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Abstract Cosmic rays and solar energetic particles pose significant risks to satellites, space stations, and
human space exploration. They also produce atmospheric radiocarbon (**C), which enters the carbon cycle and
is recorded by paleoenvironmental proxies. Miyake events, rapid increases in atmospheric '*C, first identified in
annual tree rings and later confirmed through ice core '°Be and *°Cl isotopes, are thought to result from extreme
solar activity, are seven events identified over the last 14,300 years. However, uncertainty in annual '*C
measurements limits precise inferences about their timing and magnitude. This study examines uncertainties in
'“C during two Miyake events (774 CE and 993 CE) across trees with differing uptake, storage, and allocation of
carbon. We hypothesize that tree species physiology affects tree-ring A'*C, with deciduous species recording
lagged, attenuated tree-ring A'*C relative to evergreen species. Using A'*C data from pine and larch in
Mongolia and a larger multi-species Northern Hemisphere data set, we employed a Bayesian framework to
estimate the timing, duration, and magnitude of these two events. Our AMS results showed no differences in
A'C between evergreen and deciduous species growing at similar sites during the 774 CE event. The 993 CE
event was variable, but parameter estimates were consistent between species. Northern Hemisphere
comparisons indicated that annual series of A'*C from evergreen and deciduous conifers yielded relatively more
precise modeled estimates of start date and duration relative to deciduous broadleaf species. Future studies
should consider the role of species-specific carbon allocation strategies and storage dynamics in determining the
radiocarbon response to Miyake events.

1. Introduction

Cosmic rays and solar energetic particles (SEPs) pose significant threats to satellites, space stations, and human
space exploration. These particles interact with the Sun's magnetic field, the Earth's geomagnetic field, and the
Earth's atmospheric components, resulting in the creation of radioisotopes such as radiocarbon (**C), beryllium-
10 ("°Be), and chlorine-36 (*°Cl), which leave paleo-environmental signatures in tree rings and ice cores. Rapid
increases in past atmospheric '“C concentrations, first identified in annual tree ring series (Miyake et al., 2012)
and later confirmed as single-year events in '°Be and *°Cl from ice cores (Koldobskiy et al., 2022; Mekhaldi
et al., 2015, 2021; Usoskin et al., 2013), provide indirect evidence for studying extreme solar events in the past,
essential for evaluating risks associated with severe space-related hazards in our technology-dependent society.

Since the initial discovery of the 774 CE Miyake event, there has been replication of three events: 774 CE
(1176 Cal BP), 993 CE (957 Cal BP), and 663 BCE (2610 Cal BP), limited replication of three events: 12,350
BCE (14,300 Cal BP), 7175 BCE (9125 Cal BP), and 5259 BCE (7209 Cal BP), and three proposed extreme 4c
production events: 1052 CE (898 Cal BP), 1279 CE (672 Cal BP), and 5411 BCE (7360 Cal BP) (Bard
et al., 2023; Brehm et al., 2021, 2022; Miyahara et al., 2022; Miyake et al., 2012, 2013, 2021; Park et al., 2017,
Sakurai et al., 2020; Scifo et al., 2024). These '“C production events span 14,300 years and show varying
magnitudes based on cosmogenic isotopes in ice cores and tree rings. While estimates of past '“C production vary,
some of these past events were ~50 times stronger than the benchmark February 1956 event (Cliver et al., 2022;
Golubenko et al., 2025; Rakowski et al., 2022; Usoskin et al., 2013, 2020). The Carrington Event that occurred
during September 1859, the strongest solar flare in the observational record, may leave a weak but detectable
signal in high latitude conifers relative to those at low latitudes (Uusitalo et al., 2024), supporting the application
of '*C in tree rings as a proxy for past solar eruptive events.
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Tree-ring reconstructions of past '*C production at the annual time scale rely on uniform carbon uptake and same-
season allocation of carbon to wood across tree species and regions. However, '*C in tree rings often shows
variability among sites and samples (Miyake et al., 2022; Panyushkina et al., 2024; Uusitalo et al., 2018). This
variability might result from a range of factors, including atmospheric mixing (Uusitalo et al., 2024) and species-
specific differences in carbon uptake, storage and allocation to wood, which can all influence the incorporation of
radiocarbon over time. Variations in leaf phenology and longevity can lead to different periods of carbon gain and
may affect the annual course of nonstructural carbohydrates (NSC) in trees (Palacio et al., 2007). Recent studies
show that trees store NSCs, such as sugars and starches, which can be repurposed for growth in subsequent
seasons (Dietze et al., 2014). These reserves help plants survive under stress and recover from disturbances. The
timing and amount of stored versus recently photosynthesized carbon allocated to annual ring growth is uncertain
and is likely influenced by factors such as ring anatomy (McDonald et al., 2019), tree stress (Carbone et al., 2013),
and species-specific traits (Kagawa et al., 2006; Kudsk et al., 2018). The carbon origin (i.e., stored vs. new) may
impact paleosolar studies of '“C that rely on annually to sub-annually resolved tree ring measurements to confirm
the timing of past events, identify phase of the 11-year solar cycle, and use latitudinal differences to confirm a
solar origin.

