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Abstract. We have examined the variation of carbon-14 content in annual tree rings, and
investigated the transitions of the characteristics of the Schwabe/Hale (11-year/22-year) solar
and cosmic-ray cycles during the last 1200 years, focusing mainly on the Maunder and Spoerer
minima and the early Medieval Maximum Period. It has been revealed that the mean length of
the Schwabe/Hale cycles changes associated with the centennial-scale variation of solar activity
level. The mean length of Schwabe cycle had been ∼14 years during the Maunder Minimum,
while it was ∼9 years during the early Medieval Maximum Period. We have also found that
climate proxy record shows cyclic variations similar to stretching/shortening Schwabe/Hale solar
cycles in time, suggesting that both Schwabe and Hale solar cycles are playing important role
in climate change. In this paper, we review the nature of Schwabe and Hale cycles of solar
activity and cosmic-ray flux during the Maunder Minimum and their possible influence on
climate change. We suggest that the Hale cycle of cosmic rays are amplified during the grand
solar minima and thus the influence of cosmic rays on climate change is prominently recognizable
during such periods.
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1. Introduction
Both observational and proxy records of climate change often show quasi periodic

variations similar to solar activity cycles over a wide range of time scales. However, the
detailed mechanism and the extent of the influence of solar activity on climate change
have not been clearly understood. Although the exact role of each of solar parameters
on climate change has not been quantitatively clarified, several possible mechanisms
are proposed; such as the forcing through total (e.g. Lean et al., 1995) and spectral
irradiance (e.g. Haigh 1996; Kodera and Kuroda, 2005), solar wind (e.g. Tinsley, 1996)
and the galactic cosmic rays (Friis-Christensen and Svensmark, 1997; Svensmark, 2007).

Among these parameters related to solar activity, galactic cosmic rays possess charac-
teristic variations depending on the polarity of solar dipole magnetic filed as shown in
Figure 1. The polarity of solar dipole magnetic field reverses at every maxima of 11-year
sunspot activity cycle, and so the polarity reversals of solar magnetic field possess 22-year
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Figure 1. Monthly variation of the cosmic ray intensity observed by the Climax neutron monitor
(upper gray line) and the group sunspot numbers (Hoyt & Schatten, 1998) (lower black line).

cycle. The cosmic rays are modulated by solar wind and the interplanetary magnetic field
and hence the flux of cosmic rays at the earth varies with the 11-year solar activity cycle,
while, the polarity of solar dipole magnetic field determines the trajectory of cosmic rays
in the heliosphere and thus the flux of cosmic rays at the earth varies depending also
on the polarity of solar dipole magnetic field (Kota and Jokipii 2001). As is shown in
Figure 1, the patterns of cosmic ray flux over solar cycles slightly differ depending on
the polarity of solar dipole magnetic field, resulting in the component of 22-year cycle
in cosmic-ray variation. This feature is very helpful in distinguishing the effect of cosmic
rays on climate change from the other effects caused by e.g. irradiative outputs of the
Sun.

Extension of the record of cosmic rays back in time enable us to examine if the connec-
tion between cosmic rays and climate change suggested by Friis-Christensen and Svens-
mark (1997) and Svensmark (2007) for the recent two decades had also existed in the
past. We had investigated the history of Schwabe and Hale solar and cosmic ray cy-
cles based on the carbon-14 content in tree rings with annual time resolution, originally
for understanding the mechanism of multi-decadal to multi-centennial variation of solar
activity level. Such record is however also applicable to investigating the Sun-climate
relationship at decadal time scale. Carbon-14 is produced by cosmic rays, and circulates
in the form of carbon dioxide to be absorbed in trees by photo synthesis. Since the age
determination of each annual data is assured in the case of using tree rings, it is possible
to determine the history of solar cycles with accurate timing. The beryllium-10 in ice
cores from polar region can be also used for the reconstruction of solar cycles in the past.
In the case of using ice cores, it is often difficult to obtain the record with absolute age,
while, it is possible to derive much clear signal than carbon-14 due to the difference in
the circulation process. The combination of these two nuclides provides clear image of
cosmic ray variation with reliable age.

