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1.  Introduction
Cosmogenic radionuclides (e.g.,  10Be) from ice cores are indirect proxies to reconstruct paleo-solar (e.g., Bard 
et al., 2000; Muscheler et al., 2007) and geomagnetic variations (e.g., Zheng et al., 2021).  10Be (half-life of 1.38 
million years, Chmeleff et  al.,  2010) is mainly produced in the atmosphere by interactions between galactic 
cosmic ray fluxes (GCRs) and atmospheric atoms (Lal & Peters, 1967). The GCR fluxes are modulated by solar 
and geomagnetic fields before reaching Earth's atmosphere. Hence, atmospheric production rates of  10Be are 
related to solar and geomagnetic field variability. Additionally, a small amount of  10Be (<1%) is produced by 
solar cosmic rays that originate from the Sun (Vogt et al., 1990). However, extreme solar proton events (SPEs) 
can produce relatively energetic and large particle fluxes resulting in large increases in atmospheric  10Be produc-
tion (e.g., Mekhaldi et  al.,  2015). About two-thirds of  10Be is produced in the stratosphere while the rest is 
produced in the troposphere (Poluianov et al., 2016). After production,  10Be mainly attaches to sulfate aerosols, 
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with the latest beryllium production model. During solar modulation, both models suggest that  10Be deposition 
reacts proportionally to global production changes, with minor latitudinal deposition biases (<5%). During 
geomagnetic modulation, however,  10Be deposition changes are enhanced by ∼15% in the tropics and attenuated 
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deposition reflects atmospheric production rate changes is crucial for these applications. However, this 
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14.1.1 and ECHAM6.3-HAM2.3, along with the latest beryllium production model (CRAC: Be). When 
responding to solar modulation, both models indicate that  10Be deposition corresponds proportionally to 
global production rate changes, with a minor latitudinal bias. However, during geomagnetic modulation,  10Be 
deposition changes significantly compared to global production rate changes.  10Be deposition also shows 
varying hemispheric responses to geomagnetic modulation, attributed to the asymmetric production between 
hemispheres. For the extreme solar proton event in 774/5 CE,  10Be shows a higher deposition flux increase 
in the polar regions compared to the tropics. These findings underscore the need to account for atmospheric 
mixing on  10Be deposition from different locations, especially for the changes due to the geomagnetic field 
variations.
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gets transported with them, and is eventually deposited in different natural archives (e.g., ice cores) mainly 
through wet deposition (Alley et al., 1995; Delaygue et al., 2015).

Reconstructing past solar and geomagnetic field changes from  10Be deposition relies on the assumption that  10Be 
deposition variability is proportional to atmospheric production changes (e.g., Muscheler et  al., 2016; Zheng 
et al., 2021). However, this relationship is not well understood as atmospheric  10Be production rates are spatially 
heterogeneous with a strong altitude and latitude dependence (Poluianov et al., 2016). There is a long-standing 
debate on whether polar  10Be deposition reflects global or local production signals (e.g., Adolphi et al., 2023; 
Bard et al., 1997; Pedro et al., 2012; Steig et al., 1996). Some studies assumed that polar  10Be deposition mainly 
originates from polar regions and introduced a “polar enhancement coefficient” to account for the higher solar 
modulation influence at high latitudes (e.g., Bard et al., 1997; Steig et al., 1996). However, this assumption has 
been challenged (e.g., Heikkilä et al., 2009; Muscheler et al., 2007). Heikkilä et al. (2009) argued that the major-
ity of polar  10Be (60%–70%) comes from the stratosphere where  10Be is well mixed due to the long residence 
time (1–2 years), hence the polar  10Be should reflect the global production signal. Adolphi et al. (2023) recently 
proposed that in polar regions, the solar modulation signal in  10Be is only enhanced by less than 10% compared 
to the global signal, whereas the geomagnetic signal is attenuated by up to 37%.

Two general circulation models (GCMs), GISS ModelE (Field et  al.,  2006), and ECHAM5-HAM (Heikkilä, 
Beer, Jouzel, et al., 2008; Heikkilä et al., 2009) have been applied to investigate this “polar bias” debate. However, 
so far, no agreement has been reached. By using GISS ModelE, Field et al.  (2006) reported a 20% enhance-
ment in polar  10Be deposition compared to a global average change during reduced solar modulation (from 700 
to 500 MeV), and a 20% decrease during a reduction of the geomagnetic field strength. In contrast, Heikkilä 
et al. (2009) found no significant polar bias regarding geomagnetic modulation using ECHAM5-HAM.