Although numerous studies have focused on the timing and magnitude of past Miyake events (Kudsk et al., 2018;
Park et al., 2017; Sakurai et al., 2020; Zhang et al., 2022), less attention has been paid to uncertainties related to
using A '*C from various tree species and sites as a proxy for atmospheric '*C variability on an annual scale. Delta
4C (A™C), the ratio of *C:"*C relative to a modern standard, corrected for fractionation and decay, accounts for
the tiny fraction of 1€ relative to other species of carbon in wood. Several studies have noted the potential effects
of different carbon allocation strategies on A'™C in annual tree rings (Carbone et al., 2023; Furze et al., 2019;
McDonald et al., 2019). One recent study using the 20th century bomb pulse in '“C indicates delays in NSC
allocation for a ring porous species (Kromer et al., 2024). However, sample size was limited and the year-to-year
change in atmospheric '*C during the 1960s was both larger in magnitude (Hua et al., 2013) and at the same time
less abrupt than for Miyake events. The nearly instantaneous nature of Miyake events relative to tree growth
combined with the abundance of annual A'*C tree ring samples analyzed over these events present a unique
opportunity to assess how carbon uptake, storage and allocation in different species influences the reliability of
tree rings as an annually resolved proxy for past extremes in "*C production, as well as improving calibration
curves for C- dating (Heaton et al., 2020).

In this study, we address sources of uncertainty in annual '“C measurements between different tree species using
A'¥C measurements and model-based inferences of start date, duration, phase of the 11-year solar cycle, and "*C
excess production of the two best replicated extreme SEP events (774 CE and 993 CE). We hypothesize that tree
species physiology affects tree-ring A'*C and model-based estimates of past events, with deciduous species
recording lagged and attenuated '*C production relative to evergreen species. We contribute new A'*C mea-
surements from annual rings of an evergreen conifer (Pinus sibirica) and a deciduous conifer (Larix sibirica) from
similar sites in Mongolia and analyze a larger, multi-species Northern Hemisphere data set that includes de-
ciduous broadleaf species. The primary goal is to advance research on annual A '*C measurements in tree rings by
examining how carbon uptake and NSC allocation to radial growth might affect modeled inferences about the
nature of past Miyake events.

2. Materials and Methods
2.1. Research Sites and Species

Cores and cross sections (n = 552) from Pinus sibirica, (Siberian pine) and Larix sibirica, (Siberian larch) were
collected from Khorgo (48.17°, 99.87°) and Uurgat (46.68°, 101.77°) in north-central Mongolia (Figure 1) be-
tween 2010 and 2014 (Hessl, Anchukaitis, et al., 2018; Hessl, Pederson, Byambasuren & Nachin, 2018; Hessl,
Pederson, Byambasuren, Nachin, & Leland, 2018). Pinus and Larix species have been widely used for measuring
annual values of A'C in tree rings (Biintgen et al., 2018; Jull et al., 2014; Rakowski et al., 2022; Uusitalo
et al., 2018). Siberian larch is a deciduous conifer with leaf longevity = 1 year and Siberian pine is an evergreen
conifer with leaf longevity estimated at 3—6 years (Schoettle et al., 1994). Leaf longevity affects the timing of
carbon uptake and allocation to wood with potential implications for annual records of '*C (Kagawa et al., 2006)
with some deciduous trees requiring stored NSCs to initiate growth prior to bud burst (Chen et al., 2022; Hinckley
& Lassoie, 1981).
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Figure 1. Overview of the Northern Hemisphere tree-ring sites included in this study: (a) sites in North America with blue points representing evergreen conifers;
(b) Eurasia with blue points representing evergreen conifers, orange points representing deciduous conifers, and gray points representing deciduous broadleaf.

Samples were collected from living trees growing in thin soils and from dead wood perched on basalt. The sites
are continental, within ~300 km of each other and have similar climate and soil conditions (Hessl, Anchukaitis,
et al., 2018; Hessl, Pederson, Byambasuren & Nachin, 2018; Hessl, Pederson, Byambasuren, Nachin, &
Leland, 2018). The chronologies extend to 668 BCE (Khorgo pine; KLP), 230 CE (Uurgat pine; ULP), 654 BCE
(Khorgo larch; KLL) and 416 BCE (Uurgat larch; ULL), with a sample depth of at least 50 samples during 770—
780 CE period and at least 62 samples during 990-1000 CE. The average interseries correlations from 700 CE-
1000 CE were 0.81 (pine) and 0.69 (larch), indicating that these series are well-dated at annual resolution.

