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ABSTRACT

Context. The relative sunspot number (SN) is the primary index of solar activity since 1610. For earlier periods, the SN can be re-
constructed from the concentrations of cosmogenic isotopes, in particular, '*C and '°Be in natural archives. Because the measurement
techniques are limited, however, these reconstructions typically provide the SN with a resolution of decades only.

Aims. We reconstruct the first annually resolved SN for the first millennium BC. They provide a detailed view of the solar cycles
over a period for which this was not possible before.

Methods. We reconstructed the SN from high-precision annual measurements of relative decay-corrected '“C concentrations, A'*C,
that cover 1000 to2 BC. The process is based on the physics-based approach we developed earlier and has the following four steps:
(1) The carbon-cycle model is inverted to reconstruct the production rate of '*C, Q. (2) The effect of the varying geomagnetic field on
Q is accounted for. (3) The open solar magnetic flux is computed. (4) The flux is converted into SN. A Monte Carlo approach is used
to account for the uncertainty of the reconstruction.

Results. We reconstructed the annually resolved SN covering the first millennium BC. Over this period, we identified 93 complete
solar cycles with a mean length of 10.5 years. Twenty-three of these cycles are well defined, 21 are reasonably well defined, and
the remainder are poorly defined. Our reconstructed SN and previous decadal reconstructions agree very well, but the SN around
1000-920 BC is higher. We found no significant long-term periodicities beyond the 11-year solar cycle.

Conclusions. This reconstruction offers unique insights into the cyclic solar activity for this period of time. This is valuable informa-

tion for solar dynamo studies and irradiance modelling.
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1. Introduction

Our Sun is an active star whose magnetic activity is produced
by the action of the solar dynamo in the convection zone (e.g.,
Parker 1955; Charbonneau 2020). The activity manifests itself
through various phenomena that can also affect the Earth’s envi-
ronment. The most commonly used index of solar activity is
the relative sunspot number (SN), which is based on telescopic
observations of sunspots and their groups since 1610 (e.g.,
Vaquero et al. 2016; Clette et al. 2023). Variations in solar activ-
ity are dominated by the quasi-periodic Schwabe cycle. Its length
varies between 8 and 14 years (Hathaway 2015). This cyclic
activity is modulated by secular variability that ranges between
grand minima, such as the Maunder minimum (1645-1715, e.g.,
Eddy 1976; Vaquero et al. 2015), and grand maxima, such as
the Modern grand maximum in the second half of the 20th cen-
tury (Solanki et al. 2004). Although solar activity has only been
directly observed for the past 400 years, the Sun is also expected
to have been active at earlier times.

The past solar activity can be quantitatively studied using
data of cosmogenic isotopes measured in natural terrestrial

* Corresponding authors: ilya.usoskin@oulu. fi;
chatzistergos@mps.mpg.de

archives (e.g., Solanki et al. 2004; Steinhilber et al. 2012). The
method is based on the fact that these isotopes, most notably '*C
(radiocarbon) and '°Be, are produced in the Earth’s atmosphere
through interactions with galactic cosmic rays (GCRs). The flux
of these cosmic rays that reaches the Earth is modulated by two
primary factors: solar magnetic activity, known as heliospheric
modulation, and the Earth’s geomagnetic field, which provides
geomagnetic shielding (Beer et al. 2012; Usoskin 2023). Know-
ing the state of the geomagnetic field in earlier periods through
independent paleo- or archaeo-magnetic models, we can esti-
mate the past solar magnetic activity. After this method was
developed (Usoskin et al. 2003), many solar activity reconstruc-
tions were performed for the Holocene (the current warm-
climate geological epoch that began about 11.7 millennia ago)
based on cosmogenic isotopes '“C, that is measured in tree
trunks, and 'Be, that is measured in polar ice cores (see a review
by Usoskin 2023). The reconstructed solar activity is often repre-
sented by the so-called cosmic-ray modulation potential ¢ (e.g.,
Nilsson et al. 2024), but it can also be provided as sunspot num-
bers (e.g., Wu et al. 2018b), which can readily be used to study
the past solar magnetic activity and to model variations in the
solar irradiance.

While earlier reconstructions revealed significant long-term
variability in the solar activity, they lacked the resolution with
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which individual Schwabe solar cycles could have been identi-
fied. As aresult, these cycles were observed solely through direct
measurements over the past 400 years, which encompassed 36 to
37 cycles. A critical breakthrough was made recently when high-
precision annual measurements of the relative decay-corrected
14C concentrations, A*C, were performed for the last millen-
nium (Brehm et al. 2021). The high-quality data enabled the first
reconstruction of individual sunspot cycles since 970 AD. This
nearly tripled the solar cycle statistic (Usoskin et al. 2021). The
breakthrough in accurate annual measurements of radiocarbon
opened a new avenue for high-resolution solar variability stud-
ies and archaeological dating (Heaton et al. 2024).

