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Eleven-year solar cycles over the last millennium
revealed by radiocarbon in tree rings

Nicolas Brehm®12¢, Alex Bayliss @2, Marcus Christl©'2<, Hans-Arno Synal ©®', Florian Adolphi®34513,

Jurg Beer®¢, Bernd Kromer’, Raimund Muscheler ©3, Sami K. Solanki®®, llya Usoskin™",
Niels Bleicher®, Silvia Bollhalder', Cathy Tyers? and Lukas Wacker'<

The Sun provides the principal energy input into the Earth system and solar variability represents a significant external climate
forcing. Although observations of solar activity (sunspots) cover only the last about 400 years, radionuclides produced by
cosmic rays and stored in tree rings or ice cores serve as proxies for solar activity extending back thousands of years. However,
the presence of weather-induced noise or low temporal resolution of long, precisely dated records hampers cosmogenic
nuclide-based studies of short-term solar variability such as the 11-yr Schwabe cycle. Here we present a continuous, annually
resolved atmospheric *C concentration (fractionation-corrected ratio of *CO, to CO,) record reconstructed from absolutely
dated tree rings covering nearly all of the last millennium (ap 969-1933). The high-resolution and precision *C record reveals
the presence of the Schwabe cycle over the entire time range. The record confirms the aAp 993 solar energetic particle event and
reveals two new candidates (ap 1052 and Ap 1279), indicating that strong solar events that might be harmful to modern elec-
tronic systems probably occur more frequently than previously thought. In addition to showing decadal-scale solar variability
over the last millennium, the high-temporal-resolution record of atmospheric radiocarbon also provides a useful benchmark for

making radiocarbon dating more accurate over this interval.

Earth’s atmosphere by highly energetic particles (cosmic

rays)"’. Their atmospheric production rate depends on the
galactic cosmic ray flux, the level of solar activity and the geomag-
netic field strength"**. Solar activity can be parameterized by the
solar modulation parameter @ (in MeV) describing the solar mag-
netic shielding of galactic cosmic rays, which can be extracted from
global cosmogenic nuclide production®. Cosmogenic radionuclides
such as radiocarbon (**C) stored in tree rings or '"Be archived in
ice cores are considered to be most reliable tools for solar activity
reconstructions®”. However, a continuous, annually resolved and
accurately dated record of '*C production spanning the era of sun-
spot observations and extending substantially further back in time
has so far been missing.

We present a nearly 1,000-yr-long annually resolved and accu-
rately dated record of atmospheric *C concentration from trees cov-
ering multiple periods of high and low solar activity. Produced using
state-of-the-art analytical techniques, it provides a benchmark for
the most precise and temporally accurate reconstruction of C pro-
duction that enables the systematic investigation of short-term solar
variability, in particular the 11-yr Schwabe cycle, over the last mil-
lennium (AD 969-1933). It furthermore allows short “C production
events'*"'?, which recently gained much attention because they were
attributed to solar energetic particle (SEP) events'>'", to be detected
and studied. SEP events are a major concern for modern societies
as they may cause severe damage to (extra-) terrestrial electronic

( : osmogenic radionuclides are produced continuously in the

systems'®. Last, but certainly not least, this annually resolved record
of atmospheric *C concentrations enables more reliable radiocar-
bon dating by substantially improving the radiocarbon calibration
curve for the Northern Hemisphere'®.

The presented record more than doubles the length of the
longest existing annual resolution “C record from the 1980s".
Although recently a number of discontinuous annually resolved *C
records over the last millennia'®** have been presented, they are all
of shorter length and some lack the required analytical precision
(about 1.5%o) to allow a reliable and systematic study of short-term
solar variability and SEP events®.

Annual *C record and C production over the last 1,000 yr

State-of-the-art compact accelerator mass spectrometry”’ was
applied to an absolutely dated tree ring archive producing 1,281
high-precision *C measurements on tree rings from England and
Switzerland that resulted in an almost 1,000-yr-long (AD 969-1933),
annually resolved C record (Supplementary Section 1). The fine
structure of the annual relative decay-corrected “C concentration
record (A"C in Fig. la; see also Extended Data Figs. 1 and 2) agrees
well with an existing but substantially shorter annual record of the
University of Washington that spans the last 440 yr (QL, orange data
in Fig. 1a)'”***. However, a chi-squared analysis covering the full
overlapping time period yields a y> =506 (N=413, P=0.0001), indi-
cating that the two records are significantly different based on a 95%
confidence interval. The reason for this is an offset slowly evolving
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Fig. 1| From annual A™C records to solar modulation. a, Annual ETH and QL17 A™C records with 2¢ error bars. Red arrows indicate possible events, their
respective date and A™C increase. b, Normalized “C production rates calculated from ETH and QL data. ¢, Reconstructed solar modulation parameter

