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Abstract

Extreme solar particle events (ESPEs) are caused by rare, enormously strong solar eruptions and can produce
globally detectable spikes in tree-ring radiocarbon '“C, known as Miyake events, which serve as precise
chronological tie-points and indicators of extreme solar activity. After production, radiocarbon is subjected to the
complex carbon cycle, including large-scale atmospheric transport, which is crucially important for fast and strong
Miyake events with highly inhomogeneous *C production. A new 3D dynamical model, SOCOL:14C-Ex, of the
radiocarbon atmospheric production and transport is presented here, which can model fast changes in the
14C atmospheric concentrations with high temporal and spatial resolution. Precise response curves of A*C to a
reference ESPE (100 x GLE#69) were computed for various event dates. They can be directly applied to analyze
Miyake events under different conditions. Seven strong events over the past 14 millennia (AD 993, AD 774, 664
BC, 5260 BC, 5411 BC, 7177 BC, and 12,351 BC) were analyzed by fitting the reference curves to the available
annual A'*C data, identifying the most probable values and confidence intervals of their parameters—strength,
event’s date and background level. By applying corrections for the geomagnetic and atmospheric (CO,) factors,
the strengths of the corresponding ESPEs were assessed. The strongest ESPE is confirmed to be that of 12,351 BC,
while that of AD 774 remains the strongest event during the Holocene. To conclude, a new tool, based on
the radiocarbon atmospheric transport model SOCOL:14C-Ex, is presented to analyze fast changes in the
14C production.

Introduction

Radiocarbon '“C is a radioactive isotope produced by cosmic rays in the Earth’s atmosphere and used
to determine the age of carbon-based samples, which forms a basis for precise archaeology. Initially, it
was assumed that the production rate of radiocarbon is constant in time, and the so-called '*C age
represents the true calendar age. However, it was soon found that the '*C production rate and its
relative concentration vary over time, as modulated by geomagnetic shielding, solar activity, and
climate. To account for that, a calibrationcurve approach has been developed as presented in a
community consensus IntCal dataset (Reimer et al. 2020). Since these changes are assumed to be
slow, the IntCal curve presents a slightly smoothed '*C dataset with a 5-10-year time resolution.
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However, it may sometimes lead to somewhat ambiguous and not very precise dating. To account for
the variable production of '*C, a carbon-cycle model needs to be applied to relate the production rate
to the measured concentrations. Radiocarbon production and transport in the atmosphere are typically
modeled by applying a box model with fixed geometry, which works well for slow changes (e.g., Bard
et al. 1997; Biintgen et al. 2018; Oeschger et al. 1975).

As discovered by Miyake et al. (2012), very rarely, radiocarbon concentration can exhibit strong,
well-identifiable spikes in A'C corresponding to a nearly instant production of a large amount of '*C in
the atmosphere. Such spikes, commonly called “Miyake events,” offer unique time stamps, making the
absolute dating of samples covering the corresponding time periods possible (Heaton et al. 2024).
Accordingly, it is crucially important to study the Miyake events with the highest possible precision and
to understand their nature (Usoskin et al. 2023).

Here we present a new approach to model fast changes of radiocarbon production and transport in the
atmosphere, by utilizing a full and precise 3D plus time modeling of the atmospheric dynamics, by using
the chemistry-climate SOCOL:14C-Ex model (Golubenko et al. 2025). We describe the model and its
application to the known Miyake events to demonstrate its accuracy.

Miyake events as manifestations of extreme solar particle events

Miyake et al. (2012) discovered a sudden strong increase of about 12%o (subsequent studies refined
this estimate of about 18-20%. [2023]), in A™C corresponding to the year AD 775 (1175 BP).
Miyake discussed both a supernova explosion and a solar origin as possible causes of the event;
however, they did not identify either as the definitive source. They concluded that, with the present
knowledge, the cause of the event cannot be specified. Only gamma-ray emission from a supernova
explosion can produce such a short spike (Pavlov et al. 2013), while a cosmic-ray signal would have
been diluted over centuries or millennia due to the diffusive cosmic-ray transport in the interstellar
medium. However, it was soon demonstrated (Usoskin et al. 2013) that the enhanced production of
14C was likely caused by an enormous burst of solar energetic particles, named ESPE (extreme solar
particle event). As discussed by Pavlov et al. (2013), while a gamma-ray pulse from a supernova or a
galactic gamma-ray burst can potentially produce radiocarbon in the Earth’s atmosphere, it cannot
create a measurable amount of another cosmogenic isotope '’Be there. Clear detection of a '°Be spike,
dated to AD 775 (1175 BP), in both Greenland and Antarctic ice cores (e.g., Mekhaldi et al. 2015;
Sukhodolov et al. 2017; Usoskin et al. 2013) excluded gamma-rays as a potential source of the
Miyake event. Other non-solar sources, such as a cometary impact on Earth (Liu et al. 2014), have
also been excluded by a careful analysis of available data (Usoskin and Kovaltsov, 2015). More such
cosmogenic isotope spikes have been discovered since (e.g., Bard et al. 2023; Miyake et al. 2013;
O’Hare et al. 2019), implying that such events are rare but not exceptional, further invalidating their
non-solar origins. They are collectively called the “Miyake events” now. Presently, five such events
are fully confirmed by multi-proxy data, and four remain as candidates (Usoskin et al. 2023). Thus,
the current consensus paradigm is that the Miyake events are caused by ESPEs, either single ones or a
short sequence of events (Cliver et al. 2022; Usoskin et al. 2023; Usoskin, 2023). We note that there is
no other known feasible source of Miyake events but ESPEs.

The use of different cosmogenic isotopes with different production energy thresholds, viz. '*C in tree
rings, as well as '’Be and *°Cl in polar ice cores, for the analysis of ESPEs, allows for a parametric
reconstruction of the energy spectra of solar energetic particles (SEPs) responsible for them. Energy
spectra of ESPEs, as reconstructed using such multi-proxy analysis, appear fairly similar to those of the
directly measured strong SEP events during the space era, but several orders of magnitude stronger
(e.g., Koldobskiy et al. 2023; Mekhaldi et al. 2015; O’Hare et al. 2019; Paleari et al. 2022). The
similarity of the spectral shapes confirms the solar origin of the Miyake events. Because of the soft
energy spectra of ESPEs production of *C is limited mostly to the polar stratosphere, in contrast to the
‘normal’ production by galactic cosmic rays (Golubenko et al. 2022).
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Figure 1. Integral omnidirectional fluence of solar energetic particles, F(>E) for the GLE #69
(20-Jan-2005) as reconstructed from ground-based and space-borne data (blue curve—Koldobskiy
et al. 2021). The red dashed curve is scaled up by a factor K=100, representing the reference ESPE
spectrum used here.