A new set of accurate A'*C measurements covering the
period 1000-2 BC was recently published by Brehm et al.
(2025), along with a reconstruction of the '*C production rate
and the cosmic-ray modulation potential. We present a new full
reconstruction of the sunspot activity for the first millennium
BC based on these new data and on the method developed by
Usoskin et al. (2021).

2. Data

We used a composite series of annual A'*C data (the relative
normalized concentration ratio of '*C to '2C) measured in tree
rings as the primary data source for the period of 1000 BC
through 2 BC (Brehm et al. 2025; Fahrni et al. 2020). The trees
were mostly German oak. The dataset is fully described by
Brehm et al. (2025) and is shown in Figure 1a. There are several
small gaps (one to two years; 769, 618, 617, 614, and 462 BC)
that were interpolated between the neighbouring data points
before we processed the data further. This period includes an
extreme solar particle event (ESPE) at about 664 BC (Park et al.
2017; O’Hare et al. 2019). The corresponding A'*C spike is indi-
cated by the red arrow in Figure 1a. Since this spike was caused
by solar energetic particles (Cliver et al. 2022), it can distort the
reconstruction of the solar cycle and should be removed from
the dataset before further analysis. The removal is described in
Sect. 3.2.

Another independent dataset we used refers to the geomag-
netic field as quantified by the virtual dipole moment (VDM)
for the same period. The VDM was reconstructed using paleo-
or archeo-magnetic models based on natural or archaeological
samples with residual magnetization. This process is difficult
(Genevey et al. 2008; Korte et al. 2019) and leads to a wide dis-
tribution of the modelled VDM values, as shown in Figure 1b.
We considered five recent paleomagnetic models covering the
entire Holocene that were provided by different groups and
methods. The models suggest a different evolution of the VDM
that ranges between 8.5 and 11.5 (102 Am?) for the first mil-
lennium BC. The upper and lower bounds of the VDM were
set by the models by Knudsen et al. (2008) and Nilsson et al.
(2022), respectively. The differences between the independent
VDM series by Knudsen et al. (2008) and Usoskin et al. (2016)
are small. The challenge in accurately determining VDM forms a
major source of uncertainty in reconstructions of the solar activ-
ity (Snowball & Muscheler 2007). It is important, however, that
the different VDM models are quite smooth, and the difference
between them is a systematic or slowly changing offset (on a
multi-centennial timescale). Thus, we do not expect this to affect
the timing of the reconstructed solar cycles, but it may lead to
significant uncertainties in their amplitudes on a long timescale
(see Sect. 3.3).
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Fig. 1. Data for the first millennium BC used here. Panel a: Raw
AM™C data along with the 1o uncertainties (indicated by the black
line and grey shaded band, respectively; Brehm et al. 2025). The red
arrow indicates the signature of the ESPE at about 664 BC. Panel b:
Paleo- and archaeo-magnetic reconstructions of the virtual dipole
moment (VDM), according to 1 Usoskin et al. (2016), 2 Knudsen et al.
(2008), 3 Pavon-Carrasco et al. (2014), 4 Schanner et al. (2022), and 5
Nilsson et al. (2022).

3. Reconstructing the solar cycle

Based on the datasets described above, that is, A'*C and VDM,
we reconstructed the solar activity as quantified in the annual
SN for the period from 997 through 7 BC. The first and last few
years were excluded as potentially affected by the edge effect in
the model when the time resolution of the data switched between
a decadal and an annual resolution. The reconstruction was per-
formed using the approach developed by Usoskin et al. (2021).
The definition of the SN we considered follows that of the Inter-
national Sunspot Number, version 2 (ISN-v2 — Clette & Lefevre
2016).

3.1. Reconstruction chain

The method of reconstructing the SN consists of four consecu-
tive steps:

)

1 4
At 02, @

o 2 r, Y sN. (1)

We describe them briefly below. Before the calculations, the
ESPE of 664 BC was removed from the A'*C data, as described
in Sect. 3.2. To directly account for the uncertainties in each step
in a Monte Carlo (MC) method, the chain was run 10 000 times.
This yielded an ensemble of 10000 individual SN reconstruc-
tions. The mean and the uncertainties of the SN were finally
assessed based on the statistics of this ensemble (Sect. 3.3).
Step 1 involves computing the '*C production rate Q from
the measured A'#*C annual values by inverting the carbon-
cycle model. We used the recent box model by Biintgen et al.
(2018) that was initially developed by Giittler et al. (2015) as
our carbon-cycle model. To account for the high noise level in
the '*C series, we applied a low-pass filter to smooth it (low-
pass routine in Matlab, with a normalised passband frequency wc
of 0.17 that roughly corresponds to 3 years). For the realization
of the ith ensemble member, the input A; ; for the jth year was
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Fig. 2. Results of successive steps (Sect. 3.1) in the SN reconstructions.
Panel a: '*C production rate Q. Panel b: Production rate Q* reduced to
the present-day conditions. Panel c: Open solar flux F,. Panel d: SN.
For all panels, the black lines, grey shading, and red lines depict the
mean annual reconstructed values, the 10~ uncertainties, and the 22-year
smoothed curve (see Sect. 4), respectively. All data shown here are dig-
itally available at the CDS.