@ from ETH and QL ™C production rates. The blue band indicates the uncertainty (in the ETH data) estimated by the Monte Carlo simulation. The
international sunspot numbers (black, right y axis) are given for comparison. d, 20-yr low-pass-filtered @ with mean values (ETH data, solid red lines)
and the corresponding standard deviation (red dashed lines) for the different time periods. The 20-yr low-pass-filtered sunspot numbers (black, right y
axis) are given for comparison. Vertical dashed black lines mark the beginnings and ends of grand solar minima.

between ETH and QL data beginning in Ap 1850, which is probably
caused by a regional imprint of the Suess effect (see Supplementary
Section 2 for more detailed information). The Suess effect describes
the dilution of atmospheric C concentrations due to the combus-
tion of radiocarbon dead fossil fuel commencing with the industrial
revolution®. This effect is more pronounced in our record because
this time slice is covered by trees from England (Supplementary
Section 1). When including only data before Ap 1850 in the analysis,
the resulting =347 (N=329, P=0.23) indicates that the two sub-
sets of data are indistinguishable within quoted uncertainties based
on a 95% confidence interval (Supplementary Section 2).

Global "C production was reconstructed from the A™C data
(ETH and QL) using a carbon cycle box model (see ‘Modelling’ and
Extended Data Figs. 3 and 4). Where A'*C denotes the decay-corrected
1C/"C ratio of a sample relative to a standard and normalized for iso-
tope fractionation (in %o). Production of "*C varies by +25% over the
whole period in both records (Fig. 1b). The solar modulation param-
eter’’ @ was calculated from the *C production (see ‘Calculation of
the solar modulation parameter’) derived from ETH and QL data.
Both reconstructions of @ correlate well with a Pearson correlation
coefficient of 0.72, and they also agree well in phase over the 250-yr
overlap with the international sunspot numbers* (Fig. 1c; a more
detailed depiction of the last 250yr is given in Extended Data Fig. 5).

14C production events

Recently, sharp increases in atmospheric *C were found in com-
parably short sequences of annually resolved tree ring data'*'?
that were attributed to SEP events'>'*. Our continuous, annually
resolved AM™C record reveals three rapid, event-like increases in
atmospheric A™C over the last 1,000 yr, which we define as a more
than 4.5%o rise in A™C within 1yr compared with the 4-yr average
before and after the event (Fig. 1a). One of the increases is the previ-
ously identified AD 993 event, a SEP event'* that caused a tripling of
the “C production for about 1yr (see ‘Modelling of solar energetic
particle events’ and Extended Data Fig. 6). Two other increases that
could possibly represent SEP events occur around Ap 1052 and AD
1279. In Fig. 2, the measured annual A"C data around the two new
event candidates are shown together with the fitted *C production
spike and the resulting modelled atmospheric A™C. The Ap 1052
event (Fig. 2a) is also detected by our model in two previously pub-
lished datasets'®!, whereas we could not reliably fit a production
event to other *C datasets for the Ap 1279 event candidate (Fig.
2b). This discrepancy is either the low precision of the Hong'’ data
or the large scatter of the Eastoe et al."® record around the event.
Still, the Eastoe et al. data'® indicate a higher level of A™C after Ap
1281. The calculated additional global “C production of the two
new event candidates are 7.4 + 1.5kg (1 s.d.) for the AD 1052 event
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Fig. 2 | Two new event candidates detected in the 1,000-yr record.

a, The event at Ap 1052. This event is confirmed by two previously
published datasets (Menjo et al.”’ and Eastoe et al.”®). b, The event at Ap
1279. This event is present only in the ETH data and not detectable in

other datasets (Hong et al.”” and Eastoe et al.”®). The error bars indicate

the 26 measurement uncertainty. The additional “C production of each
respective event (given in the legends) is estimated by fitting a Gaussian “C
production spike with a width of about two months (bottom part of a and
b) to the data using our box model.

and 9.2+2.4kg for the AD 1279 event. With respect to global *C
production, the two new event candidates are about 35% and 20%
smaller, respectively, than the AD 993 event (11.3 +0.9kg).

The presence of three candidate events in a continuous 1,000-yr
record implies that they occur more frequently than previously
thought, because so far only one event was known over approxi-
mately the last 1,000 yr. We observe a clustering of the events within
the first 300 yr of the record, while we see no evidence for SEPs dur-
ing the last 700 yr. We further note that the candidate events in AD
1052 and AD 1279 occurred during grand solar minima (Fig. 1b).
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Table 1| Grand solar minima and maxima as characterized by
this study

Time period @ (MeV) @ relative to
reference (%)

Grand solar minima
Oort AD 1021-1060 39025 70+5
Wolf AD 1279-1349  350+45 65+10
Sporer AD1388-1558  290+45 55+10
Maunder AD 1621-1718  300+50 55+10
Dalton AD1797-1823  370+10 70+5
Grand solar maxima
Oort-Wolf AD 1060-1279  545+85 10015
Wolf-Spérer AD 1349-1388 560+110 100+20
Sporer-Maunder Ap 1558-1621 460 +55 85+10
Maunder-Dalton Ap1718-1797 550 +100 100+20
Dalton-Ap 1930 AD1823-1930 545+60 100

The mean @ is given with 1s.d., and the last column shows modulation relative to the period after
the Dalton minimum.

