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Abstract The manifestation of extreme solar proton events (SPEs) in Beryllium‐10 (10Be) ice core data
contains valuable information about the strength and incidence of SPEs or local characteristics of the
atmosphere. To extract this information, the signals of enhanced production of cosmogenic 10Be due to the SPEs
have to be detected, hence distinguished from the variability of the background production by galactic cosmic
rays (GCRs). Here, we study the transport and deposition of 10Be from GCRs, using the ECHAM/MESSy
Atmospheric Chemistry climate model, and discuss the detectability of extreme SPEs (similar to the CE 774/775
SPE) in 10Be ice core data depending on the ice core location, seasonal appearance of the SPE, atmospheric
aerosol size distribution and phase of the 11‐year solar cycle. We find that sedimentation can be a major
deposition mechanism of GCR generated 10Be, especially at high latitudes, depending on the aerosols to which
10Be attaches after production. The comparison of our results to four ice core records of 10Be from Greenland
and Antarctica shows good agreement for both 10Be from GCRs and solar energetic particles (SEP). From our
results we deduce that the location of detection and the season of occurrence of the SPE have a considerable
effect on its detectability, as well as the aerosol size distribution the produced cosmogenic nuclides meet in the
atmosphere. Furthermore, we find that SPEs occurring in the phase of highest activity during the 11‐year solar
cycle are more detectable than SPEs that arise in the phase of lowest activity.

Plain Language Summary Solar proton events are eruptions of particles from the Sun that can cause
an increased production of Beryllium‐10 in Earth's atmosphere. This increase can be detected in ice cores, which
can tell us about the dynamics of the Sun or local characteristics of the atmosphere. To detect solar proton events
in ice cores, the signal must be distinguished from the background production of Beryllium‐10 from galactic
cosmic rays, because the two signals can be very similar. Here, we used a climate model to study the deposition
of Beryllium‐10 from galactic cosmic rays and simulated the detectability of solar proton events in ice cores for
different locations, months of occurrence, sizes of aerosols in the atmosphere, and phases of the 11‐year solar
cycle. We found that sedimentation can be a major deposition mechanism for Beryllium‐10, especially at high
latitudes. We also found that the season of the solar proton event has a big impact on its detectability.
Furthermore, we show that solar proton events that occur during high solar activity are more easily detected than
events that occur during a phase of low activity. The findings are useful to improve the interpretation of
Beryllium‐10 ice core records.

1. Introduction
Various cosmogenic nuclides, for example, Beryllium‐10 (hereafter 10Be), Beryllium‐7 or Carbon‐14 (hereafter
14C), are constantly produced by nuclear reactions of energetic particles, that is, galactic cosmic rays (GCRs) and
solar energetic particles (SEPs) (e.g., Masarik & Beer, 1999), with molecules of the atmosphere. While GCRs
produce cosmogenic nuclides continuously, extreme SEP events contribute to the production of massive amounts
of cosmogenic nuclides in the atmosphere sporadically. This could lead to significant peaks of the 10Be con-
centration in natural archives, such as ice cores from Antarctica and Greenland (e.g., Mekhaldi et al., 2015; Sigl
et al., 2015) or of the 14C concentration in tree rings (e.g., Miyake et al., 2012, 2013). Due to the long half‐life of
10Be (1.387 million years), it conserves the imprints of the cosmogenic isotope on quaternary timescales in the
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polar regions where ice cores can be extracted. The concentration of 14C in tree rings, in contrast, can be extracted
over a broad range of latitudes, but has a lower temporal extension due to the shorter half‐life of 14C (approx.
5,730 years).

One of the most intense SPEs of the last two thousand years is the CE 774/775 SPE (Miyake et al., 2012), which
has been subject to multiple studies (e.g., Mekhaldi et al., 2015; Melott & Thomas, 2012; Spiegl et al., 2022;
Usoskin et al., 2013). Other SPE candidates have been detected as well in natural archives, for example, for BCE
7176 (Brehm et al., 2022; Paleari et al., 2022), BCE 5410 (Miyake et al., 2021), BCE 5259 (Brehm et al., 2022),
BCE 660 (O’Hare et al., 2019; Park et al., 2017; Sakurai et al., 2020), CE 1279 (Brehm et al., 2021; Miyahara
et al., 2022), CE 1052 (Brehm et al., 2021; Terrasi et al., 2020), and CE 993 (Büntgen et al., 2018; Mekhaldi
et al., 2015; Miyake et al., 2013). Common to all these studies is that the signal of the SPE in natural archives had
to be distinguished from the background variability of the cosmogenic nuclides from GCR. One important factor
in this regard is the amount (intensity) and energy spectrum (hardness) of the protons of the SPE, which de-
termines the production rate of cosmogenic nuclides (Mekhaldi et al., 2021; Usoskin et al., 2020). Mekhaldi
et al. (2021) state that it is unlikely to detect any recent SPE in 10Be from ice cores because these SPEs were not
intense and hard enough to leave an attributable imprint from GCR background. Therefore, 10Be may be only
suitable to detect a limited number of extreme SPEs (with a hard spectrum). This implies that estimates of the
occurrence rate of extreme solar storms, based mainly on 10Be (and 14C, like in the aforementioned papers),
capture only a small number of potential SPEs and the probability of extreme solar storms to hit Earth may be
greater than 10Be and 14C data imply. Note that for example, Chlorine‐36 (hereafter 36Cl), might be more suitable
to detect SPEs with a softer energy spectrum, because the relative increase of the production rate of the isotope
due to such SPEs compared to the GCR background is larger than for 10Be (Mekhaldi et al., 2021). Contrary to
10Be, 36Cl production has a production channel from low‐energy particles. More details about extreme solar
events are provided in the recent review by Usoskin et al. (2023).

To detect SPEs, the amount of cosmogenic nuclides produced by the SPE has to exceed the variability of nuclide
production by GCR due to solar modulation (e.g., the 11‐year solar cycle). The quantity of GCR production and
the energy spectrum of GCR penetrating the atmosphere of the Earth are mainly driven by heliospheric shielding
and the geomagnetic activity (Usoskin, 2017). Hence, the amount of cosmogenic nuclides produced in the at-
mosphere by GCR and thus the concentration of cosmogenic isotopes in natural archives can vary in time ac-
cording to different activity cycles of the Sun, especially the 11‐year solar cycle. In phases of higher solar activity,
with a large number of sunspots and a high modulation potential φ (which is a parametric representation of the
impact of the heliosphere on GCR (Gleeson & Axford, 1968)), the production of cosmogenic isotopes is lower,
because GCR is shielded more by the stronger magnetic field of the Sun. In phases of lower solar activity, with a
lower number of sunspots and low modulation potential φ, the production of cosmogenic isotopes is higher due to
less magnetic shielding (Usoskin, 2017). The intensity of GCR and thus the production of cosmogenic isotopes
also varies on longer time scales due to solar activity changes over decades and centuries (Usoskin et al., 2006).
Thus, because of these mechanisms the variation of the concentration of cosmogenic isotopes in natural archives
can be used as a proxy for the variability of the solar activity (Beer et al., 1994).

The variability of the concentration of cosmogenic isotopes in natural archives arises not only from solar activity
but also from (a) the transport of the isotopes in the atmosphere and (b) their deposition at Earth's surface (e.g.,
Spiegl et al., 2022). In the following this will be explained only for 10Be, because other cosmogenic isotopes are
not subject of this paper. Typically, over 60% of cosmogenic 10Be from GCR is produced above the tropopause
(Golubenko et al., 2022), with the majority of 10Be being produced in the lower stratosphere at higher latitudes
due to the structure of the geomagnetic field and the energy spectrum of GCR (Heikkilä et al., 2013). Shortly after
production, 10Be attaches mainly to stratospheric aerosols, mostly sulfuric acid droplets from the Junge layer,
which is a layer formed by photochemical oxidation of sulfur dioxide from volcanic sources at 15–20 km
(Junge, 1963). The mean radius of stratospheric aerosols is in the range from 0.05 to 0.1 μm but can also change
considerably during profound volcanic eruptions (Malinina et al., 2018). The stratospheric mean meridional
circulation, the Brewer‐Dobson Circulation (BDC), then transports and mixes the cosmogenic 10Be from lower
latitudes toward the poles (Butchart, 2014). The BDC describes the net transport of air mass in the middle at-
mosphere (which lies between the mesopause at about 90 km altitude and the tropopause) and incorporates two
components, (a) the horizontal mixing of air and (b) a mean meridional circulation (MMC), described by the
Transformed Eulerian mean (TEM) meridional and vertical residual velocities (e.g., Andrews et al., 1987;
Oberländer‐Hayn et al., 2015). Both components are driven by wave disturbances propagating upward from the

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040463

SCHAAR ET AL. 2 of 28



troposphere in the respective winter and spring seasons. These perturbations propagate as waves (mostly large‐
scale planetary) with an increasing amplitude over height until they break in the stratosphere, thereby inducing a
MMC with upward transport in the tropics as well as in the summer hemisphere and a poleward‐downward
transport in the winter stratosphere. Differences in the planetary wave generation in the Northern Hemisphere
(NH) and Southern Hemisphere (SH) troposphere finally lead to a stronger transport by the MMC in northern
winter and spring relative to the corresponding southern season (Delaygue et al., 2015; Spiegl et al., 2022).