taken as
A]=<A>j+Ri7j'O'j, (2)

where (A); and o; are the mean and the uncertainty of A™C
for year j (Brehm et al. 2025), and R is a normally distributed
random number with zero mean and unit dispersion. As a result,
we obtained 10000 series of the production rates Q; ;, whose
mean and standard deviation are shown in Figure 2a.

Step 2 reduces the radiocarbon production rates Q com-
puted in Step 1 to the modern conditions (VDM =7.75 -
10?2 Am?) as Q*. This was done using the algorithm described
by Usoskin et al. (2021, see Fig. 3 therein). For each ensemble
realisation i, one VDM model was randomly chosen from the
five models shown in Figure 1b. The same VDM was applied to
all years within the ith realisation. The ensemble statistic of the
Q" series is shown in Figure 2b. The evolution of the plotted Q*
looks similar to that of Q, but has slightly higher values because
the modern VDM value is longer and has a different long-term
trend.

Step 3 computes the open solar flux F, from the production
rate Q*. Following Usoskin et al. (2021), we used the physics-
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Fig. 3. Individual ensemble SN reconstructions (100 realizations; grey
curves) along with the average curve (black) for the period of 240-
140 BC, which includes cycles with a quality flag between 1 and 5 as
indicated by the boxed numbers at the bottom of the panel (see Sect. 4.3

and Table 1).

based model
Q*

Fij=-172-In +Rij-OF, 3)
Q0

where F is in 10'* Wb, Qy = 2.5at/cm?/s, o = 0.9 - 10'* Wb
is the uncertainty of the conversion of the production rate into
open flux (see details in Usoskin et al. 2021), and R is similar to
that in Equation (2). The reconstructed open flux F, is shown in
Figure 2c.

The final step 4 converts the open solar flux F, into the SN
using an empirical algorithm developed by Usoskin et al. (2021).
The SN; ; for the ith ensemble realisation and jth year is calcu-
lated as

SNz] g(Fl]) +R i,j  OSN, (4)

where g is the functional defined by Eq. (7) in Usoskin et al.
(2021), osny = 8 is the conversion uncertainty, and R is sim-
ilar to that in other steps. The individual ensemble SN recon-
structions are exemplified in Figure 3 for the period of 240—
140 BC. The individual SN values vary, as indicated by the verti-
cal extent of the grey region, but the cycles are defined robustly.
The final reconstructed SN is shown in Figure 2d and is analysed
in Sect. 4. Because the SN computation requires knowledge of
the open flux for two years ahead, the reconstructed SN stops in
7BC.

‘We note that the forward relation between SN and F, is phys-
ical (Solanki et al. 2002b; Vieira & Solanki 2010) and was used
in the model called Spectral and Total Irradiance Reconstruc-
tion over the telescopic period (SATIRE-T) for reconstructing
the solar irradiance (Krivova et al. 2010, 2021; Wu et al. 2018a).
For the inverted relation considered in step 4, we used an empir-
ical approach as described in Usoskin et al. (2021), however.

3.2. Correction for the ESPE of 664 BC

Radiocarbon is generally produced by GCRs in the Earth’s atmo-
sphere, and it thus serves as a proxy for geomagnetic and solar
activity variability. In rare cases (roughly once in 1.5 millen-
nia), it can also be produced by ESPEs (Miyake et al. 2020;
Brehm et al. 2022; Usoskin et al. 2023). While the production
is short (it occurs within a few months; Uusitalo et al. 2018), its
effect can be visible in A'*C for several years because of the
“memory” of the carbon cycle that is caused by the large car-
bon pool in the atmosphere. This is in a continuous exchange
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Fig. 4. Correction for the ESPE of 664 BC. Panel a: Raw annual A'*C
data (blue curve) for the period 685-600 BC (Brehm et al. 2025) along
with the ESPE-modelled time profile (red curve; see Sect. 3.2) superim-
posed onto a linear trend caused by the slow relaxation of the '*C atmo-
spheric concentration after the previous grand minimum (dotted orange
line). Panel b: Detrended A'*C data after the removal of the ESPE pro-
file. Panel c: Reconstructed SN based on the raw (dotted blue curve)
and detrended (red curve) AC data, along with the SN based on the
14C production rate Q from Brehm et al. (2025). The vertical dashed
green line denotes 664 BC when the ESPE took place.