Reference ESPE

As a reference ESPE energy spectrum for this work, we used that of a recent hard-spectrum Ground
Level Enhancement (GLE) #69 (20-Jan-2005), which was well measured by a multitude of ground-
based and space-based instruments. That solar particle event was the second largest (4500 % instant
count rate increase at ground-level polar neutron monitors) and one of the best studied events (e.g.,
Bieber et al. 2013). Its energy spectrum was shown to correspond to the ESPE spectral characteristics
(Koldobskiy et al. 2023; Mekhaldi et al. 2021; Paleari et al. 2022). The spectral shape was taken
following a recent full reconstruction (Koldobskiy et al. 2021), but the intensity was scaled by a freely
adjustable scaling factor K, as illustrated in Figure 1. This approach has been validated previously
(Golubenko et al. 2025). As the reference ESPE, we have considered GLE #69, scaled up by a factor of
K =100 (Figure 1), which roughly corresponds to the sensitivity of the ESPE detection by cosmogenic
isotopes (Mekhaldi et al. 2021; Usoskin et al. 2020). The omnidirectional

integral fluence of SEPs with energy above 200 MeV for the reference event is Fyoo = 2.78-10° cm™2.
We note that the exact spectral shape may only slightly affect the altitude and latitude profile of
radiocarbon production, while the total amount of '#C produced by SEPs is defined by the fluence of
SEPs with energy above 200 MeV, F,yo (Koldobskiy et al. 2022).

The modeling of the A'*C response was performed by the SOCOL:14C-Ex model (see below) for the
Holocene conditions with the CO, concentration set as 287 ppmv, and the geomagnetic dipole moment
M = (9.5 £ 1.0) - 10> A m? as corresponding to the end of the preindustrial epoch (Panovska et al.
2023). The total amount of '*C atoms produced by this reference event in the Earth’s atmosphere for this
value of M is 3.68-10%, which are produced mostly in the polar stratosphere (Golubenko et al. 2022).
This would correspond to an additional global '*C production rate of 2.3 atoms cm™2 s~!, uniformly
distributed over one year. This production is superimposed on the normal GCR-related background of
about 1.6-2 atoms cm~2 s~! (Masarik and Beer, 2009; Poluianov et al. 2016), resulting in a total global
production rate of about 4 atoms cm~2 s~! during the event year, i.e., nearly doubling of the annual '*C
production.

3D dynamical chemistry—climate model SOCOL:14C-Ex

To model the atmospheric transport of radiocarbon for a very fast and spatially limited '*C production
typical for the Miyake events, we use a full dynamical atmospheric chemistry—climate model
SOCOL:14C-Ex, specifically adapted for *C tracing (Golubenko et al. 2025; Uusitalo et al. 2024).
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The model couples a general circulation model MA-ECHAM (European Centre/HAMburg climate
model), with a detailed atmospheric chemistry module, enabling a fully interactive representation of
dynamics and chemistry of the low and middle atmosphere. The model’s grid is based on horizontal
resolution of 2.8° x 2.8° (spectral truncation T42), corresponding to 128 longitude and 64 latitude grid
points. The vertical domain comprises 39 hybrid o—pressure levels, extending from the surface to about
80 km altitude (0.01 hPa), covering the troposphere, stratosphere, and mesosphere.

SOCOL:14C-Ex is a chemistry-climate model of the SOCOL family, built on SOCOLv3 (SOlar
Climate Ozone Links, version 3—Stenke et al. 2013) with the AER aerosol microphysics module
(Sheng et al. 2015; Weisenstein et al. 1997), the MA-ECHAMS atmospheric dynamics core (Hommel
et al. 2011), and the MEZON chemistry module (Egorova et al. 2003). Aerosol processes and
atmospheric chemistry are interactively coupled with circulation, with information exchange between
modules every two model hours. For '*C transport, the isotope is treated as a passive gaseous tracer
subject to source and sink terms.

The production of '*C is calculated using the CRAC:14C production model (Poluianov et al. 2016)
for SEPs. Radiocarbon produced by galactic cosmic rays (GCRs) is assumed to be a constant
background upon which the SEP-related '“C is added, because the 11-yr solar-cycle related variability
in A'™C is small (about 2%c—e.g., Brehm et al. 2021), and its phase is unknown for ancient periods.

Climatic boundary conditions, such as sea surface temperature, sea-ice cover, and atmospheric CO,
concentration (Marcott et al. 2014), are chosen to match the exact epoch for the event under
consideration (e.g., Late Glacial), and are consistently simulated within the SOCOL framework. For the
analyzed events, full simulations were conducted under realistic atmospheric conditions. Each
simulation run consisted of six years of spin-up followed by seven years of post-event simulation.

The carbon sink scheme is simplified to include only biospheric uptake and exchange with surface
ocean waters, parameterised according to surface albedo, seasonality, and land—ocean distribution
(Golubenko et al. 2025). Ice-covered surfaces (albedo > 0.7) are considered inert. Oceanic sinks operate
year-round in ice-free regions with an exchange time of 8.29 years (Giittler et al. 2015). Terrestrial sinks
operate during the vegetation growth season according to the Leaf Area Index (LAI—Verger et al.
2023), defined as (i) year-round in the tropics, (ii) six months centred on the summer solstice in mid-
latitudes, and (iii) absent beyond the polar circles.

Return flux from the surface ocean to the atmosphere is neglected during the short time window
considered. This modeling approach assumes a steady-state carbon cycle, including the oceanic
reservoirs, and is designed to isolate the effect of a hypothesized extra source of very young carbon on
the atmospheric A'*C peak. While recent carbon-cycle studies show that the oceanic feedback can
influence atmospheric carbon on decadal timescales (e.g., Miller et al. 2025), transient simulations show
that even strong perturbations of ocean circulation translate into relatively modest atmospheric A'#C
changes over the first decades. As underlined by Bard et al. 2023, steady-state estimates based on multi-
box models suggest that halving the meridional overturning circulation could increase atmospheric
A'™C by 35-40%oc (Bard et al. 1997), whereas transient simulations over a century yield only about an
8%o increase (Goslar et al. 1995; Hughen et al. 1998). Transients of similar magnitude were obtained
with more sophisticated 2D-3D carbon cycle models (Delaygue et al. 2003; Singarayer et al. 2008).
Therefore, oceanic feedbacks alone are too slow to explain the magnitude and abruptness of the
observed A'*C peak, and neglecting oceanic return fluxes is justified within the limited temporal scope
of the present study. Furthermore, the main problem is that in order to explain even part of the
atmospheric A'*C peak requires an extra source of very young carbon, which is incompatible with
oceanic or terrestrial sources (e.g. permafrost).