The tropopause acts as a barrier for vertical transport toward the troposphere, thus forming a stratospheric
reservoir of 10Be above the tropopause (see e.g., Beer et al., 2012). As a result, the cosmogenic 10Be resides in the
stratosphere for a period of around 1–2 years on average (Feely et al., 1966) until it is injected to the troposphere
by stratosphere‐troposphere exchange (STE) processes. STE is associated with tropopause folds and cut‐off lows,
for example, in the vicinity of the tropospheric jets, and impacted by the strength of the BDC and tropospheric
synoptic and mesoscale variability in the extratropics (Appenzeller et al., 1996; Holton et al., 1995; Stohl
et al., 2003). After its transport into the troposphere, 10Be is transported to the surface relatively fast by vertical
convective transport, for example, at the Hadley‐Ferrel convergence zone (HFCZ), by synoptic dynamics and
small‐scale convective mixing. The residence time of aerosols in the upper troposphere ranges from 20 to 40 days,
while close to the surface it is only a few days (Yamagata et al., 2019). The mean residence time in the troposphere
as a whole thus ranges from a few weeks to a few days, depending also on the size of the tropospheric aerosols,
which covers a large range from several nanometers to 100 μm and more (Pandis et al., 1995).

The deposition of cosmogenic 10Be at the surface is determined by three mechanisms: wet deposition, dry
deposition and sedimentation.Wet deposition occurs in the lower troposphere, in regions of high precipitation and
cloud formation by impact scavenging and nucleation scavenging. Impact scavenging is defined as the atmo-
spheric washout of aerosols by precipitation from above (below‐cloud scavenging) and is the most dominant form
of wet deposition in the tropics, where (convective) precipitation is high throughout the year. Nucleation scav-
enging of aerosols describes the dissolution of aerosol particles into water droplets inside clouds (in‐cloud
scavenging), during the nucleation and growth of cloud droplets by microphysical processes that can result in
precipitation formation (Ohata et al., 2016; Tost et al., 2006). Nucleation scavenging of cosmogenic 10Be is
present, when the concentration of such aerosols carrying the isotope is large in layers of the atmosphere where
the formation of clouds happens. This is for example, the case for the storm track region, a global band in the
higher latitudes on both hemispheres, where synoptic activity is relatively high and a lot of (large‐scale) pre-
cipitation occurs. Dry deposition describes a process at the surface, where the intensity of the deposition is a result
of surface friction, influenced by for example, vegetation cover and surface roughness, and local surface winds
both controlling near surface turbulence (Kerkweg et al., 2006). In regions with low precipitation rates, like the
coastal deserts in South Africa and South America, or the polar latitudes, dry deposition can exceed wet depo-
sition and plays a major role for the deposition of cosmogenic 10Be (Field et al., 2006; Heikkilä et al., 2013).
Sedimentation, which is defined as the downward motion of particles due to gravitation, affects aerosols
throughout the entire vertical column of the atmosphere and can be an important deposition mechanism for 10Be
attached to larger aerosols.

All these effects of atmospheric transport and deposition are imprinted in the cosmogenic 10Be stored in ice cores,
as for example, shown by Zheng et al. (2020). To further extract this information and reveal more details about the
role of the mechanism involved, extended studies including computer simulations of the transport and deposition
of 10Be are required. In contrast to experimental studies with natural archives, which are often limited to yearly
resolution of the data and only few additional information about the context of the data, numerical studies allow to
control all conditions of the production, transport and deposition of 10Be fromGCR and SPE, such as for example,
the production rates of GCR and the phase of the 11‐year solar cycle, the season of the occurrence of the SPE and
the distribution of aerosols in the atmosphere. The use of a numerical model allows us to entangle the several
factors combined in the signals in natural archives, produce high resolution data and compare the results to
measurements.

Former studies on this subject (e.g., Field et al. (2006) with the NASA GISS Model E General Circulation Model
(GCM), or simulations by Heikkilä et al. (2008) using the ECHAM5‐HAM climate model) have provided
important contributions to the current knowledge of the global atmospheric distribution and deposition patterns of
10Be from GCR under changing solar, geomagnetic and atmospheric conditions, such as the Maunder Minimum
(Heikkilä et al., 2008), higher CO2 concentrations in the atmosphere or a geomagnetic minimum (Field
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et al., 2006). Both studies agree that, although the concentration of 10Be in ice cores is strongly affected by
production, the inference of changes in the production signal from natural archives is complex, since it is
influenced by multiple factors (e.g., STE, tropospheric transport and mixing, and precipitation). However, all of
these approaches have limitations, for example, the degree of global mixing of 10Be in the atmosphere, or a coarse
vertical model resolution of 20 layers with a model top in the lower mesosphere (0.1 hPa), or an underestimation
of the lower stratospheric variability and STE. Furthermore, they do not include signals from SPEs or address
their detectability under different conditions. Sukhodolov et al. (2017) simulate the surface flux of 10Be from the
CE 774/775 SPE in ice cores, but miss wet deposition as well as sedimentation due to a simplified gaseous tracer
description. The study by Mekhaldi et al. (2021) using box outputs from a GCM gives valuable insight on the
general detectability of SPEs according to their energy spectrum and intensity, but does not include differentiated
locations, nor addresses the impact of seasonality, different aerosol settings or the phase of the 11‐year solar cycle.
In addition, the deposition model used in their study is very basic and does not include individual deposition
mechanisms like wet and dry deposition or sedimentation.

Here, we go further and extend our work from Spiegl et al. (2022) to investigate the transport and deposition of
10Be produced by GCR as the basis to study the detectability of SPEs, such as the extreme CE 774/775 SPE, under
different solar and atmospheric conditions. By analyzing targeted simulations of a 3‐dimensional chemistry‐
climate model (CCM), we will address the following topics:

1. The dependence of the deposition of 10Be on the distribution of the size of the stratospheric and tropospheric
aerosols, including the zonal‐mean and global deposition pattern of 10Be from GCR for different deposition
mechanisms in individual seasons.

2. The correlation between the vertical tracer distribution of 10Be, precipitation and wet deposition as well as the
correlation between near surface wind speed and dry deposition and the relevance of sedimentation.

3. The comparison of our model results for the CE 774/775 SPE with GCR background production to 10Be data
from ice cores at different drilling sites from Greenland and Antarctica.

4. The detectability of the CE 774/775 SPE compared to the GCR background variability for different locations,
phases of the solar cycle, seasons and aerosol settings.

In Section 2 we describe the modeling approach used as well as the methods (a) to extend our former simulations
from Spiegl et al. (2022) with time‐varying 10Be production from GCR and (b) to describe 10Be as a passive tracer
attached to aerosols with different aerosol radius distribution for the stratosphere and troposphere. In Section 3 we
discuss the modeled zonal‐mean and global deposition patterns of 10Be from GCR. Section 4 contains a com-
parison of our model simulations for the CE 774/775 SPE including a GCR background to 10Be ice core data from
Greenland and Antarctica. Additionally, we discuss in this section the detectability of the CE 774/775 SPE
depending on different GCR background conditions, the seasonal timing of the SPE occurrence, the size dis-
tribution of aerosols and the respective phase of the 11‐year solar cycle during the SPE. Section 5 includes a
summary and discussion.

2. Model Setup and Methods
As in Spiegl et al. (2022), our passive tracer experiments were carried out with the chemistry‐climate model
ECHAM/MESSy Atmospheric Chemistry (EMAC) (Jöckel et al., 2016), which is based on the European Centre
Hamburg general circulation model 5 (ECHAM5) (Roeckner et al., 2006) and the modular Earth submodel
system (MESSy) model version 2.55. The MESSy interface (Jöckel et al., 2010) is a modular submodel system
that allows the simulation of various chemical and physical processes that are important for the transport and
deposition of cosmogenic nuclides. The simulations were conducted using a horizontal/vertical resolution of
T42L47MA, corresponding to a Gaussian grid of 2.8 by 2.8° in latitude and longitude (triangular spherical
harmonics truncation of T42) and 47 layers in height (L47), with the model upper boundary at 0.01 hPa (∼80 km,
middle atmosphere). The physical parameterizations of for example, radiative transfer, are described in Spiegl
et al. (2022) and references therein. To describe the processes specific to our simulations on cosmogenic 10Be, we
incorporate several MESSy modules, explained in the following sections. Each simulation starts with a spin‐up
phase of 2 years to overcome the initial imprint of the initialization fields and stabilize the atmospheric dynamics.
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2.1. Implementation of GCR

Cosmogenic 10Be is continuously produced by GCR due to spallation of, for example, Nitrogen‐14 and Oxygen‐
16 (hereafter 14N and 16O) by energetic particles, with spatio‐temporal varying production rates (Kovaltsov &
Usoskin, 2010). The 3‐dimensional GCR‐production rates of 10Be used as input data for our simulations have
been calculated using the Particle and Heavy Ion Transport code System (PHITS) based Analytical Radiation
Model in the Atmosphere (PARMA) approach, coupled with their production cross sections from atmospheric
constituents (14N and 16O) evaluated by PHITS (Sato, Iwamoto, et al., 2018). See also https://phits.jaea.go.jp/
expacs/ and https://phits.jaea.go.jp/ for further information, Sato et al. (2008) and Sato (2015, 2016) for infor-
mation on PARMA and Lifton et al. (2014) for information on the application of PARMA for cosmogenic nuclide
production.

The data contains the daily production rate of 10Be for the first of each month for the time span 1950 to 2020 (e.g.,
1/1/1950, 1/2/1950, 1/3/1950, etc.), which is representative for every day of this time span, because on average the
daily variations of global GCR production are small compared to annual and decadal variations. The amount of
GCR reaching the magnetosphere of the Earth is directly influenced by the solar modulation potential φ (see
Section 1). The modulation potential for preindustrial time periods is not known exactly, but Usoskin (2017)
suggest that for the CE 774/775 SPE, φ is approximately between 300 and 600 MV. The production rates
associated with these historical values of φ are in good agreement with those covering the period 2009–2020, with
values approximately between 400 and 600 MV (Usoskin, 2017). Therefore, we use the production rates of 10Be
for this time span from the data as a representation of the CE 774/775 GCR background. However, we use two
different GCR background scenarios. (a) The GCRmin scenario, in which the 11‐year solar cycle (2009–2020) is
shifted such, that the simulation is near the minimum of the production rate after a spin‐up phase and (b) the
GCRmax scenario, in which the 11‐year solar cycle is shifted such, that the simulation is near the maximum of the
production rate after a spin‐up phase. The precalculated 3‐dimensional production rates are then imported to the
model using the OFFEMIS submodel (Kerkweg et al., 2006).