Long-term solar variability

The 20-yr low-pass-filtered reconstruction of @ (Fig. 1d) shows
a succession of distinct solar minima and maxima over the last
1,000yr that agree well with the low-pass-filtered sunspot numbers.
The periods of longer-lasting solar minima (that is, grand solar min-
ima), defined by a combination of visual observations via sunspots
and a "C reconstruction in the 1970s* or a more recent analysis of
the low-resolution IntCal09 data® can now be more precisely char-
acterized with respect to timing and amplitude (Fig. 1 and Table 1).

The average (+1s.d.) of the reconstructed @ for the whole
time period is 445+ 135MeV whereas a value of 545+ 60MeV is
observed for the most recent period after the Dalton minimum (AD
1823-1930), which we choose as a reference (Table 1). Similar val-
ues for @ are reconstructed during all strong solar maxima implying
that (1) the reference period represents a strong solar maximum,
and (2) over the entire 1,000-yr record, the average solar modulation
was 20% weaker compared with the reference period. Furthermore,
all known grand solar minima are clearly visible with a substantially
lower @ (55-70% of the reference; Table 1). The beginnings and
ends of the grand solar minima were defined such that they coin-
cide with minima in @ (Fig. 1c and Table 1). Start and end points of
a grand solar minimum were defined as the first minimum in solar
modulation (Fig. 1c) after crossing a threshold of @=400MeV in
the 20-yr low-pass-filtered solar modulation record for more than
20yr (Fig. 1d). The time frames of solar maxima were defined as the
time intervals between minima.

The Oort solar minimum occurring between Ap 1021 and AD
1060 (Fig. 1d) and the most recent Dalton minimum are substan-
tially shorter and exhibit a higher level of solar activity than the
other minima. We observe that the solar maximum between the
Sporer and Maunder minima (AD 1558-1621) is notably weaker
than the reference, with &= 460+55MeV (85% of the refer-
ence; Table 1). It seems that the Sun did not fully recover during
this period that coincides with the Little Ice Age (AD 1400-1850,
ref.?; Fig. 1d). Our results show that during the Little Ice Age,
solar modulation was continuously and substantially reduced by
about 30% compared with the reference period with a mean @ of
3854+ 125MeV. This observation is corroborated by a recent recon-
struction of @ based on “Be in polar ice cores’, placing the absolute
minimum of @ over the last 2,000 yr within the Little Ice Age. We
also observe a relatively high mean @ of 525+ 105MeV for the time
between AD 950 and AD 1250 coinciding with the Medieval Climate
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Fig. 3 | Frequency analysis of band-pass filtered A'*C records. a, 6- to 18-yr band-pass-filtered A™C data and 1.2%. significance level (red dashed lines).
The band-pass-filtered and normalized sunspot record*” is shown in black. b, Morlet wavelet amplitude colour map of the band-pass-filtered ETH data.
Data points indicate peak-to-peak distances of the band-pass-filtered A™C records (light blue stars, ETH; light orange stars, QL; black crosses, sunspots).
Blue and orange crosses mark the peak-to-peak distances for significant amplitudes (>1.2%0). The histograms on both sides show the distribution of period
lengths for the sunspot numbers (black), all periods in the ETH data (light blue) and the significant periods only (dark blue). Vertical dashed black lines

mark grand solar minima.

Anomaly (AD 950-1250; ref.*). A more detailed comparison of our
high-resolution record of @ with climate is beyond the scope of this
study, and will be performed separately.

11-yr solar cycle over the last 1,000 yr

Unravelling fast solar oscillations from AMC is challenging. For
example, the amplitude of the 11-yr Schwabe cycle is expected
to cause a change of only about 2%o (ref."”) in atmospheric A“C,
whereas the average analytical uncertainty for a single measure-
ment of the presented A™C data is 1.8 +0.2%c. This complicates
the analysis of short-term solar variability due to the difficulty of
distinguishing between a real periodic signal and noise-induced,
spurious periodicities”.