The resulting uncertainty (up to 2%o in A'*C—see Golubenko et al. 2025) is taken into account in
model-data fitting. Long-term decay and deep-ocean overturning of '“C are not simulated, as their
influence on short-term post-event dynamics is negligible.

For robustness, each scenario was simulated as an ensemble of three independent runs with identical
boundary conditions. The inter-run variability was found to be very small (below 1% in '*C

https://doi.org/10.1017/RDC.2026.10236 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2026.10236

Radiocarbon 5

concentration, corresponding to < 0.4%o in A'*C peak amplitude), and therefore only a single median
representative realisation is presented for each event.

In SOCOL:14C-Ex, the simulated output for the near-surface atmosphere is the absolute
concentration of '*C, denoted henceforth as C, expressed in '*C atoms per cubic meter of air
(atoms/m?). For comparison with observational AMC datasets, these values are transformed into per mil
(%0) units (Stuiver and Polach 1977):

As

AMC — ( _ 1) 1000, (1)

abs

where A.ps =226 Bg/kgC and Ag denotes the specific activity of radiocarbon in near-surface air.
Assuming the standard air density at sea level, p = 1236 g m~, this corresponds to d = 0.123 grams of
carbon per cubic meter of air. The number of '“C atoms per kilogram of carbon is then obtained as C/d.
The computed concentration can be converted to activity using the mean lifetime of “C, 7=2.62 - 10"!
s as

C
As = —[Bq/keCl. @

Finally, the concentration can be directly converted into the corresponding A'“C value as

C
AMC =3.305-1075 x > 3)

where v is CO, concentration (in ppmv) for the period of interest.

Modeled A'™C response to an ESPE

The modeled daily A'*C response to the reference ESPE is exemplified in Figure 2 for four dates of the
event occurrence: 20-Jan, 01-Apr, 20-Jul, and 20-Oct, denoted as ¢1— 4, respectively. The responses are
shown for the end of the preindustrial era (zero time corresponds to 01-Jan-1865, CO, concentration
v =287 ppmv), for two nearly antipodal locations: Central Europe (44.31°N, 5.52°E), and Patagonia
(41.9°S, 72.67°W). For the computations, the production was modeled as a §-function (instant
production). In case of prolonged production, e.g., a series of events separated by days—months, as
produced by a long-living solar active region, a superposition of response functions can be used.

The modeled A'C profiles depict a weak annual cycle caused by the stratosphere-troposphere
exchange in the spring season, and the seasonality of the carbon sinks. The more pronounced annual
cycle in the Southern Hemisphere reflects the stronger and more stable Antarctic polar vortex
compared to the Northern Hemisphere. Such a strong vortex retains the isotopic signal longer at high
latitudes and leads to sharper “pulsations” in the exchange with lower latitudes. In the Northern
Hemisphere, the circulation is more ragged, due to frequent stratospheric sudden warmings (SSWs)
and vortex breakdowns, leading to better smoothing of the annual cycle in A'*C. It can also be seen
that the response is slightly weaker in the Southern Hemisphere, because of the larger sink area in
the ocean.

The above curves were shown for the prescribed geographical locations, but the model results are
defined for all locations on Earth. As an example, Figure 3 shows a snapshot of the modeled A'*C
geographical distribution over land for the day of 20-Jul-1867, viz. 2.5 years after the reference event
occurred on 20-Jan-1865. The distribution appears uneven, with several distinct features. First, there is a
significant hemispheric difference with the A'“C signal being 0.2-0.3%¢ higher in the Northern
Hemisphere. This is partly related to the fact that mid-July is mid-boreal-summer, after the stratosphere-
troposphere exchange event, which brings radiocarbon from the stratosphere down to the surface level.
On the contrary, the polar stratospheric radiocarbon is blocked by the polar vortex in the Southern
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Figure 2. Examples of the time response functions of A™C to the reference ESPE (Figure 1) for two
geographical locations: Central Europe (44.31°N, 5.52°E—panel a), and Patagonia (41.9°S, 72.67°W
—panel b). Different curves correspond to different dates of the ESPE occurrence, as indicated in the
legend: 20-Jan, 01-Apr, 20-Jul, and 20-Oct of year zero (1865 in the simulation), denoted as t1—t4,
respectively. Shaded areas approximately indicate the tree growth periods. The results are shown with
daily resolution, depicting, in particular, meteorological noise on the synoptic scale.

Hemisphere. This pattern may change during the boreal winter. Another interesting feature is the
tropical dip in A'¥C, which is caused by the ascending flow of the Brewer-Dobson circulation. The third
feature is regional and observed as a slightly enhanced A'C signal in the Himalaya and Gobi desert
region, caused by the high altitude and the absence of a carbon sink. Such features cannot be modeled by
a standard box model and require full dynamic modeling.

The modeled A '*C response curves are provided with daily resolution, but they need to be compared
to the annual A'*C data measured in tree rings. Accordingly, we have computed annual A'*C values
averaged over the local tree growth period, separately for Northern and Southern Hemispheres as
illustrated by shaded stripes in Figure 2. The averaging was done individually for each location (see
Golubenko et al. 2025 for details). This accounting for the tree growing season is crucially important to
define the timing of the production event as discussed later.

A set of the response time profiles

Only four response curves, corresponding to different seasons, were computed with the full SOCOL
model simulation for each hemisphere (Figure 2). Doing it with a higher cadence would be unfeasible
because of the large computational time of ~10 wall-clock days for each curve. To produce daily
response curves, we linearly interpolated between the fully computed curves as illustrated in Figure 4,
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Figure 3. Geographical distribution of modeled near-ground overland A'C values caused by
the reference ESPE, which took place on 20-Jan-1865. The distribution is shown for the day of
20-Jul-1867. The LHS panel depicts the latitudinal zonal (over land) mean.Panel A: A line graph depicting
the latitudinal zonal mean over land. The x-axis represents delta '*C values ranging from 4.7 to 5.2
percent, and the y-axis represents latitude ranging from —90 to 90 degrees. The line graph shows a trend
with variations in delta "*C values across different latitudes. Panel B: A heat map showing the
geographical distribution of modeled near-ground overland delta '*C values. The x-axis represents
longitude ranging from 0 to 360 degrees, and the y-axis represents latitude ranging from —90 to 90
degrees. The color scale on the right indicates delta "*C values ranging from 4.7 to 5.2 percent. Higher
values are associated with lighter colors, and lower values are associated with darker colors. The heat
map shows a concentration of higher delta "*C values in certain regions, particularly in the northern

hemisphere.
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Figure 4. An example of interpolating the response curves for the first year of the ESPE. Panel a: full-
model calculated responses for 20-Jan (red) and 01-Apr (blue) in the Northern Hemisphere—similar to
Figure 2, along with interpolated curves (gray) shown for every tenth day. Panel b: Similar to panel a,
but all the curves start on the event’s date.

