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 20 

The Sun provides almost all of the external forcing to the Earth system, so that its variability 21 

is of considerable interest for geoscience. Observational records of solar activity cover only 22 

the last about 400 yr. Beyond that, cosmogenic nuclides stored in tree rings (14C) or ice cores 23 

(10Be, 36Cl) are used as proxies for solar activity extending back by many thousands of years1-24 

3. Major drawbacks of cosmogenic nuclide based solar reconstructions are the presence of 25 

weather-induced noise (10Be in ice cores) and/or low temporal resolution of long, precisely 26 

dated records (14C in tree rings). Here, we present a continuous, annually resolved 14C record 27 

from absolutely dated tree rings covering nearly all of the last millennium (969-1933 AD). 28 

The high resolution and high precision 14C record reveals the presence of the eleven-year 29 

solar Schwabe cycle over the past millennium. Statistical analysis of the Schwabe cycle 30 

shows a positive correlation of its amplitude with reconstructed solar modulation. The 31 

record further confirms the 993 AD solar energetic particle event and reveals two new 32 

candidate events (1052 AD and 1279 AD) indicating that strong solar events are probably 33 

more common than previously thought. 34 
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 35 

Cosmogenic radionuclides are produced continuously in the Earth’s atmosphere by highly 36 

energetic particles (cosmic rays)4,5. Their atmospheric production rate depends on the 37 

galactic cosmic ray flux, the level of solar activity, and on the geomagnetic field strength4,6,7. 38 

Solar activity can be parametrized by the solar modulation parameter Φ (MeV), which can 39 

be extracted from global cosmogenic nuclide production5. Cosmogenic radionuclides such as 40 

radiocarbon (14C) stored in tree rings or 10Be archived in ice cores are considered the most 41 

reliable tools for solar activity reconstructions2,8,9. However, a continuous, annually resolved, 42 

and accurately dated record of 14C production spanning the era of sunspot observations and 43 

extending significantly further back in time has so far been missing.  44 

We present a nearly 1000 yr long, annually resolved and accurately dated record of 45 

atmospheric 14C from trees, which covers multiple periods of high and low solar activity. 46 

Produced by using state of the art analytical techniques, it provides a benchmark for most 47 

precise and temporally accurate reconstruction of 14C production that enables for the first 48 

time the systematic investigation of solar variability and in particular the 11-yr Schwabe 49 

cycle over the past millennium (969-1933 AD). It furthermore allows detecting and studying 50 

short 14C production events10-12, which recently caused much attention because they were 51 

attributed to solar energetic particle (SEP) events13,14. SEP events are a major concern for 52 

modern societies as they may cause severe damage on (extra-) terrestrial electronic 53 

systems15. Last but certainly not least, the annually resolved record of atmospheric 14C/12C 54 

enables more reliable radiocarbon dating by significantly improving the radiocarbon 55 

calibration curve for the Northern Hemisphere16. 56 

The presented record more than doubles the length of the longest existing annual resolution 57 

14C record from the 1980s17. Although recently a number of discontinuous annually resolved 58 
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14C records over the last millennia18-25 have been presented, they are all limited in length 59 

with some even lacking the required analytical precision (about 1.5‰) to allow a reliable and 60 

systematic study of short-term solar variability and SEP events26.  61 

Annual 14C record and 14C production over the past 1000 yr 62 
State of the art compact accelerator mass spectrometry (AMS)27 was applied to an 63 

absolutely dated tree ring archive producing 1’281 high-precision 14C measurements on tree 64 

rings from England and Switzerland that resulted in an almost 1000 yr long (969-1933 AD), 65 

annually resolved 14C record (Supplement S1,S2). The fine structure of the annual Δ14C 66 

record (Figure 1a, blue, see also Supplement S2) agrees well with an existing but significantly 67 

shorter annual record of the University of Washington spanning the last 440 yr (QL, orange 68 

data in Figure 1a)17 ,28,29. However, a chi-squared analysis covering the full overlapping time 69 

period yields a = 506		 ( = 413, = 0.001), indicating that the two records are 70 

significantly different based on a 95% confidence interval. The reason for this is an offset 71 

slowly evolving between ETH and QL data beginning in 1850 AD, which is probably caused by 72 

a regional imprint of the Suess effect (Supplement S2 for more detailed information). The 73 

Suess effect describes the dilution of atmospheric 14C/12C ratio, due to the combustion of 74 