2. Solar cycle during the Maunder Minimum
Figure 2 shows the carbon-14 content in tree rings with decadal resolution obtained by

Stuiver et al. (1998) and the annually measured data by Miyahara et al. (2004; 2006; 2007;
2008). During the last millennium, the Sun has experienced several prolonged sunspot
minima such as the Maunder and the Spoerer Minima, which appear as upward peaks in
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Figure 2. Variation of the carbon-14 content in tree rings with decadal resolution obtained by
Stuiver et al., 1998 (black line), and the annually measured data by Miyahara et al. ( 2004; 2006,
2007; 2008) (black dots). The error bars for the annual data have been shown together (gray
bars). The frequency analyses of the annual data over the shaded areas for the early medieval
maximum and the Maunder Minimum have revealed that the mean length of the 11-year solar
cycle had been modulated to ∼9 years and ∼14 years, respectively.

carbon-14 content in Figure 2, in addition to the long-term relatively active era called the
Medieval Maximum Period (the ∼10-12th century). Frequency analyses of the annually
measured carbon-14 records for the Maunder Minimum (AD1645-1715) revealed that the
mean length of the 11-year cycle over the period had been stretched to be sin14 years
(Miyahara et al., 2004; 2008). On the other hand, the mean length was sin9 years at the
early Medieval Maximum Period (Miyahara et al., 2008). sin28-year cycle, which is the
double length of sin14 years, was also detected in the frequency spectrum of carbon-14
content during the Maunder Minimum, suggesting that the polarity reversals of solar
dipole magnetic field had been carried on during the prolonged sunspot absence. Figure
3 shows the reconstructed Schwabe and the Hale cycles during the Maunder Minimum.
The Schwabe cycle in Figure 3(a) was obtained by applying Fourier band-pass filter
with the bandwidth of 10-16 years, while the Hale cycle in Figure 3(b) was obtained by
applying the filter of 20-30 years. The reconstructed Schwabe cycle is consistent with
the variation of group sunspot numbers by Hoyt and Schatten (1998), at the times they
show distinct cyclic variation. Solar cycles can now be extended back to the early 17th
century complemented by the carbon-14 record, revealing that the Maunder Minimum
had started at Solar Cycle -8.

3. Solar and cosmic-ray Hale cycle during the Maunder Minimum
The Hale cycle of cosmic rays in the recent decades indicate that the mean flux of cos-

mic rays over solar cycle is relatively higher when the polarity of solar dipole magnetic
filed is positive as shown in Figure 1. This profile is consistently reproduced by the nu-
merically simulated cosmic ray flux as shown in Figure 4(b), where the profile is obtained
based on the model by Kota and Jokipii (2001) shown in Figure 4(a) by assuming that
the range of the tilt angle of solar neutral line over solar cycle is 10-70 degrees. For the
Maunder Minimum, it had been suggested by Jokipii (1991) that the phase of the Hale
cycle could have been 180 degrees reversed during the Maunder Minimum, which means
that incoming cosmic ray flux is expected to be relatively higher when the polarity is
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Figure 3. Reconstructed Schwabe and Hale cycles based on annually measured carbon-14 con-
tent in tree rings by Miyahara et al. (2004; 2007). (a) Band-pass filtered carbon-14 record with
the bandwidth of 10-16 years, together with the group sunspot numbers by Hoyt & Schatten
(1998) (gray line). The number of Solar Cycle is determined based on the band-pass filtered
carbon-14 record. (b) Same with (a) but the bandwidth is 20-30 years. The magnetic polarity
shown in (a) is determined by the phase of Hale cycle in (b) for the Maunder Minimum, while
that for AD1830-1850 is determined by the number of solar cycles from present.