2.2. Sample Selection and Preparation

For each species, we selected cross sections with excellent agreement with the rest of the samples of the chro-
nology (i.e., crossdating) and wide rings oriented parallel to the tangential plane to minimize contamination
between rings when sampling (Table S1 in Supporting Information S1). Each cross section was cut into 5 mm
thick radial sections, which were then sub sectioned into 3—10 mm thick lathes. We used a flexible microtome
blade to hand-section 11 individual rings per lathe centered on the 774 CE and 993 CE events. For the larch cross
sections, we separated eight rings into earlywood (EW) and latewood (LW) samples. Pine ring widths were large
enough to allow splitting 6 wide rings and homogenizing into two samples (duplicates). Tree-ring samples,
weighing approximately 10-60 mg, were stored in polypropylene tubes labeled with the year and tree ID.

To remove mobile compounds and retain only holocellulose, we used a modified base-acid-base-acid-bleaching
(BABAB) procedure (Némec et al., 2010; Southon & Magana, 2010). Samples were soaked overnightin 1 ml 1 M
NaOH at 75°C and then treated with 1 M HCI and 1 M NaOH for 1 hr each at 75°C. For larger samples, an
additional 30-min NaOH treatment was applied. This process removed waxes, fats, oils, and soluble compounds.
Next, samples were bleached with 50 ml 1 M HCl and 50 ml 1 M NaClO, at 75°C for 6 hr, with a second short
bleaching required for some samples. After bleaching, the samples were washed with Milli-Q water, dried under a
chemical vent hood, and stored in a vacuum desiccator to prevent moisture collection. The final product was pure
holocellulose.

2.3. AMS Sample Analysis

Samples were sent to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) laboratory at the
Woods Hole Oceanographic Institution for radiocarbon analysis. Pretreated samples were combusted to generate
CO,, which was then reduced into graphite through an automated process. Hydrogen served as the reducing agent
to facilitate the carbon reduction. The graphite was compressed into aluminum targets and analyzed using a
continuous flow accelerator mass spectrometer, model 1.5SDH-1. Samples were normalized using OX-I and
known standards, with blank corrections applied using radiocarbon-free potassium hydrogen phthalate. At
NOSAMS, the primary reference material for '“C measurements is NBS Oxalic Acid I (NIST-SRM-4990), which
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is used for normalization. Each batch of processed samples includes an appropriate blank and a secondary
standard analyzed concurrently for validation.

NOSAMS measures internal statistical error using the total number of '*C counts measured for a target and
external statistical error based on the "*C/'*C of each sample repeated 10 times over the course of a run. The
reported error for A'*C of each sample is the larger of the two, propagated with errors from normalizing and blank
subtraction (“Methods-NOSAMS,” 2023; Stuiver & Polach, 1977). All radiocarbon data from NOSAMS are
listed in Table S2 in Supporting Information S1.

For the site-level analysis in Mongolia, we also included three A'*C series (MONO3, MONO5 and MON09) from
the same sampling locations previously published in Biintgen et al. (2018) (Table S1 in Supporting Informa-
tion S1). We found no significant difference in mean A'™C values between labs (NOSAMS and the ETH Zurich)
(p > 0.05). Thus, we combined these measurements and errors with those from this study by calculating weighted
means and weighted standard errors using inverse-variance weighting for each species and year (Gatz &
Smith, 1995; Harrell, 2025; Heckert & Filliben, 2003).

We combined our new A'*C measurements with published data from the Northern Hemisphere (Table S2 in
Supporting Information S1) and separated the series into evergreen conifers, deciduous conifers (here exclusively
larch species), and deciduous broadleaf (here exclusively oak species). We excluded some Biintgen et al. (2018)
data noted as “shifted” in the original publication and excluded data from other recent publications where annual
variations in '*C were used to date or adjust the dates of samples (Kuitems et al., 2020). Given these criteria, we
added five recently published data sets to what was previously analyzed by Zhang et al. (2022) (Black et al., 2023;
Pearl et al., 2020; Rakowski et al., 2022). For data sets with repeated measurements or multiple samples within a
ring (e.g., earlywood and latewood), we summarized these using a weighted average and weighted AMS error of
the A'*C values using inverse-variance weighting. With the addition of the eight Mongolian series measured in
this study, we compared evergreen conifers (n = 27 series, 14 species), deciduous conifers (n = 13 series, 3
species) and deciduous broadleaf (n = 7 series, 2 species) for the most well-replicated Miyake events: 774 CE (32
total series) and 993 CE (15 total series) (Table S2 in Supporting Information S1). The 663 BCE event, recently
dated to 664—663 BCE, shows a non-uniform signal, potentially due to low CO, exchange between the trees and
surrounding atmosphere as well as prolonged radiocarbon residence in the stratosphere (Panyushkina
et al., 2024). Panyushkina et al. (2024) advise against using the event for precise single-year dating. Given these
complexities, we excluded it from this study.