To analyse the significance, length and amplitude of the Schwabe
cycle in more detail, the A"C records (QL and ETH data) and the
sunspot record were 6- to 18-yr band-pass filtered (Fig. 3a) and the
peak-to-peak distances of the minima (min.-min.) and maxima

(max.-max.) were evaluated (stars in Fig. 3b). In our analysis of
the band-pass-filtered "“C data, we estimate amplitudes greater
than 1.2%o as significant (20, red dashed line in Fig. 3), whereas
smaller amplitudes may also be due to noise introduced by mea-
surement uncertainties. The 1.2%o limit was chosen such that for a
random set of data with similar errors as our data, only 5% of the
band-pass-filtered peaks are above this threshold. This indicates that
smaller amplitudes, which are mainly present during grand solar
minima, might be dominated by noise. For comparison, a wavelet
transform was applied to the band-pass-filtered A™C signal (ETH
data, Fig. 3b). The bluish areas indicate amplitudes larger than about
1.2%o. Furthermore, a correlation of the significant peak-to-peak
distances of the A™C records (dark blue and dark orange crosses)
with the observed sunspot number cycle length (black crosses in
Fig. 3b) is observed. The above results show that atmospheric A*C
records carry the signal of short-term solar variability. However,
the reconstruction of the Schwabe cycle for periods with small
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Fig. 4 | Amplitude and period distributions. Left: amplitude distributions. Right: period distributions. Normalized histograms of the full ETH A™C record
after 6- to 18-yr band-pass filtering are shown in orange. For the red (green) histograms, only data during solar maxima (minima) are used. The blue
histograms show amplitude and period distributions (after band-pass filtering) of random data containing an artificial periodic 10.4 yr signal with different
amplitudes. From top to bottom the amplitude of the artificial periodic signal was varied: 0%o (white noise), 0.8%o (best match with the full ETH data),

1.5%0 (strong solar cycle), 0.9%o (best match during solar maxima) and 0.6%o
calculate the best fit with the artificial data.

amplitudes occurring during low solar activity is likely to be
affected by noise, which in turn might cause apparently shorter
period lengths.

The distribution of all peak-to-peak distances in the
band-pass-filtered A™C and sunspots record is shown in Fig. 3b
(A™C: left y axis, blue; sunspots: right y axis, black). For A“C, the
distributions of all (light blue) and only significant amplitudes
(dark blue) are calculated separately. When only the significant
peak-to-peak distances are considered (Fig. 3b, dark blue), the A*C
distribution is more similar to the distribution of sunspot periods
(Fig. 3b, black, more details are given in ‘Random data generation’
and Extended Data Fig. 7). This again points to the presence of
noise in the A™C data that introduces high frequencies, shifting the
distribution towards shorter peak-to-peak distances. We therefore
conclude that the simple observation of shorter peak-to-peak dis-
tances during periods of low solar activity does not imply the pres-
ence of shorter solar cycles, but rather shows the increasing effect of
noise introduced by the analytical uncertainties.

To demonstrate the significance and determine the period of the
Schwabe cycle, we compare the observed periodicity and amplitude
throughout the band-pass-filtered A**C record with randomly gen-
erated test data that also contain a sinusoidal signal of variable peri-
odicity (see ‘Random data generation’ and Extended Data Fig. 8).
The amplitude of the sinusoidal signal is varied from 0 (pure noise)
to 1.5%o (strong Schwabe cycle), while the scatter of the random
data is adjusted such that the artificial data show the same distri-
bution of point-to-point distances as the measured AC data (see
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(best match during solar minima) (blue). A minimum x> model was used to

‘Random data generatior’). For the analysis, all datasets are 6- to
18-yr band-pass-filtered, and the distributions of peak-to-peak dis-
tances and amplitudes (Fig. 4, blue bars: artificial data, orange bars:
measurements) were determined from the filtered data. The purely
random dataset (no periodic signal) produces (false) periods with
maximum occurrence between 6 and 8yr and amplitudes around
0.6%o0. Choosing an amplitude of 0.8%o and a period of 10.4yr for
the sinusoidal signal for the artificial data produces the best match
with the observations with respect to both period and amplitude
distributions (Fig. 4). A y* analysis using counting statistics for error
estimation yields a y? of 13.8 with 17 degrees of freedom, which is
within a 95% confidence interval. From this we conclude that the
11-yr Schwabe cycle is present in the annually resolved A**C record
with an average amplitude of 0.8%o0, which is substantially lower
than reported previously".

The amplitude of the 11-yr cycle might not have been constant
over time. To investigate whether the amplitude of the Schwabe
cycle depends on the overall level of solar activity, period and ampli-
tude distributions were analysed separately during phases of low
and high solar activity. Different patterns of the Schwabe cycle are
observed during grand solar minima and maxima (red and green
bars in Fig. 4), which are both significantly different from a purely
random dataset (shown in Fig. 4 top). We obtained the best match
to our data using an artificial dataset with a sinusoidal amplitude of
0.9%o for high solar activity and 0.6%o for low solar activity using
a fixed frequency of 1/10.4yr™". The amplitude distribution of the
data is substantially different from that with pure noise, especially
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for periods of high solar activity. Although the individual measure-
ment uncertainties are about 1.8%o for single years, the results are
statistically significant because we compare period and amplitude
distributions over the long time period covered by the annually
resolved A'*C record with about 10 data points per Schwabe cycle.

