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Direct observations of sunspot numbers are available for the past
four centuries1,2, but longer time series are required, for example,
for the identification of a possible solar influence on climate and
for testing models of the solar dynamo. Here we report a
reconstruction of the sunspot number covering the past 11,400
years, based on dendrochronologically dated radiocarbon con-
centrations. We combine physics-based models for each of the
processes connecting the radiocarbon concentration with sun-
spot number. According to our reconstruction, the level of solar
activity during the past 70 years is exceptional, and the previous
period of equally high activity occurred more than 8,000 years
ago. We find that during the past 11,400 years the Sun spent only
of the order of 10% of the time at a similarly high level of

magnetic activity and almost all of the earlier high-activity
periods were shorter than the present episode. Although the
rarity of the current episode of high average sunspot numbers
may indicate that the Sun has contributed to the unusual climate
change during the twentieth century, we point out that solar
variability is unlikely to have been the dominant cause of the
strong warming during the past three decades3.

Sunspots—strong concentrations of magnetic flux at the solar
surface—are the longest-studied direct tracers of solar activity.
Regular telescopic observations are available after AD 1610. In
addition to the roughly 11-year solar cycle, the number of sunspots,
formalized in the group sunspot number1 (GSN), exhibits promi-
nent fluctuations on longer timescales. Notable are an extended
period in the seventeenth century called the Maunder minimum,
during which practically no sunspots were present2, and the period
of high solar activity since about AD 1940 with average sunspot
numbers above 70.

A physical approach to reconstruction of the sunspot number back
in time is based on archival proxies, such as the concentration of the
cosmogenic isotopes 14C in tree rings4–6 or 10Be in ice cores7,8. This
approach has recently been strengthened by the development of
physics-based models describing each link in the chain of processes
connecting the concentration of cosmogenic isotopes with the
sunspot number9–12. This advance allowed a reconstruction of the
sunspot number since AD 850 based on 10Be records from Antarctica
and Greenland13,14. The current period of high solar activity is
unique within this interval, but the covered time span is too short to
judge just how unusual the current state of solar activity is.

Here we present a reconstruction of the sunspot number covering
the Holocene epoch, the modern period of relatively warm climate
that superseded the glacial period about 11,000 years ago. The
reconstruction is based on D14C, the 14C activity in the atmos-
phere15 obtained from high-precision 14C analyses on decadal
samples of mid-latitude tree-ring chronologies. The data set has
been created in an international collaboration of dendrochronolo-

Figure 1 Atmospheric radiocarbon level D14C (expressed as deviation, in ‰, from the AD

1950 standard level15) derived from mostly decadal samples of absolutely dated tree-ring

chronologies (INTCAL98 data set)16. The D14C measurement precision is generally

2–3‰, although in the earlier part of the time series it can reach up to 4–5‰. The

INTCAL98 data for times earlier than 11,400 BP are not directly employed for the

reconstruction because of larger errors and uncertainties in the carbon cycle acting at that

time. See Supplementary Information for more information on the data set, initial

conditions used for the reconstruction, and error estimates. The long-term decline

(indicated by the red curve) is caused by a reduction in 14C production rate due mainly to

an increase in the geomagnetic shielding of the cosmic ray flux. The short-term

fluctuations (duration one to two centuries) reflect changes of the production rate due to

solar variability. Years BC are shown negative here and in other figures.
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gists and radiocarbon laboratories16. The absolutely and precisely
dated original data set used for the sunspot number reconstruction
is represented by the black line in Fig. 1. Starting at a level 15%
higher than the reference level of AD 1950, the atmospheric 14C
shows a long-term trend (indicated by the red line), which is mainly
the result of changes in the intensity of the geomagnetic dipole
field before and during the Holocene epoch. The fluctuations on
shorter timescales predominantly result from variations of the 14C
production rate due to heliomagnetic variability, which modulates
the cosmic ray flux.

The atmospheric 14C level may also be affected by changes in the
partition of carbon between the major reservoirs, that is, deep
ocean, ocean mixed layer, biosphere and atmosphere. Variations in
ocean circulation17 could influence 14C via a variable uptake of CO2

into the ocean or by the exchange of 14C-depleted carbon from the
deep ocean, but, owing to the rather small 14C gradients among the
reservoirs, strong changes in these processes need to be invoked. For
the Holocene, there is no evidence of considerable oceanic varia-
bility, so we can assume that the short- and mid-term fluctuations of
14C predominantly reflect solar variability. This is supported by the
strong similarity of the fluctuations of 10Be in polar ice cores
compared to 14C, despite their completely different geochemical
history18–20.