Radiocarbon dead fossil fuel commencing with the industrial revolution30. This effect is more 75 

pronounced in our record because this time slice is covered by trees from England 76 

(Supplement S1). When including only data before 1850 AD in the analysis, the resulting 77 = 347		 ( = 329, = 0.23) indicates that the two subsets of data are 78 

indistinguishable within quoted uncertainties (Supplement S2).  79 

Global 14C production was reconstructed from the Δ14C data (ETH and QL) using a carbon 80 

cycle box model (Supplement S3). 14C production varies by ± 25% over the whole period in 81 

both records (Figure 1b). The solar modulation parameter31 Φ was calculated from the 14C 82 
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production (Supplement S4) derived from ETH and QL data. Both reconstructions of Φ 83 

correlate well with a Pearson correlation coefficient of 0.72, and they also agree well in 84 

phase over the 250 yr overlap with the international sunspot numbers (Figure 1c, a more 85 

detailed description zooming into the past 250 yr is given in the Supplement, Figure S2.3).  86 

14C production events 87 
Recently, sharp increases in atmospheric 14C were found in comparably short sequences of 88 

annually resolved tree ring data 10-12 which were attributed to SEP events13,14. Our 89 

continuous, annually resolved Δ14C record reveals three rapid, event-like increases in 90 

atmospheric Δ14C over the past 1000 yr, defined as a more than 4.5‰ rise in Δ14C within 1 yr 91 

compared to the 4 yr average before and after the event (Figure 1a). One of the increases is 92 

the previously identified 993 AD event, a SEP event14 that caused a tripling of the 14C 93 

production for about one year (Supplement S5). The other two event like increases around 94 

1052 AD and 1279 AD have not been detected before. In Figure 2, the measured annual Δ14C 95 

data around the two new event candidates is shown together with the fitted 14C production 96 

spike and the resulting modeled atmospheric Δ14C. The 1052 AD event (Figure 2, top) is also 97 

detected by our model in two previously published datasets18,21, whereas we could not 98 

reliably fit a production event to other 14C datasets for the 1279 AD event candidate (Figure 99 

2, bottom). The reason for this is either the low precision of the Hong data or the large 100 

scatter of the Eastoe record around the event. Still, the Eastoe data indicates a higher level 101 

of Δ14C after 1281 AD. The calculated additional global 14C production of the two new event 102 

candidates are (7.4±1.5) kg for the 1052 AD event and (9.2±2.4) kg for the 1279 AD event. 103 

With respect to global 14C production the two new event candidates are about 15-30% 104 

smaller than the 993 AD event ((11.3±0.9) kg). 105 
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The presence of three candidate events in a continuous 1000 yr record implies that they 106 

occur more frequently than previously thought, because so far only one event was known 107 

over the past about 1000 yr. We notably observe a clustering of the events within the first 108 

300 yr of the record, while we see no evidence for SEPs during the last 700 yr. We further 109 

note, that the candidate events in 1052 AD and 1279 AD occurred during grand solar minima 110 

(see Fig. 1b). 111 

Long term solar variability 112 
The 20 yr low-pass filtered reconstruction of the solar modulation parameter Φ (Figure 1d) 113 

shows over the last 1000 yr a succession of distinct solar minima and maxima that agree well 114 

with the low pass filtered sunspot numbers. The periods of longer lasting solar minima (i.e. 115 

grand solar minima), defined by a combination of visual observations via sunspots and 14C 116 

reconstruction in the 1970s 32 or a more recent analysis of the low-resolution IntCal09 data33 117 

can now be more precisely characterized with respect to timing and amplitude (Figure 1 and 118 

Table 1).  119 

The average (± stdev.) of the reconstructed Φ for the whole time period is (445±135) MeV 120 

while a value of (545±60) MeV is observed for the most recent period after the Dalton 121 

minimum (1823-1930 AD), which we choose as a reference (Table 1). Similar values for Φ are 122 

reconstructed during all strong solar maxima implying that, over the entire 1000 yr record, 123 

average solar modulation was 20% weaker compared to the reference period. Furthermore, 124 

all known grand solar minima are clearly visible with a significantly lower Φ (55%-70% of 125 

reference, Table 1). The beginning and end of the grand solar minima were defined such that 126 

they coincide with minima in the solar modulation parameter Φ (Figure 1c and Table 1). 127 