Figure 1 shows the GCR production rate features used in all following simulations. The left plot in Figure 1 shows
the zonal‐mean GCR‐production rate for 10Be over pressure in our simulation. The amount of 10Be produced in
the stratosphere adds up to 63% and the majority is located in the mid‐latitudes directly above the tropopause
(black line, World Meteorological Organization (WMO) definition). The panel (a) on the right side of Figure 1
shows the resulting global amount of 10Be from GCR production. The two lower panels (b) and (c) show the
variation of GCR‐production rate over the shown time interval for GCRmin and the percentage of 10Be that is

Figure 1. Left: Zonal‐mean GCR‐production rate of 10Be [mol/d] averaged over one 11‐year solar cycle (2009–2020) as a
function of latitude and pressure based on the PARMA/PHITS model. Right: (a) Global monthly mean of 10Be [mol]
produced by GCR after a spin‐up phase of 2 years (24 months) for one cycle of the 11‐year solar cycle (132 months). The
global amount shows a decadal oscillation due to the 11‐year solar cycle as well as annual oscillations resulting from seasonal
variability of deposition. (b) Global GCR production rate [mol/d] over time, with the 11‐year solar cycle (2009–2020) phase
shifted such, that the production rate is in near the minimum after the spin‐up phase. (c) Fraction of cosmogenic 10Be being
produced in the troposphere over time. Panels (a)–(c) show the GCRmin scenario. For the GCRmax scenario the plots look
identical but are shifted such, that they start with the production rate maximum.
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produced in the troposphere. It can be seen, that for lower production rates, the amount of 10Be produced in the
troposphere is higher, because the heliospheric shielding is stronger in these phases, thus the more energetic
particles from the GCR‐spectrum are more likely to reach the Earth than particles with lower energy, but then
penetrate deeper into the atmosphere, producing more 10Be closer to the surface (Beer et al., 1994). Furthermore,
the fluctuation of the production rate is higher in phases of lower production.

2.2. Implementation of SPE

Besides the continuous signatures of GCR, peaks of high isotope concentrations can be detected in natural ar-
chives as a result of particularly strong SPEs. However, the detection is only possible if the signal due to the SPEs
significantly exceeds the variability of the GCR background production. In this context, the CE 774/775 SPE, is
considered to be one of the strongest SPE during the Holocene and was first discovered byMiyake et al. (2012) by
peaks of cosmogenic 14C concentrations in tree rings from Yakushima, Japan.

In this paper, we extend the simulations for the CE 774/775 event performed in our previous study (Spiegl
et al., 2022) by introducing a fully simulated GCR background of 10Be and an improved simulation set‐up
incorporating nucleation scavenging, a variable aerosol background and a higher scaling factor of the SPE.
This extended approach allows us to investigate also the detectability of different SPEs by relating the spatio‐
temporal deposition pattern of cosmogenic 10Be produced by the SPE introduced at different months to the
background deposition pattern produced by GCR for different aerosol settings, as shown in Section 4.

As in Spiegl et al. (2022), the amount of cosmogenic 10Be produced by the CE 774/775 SPE is calculated based on
spectrum data of the January 2005 ground level enhancement number 69 (GLE#69) using the PARMA approach
(which is also implemented in the Warning System for Aviation Exposure to SEP [WASAVIES], see also Sato,
Kataoka, et al., 2018). However, this time we use a linear scaling factor of 600 instead of 130, because recent
studies fromMekhaldi et al. (2021) and Koldobskiy et al. (2023) suggest that the former medium range of scaling
factors (119–141) for the GLE#69 compared to the CE 774/775 SPE estimated in Mekhaldi et al. (2015) might be
considerably too small and the estimated fluence of the CE 774/775 SPE (>30 MeV) compared to the same
fluence for GLE#69 gives a scaling factor of around 600, which also improves the accordance of our simulations
with the ice core data.

As shown on the left side of Figure 2, the majority of 10Be from the SPE is produced above the tropopause (92%),
which is similar to the values for the strong SPE GLE#5 given in Golubenko et al. (2022), and much more than for
GCR. The reason for this is that the particle radiation of GCR is more energetic than the SEP from SPEs
(Golubenko et al., 2022) and thus penetrates deeper into the atmosphere, producing much more 10Be below the
tropopause (37% for GCR vs. 8% for SPEs).

The panel on the right side of Figure 2 shows the global amount of 10Be in the atmosphere for the CE 774/775 SPE
introduced on the first of January after two years (24 months) of spin‐up phase. The decrease of the global amount

Figure 2. Left: Zonal‐mean 10Be initial field [mol] produced by the CE 774/775 SPE. Right: Global amount of 10Be [mol] in
the atmosphere produced by the SPE introduced in January from the occurrence of the SPE (first January after spin‐up phase
of 24 months) to the almost entire decay of the signal of the SPE.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040463

SCHAAR ET AL. 6 of 28



of 10Be produced by the SPE slightly varies with the month of the tracer
introduction, because the atmospheric background conditions that control the
downward transport and deposition vary, depending on the respective season
the SPE meets (for more details see Section 2.4).

2.3. 10Be Tracer Description
10Be is described as a passive aerosol‐like tracer in the model, because the
10Be produced in the atmosphere attaches to aerosols shortly after the pro-

duction and follows its trajectories from the higher atmosphere to the surface (e.g., Delaygue et al., 2015). To
define the physical properties of our tracers, we use the submodel PTRAC (Jöckel et al., 2008), which also in-
cludes a simplified aerosol model based on a lognormal distribution representation of the aerosol particle size
(Equation 1 in Malinina et al., 2018) with mean radius R and standard deviation σ. As shown in Section 2.1, a
large amount of 10Be isotopes from GCR is produced in the troposphere (about 37%) and thus attached to
tropospheric aerosol. To account for differences in the size distributions of aerosols in the stratosphere and
troposphere, we assume that the isotopes produced above the tropopause couple to a different aerosol distribution
than the isotopes produced in the troposphere.

The isotopes produced in the stratosphere couple mainly to aerosols from the Junge layer (e.g., sulfuric acid and
water droplets) with an unperturbed size distribution (no volcanic background aerosols) of approximately
R = 0.1 μm and σ = 1.4 (Deshler, 2008). This is the stratospheric aerosol size distribution (S1) used in our
simulations. Note that this is a slight modification to Spiegl et al. (2022), where R = 0.08 μm and σ = 1.6 from
Malinina et al. (2018) was used.

The tropospheric aerosols are manifold (e.g., water droplets, sea salt, dust, pollen, volcanic aerosols) and thus
range in size from submicron to >100 μm (Pandis et al., 1995). Therefore, we tested different aerosol size dis-
tributions for the troposphere, ranging from a distribution equal to the stratospheric distribution to broader dis-
tributions including larger aerosols. The mean radius R and standard deviation σ of the tropospheric aerosol size
distributions T1, T2, T3, and T4 considered in our simulations are given in Table 1.

With these distributions, different tracer setups can be combined by summing the isotopes produced in the
stratosphere and troposphere to represent all tracers in the atmosphere, as shown in Table 2.

The purpose of the GCRmin/GCRmax tracer settings is to test the influence of the phase of the 11‐year solar cycle
(max vs. min) on the detectability of the SPE signal. The results are shown in Section 4.

For the aerosol density, we chose 1,500 kg/m3 for all simulations, to match the typical range (500–3,000) kg/m3

(Kerkweg et al., 2006). For the 10Be produced by the SPE the stratospheric aerosol size distribution S1 was
prescribed for the entire atmosphere, since the majority is produced above the tropopause (>90%, see
Section 2.2).

Due to the description of the cosmogenic 10Be as an aerosol tracer, the deposition processes (wet and dry
deposition and sedimentation) for aerosols apply. Sedimentation due to gravitational settling of the aerosol
particles throughout the whole atmosphere is considered using a zeroth order upwind scheme (implemented in the
submodel SEDI (Kerkweg et al., 2006)) with a sedimentation velocity based on the Stokes velocity corrected for
aspherical particles (Kerkweg et al., 2006). Wet deposition is described by the submodel SCAV (Tost et al., 2006)
incorporating impact scavenging and nucleation scavenging (for more details see Tost et al., 2006). Dry depo-
sition of 10Be containing aerosol particles is applied at the lowest model level. The submodel DDEP calculates dry
deposition velocities depending on the near‐surface friction, wind speed and further physical and chemical

Table 1
Mean Radius R and Standard Deviation σ of the Tropospheric Aerosol Size
Distributions Used in the Simulations

Tracer T1 T2 T3 T4

R [μm] 0.1 0.1 0.6 1.0

σ 1.4 2.0 2.0 2.0

Table 2
Combinations of Stratospheric and Tropospheric Aerosol Size Distributions Used in the Model Simulations as Different
Tracer Setups

Simulations GCRminSMALL GCRminMID GCRminBEST GCRminLARGE

Tracer Setup S1 and T1 S1 and T2 S1 and T3 S1 and T4

Note. SMALL/MID/BEST/LARGE denote the size of the tropospheric aerosol particles in the respective tracer setup.
Likewise, we define the simulations GCRmaxSMALL/MID/BEST/LARGE.
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properties of the surface cover for four surface types (vegetation, bare soil, snow and water), using the big leaf
approach as proposed by Wesely (1989). Note that there are some remaining difficulties in the description of
deposition on snow for example, due to phoretic effects which are not explicitly included in DDEP. However, the
description via bulk, empirical surface parameters should be valid on the spatial scale considered (grid points).
For more information about the dry deposition parameterization also see Ganzeveld and Lelieveld (1995),
Ganzeveld et al. (1998), and Kerkweg et al. (2006).