2.4. Carbon-Box Modeling

To derive cosmic production rates from raw A'*C data, we must model the global carbon cycle, which includes
radiocarbon production in the stratosphere and troposphere and its absorption by oceans and the biosphere.
Numerous competing models have been developed, each partitioning the Earth system into “boxes” that contain
reservoirs of '>C and '*C, along with carbon fluxes between these reservoirs. We combine a carbon-cycle model
with Bayesian inference techniques to estimate '*C production rates over time from tree-ring data using the
ticktack software package (Brehm et al., 2021; Zhang et al., 2022). ticktack is a Python framework for recon-
structing atmospheric '*C production rates during Miyake events using tree-ring A'*C measurements. It estimates
14C production rates by minimizing the misfit between modeled and measured A'*C values, thereby yielding best-
fit values for the parameters governing *C production in the model. ticktack's SingleFitter class fits the model to a
single time series of tree-ring A'*C measurements. The MultiFitter class fits multiple '“C time series simulta-
neously, improving efficiency and capturing variability between different series of annual A'*C measurements
(Sharma et al., 2023).

Zhang et al. (2022) used SingleFitter to estimate parameters for six Miyake events by dividing them into subsets
based on the characteristics of their A'*C production rates: those with sharp rises and those with prolonged rises.
They then compiled mean A'*C time series for each subset to estimate best fit parameters. In contrast, we
employed the MultiFitter approach (Sharma et al., 2023) to better capture the variability among series in tree-ring
AMS data, which are believed to be over dispersed (Heaton et al., 2020; Scott et al., 2023). We employed the
Brehm et al. (2021) 22-box model, simulating the carbon cycle in 11 boxes per hemisphere. For the 774 CE and
993 CE Miyake events, we applied a simple sinusoidal production model with start date, duration, phase of the 11-
year solar cycle, and total '*C production as free model parameters. To determine the values for these unknown
parameters, we sampled the parameter space and minimized misfit between the model and the data. The
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production model describes the production rate Q(f) assuming a steady state mean production rate g,. This model
includes the following components:

O(t) = gy + 0.18 5 g sin((2 # pi* (t + \@)/11 year)) + S(, 1y, A1),

Where, g, represents the baseline production rate prior to the event, ¢ indicates the phase of the solar cycle, S(z, t,,
At) denotes the profile of the Miyake event, #, is the start time of the event, and At is the event duration. Here, ¢
represents time (in years), providing the temporal framework for the production rate and event dynamics. The '*C
excess production rate S(z, ¢y, At, area) is modeled by using a super Gaussian of exponent 16. The duration is
defined in a way such that the height (or maximum amplitude) of the super Gaussian is equal to area/duration.
This model assumes a solar origin; however, since most of the series are 11 years or less, it limits the solar
parameters to just the phase of the 11-year solar cycle, with the amplitude of solar modulation fixed at 0.18 * g,

To compare Mongolian pine (evergreen) and larch (deciduous), we modeled each species separately, focusing on
how their growth habits affect estimates of past '*C event timing, duration, phase of the 11-year solar cycle, and
production. Similarly, at the Northern Hemisphere scale, we used the MultiFitter approach in ticktack for each
species grouping (evergreen conifers, deciduous conifers, and deciduous broadleaf).

3. Results
3.1. Mongolian Species A'*C Comparison

Individual samples of the Mongolian pine and larch A'*C maintain similar patterns for the 774 CE event though
with greater variation in larch than in pine (Figures 2a and 2b). One pine sample and one larch sample show an
early rise in 774 CE (KLP4063 and ULL1006A) with the remainder of samples indicating the initial rise in 775
CE. For all pine and larch samples, the peak values in A'*C occur in 775 CE, 776 CE, and/or 777 CE after which
A'C declines. Mean annual values of A'C for pine and larch record similar timing, peak in A*C, and overall
pattern of the event (Figure 3a). In the mean series, the greatest rise in A'*C occurs between 774 and 775 CE for
pine (12.07%o, SE = 2.79%o) and for larch (12.00%o, SE = 2.92%0), where SE includes propagated uncertainty
among the two years of measurements.

For the 993 CE event, individual samples of A'*C from pine and larch are more variable than for the 774 CE
event, with larch showing the greatest variation (Figures 2c and 2d). Mean annual values of A'*C for both pine
and larch show a less abrupt rise in A'*C compared to the 774 CE event (Figures 3a and 3b), with larch showing a
rise beginning in 992 CE and in pine showing no significant departure until 994 CE. In pine, A'*C values remain
enriched through 999 CE, whereas in larch, they decline after 996 CE. The overall rise in pine from 992 to 999 CE
is 7.16%o (SE = 2.41%0 where SE includes propagated uncertainty among 992 and 999 values), while in larch the
rise from 992 to 996 CE is 10.16%0 (SE = 2.33%0, where SE includes propagated uncertainty among 992 and 996
values).