with other carbon reservoirs such as the biosphere, the ocean,
and soils. These events are sometimes called Miyake events.
They can significantly distort the SN reconstruction and must
be carefully removed. The first millennium BC we studied con-
tains one such ESPE that occurred in about 664 BC (Park et al.
2017). It was found to be somewhat weaker than the ESPE of
774 AD, but had a similar shape of the energetic particle spec-
trum (O’Hare et al. 2019; Brehm et al. 2022; Koldobskiy et al.
2022).

The ESPEs are characterised by short-duration and spa-
tially inhomogeneous radiocarbon production in the polar strato-
sphere. Consequently, the standard box carbon-cycle model is
poorly suited for these events because they explicitly assume
a full mixing of '*C within the atmospheric reservoirs. To
properly consider this uneven production, we developed a
new 3D time-dependent atmospheric transport model called
Solar Climate Ozone Links (SOCOL):14C-Ex (Uusitalo et al.
2024; Golubenko et al. 2025). The model has been tested
(Golubenko et al. 2025) with the ESPE of 774 AD and repro-
duced the AC values in central Europe, where the data we used
here were obtained.
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For this study, we arbitrarily scaled the modelled time pro-
file of A'*C for the ESPE 774 AD down by a factor of 0.3 and
added it to the linear trend to match the measured A'*C values
for the period 664—625 BC, as shown in Figure 4a. This pro-
file was removed from the raw A!*C data, and we considered
the residual (shown in Figure 4b) as the corrected signal. The
resulting SN reconstruction is shown in Figure 4c as the red
curve. The solar cycles are clearly well preserved, including the
cycle close to the maximum of which the ESPE of 664 BC took
place. The reconstruction without the ESPE correction (dashed
blue curve) appears to be smeared for the period around 660 BC,
but it exhibits three slightly enhanced cycles after this. The grey
curve depicts the SN reconstruction based on the production rate
Q detrended for the ESPE of 664 BC as provided by Brehm et al.
(2025). Figure 4c shows that the cycle around 665 BC is restored,
but the four subsequent cycles are distorted.

We note that the ESPE occurrence year, 664 BC, corresponds
to the maximum phase of the corrected reconstructed SN cycle.
It falls on a deep dip, however, when the ESPE effect is not
removed.

3.3. Uncertainties

There are three independent sources of uncertainty in the SN
reconstruction. They are detailed below.

(i) The A™C uncertainties are typically ~1.7%o (Brehm et al.
2025) and include the measurement errors and the dispersion of
the '*C content between samples. These uncertainties are ran-
dom and independent between individual points and were mod-
elled in the MC way so that the value of each annual data point
was taken according to Eq. (2). This uncertainty directly trans-
lates into the uncertainty on Q and propagates further to the SN.

(i) The geomagnetic VDM uncertainties are related to
the possible error of compiling the VDM value from local
paleo- or archeo-magnetic measurements that are spatially and
temporarily unevenly distributed (e.g., Genevey et al. 2008;
Panovska et al. 2019). These uncertainties are not random, but
can be treated as systematic or model uncertainties. They enter
the reconstruction chain at step (2) and reduce the '*C produc-
tion rate Q to the present-day conditions, Q*. They propagate
further to the SN. For each reconstruction realisation, we ran-
domly chose one of five available VDM models, as described in
Sect. 3.1.

(iii) The model uncertainties of the conversion of Q* into
the SN values (Usoskin et al. 2021) are involved in steps 3 and
4. They were modelled as described in Sect. 3.1 (see Egs. (3)
and (4)).

The uncertainties on the final SN-value reconstruction
related to these sources are shown in Figure 5 along with the
total uncertainty estimated using the full MC procedure by trac-
ing only one uncertainty source at a time and switching the oth-
ers off (see Sect. 3.1). The uncertainties related to the measure-
ment errors dominate and range from 15-70 in SN. The geomag-
netic uncertainties are smaller and range from 5—40 in SN. The
model uncertainties are modest. They range from 12-20 in SN.
Because the individual sources are independent of each other, the
total uncertainty is close to the sum of the orthogonally summed
individual sources and ranges from 20 SN during solar minima
to 80 for the high-cycle maxima.

Because these uncertainties include both the random and sys-
tematic uncertainties, they do not present the range of the inter-
annual SN variability, but rather the uncertainties on the overall
SN level. The dates of the solar cycle minima and maxima are
not expected to be affected by systematic uncertainties.
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Fig. 5. Different types of uncertainties of the SN reconstruction as a
function of the SN values estimated with the MC method. The dashed
black, red, and blue curves represent the 1o uncertainties in the SN
value for the AC, geomagnetic VDM, and the model uncertainties,
respectively (see text). The green curve depicts the total uncertainty.
The dashed black line denotes the diagonal.