2.4. Description of Simulations

We performed passive tracer simulations with interactive chemistry switched off (EMAC in GCM mode) and
prescribed preindustrial boundary conditions for greenhouse gas concentrations. Boundary conditions for ozone
and sea surface temperature (SST) were prescribed as long‐term climatologies from a preindustrial (PI) control
simulation, representing the year 1850, with interactive ozone chemistry and ocean coupling to MPIOM (Pozzer
et al., 2011). The solar forcing for the PI‐run was chosen according to the recommendations of the SOLARIS‐
HEPPA initiative (Matthes et al., 2017).

In summary, we conducted an ensemble of 10 12‐year simulations, whereby the first two years of each simulation
are considered as model spin‐up. Thus, a total of 100 model years have been analyzed. During each simulation,
10Be is continuously produced according to the prescribed time‐varying GCR production rate time series, as
described in Section 2.1. As mentioned before the GCR production represents two different phases of the 11‐year
solar cycle: In one realization the minimum of the production rate is reached after the spin‐up period (GCRmin
tracers) and in the other the maximum of the production rate is reached after the spin‐up period (GCRmax tracers).

Parallel to the GCR tracers (GCRminSMALL/MID/BEST/LARGE and GCRmaxSMALL/MID/BEST/LARGE)
we defined individual tracers to simulate the impact of SPEs, allowing us to analyze the tracers from GCR and
SEP independently. The SPE tracers were included following Spiegl et al. (2022), where the 10Be tracer field,
representing the SPE, is introduced on the first day of each month (i.e., 12 times) of the first model year after spin‐
up. The 10Be tracers from the SPE are annotated according to their month of injection SPE1/…/12, meaning that
SPE1 is the tracer for which the SPE was initiated on 1 January, or SPE 3 is the tracer for which the SPE was
initiated on 1 March, and so on. Table 3 illustrates the conducted simulations.

The SPE occurs in our simulations at different months either during the maximum phase of the decadal solar cycle
(SPE1/…/12 combined with GCRmin) or the minimum phase (SPE1/…/12 combined with GCRmax).

The results of the analysis of the GCR tracers are presented in Section 3, while Section 4 focuses on the analysis of
the SPE and its detectability.

3. Deposition Pattern of 10Be Produced by GCR
The cosmogenic 10Be directly produced in the troposphere as well as the 10Be transported from the stratosphere to
the troposphere is redistributed by convective tracer transport and mixing due to the Hadley, Ferrel and Polar
cells, vertical downward transport at the HFCZ, jet streams and synoptic weather systems (Spiegl et al., 2022;
Terzi & Kalinowski, 2017). The transport within the troposphere to the surface lasts on average a few days to a
few weeks, depending also on the size of the coupled aerosols and thus sedimentation (Pandis et al., 1995). To be
more specific, in our simulations the mean residence time in the troposphere, calculated as the time required to
deposit the mean equilibrium GCR tracer concentration (deposition balances production), ranges from

Table 3
Simulations Conducted to Investigate the Transport and Deposition of 10Be From GCR for Different Aerosol Size Distributions and Phases of the 11‐Year Solar Cycle,
As Well As From SEP for Different Months of the SPE Occurrence

Ensemble simulation GCR and SPE tracers integrated Years simulated

1…10 GCR: GCRminSMALL/MID/BEST/LARGE, GCRmaxSMALL/MID/BEST/
LARGE

10 years +2 spin‐up years

SPE: SPE1/…/12

Note. Each ensemble simulation includes all GCR and SPE tracers.
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approximately 25 days for GCRminSMALL to 6 days for GCRminLARGE (GCRminMID: 16 days,
GCRminBEST: 9 days).

The residence time of the cosmogenic isotopes produced in the stratosphere, however, is much longer with values
between 1 and 2 years (Heikkila et al., 2008). In our simulations for the chosen aerosol size distribution of the
stratosphere S1 it is approximately 425 days. The reason why stratospheric 10Be forms a long‐lasting reservoir of
high tracer concentrations above the tropopause is that the tropopause acts as a barrier between the stratosphere
and troposphere impeding an effective and fast downward transport of 10Be. In the middle atmosphere, the
downward transport of 10Be is determined by the seasonality of the BDC. The transport from the stratosphere to
the troposphere occurs, for example, due to tropopause foldings (Spiegl et al., 2022). Note that the mean residence
time for 10Be from SEPwith the aerosol distribution S1 is slightly longer than the residence time of 10Be produced
in the stratosphere by GCR (approx. 14 months). This is due to the fact that cosmogenic isotopes produced by
SPEs are much more vertically distributed over the whole atmosphere than isotopes produced by GCR (compare
left sides of Figures 1 and 2).

3.1. Zonal‐Mean Deposition Pattern of 10Be

In the following, we show the long‐term annual zonal‐mean deposition pattern of 10Be for different aerosol size
distribution setups to investigate the impact of this parameter on the deposition. In Figure 3, the three main
deposition mechanisms are displayed for GCRminSMALL and GCRminBEST: wet deposition (blue), dry
deposition (green) and sedimentation (red). The overall amount of deposition is the same for GCRminSMALL
and GCRminBEST. However, the distribution among the different deposition mechanisms changes. Wet depo-
sition is dominant for both, GCRminSMALL and GCRminBEST, with four local maxima, two smaller in the
equatorial region as a result of high precipitation rates in the Inter‐Tropical Convergence Zone (ITCZ) and two
larger in the mid‐latitudes. The larger maxima originate from a combination of (a) high tracer concentration in the
troposphere due to tracer exchange across the tropopause for example, in tropopause folds at these latitudes
(Appenzeller et al., 1996; Holton et al., 1995; Stohl et al., 2003), (b) transport in the storm track region (Wernli &
Bourqui, 2002) and (c) precipitation.

The dry deposition maxima coincide with the position of the mid‐latitude maxima of wet deposition, which results
from the high tracer concentration at these latitudes. Note that changes in the spatial distribution of 10Be pro-
duction rates (e.g., due to changes of the geomagnetic field) should not qualitatively alter the deposition pattern
shown in Figure 3 considerably, because atmospheric mixing is the most important factor controlling the 10Be
deposition pattern (Heikkilä et al., 2013).

The most notable difference between the two deposition patterns is the contribution of sedimentation, particularly
in the polar regions. For GCRminSMALL, that is, the same aerosol size distribution in the troposphere as in the
stratosphere (see GCRminSMALL in Table 1: S1 and T1), the surface flux due to sedimentation is rather weak,

Figure 3. Zonal‐mean deposition for GCRminSMALL (left) and GCRminBEST (right). The area of the color for each
mechanism represents the fraction of the respective mechanism. Shown is the mean over 10 years for 10 ensemble runs (as
for all following figures).
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especially in the Antarctic region. In contrast, if considerably bigger aerosol sizes are considered in the tropo-
sphere (see GCRminBEST in Table 1: S1 and T3), sedimentation becomes the dominant deposition mechanism at
high latitudes, particularly over Antarctica, and a steady deposition background for all other latitudes. The reason
for the increase of the deposition at high latitudes, especially southwards of 80°S, is that in the BEST scenario
10Be produced in the troposphere (37% see right side of Figure 1) is deposited much closer to the places where it
was produced than in the SMALL scenario, where some of the 10Be is transported on longer trajectories to
latitudes away from the location of production (see also the different mean residence time in the troposphere of the
two scenarios mentioned before). Consequently, the maxima in the distribution of the SMALL scenario are
increased compared to the BEST scenario, because the overall deposition is the same for both distribution (but
distributed differently) and longer trajectories are more likely to end in the maxima.

To illustrate the seasonal variations of the zonal‐mean deposition, Figure 4 shows the seasonal interplay of tracer
transport, convective and large‐scale precipitation and deposition. The uppermost panel depicts the anomalies of
the monthly zonal‐mean amount fraction of 10Be versus the long‐term yearly zonal‐mean over pressure (for
GCRminBEST).

The absolute amount fraction of 10Be is highest in the stratosphere, where the majority of 10Be is produced by
GCR and vertical tracer exchange to the troposphere is limited. The seasonal change of the amount fraction in
panels (a), especially in the polar region, results from the BDC. In NH winter, the BDC transports large amounts
of 10Be toward the North Pole, leading to high amount fraction anomalies in January to May above that pole. In
NH summer, stratospheric 10Be is transported to the South Pole, increasing the amount there in July to September.
The panels (b) below show the anomalies of the tracer amount at 544 hPa, which represents the amount of tracer
that is introduced from the stratosphere to the troposphere due to STE plus tropospheric background concen-
tration, so the amount of the tracer which is available for tropospheric downward transport and deposition. The
positive near‐ground (around 1000 hPa in (a)) anomalies of the NH are in March and May, whereas the maxima
for the SH are mainly in July (near the equator) and September. The zonal‐mean precipitation shown in panels (c)
shows the seasonality of precipitation, for example, the shifting equatorial maxima caused by the motion of the
ITCZ. The equatorial convective precipitation maxima (light‐green color in panels (c)) directly correlate with the
zonal‐mean equatorial wet deposition maxima of 10Be due to washout, that is, impact scavenging. The blue
shaded area in panels (d) shows the maxima of convective aerosol wet deposition.

In the mid‐latitudes, convective precipitation leads to seasonally occurring peaks from impact scavenging, for
example, in the NH in January/March around 35°‒40°N. The zonal‐mean large‐scale precipitation (light‐blue
color in panel (c)) has less pronounced seasonal variability than the convective precipitation in the ITCZ, but, due
to the varying tracer amount caused by STE and horizontal transport in the troposphere, the wet deposition of 10Be
due to large‐scale precipitation changes considerably over the year (see large‐scale aerosol wet deposition shown
by the dark blue color in panels (d)). The overall maximum of wet deposition in the NH appears in May, where
almost no convective precipitation is present, but the large amount of tracer leads to nucleation scavenging and
downward transport from large‐scale precipitation. The overall maximum of wet deposition in the SH appears in
September to November (70°‒30°S).