assuming that the difference on the short timescale is gradual. First, the modeled curves were slightly
smoothed with a 27-day low-pass filter to remove the meteorological noise—see red and blue curves in
Figure 4a. Next, the smoothed modeled curves were joined in time to start on the event day, as shown in
Figure 4b (the event day is day 0). Then the daily response curves were calculated as a linear
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Figure 5. Estimated effect of including a Glacial-type biosphere in the model. The plot shows the
percentile difference between the near-ground air '*C concentrations in Southern Europe, averaged
over April-September for years following a reference ESPE occurring at the zero date. The
concentrations were computed by the SOCOL:14C-Ex model runs for the Glacial and Holocene
vegetation types. The difference is shown as Glacial minus Holocene conditions. The error bars
represent the statistical uncertainties between model runs.

interpolation between the nearest fully modeled ones, as shown by gray curves in panel b (every tenth
gray curve is shown).

Finally, the interpolated curves were detouched again to start on the exact event day, as shown by the
gray curves in panel a. These response curves with a daily cadence were further used in the data fitting,
as described below.

Interesting in Figure 4b is that the modeled curves for the 20-Jan and O1-Apr event occurrence dates
coincide for the first hundred days and then start diverging. This can be interpreted so that the first A'*C
response is to radiocarbon produced in the troposphere, with its fast transport for all seasons, on the one
hand. On the other hand, the vertical transport, which brings the stratospheric radiocarbon down, differs
between seasons and makes the red curve rise faster due to the fast stratosphere-troposphere exchange in
midSpring.

The model computations were focused on the Holocene period, but one of the analyzed events, of
12,351 BC, took place during the late Glacial period. This may affect our analysis in two ways, via the
atmospheric transport and the carbon sinks, which could be different during the Glacial. The former
difference was shown to be negligibly small (Golubenko et al. 2025). The carbon sink to the ocean is
modeled, explicitly considering the ice cover, and thus is adaptive to climate change. The sink of carbon
to the biosphere might be overestimated by the model, since the model considers the Holocene-type
vegetation pattern, while vegetation was suppressed during the Glacial (Jeltsch-Thommes et al. 2019;
Prentice and Fung 1990). To evaluate this effect, we performed a modeling of the response curve for
T =20 DoY, switching off the biospheric sink in the regions identified as extreme deserts (Adams and
Faure 1998). The percentile difference between the reference event’s amplitude as reconstructed for
model runs with and without considering the Glacial-type biosphere is shown in Figure 5. As seen, the
effect is consistent with zero for the first two years, when the produced radiocarbon remains largely in
the atmosphere, but the difference becomes systematically positive yet formally insignificant from year
3 onward, owing to the reduced biospheric sink. The effect is negligibly small, about 0.7% of the
production signal, which translates, for the event of 12,351 BC, to &~ 0.3%o. This exercise can serve as a
conservative upper limit for the reduced biosphere’s effect. Accordingly, we neglected this effect in
further analysis. The reference A'“C response time profiles are presented in Appendix B.

Data analysis

Here, we demonstrate the ability of the new dynamical SOCOL:14C-Ex model to analyze the Miyake
event and estimate the parameters of the parent ESPEs, including an assessment of the full uncertainties.
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Table 1. Summary of the analyzed Miyake events and ESPEs: year of the ESPE event, atmospheric
CO, concentrations in ppmv (Indermiihle et al. 1999; Marcott et al. 2014); VDM M in 10°* A m?
(Panovska et al. 2023); A'C trend dC in %o year™"; scaling of the reference response A (see Table 2);
background level Cy in %o (Table 2); Estimated date of the event T in DoY (Table 2); ESPE strength S
(Equation 6); and the estimated fluence of SEPs with energy >200 MeV F200 in 10° cm™.

Year CO, M dc A Co T N F200

12,351 BC 240 64 +0.8 -0.03+0.1 583+0.86 207 £34 155+79 395+063 11=+1.8
7177 BC 260 74+06 0.04+£0.05 3.57=+0.24 82+ 1.1 213+57 284024 79+0.7
5411 BC 265 73 +06 -0.04+0.05 1.56*0.25 90 +£1.0 201 £91 125+021 35=+0.6
5260 BC 270 7406 -0.02+0.1 3.73+0.30 94 +12 182 +54 3.10+0.28 88+038
664 BC 275 9.1 x04 -0.13+0.02 1.96 =0.19 4308 21+60 1.83*0.19 51*0.6
AD 774 285 93+03 0.07+0.02 339+0.19 —-19.7+0.7 133 +40 335+0.19 93*0.6
AD 993 285 9.0+03 0.09+0.02 181+0.13 —-199+0.6 54+50 156+0.13 43+04

Miyake events analyzed here

We applied the model and methodology described above to analyze seven Miyake events recorded in
radiocarbon for the past 14 millennia, from the Late Pleistocene (12,351 BC) to the first millennium AD,
as summarized below and in Table 1. We collected available high-resolution data of A'*C for these
events from the literature. All records are based on annually resolved tree-ring chronologies, some
offering earlywood/latewood separation or sub-annual precision. In such cases, early and late-wood data
were subjected to a weighted average to produce annual data. We did not use the data with a temporal
resolution > 1 year. An inventory of the used datasets and their sources is provided in Appendix A.
When dating the event, we use the ESPE year as derived from our analysis, although the onset of the *C
response can be delayed by about one year (e.g., for AD 774/775). The historical date convention (no
year zero) is used.

* 12,351 BC (14,300 BP) during late glacial period, transition to Holocene: The highest known
~40%o rise in A'*C detected in sub-fossil Scots pines from the Italian and French Alps, during
deglaciation (Bard et al. 2023).

* 7177 BC (9126 BP), Early Holocene, post-Younger Dryas: One of the strongest radiocarbon
anomalies (~15%o) over the Holocene, observed in several high-resolution datasets in the Northern
hemisphere (Brehm et al. 2022).

* 5411 BC (7360 BP), Holocene climate optimum: A strong radiocarbon enhancement (~8%o)
observed in several high-resolution datasets from the Northern hemisphere (Miyake et al. 2021).

* 5260 BC (7209 BP), Holocene climate optimum: One of the strongest Holocene ra-diocarbon
anomalies (~20%o), observed in several high-resolution datasets from the Northern hemisphere
(Brehm et al. 2022).