We first determine the 14C production rate in the Earth’s
atmosphere following Usoskin and Kromer21. They used two dis-
tinct methods, which take into account carbon cycle effects in
different ways. Both methods give similar results when applied to
the tree-ring D14C data set described above. For the current
reconstruction we use the average of the 14C production rate
deduced using both techniques. In accordance with the decadal

Figure 2 Comparison between directly measured sunspot number (SN) and SN

reconstructed from different cosmogenic isotopes. Plotted are SN reconstructed from

D14C (blue), the 10-year averaged group sunspot number1 (GSN, red) since 1610 and the

SN reconstruction14 from 10Be under the two extreme assumptions of local (green) and

global (magenta, dashed) production, respectively. The slightly negative values of the

reconstructed SN during the grand minima are an artefact; they are compatible with

SN ¼ 0 within the uncertainty of these reconstructions as indicated by the error bars.

D14C is connected with the 14C production rate via a carbon cycle model21. The

connection between the 14C production rate, R, and the cosmic ray flux is given by

R ¼
Ð p
v¼0

Ð1
Pc ðv;MÞ

X ðP ;FÞY ðP ÞdP sinvdv; where v is the colatitude relative to the

geomagnetic dipole axis, and Pc (v, M) is the local cosmic ray rigidity cutoff (which

depends on v and the virtual geomagnetic dipole moment, M )23. X(P, F) is the differential

cosmic ray rigidity spectrum near Earth, F is the modulation strength describing the

average rigidity losses of cosmic rays inside the heliosphere, Y(P ) is the differential yield

function24 of 14C, and P is the rigidity of the primary cosmic rays. For studies of long-term

changes of the cosmic ray flux, the parameter F alone adequately describes the

modulation of the cosmic ray spectrum X(P )11,24. The two most abundant cosmic ray

species, protons and a-particles, are taken into account in the model13. The cosmic ray

transport model relates R to F, which in turn depends on the Sun’s open magnetic flux12.

The open flux is linked with the magnetic flux in sunspots (and thus with the SN) via the

source term in a system of differential equations9,10. The value of R is obtained from D14C

and M is known for the whole interval of interest25,26, so that F can be obtained from the

inversion of the equation given above. Error bars depict the 68% confidence interval for

the reconstructed SN, which takes into account both random and systematic uncertainties

(see Supplementary Information).

Figure 3 Reconstructed sunspot number and its uncertainty for the whole interval of time

considered. a, 10-year averaged SN reconstructed from D14C data since 9500 BC (blue

curve) and 10-year averaged group sunspot number1 (GSN) obtained from telescopic

observations since 1610 (red curve). The horizontal dotted line marks the threshold above

which we consider the Sun to be exceptionally active. It corresponds to 1.3 standard

deviations above the mean. b, Evolution of the virtual geomagnetic dipole moment26 with

error bars that take into account the scatter between different palaeomagnetic

reconstructions. (The error bars give the s.d. in the reconstructed virtual geomagnetic

dipole moment.) The geomagnetic field data of ref. 25 are given by the dotted line.

c, Uncertainty in the reconstructed SN. It includes errors introduced at each step of the

reconstruction process. The largest sources of random errors are the uncertainty in the

knowledge of the geomagnetic dipole moment and in the 14C production rate. We also

consider systematic errors—for example, due to uncertainties in the 14C production rate

prior to the considered period of time. A discussion of how these uncertainties are

estimated is given in Supplementary Information. Clearly, the uncertainties are sufficiently

small that they do not affect the presence or absence of grand minima or of episodes of

high activity, except in already marginal cases. d, A detail from the full time series of

reconstructed SN with expanded temporal scale. The chosen interval (corresponding to

the shaded part of a) exhibits three episodes of high solar activity and a grand minimum.

The error bars indicate the total uncertainty, j, in the reconstruction. (They depict the 68%

confidence interval for the reconstructed SN, which takes into account both random and

systematic uncertainties (see Supplementary Information).) The two strongest maxima lie

2.1j and 3.0j, respectively, above the high-activity threshold of 50. Hence the probability

that they are due to statistical fluctuations related to these errors is 3% and 0.2%,

respectively. The probability that a whole episode of high activity (lasting, say, 50 years) is

due to a statistical fluctuation is significantly smaller.
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sampling of the 14C data we reconstruct the 10-year averaged
sunspot number. Because the D14C data are contaminated by
extensive burning of 14C-free fossil fuel since the late nineteenth
century22 and later by atmospheric nuclear bomb tests, we use 14C
data before AD 1900 only and take the historical sunspot number
record for the most recent period.