To answer the question of whether the  10Be deposition is proportional to global or local production signals, it is 
necessary to understand the sources of  10Be deposition. To the best of our knowledge, there is only one study by 
Heikkilä et al. (2009) with the ECHAM5-HAM model (denoted as the H09 mixing scenario) tracing the produc-
tion in the stratosphere, tropical troposphere, subtropical troposphere, and polar troposphere individually. The 
results may be model-dependent and need to be investigated using different models. Furthermore, they used the 
old production model by Masarik and Beer (1999) without accounting for contributions from alpha and heavier 
particles. Finally, they assumed  10Be is well mixed in the stratosphere and traced the stratospheric  10Be produc-
tion as one source box. Thus the H09 mixing scenario does not allow an investigation of potential preservation of 
hemispherical production differences in deposition due to large-scale geomagnetic field asymmetries (Panovska 
et al., 2023).

This study aims to improve the interpretation of  10Be deposition using two state-of-the-art global models: 
ECHAM6.3-HAM2.3 aerosol-climate model, and GEOS-Chem 14.1.1 atmospheric transport model. Both 
GEOS-Chem and ECHAM-HAM have been demonstrated to be able to simulate  10Be transport and deposition 
reasonably well (e.g., Heikkilä, Beer, Jouzel, et  al.,  2008; Zheng et  al.,  2023). Models are incorporated with 
the latest  10Be production model CRAC: Be (Cosmic Ray Atmospheric Cascade: application to Beryllium) by 
Poluianov et al. (2016). The main goals are (a) to quantify the contribution of  10Be produced in different regions 
of the atmosphere to the  10Be deposition at different latitudes and whether this is model dependent; (b) to solve 
the debate of whether  10Be deposition at different latitudes reacts proportionally to the global production rate 
changes, in response to the solar/geomagnetic modulations and extreme SPEs.

2.  Models and Data
2.1.  GEOS-Chem 14.1.1 and ECHAM6.3-HAM2.3

GEOS-Chem 14.1.1 (denoted as GEOS-Chem) is a chemical transport model driven by archived meteorological 
data sets, either from the outputs of GCMs (e.g., Murray et al., 2021) or assimilated meteorological data sets 
archived from the Goddard Earth Observing System (e.g., MERRA2, Gelaro et al., 2017). The model assumes 
that  10Be behaves as a submicron aerosol after production and is removed by dry and wet depositions (Liu 
et al., 2001; Zheng et al., 2023). The wet deposition scheme includes rainout (in-cloud scavenging), scaveng-
ing in convective updrafts (Mari et al., 2000), and washout (below-cloud scavenging) by precipitation (Wang 
et al., 2011). Dry deposition is based on the resistance-in-series scheme of Wesely (1989). The simulations are 
conducted with a horizontal resolution of 2° × 2.5° and 72 vertical levels up to 0.01 hPa. We use the MERRA2 
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meteorological reanalysis data set (Gelaro et  al.,  2017), which is re-gridded to the model resolution to drive 
GEOS-Chem.

ECHAM-HAM is a combination of the global climate model ECHAM (Stevens et al., 2013) with the aerosol 
microphysics module HAM (Stier et  al., 2005). The HAM module includes the microphysical processes, the 
emission and deposition (wet, dry, and sedimentation) of aerosols, a sulfur chemistry scheme, and aerosol impact 
radiation (Stier et al., 2005).  10Be has been simulated in an old version of ECHAM-HAM (ECHAM5-HAM) 
(e.g., Heikkilä, Beer, & Feichter,  2008; Heikkilä, Beer, Jouzel, et  al.,  2008). Here we use the latest version 
ECHAM6.3-HAM2.3 (denoted as E63H23, Neubauer et al., 2019; Tegen et al., 2019) with a similar configuration 
of  10Be as in ECHAM5-HAM. The  10Be is assumed to be transported similarly to sulfate aerosols and its deposi-
tion is calculated as proportional to those of sulfate aerosols. Specifically, for dry deposition and sedimentation, 
an area-weighted averaged velocity of sulfate aerosols is used. For the wet deposition,  10Be is scavenged with the 
same efficiency as that of sulfate aerosols. We use the middle-atmospheric configuration with 47 vertical levels 
up to 80 km, and a spectral resolution of T63, corresponding to 1.875° × 1.875° horizontal resolution. E63H23 
experiments are free runs to align with the previous study by Heikkilä et al. (2009). Furthermore, a comparison 
between the free-running E63H23 and GEOS-Chem driven by the reanalysis data enables us to assess whether 
our conclusions are influenced by the set-up of free simulations.