Start and end points of a grand solar minimum were defined as the first minimum in solar 128 

modulation (Figure 1c) after crossing a threshold of Φ = 400 MeV in the 20 yr low pass 129 
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filtered solar modulation record for more than 20 yr (figure 1d). The time frames of solar 130 

maxima were defined as the time intervals between minima. 131 

The Oort solar minimum occurring between 1021 AD and 1060 AD (Figure 1d) and the most 132 

recent Dalton minimum are significantly shorter and exhibit a higher level of solar activity 133 

when compared to the other minima. We observe that the solar maximum between Spörer 134 

and Maunder minima is significantly weaker than the reference, with a Φ value of (460±55) 135 

MeV (85% of reference, Table 1). It seems that the Sun did not fully recover during this 136 

period that coincides with the Little Ice Age (LIA 1400 – 1850 AD, Figure 1d). Our results 137 

show that during the LIA solar modulation was continuously and significantly reduced by 138 

about 30% compared to the reference period with a mean Φ of (385±125) MeV. This 139 

observation is corroborated by a recent reconstruction of Φ based on 10Be in polar ice cores9 140 

placing the absolute minimum of Φ over the last 2000 yr within the LIA. Additionally, we 141 

observe a relatively high mean Φ of (525±105) MeV for the time between 950 AD and 1250 142 

AD coinciding with the Medieval Climate Anomaly (950-1250 AD). A more detailed 143 

comparison of our high resolution record of solar activity (Φ) with climate is beyond the 144 

scope of this study and will be performed separately.  145 

Table 1: Grand solar minima and maxima as characterized by this study; time period, mean solar 146 

modulation parameter together with the standard deviation, and level of solar modulation relative to 147 

the reference period during different grand solar minima and maxima.  148 

Grand 
Solar Minima 

Time period Solar 
Modulation 

Relative to reference 

Oort 1021-1060 AD 390±25 MeV 70±5% 
Wolf 1279-1349 AD 350±45 MeV 65±10% 

Spörer 1388-1558 AD 290±45 MeV 55±10% 
Maunder 1621-1718 AD 300±50 MeV 55±10% 

Dalton 1797-1823 AD 370±10 MeV 70±5%
Grand  
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Solar Maxima 
Oort-Wolf 1060-1279 AD 545±85 MeV 100±15%

Wolf-Spörer 1349-1388 AD 560±110 MeV 100±20%
Spörer-

Maunder 
1558-1621 AD 460±55 MeV 85±10% 

Maunder-
Dalton 

1718-1797 AD 550±100 MeV 100±20% 

Dalton-1930 1823-1930 AD 545±60 MeV 100% (reference)  

11-yr solar cycle over the past 1000 yr 149 

Unravelling fast solar oscillations from Δ14C is challenging. For example, the amplitude of the 150 

11 yr Schwabe cycle is expected to cause only an about 2‰ change17 in atmospheric Δ14C, 151 

while the average analytical uncertainty for a single measurement of the presented ∆14C 152 

data is (1.8±0.2)‰. This aggravates the analysis of short-term solar variability due to the 153 

difficulty of distinguishing between a real periodic signal and noise induced, spurious 154 

periodicities34.  155 

To analyze in more detail the significance, length, and amplitude of the Schwabe cycle, the 156 

∆14C records (QL and ETH data) and the sunspot record were 6 -18 yr band-pass filtered 157 

(Figure 3a) and the peak to peak distances of the minima (min.–min.) and maxima (max.-158 

max.) were evaluated (stars in Figure 3b). In our analysis of the band pass filtered 14C data 159 

we estimate amplitudes greater than 1.2‰ as significant (2-sig, red dashed line in Figure 3), 160 

whereas smaller amplitudes may also be due to noise introduced from measurement 161 

uncertainties. The 1.2‰ limit was chosen such that for a random set of data with similar 162 

errors as our data only 5% of the bandpass filtered peaks are above this threshold. This 163 

indicates that smaller amplitudes, which are mainly present during grand solar minima, 164 

might be dominated by noise. For comparison, a wavelet transform was applied to the band 165 

pass filtered ∆14C signal (ETH data, Figure 3b). The bluish areas indicate amplitudes larger 166 

than about 1.2‰. Furthermore, a correlation of the significant peak to peak distances of the 167 

Δ14C records (dark blue and dark orange crosses) with the observed sunspot number cycle 168 
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length (black crosses in Figure 3b) is observed. The above results show that atmospheric 169 