The continuous, nearly 1,000-yr-long record of annually resolved
atmospheric A™C from tree rings shows the persistence of the solar
11-yr Schwabe cycle through the last millennium. This builds on
records based on the direct, visual, solar observations of sunspots on
the Sun, which are only available for the last 400 years. The ampli-
tude of the Schwabe cycle was found to correlate with the general
level of the solar modulation with an amplitude of 0.6%o (0.9%0)
during solar minima (solar maxima). Successions of longer-lasting
grand solar minima and solar maxima clearly stand out in our
reconstruction and were (re-) defined with respect to both magni-
tude and timing.

The confirmation of the SEP event in Ap 993 and the discov-
ery of two new candidate events provides evidence that SEP events
might occur irregularly and more often than previously thought.
This finding is of considerable societal relevance because if such
an event occurred today, it would probably be harmful to modern,
often highly sensitive technological systems’*. The continuous
"C record provides a unique tool with which to test and improve
solar dynamo models, which have so far suffered from the relatively
small number of recorded solar cycles. Improved solar models
might eventually allow solar activity and SEP events to be predicted.
Future annual records of *C measured in tree rings will probably
extend much further back in time, providing improved statistical
constraints on solar dynamo models, solar cycle length and ampli-
tude, and their relation to climate.
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Methods

Sample preparation and quality control. Our study focuses on the reconstruction
of the past '*C/*2C levels in the atmosphere from accurately dated tree ring
chronologies**'. Dendrochronologically dated trees represent the most reliable
archive for the reconstruction of past atmospheric *C/'*C ratios' and therefore are
considered to be the most suitable for a temporally accurate reconstruction of solar
activity at the highest possible (that is, annual) resolution.

Dendrochronologically dated wood samples from England, supplied
by Historic England, and from Switzerland, supplied by the laboratory for
dendrochronology of the city of Zurich, were dissected into annually resolved
samples weighing 30-60 mg (Supplementary Section 1). Typically, 54 tree ring
samples with 4 wood blanks (2 Brown Coal (BCB) and 2 Kauri Stage 7 (K7B)) and
two AD 1515 reference samples* each weighing 30-60 mg, were prepared in 15ml
glass test tubes together in a batch (making 60 in total). In a slightly modified
procedure following Némec et al.*, samples were first soaked in 5ml 1M NaOH
overnight at 70 °C in an oven. Then the samples were treated with 1M HCl and 1M
NaOH for 1 h each at 70°C in a heat block, before being bleached at a pH of 2-3
with 0.35M NaClO, at 70 °C for 2 h. The remaining white holo-cellulose was then
freeze-dried overnight.

About 2.5 mg dried holo-cellulose was wrapped in cleaned Al capsules* and
converted to graphite using the automated graphitization line AGE*. A sample
batch for accelerator mass spectrometry measurements consisting of 39 samples
each was made up of three oxalic acid 1 (OX1) and four oxalic acid 2 (0X2)
standards, 26 samples, two cellulose blanks, two chemical blanks and two Ap 1515
reference samples (individual cellulose preparations of the Ap 1515 reference were
used for at least two measurement sets). Two accelerator mass spectrometry sample
batches were typically prepared within a week and subsequently measured. Data
analysis was performed with the ETH Zurich in-house data reduction software
BATS". Typically, a 1%o external error for sampling and sample preparation was
added to the finally reported uncertainties. Duplicate graphite samples were
prepared and measured from about one-third of the prepared cellulose samples for
quality control, resulting in 304 of at least doubly measured samples with a y* of
300, which is well within a 95% confidence interval. In addition, full repeats from
different trees were in good agreement with our uncertainty estimates.

Two internal wood reference materials from Ap 1515 (pine and oak) and two
different radiocarbon free wood blanks (K7B and BCB from Reichwalde) were
repetitively analysed together with the annual wood samples. Whereas the wood
blanks were used for blank subtraction in the data evaluation process, the Ap 1515
references were used for quality control only (Supplementary Section 2).

Processing blanks samples typically yielded radiocarbon ages between 48 and
52kyr without any background correction (see also Sookdeo et al.”’). The results
given for the AD 1515 reference are very consistent (Supplementary Fig. 2) with
a mean radiocarbon age of 344.2+ 1.0 yr Bp (F"C: 0.95805 +0.00014, where F*C
denotes the measured *C to 2C ratio of the sample divided by the measured C to
12C ratio of the standard*’). The sample scatter of 11yr is slightly less than the mean
uncertainty of 14 yr given by the applied data reduction (y*>=76, n=124) (ref.*).
A similar result was obtained for the cellulose repetition, where the agreement
of the individual measurements was also slightly better than expected from the
estimated uncertainties.

