
dates cannot be regarded as a long time series with homogeneous features.
Figure 2 shows the number of summertime lightning
records during the AD 1668–1767 period extracted from
the abovementioned old diaries. For comparison, the group
sunspot numbers (Clette and Lefevre, 2016; Hoyt and Schatten, 1998) over the same period are shown in Fig. 2b. The
weakening of the long-term solar activity during AD 1645–
1715 is called the Maunder Minimum (Eddy, 1976). The
www.ann-geophys.net/35/1195/2017/
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Results and discussion

The characteristics of the 27-day cycles depend on the phase
of the solar decadal cycles. Therefore, we divided the whole
period into periods of high and low solar activities based on
the group sunspot numbers. In the AD 1716–1767 period, we
identified the maxima and minima of sunspot numbers from
the yearly data compiled by Clette and Lefevre (2016). In our
definition, the maxima lasted from 1 year before the peak
to 2 years after the peak, whereas the minima lasted from
2 years before the peak to 1 year after the peak (Fig. 3a, b).
The maxima and minima of the solar activity cycles in the
Maunder Minimum were derived from the carbon-14 content
in tree rings. Carbon-14 data from tree rings, which can be
precisely dated by dendrochronology, provide accurate timing for solar activity changes. The solar cycles apparently
continued throughout the Maunder Minimum with an approximate period of 14 years (Miyahara et al., 2004). The periods of the solar maxima and minima were determined from
the band-pass-filtered carbon-14 data in tree rings compiled
by Stuiver et al. (1998). To accommodate the delay in the
carbon cycle relative to the solar activity (Siegenthaler et al.,
1980), the filtered curve was shifted by 2 years. As detailed in
Kataoka et al. (2017), this method accurately detects the solar
maxima and minima in solar cycles 1–18 with an uncertainty
of ±1.7 years. When the solar cycles lengthen, the solar cycle
Ann. Geophys., 35, 1195–1200, 2017
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Figure 4. (a) Group sunspot numbers around the latter half of the
Maunder Minimum. (b) Solar cycles reconstructed from the carbon14 content in tree rings. The red and blue shading denotes the periods of solar maxima and minima, respectively, used in the analyses. (c) Periodicity of lightning events during the solar maxima
shown in panel (b). The red dashed lines denote 2 and 3 SD during
the solar maxima, and the red shaded bar indicates the 27–30-day
period. (d) Same as in panel (c) but for solar minima.

signal is delayed by slightly longer than 2 years. Nevertheless, the solar cycle maxima reconstructed by using the above
method successfully reproduce the solar cycle maxima at the
end of the Maunder Minimum with no dating error (Fig. 4b).
We changed the definition of the periods of solar minima in
the Maunder Minimum as lasting from 2 years before the
peak to 2 years after the peak; this is 1 year longer than the
case for AD 1716–1767 owing to the lengthened solar cycles.
We first examine the lightning activities after the Maunder
Minimum. For this purpose, we selected the 52 years from
AD 1716 to 1767 when the solar cyclic activity recovered to
a relatively active state (see Fig. 2b). The 27-day solar rotational period in lightning activity displayed a significant
(2.6 SD) signal from May to August during the solar maxima (Fig. 3c) but not during the solar minima (1.4 SD; see
Fig. 3d). This result is consistent with modern observations,
in which a solar 27-day periodicity of lightning events appears during the maxima of solar decadal cycles.
Interestingly, the significance level of the 27-day period
was reduced when the data were analyzed for the May to
September period (see Fig. S1 in the Supplement). At both
solar maximum and solar minimum, the peaks at around 27–
30 days were insignificant (1.3 and 1.6 SD, respectively). In
contrast, both peaks in this period are significant in the modern era, regardless of whether the September data are included or excluded.
The discrepancy between the modern era and the 18th century may be related to the climatological conditions in the
Ann. Geophys., 35, 1195–1200, 2017

earlier century. This period corresponds to the late stage of
the Little Ice Age when Japan’s climate might have been
more strongly influenced by the cold Siberian air mass. In
the modern era, the Siberian air mass advances over Japan
around October to March. Even in early autumn (September),
the advance of this cold air mass causes frequent local updrafts in Kyoto and may dilute the 27-day signal propagated
from lower latitudes. As discussed in Miyahara et al. (2017a),
the 27-day signal is apparent only in the component propagated from lower latitudes and is absent during the season of
dominant activity of the Siberian air mass. The local draft increases the noise level of random lightning events, possibly
lowering the significance level of the solar rotational cycle.
Second, we examine the lightning activities during the
Maunder Minimum. For this purpose, we selected the time
interval from AD 1668 to 1715. The solar cycles were determined from the carbon-14 record as mentioned above.
During the solar maxima, the periodicity of lightning activity peaked at around 22–23 days and at 44 days; however,
the signal of 27–30-day periodicity is not significant. During
the solar minima, the spectrum peaks at around 31–32 days
(1.9 SD), but the signal of 27–30-day periodicity is insignificant. Although the decadal-scale cycles of solar activity continued during the Maunder Minimum, the signal of the solar
27-day modulation in lightning activity was lost. As mentioned above, the uncertainty in the selection of the solar
maxima and minima during the Maunder Minimum is ±1–
2 years. However, this uncertainty does not affect the significance level of the peak at 27–30 days or the main results.
The disappearance of the 27-day modulation during the
Maunder Minimum might be explained by the lack of CMEs
or cyclic disturbances in the radiative output during that period. As CMEs are among the main modulators of galactic
cosmic rays incident to the Earth, their absence diminishes
the Forbush decrease and hence the monthly-scale variations
of cosmic rays.
In future work, the appearance and disappearance of the
27-day solar rotational period in lightning activity should be
examined at centennial timescales. For this purpose, we can
consult old diaries over wide regions of Japan. Suitable target
periods are the Grand Minimum prior to the Maunder Minimum and the Medieval Maximum. It is also important to
test the spatial extent of the 27-day signal. This can be done,
for instance, by accessing the records in different prefectures
of Japan and in nearby countries and by following the propagation of the signal within the area (which has migrated
northeastward over Japan during the modern era). Testing the
propagation of the signal and identifying its origin (possibly
at lower latitudes) would help to elucidate the effect of solar
activity on the Earth’s climate.

www.ann-geophys.net/35/1195/2017/
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Conclusions

We retrieved a summertime lightning record covering the
100-year period from AD 1668 to 1767. The data were extracted from five old diaries in Kyoto, Japan. The impact of
the 27-day solar rotational cycle on lightning periodicity was
evaluated. Similarly to the modern era, the 27-day solar periodicity was significantly replicated in the lightning record
of the 18th century after recovery from the Maunder Minimum. Also similarly to the modern era, the signal was significant only during the maxima of the solar decadal cycles.
The signal of the 27-day periodicity completely disappeared
during the Maunder Minimum when both radiative and magnetic disturbances may have been absent.

Data availability. The lightning data used in this study are
available online at https://doi.org/10.6084/m9.figshare.5544841.v1
(Miyahara et al., 2017b).
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online at https://doi.org/10.5194/angeo-35-1195-2017supplement.
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