Another source of uncertainty that was not considered above
arises from the choice of smoothing applied to A*C in step 1.
Figure 6 shows a single realisation (using the same geomagnetic
VDM and R;; = 0 for all steps) of our reconstructed SN using
four different values for the low-pass-filter normalised frequency
parameter wc. Higher smoothing values (wc > 0.2) result in a
noisier reconstruction and blur the individual solar cycles. Con-
versely, lower values (we < 0.1) tend to suppress the amplitude
of the solar cycles. The choice of this parameter involves some
arbitrariness. We therefore chose our adopted value (wc = 0.17)
to be optimal for a clear identification of the solar cycles. The
exact choice of the frequency does not affect the overall level of
the reconstructed activity.

4. Results
4.1. Reconstructing the sunspot number

The reconstructed annual sunspot numbers SN' (in the definition
of ISN-v2 — Clette & Lefevre 2016) are shown in Figure 7 along
with the total uncertainties and the smoothed series. The smooth-
ing was performed using the 22-year low-pass singular spectrum
analysis (SSA) method. For comparison, the decadal SN recon-
struction based on a multi-proxy dataset (Wu et al. 2018b) is
shown as the green curve. The smoothed SN we reconstructed
agrees well with the decadal result by Wu et al. (2018b), except
for the period before about 920 BC and two short periods at
about 150 and 40 BC.

The SN varies strongly from zero up to about 300. This is
comparable to the SN range during the past 400 years. Two full
grand minima are present in the reconstructed SN in about 800—
700 BC and 400-330 BC (cf. Usoskin et al. 2007; Inceoglu et al.
2015). Additionally, two short Dalton-type minima can be seen
in about 900 BC and 50 BC. The level of the cycles outside the
grand minima is quite stable around 80-100 SN, except in the
period about 950 BC, when it reaches about 150. This is compa-
rable to the Modern grand maximum of the activity.

The distribution as a probability density function (PDF) of
the 11-year-averaged reconstructed SNs is shown in Figure 8 for
100 random realisations of the SN series, that is, for about 9400
cycles. For each SN series realisation, we first smoothed it with
an 11-year low-pass SSA filter and then took every tenth and

I The data are available at CDS.
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Fig. 6. Effect of the applied A'*C smoothing parameter on our SN recon-
struction. The values of the smoothing normalised frequency wc are
indicated in the legend. The lower part of the figure shows the num-
bering of each solar cycle in black, along with the assigned quality flags
in blue (see Sect. 4.3 and Table 1). The horizontal dashed line marks the
SN =0 line.
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Fig. 7. Reconstructed sunspot numbers for 997-7 BC, shown in two
panels for better visibility. The black curve, grey shaded area, and red
curve depict the mean annual reconstructed SN, its 1o (68%) confi-
dence interval, and the 22-year smoothed evolution (see main text),
respectively. These data are identical to those in Figure 2d. The green
curve depicts the decadal SN values reconstructed from multi-proxy
cosmogenic isotope data by Wu et al. (2018b) reduced to the ISN-v2
normalisation. The horizontal dashed line marks the SN =0 line.

eleventh value subsequently. This roughly represents the cycle-
averaged SN values for a 10.5-year mean period, but does not
require defining individual cycle lengths in each noisy realisa-
tion. The distribution is significantly bimodal, with a normal
mode centred at an SN of about 70 (mean 68, standard devia-
tion 51), and a grand-minimum mode with values of about zero
(mean 3.3, standard deviation 3.6). This bimodality of the distri-
bution is clearer when the distributions are produced separately
for the grand minima periods (here set as 807-722 BC and 408—
334 BC; see Table 1) and for the remaining cycles (Figure 8b).
In particular, the grand minima periods result in a clearly skewed
distribution, with a rather narrow peak around (SN) = 0. This
confirms the paradigm that grand minima form a special mode in
the operation of the solar dynamo, which is otherwise quite sta-
ble (e.g., Usoskin et al. 2014; Képyli et al. 2016; Karak 2023).
We note that the formally negative SN values, which some-
times appear around solar cycle minima, are consistent with zero
within the uncertainties.
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Fig. 8. Probability density function of the occurrence of the 11-year-
average SN for 100 random realisations of the SN reconstructions (grey
histogram). Panel a: Best-fit double Gaussian (u; = 3.3, oy = 3.6;
o = 68, 0, = 51; red) and individual Gaussians (dashed blue). Panel b:
Distributions of cycles that are defined to be part of a grand solar mini-
mum (807-722 BC and 408-334 BC; see Table 1; blue) and the remain-
ing cycles (orange).