* 664 BC (2613 BP), late Holocene: A strong ~10%o radiocarbon enhancement recorded in several
Northern Hemisphere trees (Panyushkina et al. 2024; Park et al. 2017; Rakowski et al. 2019;
Sakurai et al. 2020).

* AD 774 (1176 BP), Early Medieval period: One of the strongest radiocarbon anomalies (~18%o),
observed in several high-resolution datasets in the Northern hemisphere and Southern
hemispheres. This is the best-studied ESPE (Biintgen et al. 2018; Giittler et al. 2015; Jull
et al. 2014; Miyake et al. 2012; Park et al. 2017; Scifo et al. 2019; Usoskin et al. 2013; Walker
et al. 2025).

* AD 993 (957 BP), Early Medieval period: A strong ~10%o radiocarbon enhancement recorded in
several trees in both Northern and Southern Hemispheres (Biintgen et al. 2018; Miyake et al.
2013).
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Data fitting

First, data from the modeled daily A'*C curves were averaged over the tree/growth season for each
location to represent the annual A'*C values measured in tree rings as illustrated in Figure 2, similar to
Golubenko et al. (2025). Thus computed annual modeled A'“C were compared with the measured data
by fitting the annual model curves into the measured data sets and finding the optimal parameters as
described below. The parameters to be determined were: the start date of the event 7, quantified as the
day of year (DoY) of the prescribed year (negative DoY refers to the previous year), leap years were
neglected (all years are assumed to have 365 days); the pre-increase level Cy in %o, which quantifies the
background AMC level due to GCR; and the amplitude of the event in units of the reference ESPE, A.

D* =A-D'(T) + C,, “4)

where D* denote the measured A'“C values to be fitted, and DY(7) is the modeled response to the
reference ESPE, which occurred on day 7. The parameters 7 and A were fitted simultaneously for all
datasets for the whole event, while Cy was found individually for each hemisphere. For each event, we
fitted nine annual data points: two for the pre-event years assuming no ESPE signal in the model data,
and seven annual points of the event. If some measured values were missing in a dataset, fewer data
points were used in the fit, respectively.

Sometimes Miyake events occur in the background of changing A'“C level due to the global carbon
cycle, as, e.g., for the event of 664 BC (Usoskin et al. 2025). The trend may distort the fitting and needs
to be corrected for. We have evaluated the linear trend dC in A'*C around the events as follows: the
measured A'#C data for 20 years before the event start date and years 20—40 past the event were fitted by
a linear trend considering data uncertainties. The data were used as: annual for the past three millennia
(Brehm et al. 2021, 2025; Fahrni et al. 2020), and 5-year before that (IntCal20—Reimer et al. 2020).
The obtained trend values are shown in Table 1, As seen, the events of 664 BC, AD 774 and AD 993
depict a weak but significant trend, while the trend is consistent with zero for other events. For the
fitting, the data were detrended using the dC values from Table 1.

To assess the robustness of the procedure, the fits were performed by applying two different
approaches—the fitting based on x? statistics, and the MCMC (Markov Chain Monte Carlo) approach,
as described below.

Statistical x° method

The statistical approach is based on the x>-statistics. The modeled curves are assumed to be error-free,
with the uncertainties being related to the measured data. As the merit function for the fit, we considered
the x? value defined as

2

N Kk D* — Di )
X2 - Z ( / O’l-j J) I (5)

i j=1

where D; ; and o ; are the values of A'™C measured in i-th dataset for j-th year along with their 1o error
bars, respectively; D (T) are the corresponding modeled A'™C values for the jth year, defined by
Equation 4, and k; is the number of meaningful annual points in the i-th dataset (k=9 if there are no
missing data points). The modeled curves D' and the pre-increase level C, were considered separately
for the Northern and Southern Hemispheres, while the values of A and T were the same for each event
over the entire globe.

The parameter values were scanned in a reasonable range, and a set of parameter values, minimising
the value of x2, viz. x*mm, Was set for each studied event. The 68% confidence intervals of the
parameters were defined as bounded by the condition of x*> < x2,, + 3.53 for three independent
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Table 2. Best-fit parameters, viz. A, T [DoY], and Cy [%o], along with their 68% confidence intervals,
for the seven ESPEs, analyzed here, by two methods—x° and MCMC. Shown are also the values of the
merit functions X, and RMSE ¢. The last column depicts the number of the fitted datapoints N.

ESPE x*-method MCMC-method

year A T Co X2min A T Co 0 N
12,351 BC 5.83 £ 1.13 127 £ 107 207 £ 2 134 583086 15579 20734 38 14
7177 BC 354 +£032 183 £78 82 +£05 354 357024 213 x£57 82 +1.1 20 22
5411 BC 1.52 £ 0.35 143 £ 160 90+ 05 162 1.56+025 201 £91 90 + 1 2.1 21
5260 BC 3.74 £ 0.28 144 £ 51 93+£05 50.7 373+0.30 182 + 54 94 +12 24 23

664 BC 204 £021 34 +47 4305 120 203+019 3456 44+08 28 35
AD 774 33007 13315 -195+£04 571 332%+0.19 131 £38 -20%£0.8 3.5 308
AD 993 1.56 £ 0.09 35 +30 -20+05 212 156+0.13 46+55 -20+£0.6 28 116
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Figure 6. Example of the MCMC determination of the best-fit parameters for the event of 7177 BC (9126
BP). Blue dots depict annual values X for one random realisation of three datasets (Y-axis) vs. the reference
model curve D' for T=207 doy. The red line is the linear regression X;;=3.78 - Dj‘% + 80.9.

parameters, viz. A, Cy and 7. An example is shown in Figure 7, and the best-fit values and the results are
summarized in Table 2.

MCMC approach

The MCMC approach is not based on any specific statistics, but includes all possible uncertainties
straightforwardly via randomisation of the datasets. This was done in the following way.

1. First, a randomised dataset X;; = D, ; + Rn - 0;; is produced, where D;; and o;; are the measured
values of A'C in the i-th dataset for the j-th year along with their uncertainties, and R, are
normally distributed random numbers with zero mean and unit dispersion.