Our uncertainties of typically 14 yr are somewhat smaller than the 17 yr for the
annual measurements reported in IntCall3 for this period* for the last 440 yr BP
after the application of an uncertainty multiplier of 1.3 on the original data***".

Comparison with other datasets. The new annual measurements are in good
agreement with the raw values of IntCal13*, although measured at a higher
temporal resolution for the first 60% of the record. However, we see some
statistically significant (> 20) offset towards older ages for short periods of time
(Extended Data Fig. 1). The most significant offset of 19.5+ 1.4 yr is observed
after AD 1850. IntCall3 is here based on (mostly) annual measurements on a tree
from the coastal region of the pacific from the northwest United States and from
Alaska'”""*2, Although the reason for this offset is unknown, we can only speculate
about possible regional offsets at the beginning of industrialization in England,
or about laboratory offsets due to applying different measurement procedures.
The direct comparison between the QL data and our data gives a y* of 469, with
413 degrees of freedom yielding a P value of 0.97, implying that the ETH data are
significantly different from the QL data. But if the last 100 years are neglected in
the comparison, and only the data older than Ap 1850 are compared, we get a y*
value of 321, with 329 degrees of freedom, giving a P value of 0.38, which is well
within a 95% confidence interval.

When we compare the Jordanian Juniper samples from the Levante region (AD
1685-1950)* with our new dataset, we see that the strong offsets they observed
compared with IntCall3 are greatly reduced (Extended Data Fig. 2) and we
consequently question the interpretation of variable and strong regional offsets®.
A significant offset of about 20yr is observed between 270 and 200 yr BP when
comparing our new dataset with the annual raw data of IntCal13. While we can only
speculate whether the Suess effect starting in the middle of the nineteenth century
may be responsible for the observed discrepancy, it is presently unclear why the
!C signal in the trees from the northwest United States is different to the European
trees and why Alaskan trees, in contrast, agree so well with European trees.
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For further comparison of the reconstructed solar modulation parameter
with sunspot numbers, a zoomed version of Fig. 1¢ is shown in Extended Data
Fig. 5. We can see that most of the solar cycles can accurately be reconstructed
with the ETH data, as well as with the QL data. For time periods where the
band-pass-filtered signal of the QL data has a significant amplitude of 1.2%o or
higher, we get a Pearson correlation coefficient (with ETH data) of 0.52, whereas
for time periods of smaller amplitudes, the correlation coefficient is only 0.07.
Over the whole overlapping time span, a Pearson correlation coefficient of 0.29
was obtained between the band-pass-filtered datasets. We note, however, that
the relation between sunspots and @ is indirect, via the open solar magnetic flux,
which is not only a nonlinear relation*, but may also vary substantially in the
relative phase™. Thus, a linear comparison between sunspot number and @ (for
example, by calculating the Pearson correlation coefficient) is not very informative.
To compare the results of peak-to-peak distances directly with sunspots, we
compared the results for both the QL data and ETH data with the peak-to-peak
distances of the sunspots over the overlapping time period. The result is shown
in Extended Data Fig. 7. We can see that the significant (>1.2%0) peak-to-peak
distances give a similar distribution to the sunspots.

Modelling. An improved carbon box model based on the model of Giittler et al.”®
was used to model the carbon cycle (Extended Data Fig. 3). Their model uses 11
boxes to simulate the exchange between the global atmosphere, biosphere and
oceans. To model the Northern and Southern Hemisphere separately, our model
was extended to 22 boxes (11 boxes for each hemisphere). The carbon content of
each box is distributed according to the respective relative carbon reservoir masses
of the corresponding hemisphere. Radiocarbon is produced in the stratosphere
and the troposphere of both hemispheres: 70% is produced in the stratosphere and
30% in the troposphere. The fluxes were adjusted to ensure a correct A'*C offset
between the northern and southern troposphere.

The 2C and *C contents of each box after a time step are calculated with

N2(t+ At) = N/2(t) + AN} (t) At
N (t + Ar) = N (¢) + AN} (1) At
dNE(t) = YRR () — Y FR (1)
j j
dANM(t) = —AN; + Z]j FiA(t) - ;Fi}"(t) + Pi(t) + Py

Here N}*' is the *1C content of each box in gigatonnes and / is the decay
constant of "“C. The time step At was chosen to be one month for all the following
simulations. The '*C and 2C fluxes are given by the following:

N (t)
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Here Fj, are the steady-state fluxes given in Extended Data Fig. 3 and m,, ,
is the mass of '2!*C. The fluxes are scaled depending on the deviation from the
Holocene steady state N;2. P;and P, denote the additional and steady state
production rate of the ith box. The steady state was computed by simulating
200,000 years with the constant production rate pst = 1.76 5% The model
does not consider any isotopic fractionation and thus the "*C fluxes scale just
as the '*C fluxes.