To further quantify the relevance of different deposition mechanisms, their seasonality and differences between
different aerosol setups (here GCRminSMALL and GCRminBEST), Figure 5 shows the zonal‐mean ratio of each
individual deposition mechanism to the sum of all deposition mechanisms over the four seasons for GCRmin-
SMALL and GCRminBEST. The most significant difference between GCRminSMALL and GCRminBEST over
the year appears in the polar regions. For GCRminSMALL in the southern polar region, dry deposition is stronger
than sedimentation, whereas for GCRminBEST, sedimentation is almost the only relevant deposition mechanism
throughout the whole year in that region.

Wet deposition, which is the dominant deposition mechanism in the mid‐latitudes and equatorial region, drops for
GCRminBEST below 50% south of 65°S and for GCRminSMALL south of 80°S. In the northern polar region,
GCRminBEST shows a pronounced seasonal march, with a drop of the ratio of wet deposition below the ratio of
sedimentation in the winter months December, January and February, showing that the large sedimentation in the
Arctic depicted in Figure 3 is mainly a result of increased sedimentation in NH winter. Moreover, dry deposition
is increased during this time span because both mechanisms correlate with high tracer concentrations near the
surface coming from increased downward tracer transport and the absence of precipitation in that period (see also
Figures 4a and 4b for January). For GCRminSMALL the seasonal evolution is qualitatively similar, but less
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Figure 4.
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pronounced, with wet deposition being the dominant deposition mechanism throughout the whole year (except for
very high southern latitudes, especially in NH summer and autumn).

In the following figures (if not stated otherwise), we consider GCRminBEST only, because this combination of
aerosol particle size distributions for the stratosphere and troposphere is reasonable for both hemispheres (see e.g.,
Deshler, 2008; Malinina et al., 2018; Pandis et al., 1995) and gives a total deposition flux of around 100 atoms/
(m2s) at different drilling sites as shown in Table 4, which is similar to the background of the CE 774/775 SPE (ice
core data column Table 4), the approximated empirical background in Spiegl et al. (2022) and other studies by
Mekhaldi et al. (2015) or Sukhodolov et al. (2017) at these locations. The locations are drilling sites, where 10Be
ice core data was measured in Greenland from the North Greenland Ice core Project (NGRIP) and the North
Greenland Eemian Ice Drilling (NEEM), as well as in Antarctica from Dome Fuji and the West Antarctic Ice
Sheet Divide Core (WDC).

GCRminSMALL and GCRminMID underestimate the total deposition flux near the drilling sites, while
GCRminLARGE slightly overestimates the total deposition flux at these locations and generally overstates the
role of sedimentation in other latitudes (not shown). This qualitatively applies also to the GCRmax tracers (not
shown). Accordingly, GCRminBEST (GCRmaxBEST) gives the best results in comparison to empirical data of
the ice cores, as shown in detail in Section 4.

3.2. Global Deposition Pattern of 10Be

To further improve the understanding of the surface deposition of 10Be, we now analyze the mean deposition
patterns as a function of latitude and longitude. Figure 6 shows the total long‐term annual‐mean global deposition
pattern (DEP. ALL) (top left) and global patterns of wet deposition (DEP.WET), dry deposition (DEP. DRY) and
sedimentation (DEP. SEDI).

Areas of high surface deposition rates are mostly confined to the tropics and the storm track regions of the NH and
SH, with local maxima over the North Atlantic south of Greenland, over the North Pacific between Canada and
Russia, and the Southern Ocean surrounding Antarctica. The total deposition pattern shown in Figure 6 is
comparable to results for the total 10Be deposition flux shown in Field et al. (2006) and Heikkilä et al. (2013), but
with some deviation due to differences in the modeling approach and parameter settings (see Section 1). The
deposition patterns of the different deposition mechanisms are addressed in more detail in the following to work
out the relation between the local tracer amount, precipitation, surface properties, wind speed and sphere of
production (troposphere or stratosphere).

The amount of 10Be in the mid‐troposphere at 544 hPa (Figure 7, row 1) is influenced by both the seasonality of
STE as well as tropospheric dynamics, and represents the amount of tracer, which then becomes available for
further synoptic dynamics and transport in the troposphere below, nucleation scavenging and impact scavenging
due to precipitation. During the boreal spring season in March, highest concentrations of 10Be in 544 hPa occur at
NH subpolar latitudes as a result of a particularly strong downward transport from the middle atmosphere to the
troposphere (compare Figure 4).

In contrast, the SH polar latitudes depict highest tracer concentrations in January, and thus not before the austral
summer season, which can be attributed to an overall slower downward progression of the material during the SH
dynamical active period (Spiegl et al., 2022). Regions with high precipitation, especially in the tropics (see
Figure 7, row 2), are dominated by wet deposition since impact scavenging (washout by rain droplets) deposits
large amounts of 10Be at the surface. However, the overall wet deposition pattern is influenced by both the
seasonal cycle of precipitation (sink) and the tracer supply from the stratosphere (source), which is higher in the
middle to high latitudes than in the tropics. In this context, the absolute maxima of wet deposition in the NH long‐
term annual‐mean zonal‐mean (compare Figure 3) is shaped by a complex interplay of different mechanisms at
distinct geographic locations and seasons. Examples are the intense wet deposition south of Greenland in January

Figure 4. (a) Relative anomalies of long‐term monthly zonal‐mean amount fraction vs. long‐term yearly zonal‐mean of 10Be over pressure for GCRminBEST. The black
line shows the tropopause and the dotted line the position of the 544 hPa pressure level. (b) 10Be amount relative to long‐term yearly zonal‐mean for each latitude at
544 hPa. (c) Zonal‐mean precipitation relative to average over all latitudes: light green—convective precipitation, light blue—large scale precipitation, light red—snow
fall. (d) Monthly zonal‐mean deposition pattern for GCRminBEST relative to average over all latitudes (colors like in Figure 3, but wet deposition separated into
convective (blue) and large scale (dark blue) aerosol deposition).
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andMarch due to large‐scale precipitation and high synoptic activity, and the high wet deposition over Siberia and
Canada in July (see Figure 7, row 3). The absolute maxima of wet deposition in the SH, shown in Figure 3, result
from a large band of wet deposition surrounding the Antarctic continent that shows less seasonal variability than
its counterpart in the NH (compare Figures 3 and 4).

Figure 5. Ratio of the seasonal zonal‐mean deposition as a function of latitude for wet deposition, dry deposition and
sedimentation (dashed line: GCRminSMALL; solid line: GCRminBEST). The error bars indicate the standard deviation
(only for GCRminBEST). DJF means December, January, February etc.

Table 4
Long‐Term Annual Mean and Standard Deviation of 10Be Deposition Flux [Atoms/(m2s)] for GCRmin Tracers for the
Locations of Two Different Drilling Sites in Greenland (NGRIP and NEEM) and Two in Antarctica (Dome Fuji and WDC)

GCRminSMALL GCRminMID GCRminBEST GCRminLARGE Ice core data

NGRIP 26.5 ± 12.5 31.2 ± 11.9 92.1 ± 16.7 110.5 ± 13.1 98.2 ± 12.8

NEEM 29.8 ± 16.6 30.3 ± 14.6 79.8 ± 13.4 104.7 ± 14.1 90.2 ± 15.5

Dome Fuji 11.2 ± 2.7 24.2 ± 3.8 108.1 ± 12.1 122.7 ± 12.0 86.1 ± 11.3

WDC 38.4 ± 12.4 43.2 ± 11.8 117.3 ± 13.4 145.2 ± 13.1 105.4 ± 14.9

Note. Note that the standard deviation for NGRIP, NEEM and WDC stays in the same range, because it is controlled by
precipitation (wet deposition), while for Dome Fuji the variability changes with increased sedimentation flux. The values of
the ice core data column are calculated from the ice core data for the CE 774/775 SPE, after the SPE has decayed (+5 years
after the SPE, see Figures 10 and 11).
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The Pearson correlation between the wet deposition and precipitation (sum of large‐scale and convective pre-
cipitation and snowfall), shown in Figure 7 (row 4), is constant throughout the whole year, with a long‐term
global‐mean value of around 0.6 (P << 0.05), which means that 36% of the variation of the wet deposition
comes from changes in precipitation alone. For the Antarctic and the polar regions of the NH, areas of rather weak
correlations are found, for example, for January, March and September. These weak correlations have two major
reasons: (a) When the precipitation is low but the tracer concentration is high inside a cloudy atmospheric layer,
nucleation scavenging (droplet growth and subsequent in‐cloud scavenging) dominates the wet deposition pattern
without the need of rainfall. (b) When the precipitation is high and tracer concentration is low, situations occur
when a lot of rainfall will not automatically lead to pronounced wet deposition at the surface, for example, in the
tropics. Both points inhibit high correlations between wet deposition and precipitation.

Figure 8 depicts the dry deposition shaped by an interplay of near surface wind (10 m wind speed) and the
seasonality of the surface friction characterized by changes of the leaf area index. The leaf area index is controlled
by the phenological cycle and thus vegetation cover. During seasons of high vegetation cover, the leaf area index
is higher and surface friction is more intense, which increases near surface turbulence and thus dry deposition. The
patches of dry deposition over land in the NH in July, for example, are mainly driven by a peak of the phenological
cycle during that time. However, the most important parameter of the dry deposition in our simulations is the
horizontal wind speed close to the surface, that is especially intensified in regions of high synoptic activity with
flat topography over the open ocean, leading to large areas of pronounced dry deposition south of Greenland and
between Alaska and Japan (in January/March) as well as north of Antarctica (in July/September).