2. The hypothetical date of the event T is selected that determines the selection of the fitting curves
DjT, which were considered separately for the two hemispheres. The randomised dataset X is fit
linearly by the fitting curve D*(T) as illustrated in Figure 6. The best-fit values of Cy and A are

https://doi.org/10.1017/RDC.2026.10236 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2026.10236

12 K. Golubenko et al.

40 —
399 et
3.8

3.7 3

w
o
|

A [ref. ESPE]
w
[6)]

w
~
1

w
w
1

w
N

T T T T
120 150 180 210 240
T [doy]

I3
N

270

Figure 7. Example of the determination of the best-fit parameters, T (in DoY of 7177 BC [9126 BP])
and scaling factor A for the ESPE of 7177 BC (9126 BP). The colour code represents the value of
x° (Equation 5). The best-fit set of parameters (A=3.54, T=183), corresponding to the minimal
value of X’ min=35.4, is depicted by the white dot, while the white line bounds the 68% confidence areas
(XZ = szin +3.53).

found by the least-squares method. The RMSE (root mean squared error) value ¢ was calculated
for the fitting.

3. Step 2 is repeated 365 times by scanning, with a daily cadence, over T for one year around the
guessed event date. The scan can be extended if needed. The set of Cy, A, and T ' providing the
absolute minimum of RMSE is fixed.

4. Steps 1-3 are repeated N = 10000 times, each time using a new set of X based on a random-
number set R,. This yields a distribution of the parameter values Cy’, A', and T ". From these
distributions, the mean values and the standard deviations can be computed as the estimates for the
reconstructed ESPE strength (the value of A) and timing 7, as illustrated in Figure 8.

An example of an analysis for 7177 BC (9126 BP)

The analysis is illustrated here for the ESPE of 7177 BC (see Table 2). First, we performed the x>
analysis as shown in Figure 7, which depicts the dependence of x? on the values of T and A (C, is fixed
at 82 %o for the plot). The minimum value of %y, is 35.4 (the number of degrees of freedom is 22),
corresponding to A =3.76 and T= 183 DoY (white spot in the Figure). We note that the best fit yields
1.6 x? per degree of freedom, suggesting that the spread of experimental points is broader than defined
solely by the formal error bars, or that the used model may be not perfect. The increment of szm by
3.53 bounds the 68% confidence area, as shown by the white line in the Figure. The best-fit parameters
of the ESPE of 7177 BC were found (see Table 2) as A =3.54 £ 0.32, T= 183 £ 78 days, and CO =82
+ 0.5%o.

An example of the model curve fit by the MCMC method for the same event is shown in Figure 8.
The central panel depicts the distribution density of the best-fit parameter sets of A and T (values of C,
are not shown). Distributions of the individual parameter values are shown in the side panels along with
the best-fit normal distributions, from which the mean and the standard deviation were obtained for each
parameter. The best-fit parameter set corresponds to the gravity centre of the distribution as denoted by
the black dot in the central panel. The 68% confidence intervals of the parameter values are defined from
the normal distributions (side panels) as + 0.26 and * 57 for A and 7, respectively, as entered in
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Figure 8. Distribution density of 3000 points in the A-vs-T parameter space, for the MCMC analysis of
the event of 7177 BC (9126 BP). Each point corresponds to one realisation similar to that shown in
Figure 6. Distributions of the values of T and A are shown on the panels on the top and on the right,
respectively. The black circle denotes the gravity centre of the distribution (A=3.57 and T=213).
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Figure 9. Illustration of fitting of the measured A'*C datasets (points) for the ESPE of 7177 BC (9126 BP)
with the model curves using the MCMC method. The datasets are from Brehm et al. 2021: Alpine Larch
(AL), German Oak (GO), and Bristlecone Pine (BP)—see Table 1. The best fit with 1o model uncertainties
(see Table 2) is depicted by the solid black line with gray shading.

Table 2. The RMSE value of the fit is ¢ & 2%o, which is comparable to the measurement errors. The fit is

illustrated in Figure 9.

It is important that both x> and MCMC methods, which are totally independent of each other and
based on different types of statistics and merit functions, produce very similar results. All best-fit
parameter values in Table 2 are close to each other and fully consistent within the 68% confidence
intervals. For further analysis, we use the results produced by the MCMC method, which is more robust

and stable with respect to the measurement error estimates.
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The analysis was performed in the same way for all analyzed events, with the results summarized in
Table 2.

Estimate of extreme solar events

The estimated dates of the events are distributed broadly between winter and late summer for the best-fit
values and cover the entire year within the uncertainties. We have checked with the Kolmogorov-
Smirnov test that the distribution of the event dates over the year is consistent with the uniform
distribution at the p—value <0.01. This suggests that no artificial seasonal bias has been introduced in
the analysis.

The strength of the A'*C responses to the reference event was estimated for the known Miyake
events (Table 2). However, the amount of the produced radiocarbon and, thus, the response of AMC for
the same ESPE may be different, as defined by the conditions during the time of the event: geomagnetic
field strength, quantified via the geomagnetic virtual dipole moment (VDM) M; the content of CO, in
the atmosphere v; and potentially the type of climate. The climate dependence was shown to be
negligibly small, within 1% of the response, i.e. <0.4%o even for the strongest event (Golubenko et al.
2025). The other two effects cannot be neglected and must be properly accounted for to relate the
strength of the Miyake events in A'C to the strength of he corresponding ESPE.

The correction for the CO, level v is a simple linear scaling, as defined by Equation 3. The higher the
CO, concentration v is, the smaller is the A!*C response to the same ESPE. Correction for the
geomagnetic field strength is not linear, but also straightforward (see Figure 5 in Golubenko et al. 2025):
the A'“C response is scaled with the VDM value M as M~ viz., the stronger the geomagnetic field is,
the smaller is the A'*C response to the same ESPE. The adopted values of the VDM and v are listed in
Table 1 for the analyzed events.

Since the paleomagnetic models are not precise and include uncertainties in the VDM
reconstructions, they were included via the MCMC error-propagation approach, into the uncertainties
of the final ESPE strength estimates S:

MA\O0SS )
S=A- (—) — (6)
My Vo

where My=9.5 - 102 A m? and vy = 287 ppmv correspond to the VDM and CO, concentration for
which the reference response was computed.

The reconstructed strengths of ESPEs, S, along with their 68% confidence intervals, are listed in the
right-hand-side block of Table 1, as well as the corresponding F,(o fluences of SEPs. As seen, the
correction for geomagnetic and CO, factors modifies the ranking of the events significantly. For
example, the 12,351 BC (14,300 BP) Miyake event was about 72% higher than that of AD 774, but the
corresponding ESPE was only 18% stronger, in full agreement with the results by Golubenko et al.
(2025). This is explained by two factors, both enhancing the A'C response, viz. weaker geomagnetic
field and a smaller CO, concentration (Table 1)—see Golubenko et al. (2025) for more details. While
the Miyake event of AD 774 was only the third highest for the Holocene, the corresponding ESPE was
found, after the correction, to be the strongest one over the Holocene and the second strongest in the
entire record. We note that the F fluence for each ESPE is at least an order of magnitude stronger than
the total F, fluence of SEPs, 0.5-10° cm™2, registered over the last three full solar cycles 1984-2020
(Raukunen et al. 2022).