3.2. Modeling '*C Production Using Two Mongolian Conifers

We used ticktack to evaluate whether differences in the physiology of two Mongolian conifers affect estimates of
the timing, duration, and '*C production of Miyake events inferred from fitting a carbon cycle box model to tree-
ring A'*C measurements. Posterior parameter distributions represent the probability distributions of parameter
values, where the peaks (modal values) indicate the values with the highest likelihood of being true given the
A'¥C measurement series.

The posterior parameter distributions (Figures 4a—4d) and modal values (Table S4 in Supporting Information S1)
for pine and larch during the 774 CE event are remarkably similar between species for start date (modes for
pine = 774.53 CE, 95% CI of [773.71, 774.96] and larch = 774.55 CE, 95% CI of [774.05, 774.77]), duration
(modes for pine = 0.09 year, 95% CI of [ 0.04, 1.73 ]; larch = 0.08 year, 95% CI of [0.04, 1.28]), and production
(modes for pine = 6.02 atoms/cm?> year/s, 95% CI of [5.49, 6.68]; larch = 6.21 atoms/cm?> year/s, 95% CI of [5.78,
6.62]). Modal values for phase of the 11-year solar cycle are also similar (pine = —0.65 ¢ year, 95% CI of [—3.06,
2.15]; larch = 1.11 ¢ year, 95% CI of [0.11, 2.25), though the distribution is wider for pine compared to larch.
There is a consistent negative correlation between estimated parameter values for start date and duration across all
models runs for each species (Figures S1 through S10 in Supporting Information S1).
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Figure 2. Annual A'™C measurements of Siberian pine and Siberian larch during the 774 CE (a, b) and 993 CE (c, d) events,
with error bars representing the instrumental error in A'*C for each sample as reported by National Ocean Sciences
Accelerator Mass Spectrometry and the ETH Zurich. Gray lines are previously published A'*C values from Northern
Hemisphere sites (Black et al., 2023; Brehm et al., 2022; Biintgen et al., 2018; Fogtmann-Schulz et al., 2017; Jull et al., 2014;
Miyake et al., 2012, 2013; Pearl et al., 2020; Rakowski et al., 2015, 2018, 2022; Scifo et al., 2019; Uusitalo et al., 2018).

Posterior parameter distributions for the 993 CE event generally have wider distributions compared to those of
774 CE, consistent with the large variation in the measured A'*C data and the slow rise in measured A'*C values
(Figures 4e—4h, Table S5 in Supporting Information S1). This is especially true of pine, where the density plots for
start date, duration and production are broad (Figures 4e—4h). Modal values for phase of the 11-year solar cycle
are similar between the two species (pine = 0.32 ¢ year, 95% Cls of [—2.36, 1.87]; larch = 0.38 ¢ year, 95% ClIs of
[0.05, 1.60]), as are production (pine = 2.94 atoms/cm? year/s, 95% Cls of [2.06, 16.38]; larch = 2.56 atoms/
cm? year/s, 95% Cls [2.10, 2.93]), though the distribution of the posterior estimate of the '*C-excess production in
larch is considerably narrower.

3.3. Northern Hemisphere Modeling

Using methods similar to those applied for Mongolian larch and pine, we used ticktack to evaluate whether
differences in the physiology of evergreen conifer, deciduous conifer and deciduous broadleaf species from a
larger Northern Hemisphere data set affect modeled estimates of the timing, duration, and '*C excess production
of Miyake events. Before the Miyake event, the estimated A'*C baseline for years (770-773 CE, 990-992 CE)
showed good agreement with the raw A'*C data across species groups, noting that there were only three series of
deciduous broadleaf trees for the 774 CE event (Figures S11 through S12 in Supporting Information S1). Modeled
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Figure 3. Weighted mean (circles) and weighted standard error (bars) of A'*C from annual measurements of Siberian pine
(blue) and Siberian larch (orange) during 774 CE event (a) and the 993 CE event (b). Note that where replicate values cluster
tightly, the propagated error diminishes accordingly. Thus, for pine in 771, 773, and 780, and 990 CE, the sample AMS
measurements and their errors were similar (see Figure 2a), resulting in propagated error that is less than instrument error.
The instrumental error reported by National Ocean Sciences Accelerator Mass Spectrometry is plotted for the single pine
measurements in 770 CE (KLP9034 + 1.65%o¢) and 991 CE (KLP5091; +1.36%o).
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Figure 4. Kernel density plots of posterior distributions for start date, duration, phase of the 11-year solar cycle, and '“C excess production from Mongolian Siberian pine
(n = 2) and Siberian larch (n = 3) AC data sets for the (a—d) 774 CE event and (e-h) 993 CE event.
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Figure 5. Kernel density plot of posterior distributions for start date, duration, phase of the 11-year solar cycle, and "*C excess production from Northern Hemisphere
AlC (Black et al., 2023; Brehm et al., 2022; Biintgen et al., 2018; Fogtmann-Schulz et al., 2017; Jull et al., 2014; Miyake et al., 2012, 2013; Pearl et al., 2020; Rakowski
etal., 2015, 2018, 2022; Scifo et al., 2019; Uusitalo et al., 2018) and Mongolian Siberian pine and larch AY™C data set comparing evergreen conifer (n = 27), deciduous
conifer (n = 13) and deciduous broadleaf (n = 7) data sets for the (a—d) 774/775 CE event, (e~h) 993/994 CE event.