From the 14C production rate we obtain the sunspot number in
multiple steps, each substantiated by a physics-based model. A
model describing the transport and modulation of galactic cosmic
rays within the heliosphere11 is inverted to find the cosmic ray
flux corresponding to the determined 14C production rate. The
transport of galactic cosmic rays in the heliosphere is affected by the
Sun’s open magnetic flux, that is, the fraction of the Sun’s total
magnetic flux that reaches out into interplanetary space12. The open
flux is linked with the sunspot number by inverting a model
describing the evolution of the open magnetic flux for given sunspot
number9,10. All adjustable parameters entering this chain of models

were fixed using independent data prior to the current reconstruc-
tion, so that no free parameter remains when reconstructing the
sunspot number from 14C data (see Supplementary Table S1). This
reconstruction method was previously applied to 10Be data from
Greenland and Antarctica. Only the first step changes when using
D14C instead of 10Be data to reconstruct the sunspot number.
Hence, possible errors and uncertainties in the later steps are similar
to those studied in our earlier papers13,14.

Applying our reconstruction method to D14C, we first determine
the sunspot number since AD 850 in order to compare these values
with the historical record of GSNs since 1610 and with the
reconstruction on the basis of 10Be data14. Figure 2 shows that the
reconstructed average sunspot number from D14C is remarkably
similar to the 10-year averaged GSN series (correlation coefficient
0:925þ0:02

20:03 with a false alarm probability ,1026). The difference
between the reconstructed and measured sunspot number is nearly
gaussian with a standard deviation of 5.8, which is smaller than
the theoretical estimate of the reconstructed sunspot number
uncertainty (about 8 for the last millennium, see Supplementary
Information), indicating the conservative nature of the latter. Two
10Be-based sunspot number reconstructions are plotted in Fig. 2,
which correspond to extreme assumptions about the geographic
area of 10Be production relevant for its deposition in polar ice. The
local polar production model (green curve) provides an upper limit
to the sunspot number14, while the global production model
(magenta dashed curve) gives a lower limit13. The sunspot number
time series obtained from D14C lies between the two 10Be-based
curves, and for the period after AD 1200 is closer to the 10Be-based
reconstruction under the assumption of global production.

Figure 3a shows the reconstruction based on the 11,400-year set
of D14C data. Clearly, the level of activity has remained variable,
with episodes of particularly low numbers of sunspots (grand
minima) distributed over the whole record. Episodes of high
activity are also present. These are mostly concentrated in the
earliest three millennia (before 6000 BC), which also exhibit a
high average sunspot number (35.6 compared to 25.6 after
6000 BC). During the last eight millennia, the episode with the
highest average sunspot number is the ongoing one that started
about 60 years ago. The sunspot number averaged over the whole
period is 28.7 with a standard deviation of 16.2. The average number
of 75 since 1940 thus lies 2.85 standard deviations above this long-
term average.

A major uncertainty in the reconstructed sunspot number is
related to the evolution of the geomagnetic field, which is rep-
resented in Fig. 3b. A weaker geomagnetic field leads to an increased
cosmic ray flux impinging on the terrestrial atmosphere and thus to
a higher 14C production rate, mimicking a lower value of sunspot
number if not properly taken into account. The uncertainties in the
reconstructed sunspot numbers are discussed in Supplementary
Information and enter into Fig. 3c, where the sum of the random
and systematic uncertainties affecting the reconstruction is given.
For the whole time interval, the mean uncertainty of the recon-
structed sunspot number is about 10.