Figure 10 depicts the complementary cumulative distribution function (CCDF) of the occurrence,
within a millennium, of an ESPE with the F,oq fluence of SEP exceeding the given F»(, value. The
CCDF is computed using confirmed and published events listed in Table 1. We assumed that all events
are independent of each other and thus applied the Poisson statistics to evaluate the CCDF. The
occurrence probability of a clearly detectable ESPE is roughly once in two millennia (68% confidence
interval covers the range from once in three millennia to once per millennium). The strongest ESPE of

https://doi.org/10.1017/RDC.2026.10236 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2026.10236

Radiocarbon 15

)
N4

0.01

, , ‘ , ‘ , ,
4 6 8 10 12 14
9 -2
Fo00 [107 cm™]
Figure 10. Complementary cumulative distribution function (CCDF) of the occurrence, per
millennium, of ESPEs with the Fy fluence exceeding a given value, along with the 68% confidence

intervals. The values and error bars of F»op are the same as in Table 1. The CCDF was estimated, along
with the confidence intervals, from the Poisson distribution.

12,351 BC (14,300 BP) has the occurrence probability of roughly once per ten millennia (ranging from
once in three millennia to once in 30 millennia). In contrast to previous suggestions (e.g., Cliver et al.
2022; Usoskin 2023), the distribution shows no clear sign of a roll-off at the highest fluences, indicating
that the Sun, probably, has not yet reached its limit in producing ESPEs. However, the present data don’t
make it possible to make a definite conclusion about that.

Summary and conclusion

The main results of this work can be summarized as follows.

* A brand-new dynamical 3D model of the atmospheric transport of radiocarbon is pre-sented. The
model SOCOL:14C-Ex belongs to the SOCOL model family of chemistryclimate models and
makes it possible, for the first time, to model 14C concentrations in the atmosphere with high
temporal and spatial resolution.

* Precise calibration curves of the A'*C response to a reference extreme solar particle event were
computed with a daily resolution for two typical mid-latitude locations for the Northern and
Southern Hemispheres, as a function of the event date, to account for the geographical and seasonal
patterns. These calibration curves (see Appendix B) can be directly applied to analyses of other
Miyake events, as described here.

* The SOCOL:14C-Ex model was applied to an analysis of seven strong Miyake eventsover the past 14
millennia by fitting the calibration reference curves to the available annual A'*C data. To secure the
robustness of the results, two independent fitting methods were applied, the statistical x> and the
MCMC ones, and the results were found fully consistent between them. The corresponding Miyake
events’ parameter sets—scaling A, most probable event date 7, and the pre-event background C,
(Equation 4)—were obtained along with their confidence intervals, as listed in Table 2.

» The dates of the events were identified, which cover, within uncertainties, all seasons, as expected.
A small insignificant preference for the Spring-Summer season may be related to the higher
sensitivity of the Northern Hemisphere trees to such events. However, the proposed event dates are
fully consistent with the uniform distribution of the event throughout seasons.
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* By applying corrections for the geomagnetic and atmospheric (CO,) factors, the strength of the
ESPEs, responsible for the analyzed Miyake events, has been assessed. The strongest ESPE is
confirmed to be that of 12,351 BC, which was 18% stronger than that of AD 774, which was the
strongest event during the Holocene.

To conclude, a new tool, based on the radiocarbon atmospheric transport model SOCOL:14CEx, is
presented to analyze fast changes in the '“C production when the classical quasi-steady box models may
not be sufficiently accurate.
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Appendix A. Inventory of the radiocarbon datasets

The datasets used in this work for the analysis of the Miyake events are listed below.

Table Al. Metadata of the A'*C datasets used in this study. The columns are: the reference to the
dataset source; the sample region and name; geographical coordinates and altitude (if available) of the

sample location; and the tree species.