4.2. Periodicity

The SN variability is clearly dominated by the 11-year solar
cycle, but a secular variability is also visible in Figure 7. Figure 9
shows the mean power spectrum of the reconstructed SN. The
spectrum was computed with the fast Fourier transform (FFT)
method with a Hanning window for 1000 SN reconstructions.
The significance of the spectral peaks was checked against the
auto-regressive AR1 noise (the autocorrelation coefficient with
a one-year time shift, AR1=0.924), which is typical for auto-
correlated datasets. Only one peak is clearly statistically signif-
icant (p < 0.05). This period range of this broad peak extends
from 9.5 to 11 years, and its highest point corresponds to 10.45
years. This frequency corresponds to the averaged length of the
11-year cycles in the reconstructed series (see Sect. 4.3). Addi-
tionally, insignificant peaks are observed at 14.2 and 40-50, and
a broad peak extends from 150-300 years. The latter peak likely
corresponds to the Suess-de Vries cycle with a period of about
210 years, which manifests itself via the recurrence of grand
minima (e.g., Usoskin et al. 2016). No power is found in the
range corresponding to the centennial Gleissberg cycle with a
period of 80—140 years (Gleissberg 1939).

The lack of significant stable periods beyond the Schwabe
cycle range is expected since the SN series iS non-stationary
and not multi-harmonic (e.g., Biswas et al. 2023). Accordingly,
some cycles may appear intermittently and/or with an unstable
phase. The FFT does not work properly in a situation like this.
Consequently, we also considered the wavelet power spectrum
(using the tool by Grinsted et al. 2004) of the mean SN series,
as shown in Figure 10. Here, again, only the Schwabe cycle
appears to be statistically significant within a period range of 8—
16 years, but it disappears during the grand minima. Some low
power is seen in a period of about 50 years during the second
half of the studied interval. A high power is found in a period of
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Fig. 9. Power spectrum (FFT, Hanning window) of the mean annual SN
series averaged over 1000 reconstructions. The red line represents the
95% confidence level for the AR1 red noise (1000 realisations). Before
the FFT, the series was standardised and zero-padded.

Period

Fig. 10. Wavelet spectrum (Morlet basis, k = 6) of the reconstructed
annual mean SN series. The black-contoured areas represent the signif-
icant spectral power (p < 0.05 against the AR1 red noise). The white
line bounds the cone of influence below which the results are unreliable.

about 200 years (Suess-de Vries cycle), but it is not statistically
significant because of the length of the dataset is insufficient.

4.3. Solar cycles

Based on the annual SN reconstruction shown in Figure 7, we
assessed the dates of all solar cycle minima and consequently
identified individual solar cycles. The identified cycles are col-
lected in Table 1, which lists 93 full cycles between 991 and
10 BC. This yields an average length of these solar cycles of
about 10.5 years, which corresponds to the main peak in the FFT
power spectrum. It is also close to the mean length of directly
observed sunspot cycles since 1700, which is about 10.7 years.
About half of the cycles are clearly defined, and the others are
distorted or hard to identify clearly. Accordingly, it cannot be
excluded that a few cycles may be over- or under-counted.

In Table 1 we provide a quality flag g that specifies the qual-
ity of the reconstructed cycles (cf. Usoskin et al. 2021). The flag
q is defined as follows:

0 The cycle cannot be unambiguously identified or its strength
is indistinguishable from zero at the 1o level. We found 13
such cycles.

1 The cycle is strongly distorted, at least one of its ends cannot
be defined, or its strength is indistinguishable from zero at
the 20 level. We found 17 such cycles.

2 The cycle can be approximately identified, but either its
shape or level is distorted or its strength is indistinguishable
from zero at the 30 level. We found 19 such cycles.

3 The cycle is defined reasonably well with a somewhat
unclear SN near the cycle minimum or maximum, or with
some caveats, for instance, a short data gap. We found 21
such cycles.

4 The cycle is well defined and has a somewhat unclear ampli-
tude. We found 14 such cycles.
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Table 1. Reconstructed solar activity cycles'.