In Fig. 3d we show a sub-interval of 700 years duration from
our reconstruction, which exhibits three prominent periods of
high sunspot number (average values exceeding 50) and a grand
minimum. Within the 95% confidence interval, the Sun spent in
total between 780 and 1,060 years in a high-activity state (sunspot
number .50), which corresponds to 6.9–9.3% of the total duration
of our reconstruction. The most probable values are 950 years and
8.3%, respectively. Although the rarity of the current episode of high
average sunspot number may be taken as an indication that the Sun
has contributed to the unusual degree of climate change during the
twentieth century, we stress that solar variability is unlikely to be the
prime cause of the strong warming during the last three decades3. In
ref. 3, reconstructions of solar total and spectral irradiance as well as
of cosmic ray flux were compared with surface temperature records

Figure 4 Distribution of the duration of episodes of high solar activity and the probability

that the current episode will reach a given duration. a, Histogram of the distribution

function of the duration of episodes of high solar activity during which the 10-year

averaged SN exceeds 50. Some bins have been enlarged in order to improve the statistics;

in such cases the average number per bin is given. The vertical error bars correspond toffiffiffiffi
N

p
; where N is the number of events combined in one data point. The length of the

current period of high activity is marked by the arrow. The solid line is a least-squares

exponential fit to the plotted points. The dashed and dotted lines represent exponential fits

to the distributions obtained from extreme SN reconstructions including the influence of

random and systematic errors as given in Fig. 3 (see also the discussion in Supplementary

Information). b, The probability of the total duration of a state of high activity (SN level

exceeding 50). For the current episode, which started in AD 1940 (, 65 years ago), the

start of the diagram corresponds to the year AD 2015. Each curve is based upon the

corresponding fit shown in a. The probability (for the reference curve) that the high activity

continues for another 5 decades for a total duration of 115 years is only 8%.
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covering approximately 150 years. It was shown that even under the
extreme assumption that the Sun was responsible for all the global
warming prior to 1970, at the most 30% of the strong warming since
then can be of solar origin.

There are 31 periods during which the 10-year averaged sunspot
number consistently exceeds a level of 50. The average length of such
episodes is about 30 years, the longest being 90 years (around 9000
BC). The distribution of the durations of such episodes is given in
Fig. 4a. The number of high-activity periods decreases exponen-
tially with increasing duration. The current level of high solar
activity has now already lasted close to 65 years and is marked by
the arrow on the figure. This implies that not only is the current
state of solar activity unusually high, but also this high level of
activity has lasted unusually long. Assuming the previous episodes
of high activity to be typical, we can estimate the probability with
which the solar activity level will remain above a sunspot number of
50 over the next decades. The result is given in Fig. 4b, which shows
that there is only a probability of 8%þ3%

24% that the current high-
activity episode will last another 50 years (and thus reach a total
duration of 115 years), while the probability that it will continue
until the end of the twenty-first century is below 1%. A
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Excavations at Liang Bua, a large limestone cave on the island of
Flores in eastern Indonesia, have yielded evidence for a popu-
lation of tiny hominins, sufficiently distinct anatomically to be
assigned to a new species, Homo floresiensis1. The finds comprise
the cranial and some post-cranial remains of one individual, as
well as a premolar from another individual in older deposits.
Here we describe their context, implications and the remaining
archaeological uncertainties. Dating by radiocarbon (14C), lumi-
nescence, uranium-series and electron spin resonance (ESR)
methods indicates that H. floresiensis existed from before 38,000
years ago (kyr) until at least 18 kyr. Associated deposits contain
stone artefacts and animal remains, including Komodo dragon
and an endemic, dwarfed species of Stegodon. H. floresiensis
originated from an early dispersal of Homo erectus (including
specimens referred to as Homo ergaster and Homo georgicus)1

that reached Flores, and then survived on this island refuge until
relatively recently. It overlapped significantly in time with Homo
sapiens in the region2,3, but we do not know if or how the two
species interacted.

Liang Bua is a cave formed in Miocene limestone on Flores, an
island in eastern Indonesia located midway between the Asian and
Australian continents (Fig. 1). The cave is situated 14 km north of
Ruteng and 25 km from the north coast, overlooking the Wae
Racang river valley at an altitude of 500 m above sea level (088 31 0

50.4
00

S, 1208 26
0

36.9
00

E). It is 30 m wide and 25 m high at the
entrance, and up to 40 m deep (Fig. 2). Formed as an underground
cavern by karst dissolution, the northern end was then exposed by
invasion of the Wae Racang. This river now lies 200 m distant from
and 30 m below Liang Bua, but five river terraces at different
elevations in the valley indicate a complex process of incision over
a substantial period.

Our research at Liang Bua aims to recover evidence for the
history of hominin evolution, dispersal and cultural and environ-
mental change on Flores—an island with evidence of Early
Pleistocene hominin occupation by 840 kyr4,5. Work involved
removing backfill from four previously excavated Sectors (I, III,
IV and VII) and then continuing the excavations. We have
reached a maximum depth of 11 m without encountering
bedrock.
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