Reference Sample Coordinates Altitude, m Tree species
12,351 BC (14,300 BP)
Bard et al. 2023, Drouz19, FR 44.53°N, 5.87°E 860 Pinus sylvestris
Fig.11
7177 BC (9126 BP)
Brehm et al. 2022, CH 46.57°N, 8.20°E - Larix decidua
Fig.1
DE 50.05°N, 10.24°E - Quercus robur
UsS 37.38°N, 118.16°W - Pinus longaeva
5411 BC (7360 BP)
Miyake et al. 2021, UusS 37.38°N, 118.17°W 3094 Pinus longaeva
Table S2
CH 46.57°N, 8.25°E 1930 Larix decidua
FI* 69.26°N, 27.40°E 199 Pinus sylvestris
5260 BC (7209 BP)
Brehm et al. 2022, UK 54.47°N, 6.46°W - Quercus petraea
Fig.1
UusS 37.38°N, 118.16°W - Pinus longaeva
CH 46.38°N, 9.87°E - Larix decidua
RU 67.75°N, 70.06°E - Larix sibirica
664 BC (2613 BP)
Park et al. 2017, SM DE 49.91°N, 10.82°E - Quercus robur
Table S2
Rakowski et al. Grabie, PL 50.04°N, 19.99°E - Quercus robur L.
2019, Tab.1
Sakurai et al. 2020,  JP' 39.05°N, 140.03°E - Cryptomeria japonica
SM Table S3
Panyushkina et al. Altai, RU 49.38°N, 89.0°E 2150 Larix sibirica
2024, SM
Yamal, RU  67.3'N, 70.7°E 20 Larix sibirica
Rakowski et al. Grabie, PLT  50.04°N, 19.99°S - Quercus robur L.
2024, SM Table S1
Reference Sample Coordinates Altitude, m Tree species
AD 774 (1176 BP)
Miyake et al. 2012,  JP* 30.34°N, 130.52°E - Cryptomeria japonica
SM Table S2
Usoskin et al. 2013, DE" 50.0°N, 10.6°E - Quercus robur
Fig.1
Jull et al. 2014, SM  US 37.77°N, 118.44°W 3539 Pinus longaeva
Table S1
RU 67.52°N, 70.67°E 350 Larix sibirica
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Reference Sample Coordinates Altitude, m Tree species
Giittler et al. 2015, NZ 35.92°S, 173.79°E — Agathis australis
Table 3
Rakowski et al. PL 50.05°N, 20.10°E — Quercus robur
2015, Table 1
Park et al. 2017, SM  US 36.56°N, 118.77°W - Sequoiadendron giganteum
Table S1
Biintgen et al. 2017, IS 63.71°N, 20.12°W — Betula pubescens L.
Figure 1
Biintgen et al. 2018 PATO02, CL  32.65°S, 70.82°W 1980 Austrocedrus chilensis
Data availability PATO3, CL  41.90°S, 72.68°W 783 Fitzroya cupressoides
section
DARO1, NZ 35.92°S, 173.80°E 40 Agathis australis
DARO02, NZ 35.92°S, 173.80°E 40 Agathis australis
NEWO1, NZ 42.50°S, 171.63°W 110 Lagarostrobos colensoi
TASO1, AU  41.75°S, 145.23°E 150 Lagarostrobos franklinii
CHNO1, CN 37.45°N, 97.67°E 4019 Juniperus przewalskii
JAPOL, JP 30.33°N, 130.50°E 885 Cryptomeria japonica
PAKO4, PK  35.17°N, 75.50°E 3700 Juniperus excelsa
TIBO1, CN 31.12°N, 97.13°E 4000 Juniperus tibetica
USA02, US  35.95°N, 108.11°W 2357 Pseudotsuga menziesii
USA18, US  37.77°N, 118.77°W 3539 Pinus longaeva
ALBO1, AL  41.80°N, 20.23°E 1900 Pinus heldreichii
AUTO02, AT 46.95°N, 12.10°E 2170 Pinus cembra
CANO06, CA 54.47°N, 70.40°W 537 Picea mariana
GERO7, DE  48.80°N, 12.90°W 320 Abies alba
GRE02, GR  40.11°N, 20.97°E 2146 Pinus heldreichii
ITAQ09, IT 46.30°N, 11.03°E 1805 Picea abies
MONO3, MN 46.67°N, 101.77°E 2100 Larix sibirica
MONO09, MN 48.17°N, 99.87°E 2064 Pinus sibirica
ALTO1, RU  50.30°N, 90.30°E 2300 Larix sibirica
SUIO1, CH  46.62, 10.42°E 1250 Larix decidua
USA11, US 58.63°N, 136.47°W 425 Tsuga mertensiana
RUS04, RU  67.29°N, 70.42°E 35 Larix sibirica
RUS15, RU  72.22°N, 102.63°E 250 Larix gmelinii
RUS17, RU 69.00°N, 148.00°E 150 Larix cajanderi
RUS20, RU  67.52°N, 70.67°E 350 Larix sibirica
SWEO1, SE  68.27°N, 19.45°E 425 Pinus sylvestris
SWEO05, SE  63.16°N, 13.57°E 530 Picea abies
USA10, US  61.12°N, 147.05°W 203 Tsuga mertensiana
Uusitalo et al. 2018,  FI 46.68°N, 101.77°E 0 Pinus sylvestris
Tab. S3
Scifo et al. 2019, UK 51.97°N, 5.33°E — Quercus robur
Tab. 1
UsS 38.00°N, 119.50°W - Juniperus sp.
Pearl et al. 2020, [N} 41.76°N, 71.31°W - Chamaecyparis thyoides
Fig. 6
Hakozaki et al. 2020, JP 41.16°N, 141.24°E — Thujopsis
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Table Al. (Continued)

Reference Sample Coordinates Altitude, m Tree species
Walker et al. 2023, AU 43.48°S, 146.76°E — Athrotaxis selaginoides
Table 2
Walker et al. 2025, MN* 48.10°N, 99.22°E — Pinus Sibirica
Tab. S2
MN' 46.40°N, 101.46°W - Larix Sibirica
AD 993 (957 BP)
Miyake et al. 2013, JP 30.20°N, 130.30°E - Cryptomeria
Table S2
Fogtmann-Schulz Mojbol, DK™ 55.30°N, 9.17°E — Quercus
et al. 2017, SI
Biintgen et al. 2018  PATO03, CL  41.90°S, 72.68°W 783 Fitzroya cupressoides
Data availability DAROI1, NZ 35.92°S, 173.80°E 40 Agathis australis
section
CHIO1, CN 37.45°N, 97.67°E 4019 Juniperus przewalskii
MONO5, MN 46.67°N, 101.77°E 2100 Larix sibirica
ALTO02, RU 50.30°N, 90.30°E 2300 Larix sibirica
SWEO1, SE  68.27°N, 19.45°E 425 Pinus sylvestris
USA07, US  35.96°N, 108.11°W 2358 Pseudotsuga menziesii
Scifo et al. 2019, US 38.00°N, 119.50°W — Juniperus sp.
Tab. 1
Rakowski et al. Grabie, PL 50.04°N, 19.99°E — Quercus robur L.
2018, Tab.1
Hakozaki et al. 2020, JP 41.9°N, 141.14°E — Thujopsis
SI
Brehm et al. 2021, UK 51.75°N, 0.34°W — Quercus sp.
SM Fig. 1
Miyake et al. 2022, JP 30.20°N, 130.30°E - Cryptomeria
SM
Walker et al. 2025, MN* 48.17°N, 99.87°E — Pinus Sibirica
Tab. S2
MN* 46.68°N, 101.77°E - Pinus Sibirica
MN' 48.17°N, 99.87°E - Larix Sibirica

“Weighted average of several measurements.
+Early and late wood averaged.

Appendix B. Table of response functions

Response functions of AM™C (relative radiocarbon concentration in near-surface air, in per mil) for a
reference extreme solar particle event (ESPE) under Holocene pre-industrial conditions, computed using
the SOCOL:14C-Ex model, are available on Zenodo via the doi: doi.org/10.5281/zenodo.17397487.

Cite this article: Golubenko K, Usoskin I, Bard E, Koldobskiy S, and Rozanov E (2026). Full dynamical model (SOCOL:14C-
Ex) of “C atmospheric production and transport in application to Miyake events. Radiocarbon 1-22. https://doi.org/10.1017/
RDC.2026.10236

https://doi.org/10.1017/RDC.2026.10236 Published online by Cambridge University Press


https://doi.org/10.5281/zenodo.17397487
https://doi.org/10.1017/RDC.2026.10236
https://doi.org/10.1017/RDC.2026.10236
https://doi.org/10.1017/RDC.2026.10236

	Full dynamical model (SOCOL:14C-Ex) of 14C atmospheric production and transport in application toMiyake events
	Introduction
	Miyake events as manifestations of extreme solar particle events
	Reference ESPE
	3D dynamical chemistry-climate model SOCOL:14C-Ex
	Modeled &Delta;14C response to an ESPE
	A set of the response time profiles

	Data analysis
	Miyake events analyzed here

	Data fitting
	Statistical &chi;2 method
	MCMC approach
	An example of an analysis for 7177 BC (9126 BP)
	Estimate of extreme solar events

	Summary and conclusion
	References
	Appendix A. Inventory of the radiocarbon datasets
	Appendix B. Table of response functions



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