The global mean value of the Pearson correlation between the 10 m wind speed and the dry deposition is
seasonally almost constant with a value of 0.6 (P << 0.05) and thus as high as the correlation between precip-
itation and wet deposition, which means (in a global picture) that the 10 m wind speed is as good as an indicator
for dry deposition as precipitation is for wet deposition. In areas, where the near‐surface wind speed is low
compared to its global mean, and other factors such as the surface properties (e.g., due to changes of the leaf area
index) become more important for dry deposition, correlations between the 10 m wind speed and dry deposition
drop. Also, if other deposition mechanisms, such as wet deposition, reduce the amount of tracer available for dry
deposition and wind speed is high, the correlation can be negative. This occurs mainly in the western part of
Antarctica during March, July and September.

As shown in Figure 9, the global surface flux from sedimentation results almost entirely (>95%) from the
deposition of 10Be produced in the troposphere for both the NH and SH. The global ratio of the deposition due to
sedimentation from tracer being produced in the troposphere is 97.5%. The reason for this is the difference in
aerosol size distribution between the troposphere (mean radius 0.6 μm, and standard deviation 2.0) and the
stratosphere (mean radius 0.1 μm, and standard deviation 1.4) for GCRminBEST.

Figure 6. Mean global deposition pattern for all deposition mechanisms combined (top left), wet deposition (top right), dry
deposition (bottom left) and sedimentation (bottom right) for GCRminBEST.
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For GCRminSMALL, where the aerosol size distribution of the troposphere and stratosphere are equal, the
fraction of deposition due to sedimentation of isotopes produced in the troposphere or stratosphere corresponds
directly to the amount of particles being produced by GCR in the respective sphere (stratosphere approx. 65% and
troposphere approx. 35%, not shown). Note that for GCRminBEST the deposition due to sedimentation is a factor
35 higher than for GCRminSMALL. The drop of the sedimentation flux in NH summer (April to October) shown
in Figure 9 results from lower tracer concentrations near the surface due to the wash out of 10Be by wet deposition
in that season and less STE (see also Figures 4 and 5). Note that the sedimentation flux during the drop comes
entirely from 10Be produced in the troposphere. The fraction of stratospheric 10Be here is almost zero. The
sedimentation flux in the SH shows only slight variations with a small increase from September to November,
resulting from an increase of tracer concentration due to the seasonality of the BDC (compare Figure 4). Here, the
amount of sedimentation from 10Be produced in the stratosphere slightly increases for the maxima.

4. Detectability of SPEs in 10Be Ice Core Data
Similar to Spiegl et al. (2022), we compare our simulations to ice core data covering the CE 774/775 SPE, this
time, however, including also a simulated, time‐varying GCR background, as shown in Figure 10. For all drilling
sites considered, NGRIP and NEEM in Greenland, as well as Dome Fuji and WDC in Antarctica, we find very
good agreement for both the GCR background and the peak due to the SPE. (Additional information on the data

Figure 7. Row 1: 10‐year monthly‐mean ensemble‐mean for 10Be in 544 hPa. Row 2: global precipitation (convective, large‐scale precipitation and snowfall). Row 3:
global wet deposition pattern. All depicted for 4 different months, representing different seasons of the year (GCRminBEST). Row 4: Pearson correlation between wet
deposition and precipitation (white patches occur in regions of no or extremely low precipitation).
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sets are provided by Mekhaldi et al. (2015) and Sigl et al. (2015), and for the Dome Fuji data set by Miyake
et al. (2015)).

Figure 10a shows the amount ratio of 10Be, produced by the CE 774/775 SPE and GCR, over time above the
respective NH location. With the small periodic drops of the height of the tropopause in winter and spring, tracer
is transported from the stratosphere to the troposphere, leading to small maxima in dry deposition and sedi-
mentation, followed by increased wet deposition due to precipitation and nucleation scavenging in NH sum-
mertime, shown in Figure 10b. This is repeated in an annual cycle with decreasing amplitude, until the GCR‐
background surface flux of 10Be is met again. Depending on the season in which the SPE occurs, the position
of the annual mean peak of the surface flux in a yearly resolution (which is the given resolution of the ice core
data) can differ. For SPE1, SPE4 and SPE7 (initialization at the first of January, April and July) the peak in the
yearly data occurs within the first year of the SPE, because the cosmogenic isotopes produced are almost directly
transported to the troposphere and deposited. If the season of the injection of 10Be from the SPE coincides with a
phase of increased precipitation in the first year, the peak will be increased, as it is the case for SPE7 compared to
the other SPE injection times at NGRIP. For the SPE that occurs later in the year, as it is the case for SPE10, the
peak can be shifted to the next year, since most of the additional 10Be from the SPE in the stratospheric reservoir is
introduced to the troposphere in winter and spring of the next year.

Figure 8. Row 1: 10‐year monthly‐mean ensemble‐mean for the leaf area index. Row 2: 10 m horizontal wind speed. Row 3: global dry deposition pattern. All depicted
for four different months, representing different seasons of the year (GCRminBEST). Row 4: Pearson correlation between dry deposition and 10 m horizontal wind
speed.
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Note that the measured ice core data is shifted in a way to fit the peak within the first year but could also be shifted
such that the peak fits the peak of for example, SPE10, meaning that the position of the peak does not indicate a
specific season in which the SPE occurred (for yearly resolution). However, the slope of the curve could indicate a
season of occurrence, since the peak of SPE10 is less pronounced and broader than the peaks of SPE1/4/7
(Figure 10c). Furthermore, we notice only small differences between GCRminBEST (solid line) and
GCRmaxBEST (dashed line), so the phase of the 11‐year solar cycle which the SPE meets, has no strong impact
on the surface flux in ice core data at the considered locations in Greenland.

Note also that the 10Be from SEP is deposited almost only by dry and wet precipitation, while for the 10Be from
GCR the majority goes to sedimentation. The reason for this is that 10Be from GCR is produced to a large amount
in the troposphere (>35%, see Figure 1) where it couples to larger aerosols (T3 in Table 1 for BEST‐Scenario)
than the stratospheric aerosols to which the 10Be from the SEP couples (S1). However, this only affects the
deposition pattern at high latitudes, as the comparison of GCRminBEST and GCRminSMALL (S1 + T1,
S1 = T1, Table 2) in Figure 3 shows. Also, the global deposition pattern of 10Be from GCR (Figure 6) and SEP
(not shown) are qualitatively similar.

Figure 11 shows the same quantities as Figure 10, however, for the Dome Fuji and WDC ice cores in Antarctica,
where the annual cycle in tropopause height is more pronounced than in the Arctic. ForWDC, SPE1 gives the best
overlap with the data. Also, SPE4/7/10 show good agreement, but with a less pronounced peak. Compared to
NGRIP and NEEM in the NH polar regions, WDC shows more continuous wet deposition with a less pronounced
seasonal amplitude (Figure 11b) for WDC. At Dome Fuji, however, almost no wet deposition is present due to the
lack of precipitation in that area, which also leads to a much less pronounced imprint of the SPE compared to the
data from the other ice cores.

Note that it might be also possible to derive 10Be concentrations in ice core layers from precipitation results for the
respective drilling sites. However, this requires additional ice‐core layer models for the simulation of the
redistribution of 10Be inside the ice, which are not included in our model. Further note that the model shows a
longer decay of the SPE signal in comparison to measurements for all four drilling sites. A reason for this could be
that in the simulation the 10Be from the SPE couples only to small stratospheric aerosols, whereas in reality also
some larger tropospheric aerosols might be involved in the transport and deposition. Therefore, the decay in the
model is a bit longer than in the ice core data. Another difference is that the variability of the measurements is

Figure 9. Annual cycle of the global‐mean long‐term sedimentation surface flux for the NH (90°‒60°N) and SH (90°‒60°S)
for GCRminBEST. Light gray and dark gray represent the sedimentation of 10Be produced in the troposphere and in the
stratosphere.
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larger than the variability of the model, because the measurements represent a specific location (the drilling site),
whereas the model results show the mean of all ensemble simulations for a larger area (grid points). Both factors
potentially lead to a smoothing of the variability seen in the ice core data. Comparing our results to our former

Figure 10. Comparison of the simulated 10Be flux to ice core data from Greenland (NGRIP and NEEM). (a) Modeled 10Be
amount ratio as a function of height and time in the troposphere and lowermost stratosphere (black line: tropopause, shown
for GCRminBEST, contour lines start after SPE), (b) the 10Be surface deposition from different mechanisms (blue: wet
deposition, green: dry deposition, red: sedimentation), and (c) the annual 10Be amount compared to the ice core data (pink
line). The solid lines show the results for SPE1/4/7/10 combined with GCRminBEST, and the dashed lines show the results
for SPE1/4/7/10 combined with GCRmaxBEST, where GCR is in the maximum phase when the SPE is introduced. The
modeling results show area means of grid points surrounding the drilling site of the ice cores.
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paper Spiegl et al. (2022), the signal of the SPE at the drilling sites has decreased, considering the higher scaling
factor of the SPE in this paper. The reason for this is a combination of the introduction of nucleation scavenging,
which additionally deposits 10Be introduced to the troposphere at mid‐latitudes before it can be transported to
higher latitudes, and the higher standard deviation of the size distribution of the stratospheric aerosols used in
Spiegl et al. (2022).