Δ14C records carry the signal of short term solar variability. However, the reconstruction of 170 

the Schwabe cycle for periods with small amplitudes occurring during low solar activity is 171 

likely to be affected by noise, which in turn might cause apparently shorter period lengths. 172 

The distribution of all peak to peak distances in the band pass filtered Δ14C and sunspots 173 

record is shown in Figure 3b (Δ14C: left, blue; sunspots: right, black). For Δ14C the 174 

distributions of all (light blue) and only significant amplitudes (dark blue) are calculated 175 

separately. Only considering the significant peak to peak distances (Figure 3b, dark blue) 176 

makes the Δ14C distribution more similar to the distribution of sunspot periods (Figure 3b, 177 

black, more details in Supplement 6). This again points to the presence of noise in the Δ14C 178 

data that introduces high frequencies shifting the distribution towards shorter peak to peak 179 

distances. We therefore conclude that the simple observation of shorter peak to peak 180 

distances during periods of low solar activity does not imply the presence of shorter solar 181 

cycles but rather shows the increasing effect of noise introduced by the analytical 182 

uncertainties.  183 

To demonstrate the significance and determine the period of the Schwabe cycle, we 184 

compare the observed periodicity and amplitude throughout the band pass filtered ∆14C 185 

record with randomly generated test data that additionally contains a sinusoidal signal of 186 

variable periodicity (Supplement S7). The amplitude of the sinusoidal signal is varied from 0 187 

(pure noise) to 1.5‰ (strong Schwabe cycle) while the scatter of the random data is 188 

adjusted such that the artificial data shows the same distribution of point to point distances 189 

as the measured Δ14C data (for details see Supplement S7). For the analysis, all datasets are 190 

6-18 yr band-pass filtered, and distributions of peak to peak distances and amplitudes 191 

(Figure 4, blue bars: artificial data, orange bars: measurements) were determined from the 192 
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filtered data. The purely random dataset (no periodic signal) produces (false) periods with 193 

maximum occurrence between 6-8 yr and amplitudes around 0.6 ‰. Choosing an amplitude 194 

of 0.8‰ and a period of 10.4 yr for the sinusoidal signal for the artificial data produces the 195 

best match with the observations with respect to both, period and amplitude distributions 196 

(Figure 4). A  analysis using counting statistics for error estimation yields a  of 13.8 with 197 

17 degrees of freedom, which is within a 95% confidence interval. From this we conclude 198 

that the 11-yr Schwabe cycle is present in the annually resolved ∆14C record with an average 199 

amplitude of 0.8‰, which is significantly lower than reported previously17.  200 

The amplitude of the 11-yr cycle might not have been constant over time and it has been 201 

suggested that it depends on the level of solar activity with low amplitudes during periods of 202 

a weak sun and vice versa. To investigate whether the amplitude of the Schwabe cycle 203 

depends on the overall level of solar activity, period and amplitude distributions were 204 

analyzed separately during phases of low and high solar activity. Different patterns of the 205 

Schwabe cycle are observed during grand solar minima and maxima (red and green bars in 206 

Figure 4), which are both significantly different from a purely random data set (shown in 207 

figure 4 top). We obtained a best match of our data compared with an artificial dataset with 208 

a sinusoidal amplitude of 0.9‰ for high solar activity and 0.6‰ for low solar activity using a 209 

fixed frequency of 1/10.4 yr-1. The amplitude distribution of the data is significantly different 210 

from the one of pure noise especially for periods of high solar activity. Although the 211 

individual measurement uncertainties are about 1.8‰ for single years, the results are 212 

statistically significant because we compare period and amplitude distributions over the long 213 

time period covered by the annually resolved ∆14C record where about 10 data points 214 

contribute to each Schwabe cycle.  215 
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Implications 216 

The presented continuous, nearly 1000 yr long record of annually resolved atmospheric Δ14C 217 

from tree rings shows for the first time the persistence of the solar 11-yr Schwabe cycle 218 

during the past millenium, thereby more than doubling the available period of direct, visual 219 

solar observations via sunspots. The amplitude of the Schwabe cycle was found to correlate 220 

with the general level of the solar modulation with an amplitude of 0.6‰ (0.9‰) during 221 

solar minima (solar maxima). Successions of longer lasting (grand) solar minima and solar 222 

maxima clearly stand out of our reconstruction and were (re-) defined with respect to both, 223 

magnitude and timing. Providing unprecedented temporal accuracy, the high resolution 224 