No. Ymin Yinax (SN) T ¢ Comment No. Yinin Yimax (SN) T ¢ Comment

1 -991  -985 4513 10 2 48 490 486 68+21 6 1

2 -981 =976 74+18 9 2 49  -484 -479 88+18 10 2

3 -972 964 120x17 14 2 50 474 -468 168+25 10 4

4 -958 -951 176+25 9 0 distorted 51 -464 -459 135£21 10 4 1 yr gap

5 -949 947 133x19 11 O distorted 52 454 -449 107£18 10 5

6 -938 932 133x19 11 3 53 444 -439 125+18 10 4

7 -927 =922 12618 13 3 54 434 430 8616 9 3

8 -914  -908 48+13 11 4 55 425 419 12616 12 3

9 -903  -899 249 8§ 0 56 —413 -410 23+10 10 2

10 -895 -890 39+12 9 2 57 -403 =397 10£8 12 1  grand minimum
11 -886 —881 72+14 11 3 58 -391 -385 23+10 12 1  grand minimum
12 -875 869 96+19 8 1 59  -379 -370 11£7 15 0 grand minimum
13 -867 863 12719 10 2 60 -364 361 —2+8 7 0 grand minimum
14 -857 -852 93+18 10 3 61  -357 =353 11+8 9 1 grand minimum
15 —847 843 81+19 9 3 62 =348 344 8+9 9 0 grand minimum
16 -838 834 4713 11 2 63  -339 -335 8+9 8 0 grand minimum
17 -827 822 41+13 10 3 64  -331 -319 8011 17 1 distorted

18 -817 813 24+11 10 2 65 314 -308 92+15 11 2

19 -807 -802 11£10 10 1 grand minimum 66  -303 =301 63+16 8 0

20 =797 =793 19 9 0 grand minimum 67 -295 289 7414 11 4

21 -788 -783 21+10 10 1 grand minimum 68  -284 278 10016 11 5

22 =778 =773 1+9 9 0 grand minimum 69 273 268 90«15 10 4

23 =769 764 16£11 10 1 grandmin,lyrgap | 70 -263 -258 10715 11 4

24 =759 =754 547 10 O grand minimum 71 -252 =247 59«13 11 5

25 -749 743 86 16 0 grand minimum 72 241 =235 82+15 11 5

26 =733 =729 1319 8 1 grand minimum 73 =230 -224 122+14 12 3

27 =725 =721 14+9 9 1 grand minimum 74 218 213 111+£15 8 1 distorted

28 -716 =710 4212 12 4 75 =210 =206 98+14 11 2

29 =704  —-698 42+14 9 2 76 -199 -193 409 11 5

30 -695  —690 91+18 12 3 77 188 -182 73£12 12 5

31 -683 677 84+18 12 3 78 =176  -169 4910 12 1

32 -671 —-664 72+15 14 2 ESPE 2 79 -164 -162 29+10 7 1 distorted

33 -657 -651 89+17 13 4 80 -157 -151 56£9 12 4

34 -644  —-637 95«18 13 4 81 145 -141 9+9 8 0

35 -631 —-626 91+24 10 5 82 -137 -131 86+14 10 3

36 -621 -616 96+26 9 3 3 yrs gap 83 127 -122 9015 10 3

37 -612  -607 120+23 12 3 84  -117 -111 11416 11 4

38 -600 -595 99+23 10 5 8 -106 -101 105£15 11 4

39 -590 585 82+21 10 5 86 -95 -89 8014 11 3

40 -580 =575 65+17 10 4 87 -84 -80 86+15 9 2

41 =570 =565 100+20 9 3 88 =75 -69 98+14 11 3

42 -561 =556 103xl6 15 1 distorted 89 —64 -58 59+10 14 3

43 -546 542 42+14 10 1 distorted 90 =50 —44 21+8 12 2

44 -536 529 6914 12 2 91 -38 -32 27+12 9 2

45 -524 -521 50+13 9 2 92 -29 —24 101£19 8 2

46 =515 =510 8517 11 3 93 -21 -16 16020 11 3

47 -504 496 8614 14 1 94 -10 XXX  XXX£XXX 0

Notes. The columns include the years (in -BC) of the cycle minimum Y,;, and maximum Y}, the cycle-averaged SN (SN) with the 1o~ confidence
interval, the cycle length T in years, the quality flag ¢, and related comments. (V' This table is available in digital form at CDS. ®The ESPE of 664

BC was removed (Sect. 3.2).

5 The cycle is clear in shape and amplitude. We found 9 such
cycles.
Figures 3 and 6 illustrate cycles with different quality flags from
q =1 (e.g., about 170-160 BC) to ¢ = 5 (e.g., 250-240 BC). We
note that the dates of the solar cycle minimum are defined with
an accuracy of one year for the high-quality cycles (¢ = 4-5) and
an accuracy of a few years for moderate-quality cycles (g = 3),
and it is defined rather poorly for low-quality cycles (g < 2).
Solar cycle 32 (671-656 BC) is well shaped, and the year
of the ESPE corresponds to the maximum phase of the solar

cycle. However, this association ought to be taken with a caveat
because the exact shape of cycle 32 might be affected by the
removal of the ESPE. Accordingly, we set its quality-flag value
g to 2 in the final SN reconstruction because of the uncertainties
in the correction for the 664 BC ESPE.