A'"C time series also captured the observed timing of the initial rise in measured A'“C among evergreen conifers,
with a gradual rise beginning in 774 CE and continuing to 776 CE (Figure S11a in Supporting Information S1).
For deciduous conifers, the modeled increase in tree ring A'*C starts later with an abrupt rise placed at ~775 CE
(Figure S11c in Supporting Information S1). In contrast, measured A'*C in broadleaf deciduous trees document a
rise in 775 CE, with a peak in 776 CE, but the model indicates an abrupt rise at ~775.3 CE, likely due to the
elevated values in 776 and 777 CE.

These patterns in the timing of the modeled A'*C time series are reflected in the posterior distributions for the start
date. In the case of 774 CE, the model produces a distribution of start date for deciduous broadleaf that is much
broader than the other groups and, though the distribution for start date overlaps with uncertainty of the other
groups, modal start is delayed by approximately 1 year (evergreen conifer = 774.3, 95% CI of [774.14, 775.27],
deciduous conifer = 774.6,95% CI of [774.15, 774.62] deciduous broadleaf = 775.3,95% CI of [774.32, 775.34])
(Figure 5a, Table S4 in Supporting Information S1). A subset of evergreen conifers also produces a secondary and
later modeled peak in the start date that affects the shape of the distribution for this group. Five series contribute to
this secondary peak: three series from coastal Washington (Black et al., 2023), one series from Sweden (Biintgen
et al., 2018) and one series from coastal Japan (Biintgen et al., 2018), each with modal start dates of ~775 CE or
~776 CE (Figure S13 in Supporting Information S1). For the 993 CE event, evergreen and deciduous conifers
produce similar modal values for the start date (Figure Se, Table S5 in Supporting Information S1), though these
are broader and less certain than for the 774 CE event. The distribution of parameter estimates for start date among
the deciduous broadleaf is broad and bimodal, with a lower peak in ~992 CE and a higher peak in ~994 CE.
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Again, modal values are ~1 year later than for the other two species groups, though all distributions overlap
within the 95% confidence intervals (Table S5 in Supporting Information S1).

For most species groups and both events, the distributions of event duration are centered close to 0 with long tails
skewed toward longer durations (Figures 5b and 5f, Tables S4 and S5 in Supporting Information S1). For the
evergreen conifer in 774 CE and for deciduous broadleaf groups in 993 CE, the distribution of duration estimates
is bimodal and in both cases, this reflects the bimodal distribution of modeled start date. The distributions of the
posterior estimate of the 11-year solar cycle phase are broadly comparable among the species groups for both
events (Figures Sc and 5g). Model estimates suggest that the 774 CE event occurred shortly after a solar minimum
(modal values for 774 CE evergreen conifer = 1.56¢ year, 95% Cls of [0.88, 2.30], 774 CE deciduous
conifer = 0.70¢ year, 95% Cls of [0.06, 1.56], and 774 CE deciduous broadleaf = 1.58¢ year, 95% CIs of [0.26,
2.57]), while model estimates indicate the 993 CE event occurred right before or during a solar minimum (modal
values for 993 CE evergreen conifer = —2.49¢ year, 95% CIs of [-3.18, —1.74] 993 CE deciduous
conifer = —1.91¢ year, 95% ClIs of [—2.75, 0.17] and 993 CE deciduous broadleaf = 0.14¢ year, 95% ClIs of
[0.01, 2.06]) (Figure 5g).

Modal values for '*C excess production for the 774 CE event are similar across all groups (evergreen
conifer = 6.24 atoms/cm? year/s, 95% CIs of [5.99, 6.41] deciduous conifer = 6.14 atoms/cm?> year/s, 95% CIs of
[5.93, 6.53]; deciduous broadleaf = 6.71 atoms/cm?> year/s, 95% ClIs of [6.34, 7.21]) with all parameter values
falling within uncertainty (Figure 5d and Table S5 in Supporting Information S1). However, the distribution for
the broadleaf deciduous group is broader, reflecting less certainty relative to the other species groups. For the 993
CE event, modal estimates of production are also similar among all three groups (evergreen conifer = 2.12 atoms/
cm? year/s, 95% ClIs of [1.91, 2.36]; deciduous conifer = 2.08 atoms/cm?> year/s, 95% ClIs of [1.83, 2.65]; and
deciduous broadleaf = 2.64 atoms/cm’ year/s, 95% ClIs of [2.30, 3.42]) (Figure Sh) Again, the conifer groups
produce narrower distributions of production compared to the deciduous broadleaf group which produced a
highly skewed distribution with the tail extending to ~5 atoms/cm year/s.