record of solar modulation will foster detailed investigations on causes and consequences of 225 

solar forcing on the Earth’s climate that go far beyond existing studies.  226 

The confirmation of the solar energetic particle (SEP) event in 993 AD and the discovery of 227 

two new candidate events provides evidence that SEP events might occur irregularly and 228 

more often than previously thought. This finding is of considerable societal relevance 229 

because, if such an event occurred today, it would likely have a massive effect on modern, 230 

often highly sensitive technological systems35,36. The continuous 14C record provides a 231 

unique tool to test and improve solar dynamo models, which have so far suffered from the 232 

relatively small number of recorded solar cycles. Improved solar models might eventually 233 

allow predicting solar activity and SEP events.  234 

This study demonstrates that long, annually resolved, and accurately dated 14C records have 235 

significant impact on many fields of sciences such as solar physics or solar-terrestrial climate 236 

sciences. Future annual records of 14C measured in tree rings will extend much further back 237 

in time providing improved statistical constraints on solar dynamo models, solar cycle length 238 

and amplitude and their relation to climate.  239 
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Methods 240 
Our study focusses on the reconstruction of the past 14C/12C levels in the atmosphere from 241 

accurately dated tree ring chronologies37,38. Dendrochronologically dated trees currently 242 

represent the most reliable archive for the reconstruction of past atmospheric 14C/12C 243 

ratios39 and therefore are considered most suitable for a temporally accurate reconstruction 244 

of solar activity at highest possible (i.e. annual) resolution. While the absolute age of tree 245 

ring chronologies eliminates timescale-uncertainties, highest analytical precision is needed 246 

to detect short term (i.e. annual to decadal) variations of 14C production changes as this 247 

signal is strongly dampened by the large atmospheric carbon inventory and mixing within 248 

the global carbon cycle. For example, 14C production changes forced by the solar 11-yr 249 

cycle40, cause a delayed response in atmospheric 14C/12C with an amplitude that is about 100 250 

times smaller compared to the initial production signal17,41. State of the art compact 251 

accelerator mass spectrometry (AMS)27 was used to produce 1’281 high-precision 14C 252 

measurements on absolutely dated tree rings from England and Switzerland that resulted in 253 

an almost 1000 yr long (969-1933 AD), annually resolved 14C record (Supplement S1). 254 

Dendrochronologically dated wood samples from England, supplied by Historic England, and 255 

from Switzerland, supplied by the laboratory for dendrochronology of the city of Zürich, 256 

were dissected into annually resolved samples weighing 30 to 60 mg (Supplement S1). 257 

Typically 54 tree-ring samples with 4 wood blanks (2 BC and 2 KB) and 2 1515 AD reference 258 

samples42 each weighing 30–60 mg, were prepared in 15 ml glass test tubes together in a 259 

batch (making 60 in total). In a slightly modified procedure following Němec et al.43, samples 260 

were first soaked in 5 ml 1 M NaOH over night at 70°C in an oven. Then the samples were 261 

treated with 1 M HCl and 1 M NaOH for 1 hour each at 70°C in a heat block, before they 262 
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were bleached at a pH of 2–3 with 0.35 M NaClO4 at 70°C for 2 hours. The remaining white 263 

holo-cellulose was then freeze-dried overnight.  264 

About 2.5 mg dried holo-cellulose was wrapped in cleaned Al capsules44 and converted to 265 

graphite using the automated graphitization line AGE45. A measurement set consisting of 39 266 

samples in total was made up of 3 oxalic acid 1 (OX1) and 4 oxalic acid 2 (OX2) standards, 26 267 

samples, 2 cellulose blanks, 2 chemical blanks, and 2 1515 AD reference samples (individual 268 

cellulose preparations of the 1515 AD reference were used for at least two measurement 269 

sets). Two measurement sets were typically prepared within a week and subsequently 270 

measured. Data analysis was performed with the ETH Zurich in house data reduction 271 

software BATS (REF). Typically 1‰ scatter for sampling and sample preparation was added 272 

to the finally reported uncertainties. Duplicate graphite samples were prepared and 273 

measured from about one third of the all prepared cellulose samples for quality control 274 

resulting in 304 of at least doubly measured samples with a ²	of	300.	In addition, full 275 

repeats from different trees were in good agreement with our uncertainty estimates. We 276 

thus conclude that the about 1‰ uncertainty for sampling and sample preparation is a good 277 

but rather conservative estimate as it seems to include also some natural variability.  278 