This means that 44 cycles are well or reasonably well defined
(g = 3-5), 36 are poorly defined (¢ = 1-2), and 13 can only be
guessed at. All cycles during the grand minima of activity have
g values of 0 or 1. There is some subjectivity in the assignment
of the exact value of ¢. For instance, cycle 80 is assigned g = 4
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Fig. 11. Histogram of the min-to-min cycle lengths T for all cycles (grey
shaded bars) and different values of the quality flag ¢ as indicated in the
legend.

because both its neighbouring cycles are poorly defined or unde-
fined, which might affect its minimum dates, while cycles 76 and
77, which look similar in quality, are assigned g = 5 because at
least one of their neighbours is well defined.

The cycle length, defined between the consecutive cycle min-
ima, is shown in Figure 11. It ranges between 6—17 years for all
cycles, but is more confined for moderate- (¢ > 3) and high-
quality cycles (g > 4) at 9-14 and 10-13 years, respectively.
The average cycle length for high-quality cycles is 10.9 years.

We also examined whether empirical rules related to solar
cycles can be confirmed or ruled out for the first millennium
BC. The relation between the cycle length T and the strength,
which is quantified as the solar cycle averaged SN, (SN), for
high-quality cycles (¢ = 4-5) is shown in Figure 12. They are
anti-correlated at a significant level (p = 0.036, the linear Pear-
son correlation coefficient is » = 0.38), with the linear regression
being
(SN) = —12.4(x11) - T + 224(+139), 5)
which implies that stronger cycles tend to be shorter. This rela-
tion is similar to the empirical Waldmeier rule, which says that
stronger cycles have shorter ascending phases (Hathaway 2015),
but it is sometimes used in a simplified form that relates the
cycle strength to its length. Because there are only a few sub-
sequent high-quality cycles, the higher anti-correlation between
the length and strength of subsequent cycles (Solanki et al.
2002a) cannot be verified. Unfortunately, the uncertainties on
the dates of the cycle minima and maxima prevent us from draw-
ing any conclusion about the validity of the original Waldmeier
rule in the reconstruction series. Other empirical rules such as
the Gnevyshev-Ohl rule of solar cycle pairing cannot be verified
either.

5. Summary and conclusions

We presented the first annually resolved reconstruction of
SNs for the first millennium BC. The reconstruction was
made with the method developed by Usoskinetal. (2021)
applied to newly published A'*C measurements covering the
period 1000-2 BC (Brehm et al. 2025). Our new reconstruction
strongly agrees with previous decadal-resolution reconstructions
(Wu et al. 2018b), but it tends to yield higher values during the
period 1000-920 BC.

Our analysis identified 93 complete solar cycles over this
period, with a mean cycle length of approximately 10.5 years.
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Fig. 12. Relation of the cycle-average SN value (SN) and the cycle
length T for high-quality cycles (¢ > 4). The dashed red line depicts
the linear regression (SN) = —12.41 - T + 224 (Pearson linear correla-
tion coefficient r = 0.38 £ 0.17, p = 0.037).

Twenty-three of these cycles are well defined, 21 are reasonably
well defined, and the remainder are more uncertain. The total
SN cycle statistic currently includes about 200 individual cycles,
of which only 36 are based on directly observed sunspots. The
others are based on high-precision '*C data as in Usoskin et al.
(2021) and here. While our reconstruction occasionally pro-
duced negative SN, these values are statistically consistent with
zero within their uncertainties.

The first millennium BC includes two grand minima (about
807-721 BC and 403-335 BC) and two short Dalton-type min-
ima (about 900 BC and 50 BC). When examining the distribution
of cycle amplitudes, we find that grand minima form a distinct
mode of solar activity. This is consistent with previous findings
(e.g. Usoskin et al. 2021) for the last millennium.

There was an ESPE during this period in about 664 BC.
These events affect the measured '“C production and can dis-
tort the apparent shape of solar cycles in our reconstruction. To
account for this, we applied corrections to the A'*C data based
on results with the 3D time-dependent atmospheric transport
model SOCOL (Golubenko et al. 2025). After the correction, the
data suggest that this event occurred around the maximum of a
moderate solar activity cycle.

We find a strong quasi-periodic variability corresponding
to the 11-year solar cycle, but no significant power for longer
periodicities. Our reconstruction also reproduced the well-
established empirical relation between cycle length and ampli-
tude, albeit with considerable scatter.

This work provides unique insights into the solar cycles dur-
ing the first millennium BC and is essential for studies of the
solar dynamo and irradiance reconstructions.

Data availability

The reconstructed values are available at the CDS via
anonymous ftp to cdsarc.cds.unistra. fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra. fr/viz-bin/cat/1/
A+A/698/A182
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