4. Discussion

Our study demonstrates that the evergreen and deciduous conifers growing at similar sites exhibit similar patterns
of radiocarbon uptake and allocation to wood during Miyake events. Since some evidence indicates that early-
wood formation in deciduous conifers occurs around the time of budburst (Barbaroux & Bréda, 2002; Epron
et al., 2012; Hinckley & Lassoie, 1981), we expected to observe a delay in the timing of Miyake events as
recorded by deciduous conifers. Instead, our study of two species from similar sites demonstrates surprising
synchronicity, especially for the 774 CE event, likely a result of the shared wood anatomy and carbon allocation
strategies among conifers (Chen et al., 2022; Hinckley & Lassoie, 1981). In European larch, needles emerge just
2-3 weeks prior to stem growth (Moser et al., 2010; Rossi et al., 2009), suggesting that the timing of uptake and
allocation to wood may be more closely aligned than previously thought. However, recent studies of NSCs in
conifers suggest that “old” stored carbon compounds generated in previous growing seasons contribute to new
wood formation (Epron et al., 2012; Peltier et al., 2023; Von Felten et al., 2007), particularly when trees are under
stress. Because the Siberian larch and Siberian pine sampled here were growing under similarly stressful con-
ditions (Hessl, Anchukaitis, et al., 2018; Hessl, Pederson, Byambasuren & Nachin, 2018; Hessl, Pederson,
Byambasuren, Nachin, & Leland, 2018), these effects would not be distinguishable between the two species.
However, one larch and one pine series show an early start for the 774 CE event relative to other series from the
same sites, suggesting that variability between individual trees may impact the results. Additional studies on how
old NSCs contribute to cellulose in the wood of stressed trees, typical of long tree ring records, are needed.
Nevertheless, the modeled timing, duration, and inferred '*C excess production of the 774 CE Miyake event is
similar to previously published findings for Northern Hemisphere mid- to high- latitude conifers (Biintgen
et al., 2018), supporting overall same-year uptake and allocation to wood among the two conifer species we
sampled.

At the Northern Hemisphere scale, we also observed relatively similar modeled responses in timing, duration, and
excess '*C production during Miyake events across evergreen conifer, deciduous conifer, and broadleaf decid-
uous groups, though additional variation arising from latitude, elevation, local atmospheric circulation and other
regional offsets likely contributed to variation in parameter distributions (Miyake et al., 2022; Reimer et al., 2020;
Uusitalo et al., 2018). Similar to the results of Zhang et al. (2022), we found a subset of trees that result in a
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delayed rise (start date) in modeled '“C production for the 774 CE event. We observe that a small subset of
evergreen conifers created secondary peaks in modeled start dates and consequently variable event durations. The
coniferous series from Sweden, along with those from coastal locations in Washington and Japan (Black
et al., 2023; Biintgen et al., 2018), had a delayed rise and modeled start date for the 774 CE event (Figure S13 in
Supporting Information S1). Both Japan and western Washington are located near regions of upwelling of old,
14C-depleted water. Variable coastal winds carrying this depleted CO, could impact radiocarbon signals by
mixing this old carbon with that produced during the Miyake event (Appenzeller et al., 1996; Braziunas
etal., 1995; Nakamura et al., 2013). The outlier observed in the Sweden series could result from a range of factors,
including altitude, soil respiration, or wind speeds (Reimer et al., 2020; Rodgers et al., 2011; Schuur & Trum-
bore, 2006). The evergreen conifers included in this study span a wide range of latitudes (30.33°-68.50°), species,
and environmental conditions. In contrast, the deciduous conifer group, comprising a single genus (larch) from a
narrower range of high latitudes (46.67°N-72.22°N), yield more precise parameter estimates. The variations
observed here point to site-specific conditions that likely complicate the detection of uniform event signals across
different geographic locations, especially when single sites with limited samples are used for reconstructing
paleo-solar events.