Based on our SPE sensitivity studies, we found that the in situ state of the middle atmosphere during the injection
month as well as the tropospheric precipitation regime both modulate the signatures of cosmogenic nuclides at
different locations, in agreement with Spiegl et al. (2022). This also partly applies to the respective phase of the

Figure 11. Same as Figure 10, but for the Dome Fuji and WDC ice cores (Antarctica).
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solar cycle. From our results we infer that the detectability of an SPE in natural archives of 10Be is suspected to
change as a consequence of modulating parameters. In the following, we present a novel analysis that estimates
the detectability of an SPE compared to GCR background in dependence of the location, the season at which the
SPE occurs, the phase of the 11‐year solar cycle the SPE meets, and the size distribution of the aerosols to which
the 10Be couple for Greenland and Antarctica.

To derive the detectability of an SPE in ice core data of 10Be, we calculate the ratio of the mean deposition of the
respective SPE within the first year after its occurrence (signal) and the standard deviation of the annual depo-
sition of 10Be from GCR (background). This is a typical signal to noise measure but can also be interpreted as the
inverse coefficient of variance between the SPE and the GCR produced 10Be, as a metric for the detectability of
the SPE. If the coefficient is much larger than one, the SPE should be easily detectable at the specific location
where the ice core was taken, because the amount of 10Be produced by the SPE deposited in that location is large
compared to the variability of the GCR produced. If the coefficient falls below a certain threshold (typically 2–3
standard deviations of the background signal, depending on the experimental setting and the additional infor-
mation given), the SPE is likely to not be detected in the respective ice core data.

Figure 12 shows the detectability of SPE1 to SPE12 in Greenland for the GCRminBEST background and the CE
774/775 SPE. The detectability of an SPE of the same order at NEEM is in general slightly higher than at NGRIP,
because NGRIP is located at the border of an area east of NGRIP where low precipitation rates lead to a weaker
SPE related deposition signal within the first year but with a similar GCR related noise (standard deviation)
compared to NEEM. However, it should be noted that Figure 12 shows the results of an ensemble mean. The
detectability at NGRIP can vary for a single realization considerably due to its position close to the low

Figure 12. First year mean deposition of SPE produced 10Be for Greenland in units of the standard deviation of GCR for
SPE1 to SPE12 and GCRminBEST background. SPE1 to SPE12 denotes the initialization month of the SPE (SPE1—
January, SPE2—February etc.).
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detectability area and seasonal variability, for example, for an SPE occurring in September or October (SPE9 and
SPE10) the detectability at NGRIP could overcome the detectability at NEEM.

Based on Figure 12, it appears to be possible to suggest or reject positions of possible drilling sites. For example, a
drilling site directly inside the low detectability area east of NGRIP might be a less useful choice for the detection
of SPEs, whereas a drilling site close to NEEM or even south of NEEM, within the area of maximum detectability
for SPE7 and SPE8, would allow also the detection of an SPE in ice cores that could not be detected in other areas
of Greenland.

Figure 13 shows the detectability of SPE1 to SPE12 in Antarctica, which is in general comparable to the
detectability of SPEs in Greenland but with more pronounced differences between the very dry region sur-
rounding Dome Fuji and the area of high detectability close to WDC. The detectability shows less pronounced
variability throughout the year at the drilling sites WDC and Dome Fuji compared to Greenland.

Figure 14 shows the detectability at NGRIP, NEEM, Dome Fuji and WDC for four different tracer settings,
GCRminSMALL/BEST, where the SPE coincides with the minimum phase of GCR production related to the
maximum of the 11‐year solar cycle, and vice versa for GCRmaxSMALL/BEST. The different settings show
considerable differences with respect to the regional detectability. For NGRIP the seasonal variability of the
detectability is more pronounced than for NEEM, as already suggested in Figure 12. The particular months of
introduction of the SPE to the model, with highest detectability are September to October (SPE9/10) for NGRIP
and June and July (SPE6/7) for NEEM. This means that SPEs occurring in these months might be detected,
whereas an SPE of the same magnitude occurring in other months could not be detected anymore.

Büntgen et al. (2018) estimated from 14C data that the CE 774/775 SPE occurred during the boreal tree growing
season in June to August. Further, an SPE coinciding with the maximum phase of GCR production is, in general,
harder to detect than an SPE occurring during the minimum phase of 10Be production by GCR. This is of interest,
because the relative variability of 10Be from GCR is higher within the GCRmin phase according to the higher
variability of the production rate (see Section 1 and Figure 1). However, for the maximum phase of production the
general amount of deposition due to GCR produced 10Be is much larger, and thus also the absolute values of its
standard deviation, making it more difficult to detect 10Be from SPE within the ice core data. The difference
between GCRminSMALL and GCRminBEST leads to a qualitative change between NGRIP and NEEM.
Whereas for the GCRminBEST/GCRmaxBEST setting (which gives a GCR background signal at the drilling
sites that is according to the ice core data and thus has been chosen as the setting for comparison with the data in
Figures 10 and 11) the detectability at NEEM (violet line) is in general better than the detectability at NGRIP
(green line), except for the peaks of SPE8/9/10. However, for the GCRminSMALL/GCRmaxSMALL setting this
is opposite, with a better detectability of the SPE at NGRIP than at NEEM, where both aerosol settings show
similar results for the detectability. The reason for this is that with the GCRminSMALL/GCRmaxSMALL
setting, the surface flux at the poles and thus also above the drilling sites in Greenland for areas with low wet
deposition is very small (see Figure 3), due to the lack of sedimentation because of the absence of larger aerosols
in this tracer setting. As a result, the absolute values of the standard deviation of the deposition of 10Be from GCR
become small at NGRIP and thus the detectability with the GCRminSMALL/GCRmaxSMALL tracer setting
becomes large.

This difference between GCRminSMALL/GCRmaxSMALL and GCRminBEST/GCRmaxBEST is even more
pronounced for Dome Fuji (compare brown and orange line) for similar reasons. The detectability at Dome Fuji is
5–7 times higher in the GCRminSMALL/GCRmaxSMALL setting than for the more realistic GCRminBEST/
GCRmaxBEST setting, meaning that even a five times smaller SPE (similar to the CE 774/775 SPE) could be
detectable at Dome Fuji, if the GCRminSMALL/GCRmaxSMALL setting would be realistic (and sedimentation
no major deposition factor in that region). At WDC the detectability in both settings is comparable and shows no
large seasonal differences, like it was the case for NEEM.

Based on the above analysis of the detectability of SPEs in 10Be ice core data, we are now able to define minimum
scaling factors of an SPE like the one considered in this paper (CE 774/775 SPE based on GLE#69), assuming the
detection threshold would be two times the standard deviation of the GCR background. According to the results in
Table 5, the CE 774/775 SPE should not be detectable at Dome Fuji as a single drilling site, which seems plausible
since the data shown in Figure 11 suggest a peak that can only be identified as such, when compared to peaks at
other drilling sites within the respective time frame.
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Figure 13. Same Figure as Figure 12, but for Dome Fuji and WDC (Antarctica).
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Table 5 also suggests, that an SPE like the GLE#69 should be at least around half of the intensity of the CE 774/
775 SPE, thus an event with a scaling factor of around 300 (from GLE#69) might be a bit too small to be
detectable. Another SPE, the CE 992/993, that also has been detected in ice core data from the considered drilling
sites (e.g., Mekhaldi et al., 2015), has a scaling factor around 2–3 times smaller than the CE 774/775 SPE, which
means that, within our framework and simulations, it is at the lower border of detectability and more likely to be
detected in the GCRmin phase occurring from summer to autumn.

5. Discussion and Summary
Using the state‐of‐the‐art chemistry‐climate model EMAC combined with input data for 10Be from GCR and SEP
calculated with PHITS, we modeled the production, atmospheric transport and surface deposition of 10Be from
two different sources, thus extending the approach of Spiegl et al. (2022). Our 3‐dimensional model covers the
full stratosphere and mesosphere (upper model border is 0.01 hPa), gives a realistic representation of all major
stratospheric and tropospheric dynamics for mass transport, for example, BDC, STE, planetary wave activity,
storm tracks, synoptic dynamics, and incorporates all deposition mechanisms important for the deposition of
10Be, wet and dry deposition and sedimentation. Additionally, our model allowed us to test different scenarios for
the production, transport and deposition of 10Be. For 10Be from SEP, we varied the month of initialization of the
SPE to test the impact of seasonality on the detectability and for 10Be from GCR, we changed the phase of the 11‐
year solar cycle such that the SPE can hit a maximum of the production rate or a minimum to investigate the
difference between these two scenarios. Furthermore, we tested different combinations of stratospheric and

Figure 14. Detectability at NGRIP, NEEM, Dome Fuji and WDC for different tracer settings GCRminSMALL/BEST (solid
lines) and GCRmaxSMALL/BEST (dashed lines).

Table 5
Minimum Scaling Factors for Detecting an SPE Relative to CE 774/775 SPE From 10Be in Ice Cores at Different Drilling
Sites Occurring at the Minimum (GCRminBEST) or Maximum Phase (GCRmaxBEST) of GCR Production in the 11‐Year
Solar Cycle (e.g., for NEEM an SPE Occurring at the Minimum of GCR Production Needs to Be at Least 0.42 Times the CE
774/775 SPE to Be Detectable)

NGRIP NEEM Dome Fuji WDC

GCRminBEST 0.52 (0.38–0.67) 0.42 (0.32–0.52) 1.08 (1.03–1.17) 0.35 (0.33–0.38)

GCRmaxBEST 0.62 (0.47–0.78) 0.48 (0.38–0.60) 1.33 (1.23–1.43) 0.42 (0.40–0.45)

Note. The assumed threshold for detection is two standard deviations of GCR background deposition. Values are rounded.
The range given in brackets represents the values for the least and the most detectable introduction month of the SPE.
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tropospheric size distributions of the aerosols to which 10Be couples after production, to study the impact of
aerosol size on the transport and deposition of 10Be. To evaluate our model setup, we compared our results for the
surface flux of 10Be with ice core reconstructions from Greenland and Antarctica and found an aerosol tracer
setting (GCRmin/maxBEST) that sufficiently matches for both, the peak of the SPE and the GCR background
surface flux in the ice core data.

