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Abstract

Analyses of cosmic-ray-induced nuclides such as car-
bon-14 and beryllium-10 in natural archives using the Ac-
celerator Mass Spectrometer (AMS) have been powerful
tools for tracing the precise history of solar activity and un-
derstanding the underlying mechanisms of solar activity
variations on various time scales. In this paper, we present
our recently obtained high-precision data of carbon-14 in
annual tree rings and our attempts to resolve the history of
decadal-scale solar cycle variations using the AMS at Yam-
agata University. We have found that the length of these
cycles tends to increase preceding prolonged sunspot dis-
appearances, known as grand solar minima. This suggests
that the meridional flow in the solar convection zone plays
an essential role in modulating solar activity levels, provid-
ing insights into the solar dynamo mechanism. High-preci-
sion analyses have also made it possible to detect relatively
smaller but frequent large-scale solar proton events, con-
tributing to the advancement of space weather research.
Our analyses indicate that large solar proton events oc-
curred three times during the transitional period of solar
activity from high activity condition to the quiet grand so-
lar minimum in the 13 century.

INTRODUCTION

Solar activity exhibits long-term variations on time
scales of up to a few millennia, occasionally resulting in
sunspot disappearances lasting more than a few decades,
which lead to cooling of the Earth's climate [1]. Under-
standing the mechanisms behind such long-term variations
and predicting extreme events are crucial topics in solar
physics. Annually resolved records of cosmogenic nuclides,
such as carbon-14 in tree rings and beryllium-10 in ice
cores or sediments, provide essential information on the
characteristics of the fundamental solar activity cycles,
which have a period of approximately 11 years. These rec-
ords are foundational for understanding the processes of
solar activity variations. While beryllium-10, with a half-
life of 1.39 million years, provides a longer record of solar
activity, carbon-14 (half-life: 5730 years) in absolutely
dated tree rings is more suited for tracing the precise his-
tory of 11-year solar cycles. However, because the ampli-
tude of carbon-14 variations is significantly reduced in the
carbon cycle, high-precision measurements are required to
accurately retrieve the wave patterns of solar cycles. The
variation of galactic cosmic rays (GCRs) incident on the
Earth over the solar cycle is approximately 20%, whereas
the variation of carbon-14 content in tree rings is reduced
to 0.2 to 0.3%. This reduced amplitude is comparable to the
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typical precision of AMS, allowing only an approximate
determination of solar cycle lengths over a few cycles (see
the examples in Refs [2] and [3]). Therefore, improving the
precision of the measurements was necessary to deepen our
understanding of the variations in solar cycles in the past.

HIGH-PRECISION ANALYSES OF CAR-
BON-14 IN TREE RINGS

In order to derive detailed information on the character-
istics of each 11-year cycle, our team began efforts to im-
prove measurement precision in 2010 using the compact
AMS at Yamagata University [4]. We then achieved a pre-
cision of 0.05% in 2021. Figure 1 shows the high-precision
data obtained for the period leading to the Maunder Mini-
mum, one of the prolonged periods of sunspot absence that
began in the mid-1600s. Based on the 11-box model of car-
bon cycle, we were able to reconstruct the length of each
solar cycle, finding that the length of solar cycles started to
lengthen three cycles ahead of the onset of sunspot disap-
pearance in around 1645 CE [5] (see Fig. 2). The longest
cycle found was 16 years. The length of the solar cycle has
been suggested that it is probably related to the speed of
meridional flow inside the solar convection zone. In the
case the time-scale of turbulent diffusion of the magnetic
field is relatively short, the slow-down of the meridional
circulation may enhance the magnetic field dissipation dur-
ing transportation [8]. This result suggests that the change
in the meridional circulation plays an important role in reg-
ulating the solar activity level.

High-precision analyses of carbon-14 also allow us to
detect large-scale solar proton events associated with the
eruption of solar flares. Understanding the characteristics
of solar flares to improve prediction ability has been an im-
portant subject within the space weather community. Since
the discovery of extreme solar proton events in 774-775 CE
based on tree-ring carbon-14 data [9], active research has
been conducted to explore past solar flares. While a few
events of a similar scale to the 774-775 CE event have been
found, the number of relatively smaller but more frequent
flares is still limited due to detection difficulties. High-pre-
cision analyses of carbon-14 have enabled us to explore
such relatively smaller events, such as those found during
the period leading to the Wolf Minimum that started around
1285 CE [10] (see Fig. 3). There were jumps in the carbon-
14 content in the rings of 1262, 1269, and 1280 CE, corre-
sponding to the scale approximately 13%, 27%, and 19%
of the 775 CE event, respectively. Based on the carbon cy-
cle model, it was suggested that these events occurred at
the maximum or declining phase of the solar cycles, simi-
larly to the large solar proton events observed in the mod-
ern era.
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Figure 1: High-precision carbon-14 data obtained for the
period leading to the onset of the Maunder Minimum
around 1645 CE using the AMS at Yamagata University
(black circles) [5], plotted together with the annual data ob-
tained by Brehm et al. (2021) [6] (gray diamonds).
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Figure 2: Reconstructed solar cycles based on the high-pre-
cision carbon-14 data shown in Fig. 1. Gray lines indicate
the sunspot variations observed by telescopes [7].
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Figure 3: High-precision carbon-14 data obtained for the
period leading to the onset of the Wolf Minimum started
around 1285 CE.

CONCLUSION

Analyses of carbon-14 using typical AMS precision pro-
vided only limited information on past solar activity. How-
ever, with high-precision measurements and high temporal
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resolution, it is now possible to obtain a more detailed his-
tory of solar activity, contributing to a better understanding
of the solar dynamo and advancements in space weather
research. These advancements underscore the importance
of continuous improvement in measurement techniques to
enhance the understanding of solar and related phenomena.
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