With this a general expression for all boxes at any time can be achieved.

N(t + At) = N(t) + (AN(t) + F'(£)1 — F(t)1 + P(t) + Py)At
_[F2(@) o _[o o _ [ N2(1) _ .
F(t) = { 0 Fu(p | A=l 0 N(t) = NU(E) ) 1; = 1foralli
P(t) = Vp(t), Py = Vpy
0.5x% 0.7, if i= index of northern or southern stratosphere
0.5x 0.3, if i= index of northern or souther troposphere
0, else

Vi=

F(t) and F'(t) are matrices whose components are defined by F}*(t) and
F,-lj2 (t). F'(t) is the transposed matrix of F(t). A is a block matrix where each block
is multiplied by a 22 X 22 unit matrix. The A'*C of each box for the simulation is
calculated by the following expression:

NEE)  Nivg
12(t) NlZ
i TN st
% 1,000
TN st

2
Nija

AMCi(l‘) =

Where N4 are the steady-state '14C contents of the northern troposphere.
By rearranging the differential equation, an expression for the production can be
extracted for all times for a given A*C data record.
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The A™C record has to be interpolated to the same resolution as the simulation
time step. To do this, the data was linearly interpolated with a monthly sampling.
As the differential equation is only solved to first order, the production can only be
reconstructed for AC records of boxes directly affected by cosmic ray production;
namely, the stratosphere or the troposphere. Otherwise, V; in the denominator
would be zero. As our dataset covers atmospheric data recorded by tree rings,
this is not an issue. For cases where the reconstructed production rate is negative,
the production rate is set to zero. With this model, the '*C production rate can be
obtained by calculating the total "“C production needed to reach the next measured
AMC level at each time step. To estimate the uncertainties, a set of 1,000 Monte
Carlo simulations was performed, where for each statistical realization of the data,
a Savitzky-Golay filter” was applied and the production was reconstructed for
the filtered data. The error of the production rate at every time step is given by
the standard deviation of all simulations. To get a reasonable start state at a given
time, the production rate for the whole IntCal13 record has been calculated and
the simulated state can be loaded at any time before Ap 1950. The measured data
cover a substantial part of the post-industrial era, where anthropogenic carbon
emissions need to be considered to correct for the Suess effect”. The Suess effect
is a change in the ratio of "*C to '*C caused by the emission of '*C-depleted CO,
by fossil fuel combustion. For this, the global data of CO, emission published
by Boden et al.”* were used and introduced into the model by increasing the
flux between the northern sedimentary sink, which has a '*C to '*C ratio of
nearly zero, into the troposphere by the amount given by the data. A reasonable
decrease in A™C matching the observed data is thereby obtained, as can be seen
in Extended Data Fig. 4. The interhemispheric offset is also reasonably simulated
with a crossing in the correct time period, indicating reasonable interhemispheric
exchange rates. With this procedure, the Suess-effect-corrected “C production can
be reconstructed.

Calculation of the solar modulation parameter. The production of radionuclides
depends on solar activity and the geomagnetic dipole field in a nonlinear way.

To characterize the solar magnetic field we used @, which is used to describe

the shielding of the cosmic ray flux by solar magnetic activity via the force-field
approximation®’"*’. High @ values indicate strong solar magnetic shielding,
implying a strong deflection of galactic cosmic rays, thus yielding low production
rates of cosmogenic nuclides. The reconstruction of solar activity (solar magnetic
field) requires variations of the Earth’s magnetic field to be considered. For the
calculation of @, a geomagnetic field record reconstruction by Hellio and Gillet
is used®, which can be seen in Supplementary Fig. 3 (right), where we chose the
covarch_mean record for the reconstruction. The magnetic field strength can

be expressed in the form of the virtual axial dipole moment. For a given virtual
axial dipole moment and "C production rate, @ can be estimated from a look-up
table. The relation of the production rate, @ and the virtual axial dipole moment
was computed by Herbst et al.” and is illustrated in Supplementary Fig. 3 (left).
The resulting table was calculated by performing a full Monte Carlo simulation
of the nucleonic component of the cosmic ray-induced atmospheric cascade”.
Consequently, the calculation of the solar modulation parameter assumes that

all *C is produced by galactic cosmic rays, where the intensity of galactic cosmic
rays outside the heliosphere is assumed to be constant. Other potential causes for
1C production, such as solar proton events, galactic gamma-ray bursts or other
potential C production processes, were not considered.

Modelling of solar energetic particle events. The potential SEP events were
evaluated by using our global carbon model. The relative production increase
was calculated by using 1,000 Monte Carlo realizations of the data, where a
Gaussian-shaped production spike with a fixed width of less than 1yr was fitted
for each realization and the integrated production was compared to the mean
production of the time interval. The results of all of the Monte Carlo simulations
for the different datasets of the different events are shown in Extended Data Fig. 6
together with their relative production increases.