Our results show differences in the deposition pattern of 10Be for different aerosol size distributions, especially,
regarding the role of sedimentation. For the setup with the same size distribution of aerosols in the troposphere
like in the stratosphere (GCRmin/maxSMALL), sedimentation plays only a minor role compared to dry and
especially wet deposition for all latitudes. However, if we go to larger aerosols in the troposphere, like it is the
case for the BEST‐setup, which is the setting that fits the proxy data from ice cores best, sedimentation plays a
major role as a deposition mechanism, at least in the polar regions. For the high latitudes of the SH (Antarctica),
sedimentation is the dominant deposition mechanism for the entire seasonal cycle. For the high latitudes of the
NH (e.g., Greenland), sedimentation can exceed wet deposition as the most dominant deposition mechanism in
NH winter (December to February), due to a combination of enhanced tracer downward transport from the BDC
and lower precipitation, meaning less washout of tracers by wet deposition. Above 95% of the 10Be deposited by
sedimentation is produced in the troposphere (for the BEST setup).

The major role of sedimentation for the deposition of 10Be in dependence on the aerosol size distribution in the
troposphere (and stratosphere), is a new result of this study. This result is not only based on our simulations and
the choice of reasonable aerosol size distributions for the stratosphere and troposphere, but also confirmed by the
comparison to the empirical ice core data, because only the BEST setting reproduces the surface flux fromGCR in
the ice core data, meaning that sedimentation is required to explain the signal seen in the empirical data. The role
of sedimentation in other model studies, for example, Field et al. (2006) or Heikkilä et al. (2013), has often been
considered negligible compared to wet and dry deposition. With this study, we show that this is not necessarily
true, depending on the size of the aerosols in the atmosphere as well as the latitude considered. Furthermore, our
results suggest that drastic temporal changes in the size distribution of aerosols toward larger aerosols, for
example, after large volcanic eruptions (Malinina et al., 2018), might be detectable in 10Be ice core data.
However, assuming lognormal distributions of aerosol size throughout the entire atmosphere is a simplification,
which we chose as a technically clear, feasible and flexible approach fitting the needs of our simulations as a solid
starting point. Therefore, simulations with for example, more realistic and complex aerosol models such as
MADE3 (Kaiser et al., 2014) or GMXE (Pringle et al., 2010), could be a next step to compare the results to our
results shown in this paper and further study the role of sedimentation for the deposition of 10Be.

The global patterns of dry and wet deposition for 10Be from GCR in our simulations are similar to those of former
model studies (Field et al., 2006; Heikkilä et al., 2013). Wet deposition occurs basically at low latitudes and mid‐
latitudes driven by convective precipitation in the ITCZ and thus impact scavenging. Additionally, large areas of
wet deposition occur south of Greenland and between Canada and Siberia, mainly resulting from large‐scale
precipitation and nucleation scavenging. Dry deposition is also present south of Greenland and between Canada
and Siberia and around Antarctica. The main factor driving dry deposition in our simulations is the wind speed
near the surface, which is particularly high above the open ocean (so in the areas mentioned before). The Pearson
correlation between the near surface wind speed and dry deposition is as good as the correlation between pre-
cipitation and wet deposition (global value of around 0.6).

Our investigation of the deposition of 10Be from GCR is the foundation of our results on the detectability of 10Be
from SEP in ice core data, which was defined as the ratio of the 10Be signal of the SPE over the standard deviation
of 10Be from GCR at the considered location. The detectability of an SPE is fundamental for all studies on SPEs,
but so far mostly the relation between the intensity and spectral hardness of an SPE with its detectability has been
discussed (e.g., Mekhaldi et al., 2021). Here, we went further and investigated different factors impacting the
detectability of SPEs similar to the CE 774/775 SPE (with given intensity and hardness).

The influence of the month of appearance of the SPE on the 10Be surface flux at Greenland and Antarctica has
been studied in detail in our former study (Spiegl et al., 2022). However, open questions remained regarding the
impact of the seasonality on the detectability of the SPE, because the seasonality not only impacts the signal of the
SPE but also the standard deviation of the 10Be from GCR. Our results show that the detectability of an SPE can
change considerably with the initialization month of the SPE, for example, the difference between the minimum
and maximum detectability at NGRIP is a factor larger than 2. This implies that an SPE appearing in the month of
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minimum detectability (SPE2/3) might not be detected in 10Be ice core data at NGRIP, while an SPE appearing in
the month of maximum detectability (SPE9/10) will be detected. The seasonal variations of the detectability are
less pronounced for the other drilling sites considered, but still decisive for the question whether an SPE is
detectable or not. Considering the whole area of Greenland and Antarctica, we also find large differences for the
detectability depending on the location. It might, therefore, be possible to suggest positions of potential drillings
sites, for example, a drilling site directly inside the low detectability area east of NGRIP might be a less useful
choice for the detection of an SPE, whereas a drilling site close to NEEM or even south of NEEM, within the area
of maximum detectability for SPE7 and SPE8, would allow also the detection of an SPE in ice cores that could not
be detected in other areas of Greenland. However, multiple measurements from several different drilling sides are
important to investigate the characteristics of an event.

The impact of the size of aerosols in the troposphere and stratosphere on the detectability was also tested for the
two different scenarios GCRmin/maxSMALL and GCRmin/maxBEST, and the results show large differences for
Dome Fuji and NGRIP. For both drilling sites the detectability is much higher for the GCRmin/maxSMALL
setting, because without larger aerosols in the troposphere, the 10Be surface flux from GCR becomes very low and
thus also the values of the standard deviation. This effect is most pronounced for Dome Fuji, where the GCRmin/
maxSMALL setting suggests a very high detectability of the SPE at Dome Fuji. However, this is not very realistic
and not seen in the proxy data; in fact, the detectability of the CE 774/775 SPE at Dome Fuji is relatively low and
below the detectability threshold of two times the standard deviation (which is, however, captured by the
GCRmin/maxBEST setting). The detectability at WDC and NEEM is relatively similar for the two settings
considered, meaning that sedimentation is less important for the deposition at these drilling sites.

To test the impact of the phase of the 11‐year solar cycle which the SPE meets, we compared the scenarios
GCRmin and GCRmax. Here we find that an SPE coinciding with the maximum phase of GCR production
(GCRmax) is in general harder to detect than an SPE occurring during the minimum phase of 10Be production
(GCRmin). This could be of interest, as it is still an open question, whether SPEs (of a certain hardness) are more
likely to occur in a certain phase of the 11‐year solar cycle (e.g., Miyake et al., 2021; Zhang et al., 2022). The
results of our study suggest that the detection of an SPE in 10Be ice core data might be more difficult, if the SPE
occurred during low solar activity (which is analogous to GCRmax). This could lead to the (maybe wrong)
impression, that SPEs occur less often during low solar activity, while only their detectability is lower during that
phase, which makes themmore difficult/unlikely to detect. The lower detectability during low solar activity could
give a biased impression of the correlation between SPEs and the phase of the 11‐year solar cycle. However, note
that Paleari et al. (2022) estimated that the CE 774/775 SPE occurred close to a solar minimum. Furthermore, note
that in this study we investigated the detectability of an SPE occurring during low solar activity (GCRmax) and
high solar activity (GCRmin), but also other phase of the 11‐year solar cycle could be investigated, for example,
when an SPE appears during the strongest decrease of solar activity (where the increase of the GCR production is
the highest). This could be part of further investigations, to check if the increase of 10Be production within the
year in which the SPE occurs was any effect on the results.

Similar to the results of Spiegl et al. (2022), it has to be taken into account that our simulations assumed the
preindustrial climate state of the year 1850 and a PI‐climatology for SSTs. While the first assumption has
consequences for the local meteorological parameters and dry and wet deposition, the latter dampens the inter-
annual variability in the troposphere with consequences for the spread in the modeled annual mean 10Be surface
flux. Other assumptions and simplifications, besides the already discussed simplification for the aerosol
description are for example, that the SPE considered (CE 774/775 SPE) is not representative for SPEs of other
energetic spectra and thus the distribution of the 10Be production between the stratosphere and troposphere.
Additional effects of SPEs on the atmosphere, for example, the destruction of ozone and thus an impact on the
radiation budget of the Earth, are also neglected. Furthermore, the GCR production of 10Be was chosen to
represent a phase of the solar activity that is assumed to have been present during the time of the CE 774/775 SPE.
This, however, is not a complete representation of the full variability of GCR production or multiple decades of
the 11‐year solar cycle.

The model setup presented incorporates state‐of‐the‐art climate modeling combined with complex input data for
the production of 10Be from GCR and SEP. This approach can be easily extended and applied for other SPE and
GCR input data (also of other radionuclides), as well as other aerosol size distributions and even more sophis-
ticated aerosol models. The results of simulations with for example, more sophisticated aerosol models could be
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very interesting, because, although we do not expect fundamental changes in the global distribution of 10Be as
only large aerosols affect the vertical transport, some differences in local deposition pattern are likely. However,
note that complex microphysical aerosol process might not be meaningful on a coarse grid point mesh as used by
EMAC and furthermore that such microphysics are not very well understood to present date. In the next step, we
will add a carbon cycle model to include 14C, investigate the detectability of SPEs in tree rings and compare our
model results to tree ring data. Furthermore, we will use the methods developed with this paper in transient
simulations on 7Be for the time span from 1850 to 2100.

Data Availability Statement
Data from the EMAC climate model simulations performed for this study are available at http://dx.doi.org/10.
17169/refubium‐41306. Data sources of the proxy‐based reconstructions for the 10Be surface flux at the different
drilling locations are given in Miyake et al. (2015), Sigl et al. (2015), and Mekhaldi et al. (2015).
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