negative. Based on the variations of the Schwabe/Hale cycles detected by carbon-14 and
also on the model in Figure 4(a), we obtained the time profile shown in Figure 4 (c) as the
most probable variation of cosmic rays during the Maunder Minimum, where the range
of the tilt angle was assumed to be 0-70 degrees. The profile is characterized by the sharp
peak of cosmic ray flux at solar cycle minima when the magnetic polarity of the Sun is
negative, resulting in the enhancement of the Hale cycle in cosmic ray variation. This
profile has been recently supported by the beryllium-10 record from Greenland ice core
(Berggren et al., 2009). In the record of beryllium-10, three sharp peaks are recognized at
the beginning of the Maunder Minimum, ∼1700AD and in between. The periods of these
three peaks are consistent with the timing that the content of carbon-14 in tree rings was
also found to be relatively higher as is shown in Figure 3(a). It suggests that these three
periods correspond to the minima of Schwabe cycle of the times solar magnetic polarity
is negative. Both of our carbon-14 and the Greenland beryllium-10 records suggest for
the Maunder Minimum that the tilt angle of solar neutral line had reached close to ∼0
degree at every cycle minima, while the neutral line had certainly waved toward the sug-
gested polarity reversals at solar cycle maxima. The transitions of the polarity of solar
dipole magnetic field around the Maunder Minimum deduced from the carbon-14 record
is summarized in Figure 3(a). The determined polarity is consistent with what we obtain
from the counting of the number of solar cycles from present (as those for AD1830-1850
in Figure 3(a)). It had been pointed out that there is a possibility that Solar Cycle 4
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Figure 4. Numerically simulated variation of cosmic ray flux at the earth against solar activity
and magnetic polarity by Kota and Jokipii (2001). (a) The flux of cosmic rays against the
polarity of solar dipole magnetic field and the tilt angle of solar magnetic neutral line (based on
Kota & Jokipii, 2001). (b) Model of the cosmic ray variation when the range of the tilt angle
over solar cycle is 10-70 degrees, which is comparable to that of recent decades. (c) Model of the
cosmic ray variation during the Maunder Minimum where the range of the tilt angle is assumed
to be 0-70 degrees.

consists of two solar cycles (Usoskin et al., 2001), however, the determined history of the
polarity suggests that it consists of single solar cycle with long duration.

4. Influence of the Schwabe/Hale solar cycles on climate change
Figure 5 shows the comparison between the reconstructed solar cycle (same as in

Figure 3(a)) and the reconstructed temperature based on oxygen-18/oxygen-16 ratio
in Greenland Ice core (Vinther, 2003). The shaded areas correspond to cycle minima
of negative solar polarity determined by carbon-14 record, where the flux of incoming
galactic cosmic rays is suggested to be high as discussed in the previous section. It is
recognized that the reconstructed temperature in Figure 5(b) shows rapid cooling around
the shaded area, corresponding to the periods when the flux of cosmic rays is high. It is
suggested that the climate change has some component dependent on the polarity of solar
magnetic field, resulting in the appearance of the Hale cycle in its variation, and that
solar magnetic cycle is playing important role in climate change probably through the
mechanism involving cosmic rays. As the actual length of the Schwabe cycle is ∼14 years,
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Figure 5. Comparison of solar cycle with reconstructed temperatures around the Maudner
Minimum. (a) Reconstructed Schwabe cycle based on the band-pass filtered carbon-14 record as
shown in Figure 3(a), together with the group sunspot numbers. (b) Reconstructed temperature
based on oxygen-18/oxygen-16 ratio in the Greenland ice core by Vinther et al. (2003). The
shaded areas correspond to the solar cycle minima of polarity negative determined by carbon-14
record as shown in Figure 3.

the length of the Hale cycle detected in the reconstructed temperature is also stretched
to be ∼28 years. As has been discussed in our previous paper (Miyahara et al., 2008),
the phase of the Hale cycle in climate change is reversed after the Maunder Minimum as
well as that of cosmic rays, and the cooling is found to occur especially around the cycle
minima of polarity positive. The length of climate Hale cycle also recovers to 22 years. It
is noteworthy that the variability of climate change caused by cosmic ray variation can
be more prominent during the grand solar minima compared to the other era (also see
Miyahara et al., 2008), since the variability of cosmic rays is likely enhanced during such
periods, as is suggested in Figure 4(c), due to the change in the range of tile angle of
solar neutral line. It is contradicting to the expected feature of the influence of irradiative
outputs of the Sun, for which it is expected that the amplitude becomes less when solar
activity is low. Such amplification of the “22-year” cycle could have brought additional
occasional very severe climate during the Little Ice Age.

5. Summary
The mechanism of the influence of cosmic rays on the cloud formation is not fully

understood, however, our proxy based analyses of cosmic rays and climate change during
the Maunder Minimum exhibit the importance of cosmic rays as a medium of solar forc-
ing of climate change at decadal to multi-decadal time scales. The complex features of
solar magnetic and cosmic ray cycles, such as the variable length of the “11-year” cycle,
the subsequent lengthening/shortening of the “22-year” Hale cycle, the amplification of
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the 22-year cycle in cosmic rays at grand solar minima, may be able to explain some of
the complex features of climate change at this time scale.
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