Random data generation. Random datasets were generated with a scattering
amplitude in the same range as the measurement uncertainties. Afterwards, an
artificial sinusoidal signal with a period of 10.43 yr was added with constant
amplitude. In Extended Data Fig. 8, the results of the analyses of six different
amplitudes of the periodic signal are shown ranging from 0 (white noise) to

3%o. The measured data have a normally distributed point-to-point variation
(denoted as AA"C) with a sigma of 2.03%o. The point-to-point variation of

the generated data was matched to the variation of the data by adjusting the
individual uncertainty of the random data. As a consequence, the uncertainty of
the random data has to decrease with increasing sine amplitude, as an increase in
amplitude induces a spread in the point-to-point variation. The six artificial signals
containing different amplitudes of a 10.43 yr sinusoidal signal are then band-pass
filtered with a period range of 6-18yr. Finally, peak-to-peak amplitude and period
distributions were evaluated and plotted in a histogram as seen in Extended Data
Fig. 8. The shapes of both (amplitude and period) distributions were compared

to the measured "C data and a y* analysis was used to find the best fit with the
amplitude and period distribution of the measured data. In this way, we were able
to detect a periodic signal in the noisy *C data and to determine its amplitude.

The above analyses were all carried out using a fixed frequency of 1/10.4yr!
for the artificial sinusoidal signal. A combination of multiple frequencies would
probably have been more appropriate for a realistic description of the Schwabe
cycle. However, tests using a combination of different frequencies similar to the
distribution of frequencies seen in the sunspot numbers showed that the shapes of
both the period and amplitude distributions were similar to the single-frequency
signal and thus do not have an effect on our findings.

Data availability

The excel data that support the findings of this study are available in PANGEA
at https://doi.org/10.1594/PANGAEA.921808. Source data are provided with
this paper.
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Extended Data Fig 1| Comparison of IntCal13 raw data with ETH data. Annually resolved radiocarbon measurements as AC (red, left axis) compared
with the raw data of IntCal13 (blue) at the top. The C age offsets in years (QL minus ETH, right axis) of the two datasets (green dots) with a moving
average (green line, Savitzky-Golay filter) over time are shown on the bottom (8 years correspond to an offset of 1%o in A™C). The error bars indicate two

sigma errors.
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Extended Data Fig 2 | Comparison of Mediterranean Jordanian Juniper data with ETH data. The published radiocarbon measurements on Jordanian
juniper (JJ) performed in Oxford (OxA)> and Arizona (AA)* are compared with the raw values of IntCal13 (blue curve) and the new annual ETH
measurements on British and Swiss oak samples (green) for selected time intervals (between dotted blue lines). The radiocarbon offsets of JJ from IntCal

(as already observed by Manning et al.>®) are substantially larger in some intervals and less consistant than the offsets of JJ to the ETH data. The error bars
indicate two sigma errors.
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Extended Data Fig. 3 | Depiction of our in-house multi carbon box model. The fluxes are given in Gt/yr and the ?C box contents are given in Gt of carbon.
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Extended Data Fig. 4 | Simulation of the Suess effect. Simulated decrease of A™C of the northern (green) and southern (red) hemisphere compared with

measured ETH ™C data (blue) and southern hemisphere Intcal13 data*’(orange) using a constant C production rate of 6.6 kg/yr and using the global
emission data of Boden et al.*® (black). The error bars indicate two sigma errors.
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Extended Data Fig. 5 | Direct comparison of reconstructed solar modulation parameter with sunspots. Sunspots®” (black) with the solar modulation
parameter calculated from ETH (blue) and QL (orange) data. The blue band indicates the estimated 2 sigma errors of the reconstructed solar modulation
parameter of the ETH data by using 1000 Monte Carlo simulations.
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Extended Data Fig. 6 | Reconstruction of additionally produced *C during SEP events. (a) Different Monte Carlo simulations with the distribution in
simulated A™C increases (b) and additional production (c) of the different datasets.
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Extended Data Fig. 7 | Direct peak to peak comparison with Sunspots. Comparison of 6-18 yr band passed peak to peak distances of ETH (a/b blue) and
QL (c/d orange) with band passed peak to peak distances of sunspots (black). In a/c the histogram of all distances is shown and in b/d only peak distances
with a mean amplitude of more than 1.2 %o are shown.
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Extended Data Fig. 8 | Random data generation with increasing sinusoidal amplitude. The blue histograms show amplitude, period, and point to point
distance distributions (AA™C) after 6-18 yr bandpass filtering of random data containing an artificial periodic 10.4 yr signal with different amplitudes.
From top to bottom the amplitude of the periodic signal is increased from 0%o up to 3%.. The artificial data errors were adjusted such that the width of the
AAMC distribution is the same as the AA™C distribution of our measured samples with a width of 2.03%o.
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