Two internal wood reference materials from 1515 AD (Pine and Oak) and two different 279 

radiocarbon free wood blanks (Kauri Stage 7, KB, and Brown Coal, BC, from Reichwalde) 280 

were repetitively analyzed together with the annual samples. While the wood-blanks were 281 

used for blank subtraction in the data evaluation process, the 1515 AD references were used 282 

for quality control only (see Supplement S5). 283 

The past 14C production rate (Figure 1b) was reconstructed from the annual Δ14C data using 284 

a global carbon box model (Supplement S3). The solar modulation parameter31 Φ was 285 
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calculated from the 6-yr low pass filtered record of 14C production. The influence of the 286 

Earth’s magnetic field was removed using the geomagnetic field record of Hellio et al.46 and 287 

the conversion table presented by Herbst et al.5 (Supplement S8). The primary cosmic ray 288 

flux was assumed constant over time.  289 

Data Availability 290 
The excel data that support the findings of this study are available in “PANGEA” with the 291 

identifier UPLOAD IN PROGRESS. 292 
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Fig. 1: From annual ∆14C records to solar modulation 427 

 428 

 429 

 (a) Annual ETH ∆14C record (blue) compared to the QL record (orange). Possible events are 430 

indicated with the red dashed lines with their respective year and ∆14C increase. Δ14C (‰) 431 

denotes the decay corrected 14C/12C ratio of a sample relative to a standard and normalized 432 

for isotope fractionation (b) Reconstructed normalized 14C production rates from the two 433 

data sets ETH (blue) and QL (orange). (c) Reconstructed solar modulation parameter based 434 

on ETH (blue) and QL (orange) 14C production rates. The uncertainty was estimated by 435 

Monte-Carlo simulation (ETH data, blue band). The international sunspot numbers47 (black) 436 

are given for comparison (d) 20 yr low-pass filtered solar modulation parameter (ETH: blue, 437 

QL: orange) with mean values (ETH data, red line) and corresponding standard deviation 438 

(dashed line) for the different time periods. The low pass filtered sunspot numbers are given 439 

for comparison. Beginning and end of the grand solar minima are marked by the dashed 440 
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black lines and the ranges of the Medieval Climate Anomaly (red) period and the Little Ice 441 

Age (blue) are indicated by arrows. 442 

  443 
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Fig. 2: Two new event candidates detected in the 1000 yr record. 444 

 445 

  446 

A first event is found at 1052 AD (top) is backed up by 2 previously published datasets18,21, 447 

while the 1279 AD event (bottom) is only  seen in the high precision ETH dataset. The 448 

additional 14C production of the events is estimated with a best fit to the data with a box 449 

model and a Gaussian 14C production spike of 2 month (Supplement S5.1). 450 

  451 
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Fig. 3: Frequency analysis of bandpass filtered ∆14C records 452 

 453 

a.) Bandpass filtered ∆14C records (blue: ETH, orange: QL) with the significance level of 1.2‰ 454 

indicated by the red dashed line. Bandpass filtered and normalized sunspot record (black) b.)  455 

Morlet wavelet amplitude map (colour) vs. period and time of ETH ∆14C record, and peak to 456 

peak distances of the band pass filtered ∆14C records (light blue, orange, and black crosses 457 

depict peak to peak distances of the ETH data, the QL data, and sunspot numbers, 458 

respectively). The side bar plots show the histograms of period lengths of the sunspot 459 

numbers (black, right side), of all period lengths in the ETH data (light blue, left) as well as 460 

the significant (amplitude > 1.4‰) period lengths in the ETH data (strong blue, left).  461 

  462 
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Fig. 4: Amplitude and period distributions: random data vs. ∆14C after bandpass filtering 463 

 464 

Comparison of random data generated out of an artificial periodic signal (10.4 yr, blue) and 465 

the measured ∆14C record (orange) after bandpass filtering. For the bandpass filtered data 466 

sets we show peak to peak period and amplitude for the three different amplitudes of the 467 

artificial signal of: 0 (white noise), 0.8‰, and 1.5‰, respectively. We can observe that an 468 

amplitude of around 0.8‰ produce a similar pattern as the measured data. The two plots at 469 

the bottom show the same analysis but at times of solar maxima and minima separately with 470 

the best matching random data. We find that the sinusoidal amplitudes in ∆14C are higher 471 

when solar activity is high (0.9‰) than during the grand solar minima (0.6‰). 472 