Compared to conifers, the deciduous broadleaf series, here made up of ring-porous oaks, produces more variable
modeled responses to both Miyake events, noting that there is less replication for this group. While the posterior
parameter distributions for deciduous broadleaf series overlapped with the 95% ClIs of the conifers, the oak series
resulted in wider posterior distributions and therefore reduced model precision for some parameters. Among the
conifer groups, the deciduous conifers (here larch species exclusively) produced narrower posterior distributions
in most cases, though results were similar to the much larger evergreen conifer group. We argue that these
differences in parameter distributions are due to how different tree types make use of non-structural carbohydrates
in wood formation. Unlike conifers, ring-porous species rely heavily on the storage of NSCs since they must draw
upon these reserves to initiate water transport prior to bud break (Barbaroux & Bréda, 2002; Epron et al., 2012;
Hinckley & Lassoie, 1981). Deciduous broadleaf species have higher total NSC concentrations than evergreen
conifer species, and in comparisons between species, some of the highest NSCs in wood have been observed in
oak (Richardson et al., 2013). In one study, oaks stored nearly four times the amount of NSCs in wood compared
with pine (Richardson et al., 2015). Additionally, a recent study of the age of carbon in earlywood and latewood
portions of annual oak rings during the mid-20th century bomb pulse indicated that the earlywood cellulose of
oaks carried up to 50% of the atmospheric "*C signal from the previous 1-2 years (Kromer et al., 2024). In
conifers, carry-over from previous years was lower but extended into latewood in some species (Kromer
et al., 2024). We note that in the Kromer et al. study, the authors took the novel step of removing rays from their
oak samples. Rays cross ring boundaries and store carbon from previous years, suggesting that carry-over in other
studies where rays were not removed could be larger. Other studies of oak during the bomb pulse also indicate
some allocation of previous year(s) carbon to earlywood (Kudsk et al., 2018; Olsson & Possnert, 1992). Among
the oak data used here, only one study (Fogtmann-Schulz et al., 2017) separated the EW and LW fractions in oak
during a Miyake event. They observed that the LW portion recorded a rapid rise between 993 and 994 CE, but the
EW portions were delayed by 1 year, that is, between 994 and 995 CE (Fogtmann-Schulz et al., 2017). These
results and our observations support the idea that '“C signals in ring-porous oaks could be delayed, with potential
impacts on estimates of both event timing and modeled radiocarbon production. Additional studies of earlywood
versus latewood formation in broadleaf species may improve estimates of the timing and '*C production of past
Miyake events.

Delayed signals in oak and variability in conifers from different sites were also observed in the less-well repli-
cated 663 BCE Miyake event (Panyushkina et al., 2024). Comparing chronologies from a Japanese cedar, German
oak, and two larch chronologies, one from Siberia and one from central Asia, Panyushkina et al. (2024) and others
observed that the event was recorded over 2-3 years, though the records were not uniform. When modeled using
ticktack, Panyushkina et al. (2024) observed that oak resulted in a delayed start, a more gradual rise in 14C, and,
unlike this study, a lower production rate relative to the conifer species, which maintained a more coherent
response despite their latitudinal range of more than 30°. Even for the conifer species, however, the modeled start
date, duration, and production of the event varied across sites, with high latitude Yamal larch documenting the
most abrupt spike and the highest estimated production (4.5 times background). Several variables likely interact
to generate this observed '*C variability in conifer wood, including differences in latitude and altitude with their
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effects on tropospheric "*C concentration, tree phenology (uptake and allocation to wood), and the amount and
age of stored NSCs used during wood formation.

5. Conclusion

In this study, we integrated new A'*C tree-ring data from Mongolia together with additional Northern Hemi-
sphere A'C tree-ring data sets to assess how tree functional traits influence Bayesian model estimates of
radiocarbon production during Miyake events. We found little difference in the overall timing or pattern of
measured A'*C, or in modeled '*C production in evergreen conifers and deciduous conifers growing under
similar environmental conditions, likely due to their similar process of wood formation and carbon allocation
strategies. We note however that the for the 993 CE event, with a lower signal to noise ratio in the '“C data,
parameter estimates were highly variable across groups. In a larger Northern Hemisphere data set, we observed
general agreement in estimates of radiocarbon production across groups though deciduous broadleaf species
produced less certain modeled estimates of start date, duration, and production. These differences highlight the
role of species-specific carbon allocation strategies and storage dynamics as well as the effect of low signal to
noise ratio in determining tree-ring records of radiocarbon during Miyake events. Similar to previous studies
(Biintgen et al., 2018; Heaton et al., 2020), we observed that the 993 CE event, as recorded by trees, exhibited a
different character from the 774 CE event, with more gradual changes in A'*C values and greater variability
among sampled trees. Some of this variability may be attributable to the physiology of tree species, latitudinal
variation in "C concentration, or seasonality of the event. Further research into these potential sources of
variation across events is warranted. Future '*C studies of past Miyake events and recent bomb-pulse studies
using annually or sub annually dated tree rings should carefully consider the potential for uncertain signals in ring-
porous species. Additional experiments designed to disentangle key sources of variation within the individual tree
(e.g., physiology, phenology, stress), and from the production and circulation of '“C, are required to improve our
interpretation of annual and sub-annual measurements of '*C from tree-rings in the context of past solar proton
events.

Data Availability Statement

The tree-ring measurement data used to identify appropriate samples for AMS analysis in this study are archived
at the WDS Paleo hosted by the NOAA National Centers for Environmental Information, and are published in
Hessl et al. (2014, 2025a, 2025b), Hessl, Anchukaitis, et al. (2018), Hessl, Pederson, Byambasuren and
Nachin (2018), Hessl, Pederson, Byambasuren, Nachin, and Leland (2018). AMS radiocarbon data generated by
this study are provided in Supporting Information S1.
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