2.2.  Box Source Tracing and Box Mixing Model

To investigate the sources of  10Be deposition, the atmosphere is divided into 12 source regions corresponding to 
latitudinal bands of 30° for the stratosphere and troposphere, respectively. This classification is based on atmos-
pheric circulation cells and latitudinal distribution of  10Be production rates (e.g., Adolphi et al., 2023). Classifi-
cation of stratospheric and tropospheric components is based on the tropopause pressure in models. A previous 
study has suggested that ECHAM5 suffers from a tropopause pressure bias in the polar regions in free simula-
tions (Santer et al., 2003). Indeed, E63H23 experiments underestimate the tropopause pressure over the polar 
regions compared to the MERRA2 reanalysis data, leading to a higher classification of polar tropospheric  10Be in 
E63H23 (Figure S1 in Supporting Information S1).

The  10Be transport and deposition characteristics derived from E63H23 and GEOS-Chem can be simplified into 
a 12-box mixing model, which implicitly accounts for the transport and deposition influences on  10Be deposi-
tion (e.g., Adolphi et al., 2023). The deposition concentration in the j deposition box (Dj) could be expressed as 
follows:

𝐷𝐷𝑗𝑗 =

12
∑

𝑖𝑖=1

𝑀𝑀𝑖𝑖𝑖𝑖 × 𝐶𝐶𝑖𝑖𝑖𝑖�

Where Mij and Cij are the mixing ratio and the latitudinal weighted production rates of the box i for the deposition 
box j. Here the atmospheric production rates are divided into 12 boxes. The  10Be production rates used in the box 
mixing model are discussed in Text S1 in Supporting Information S1.

2.3.  Production Model

The  10Be production rates are calculated using the latest production model: CRAC: Be model (Poluianov 
et al., 2016) with the local interstellar spectrum and solar modulation from Herbst et al. (2017). The geomagnetic 
cutoff rigidity is taken from Copeland (2018). For the Maunder simulation, we use a constant solar modulation 
function of 200 MeV (e.g., Heikkilä, Beer, & Feichter, 2008). For the Laschamps simulation, we use a constant 
solar modulation function of 500 MeV and the spatial cut-off rigidity generated by the geomagnetic field model 
LSMOD.2 at 40.95 ka (Gao et al., 2022).

2.4.  Experiments Set-Up

The overview of simulations is shown in Table S1 in Supporting Information S1. We first run simulations over 
the period 1999–2013 with present solar modulation (Herbst et  al.,  2017) and geomagnetic cut-off rigidity 
(Copeland, 2018) (referred as control). Additionally, to evaluate the deposition bias due to solar and geomagnetic 
modulations, we further run two sensitivity simulations with the same climate conditions but different production 
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corresponding to a solar minimum (Maunder minimum) and a geomagnetic minimum (Laschamps excursions) 
(Figure S2 in Supporting Information S1). For all simulations, the first 6 years are used for model spin-up (e.g., 
Heikkilä, Beer, & Feichter, 2008; Zheng et al., 2023) to make sure  10Be reaches equilibrium in the atmosphere 
and the remaining 9 years are used for analysis. We compared stratospheric  10Be concentration within the simula-
tions with constant production rates (e.g., Laschamps simulation), in which the drift in stratospheric  10Be concen-
trations is below 2% per year.

We also simulated  7Be with both models for the control simulation.  7Be is commonly used to validate the model's 
ability to simulate beryllium as it shares the same transport and deposition process as  10Be but with more meas-
urements available for validation (e.g., Field et al., 2006; Heikkilä, Beer, & Feichter, 2008).  7Be production rates 
are calculated using the same production model and set-up as  10Be.

3.  Results and Discussions
3.1.  Model Validation

The model  10Be results are compared with the  10Be deposition data set compiled by Zheng et al.  (2023) and 
two ice  10Be traverse data sets from East Antarctica (Horiuchi et al., 2022) and Greenland (Heikkilä, Beer, & 
Feichter, 2008) (Figure 1). While the model  7Be results are compared with air and deposition measurements 

Figure 1.  Comparison between modeled  10Be outputs from GEOS-Chem and E63H23 averaged over the period 
2005–2013 and measurements from (a) Antarctica traverse, (b) Greenland traverse, and (c) a compiled deposition flux 
data set. Panel (d) shows GEOS-Chem deposition fluxes averaged over 2005–2013 overplotted with measurements 
(color-coded dots) from panel (c). Panel (e) shows the relative differences of modeled  10Be deposition flux (calculated as 
(E63H23/GEOS-Chem-1) × 100%) over the period 2005–2013 while the zonal mean of relative differences is shown in 
panel (f). For the Antarctica traverse, the model data are plotted as the latitudinal band (2-degree) based on measurement 
sites.  10Be concentrations are calculated using the  10Be fluxes multiplied by the ice density and then divided by corresponding 
accumulation rates. For the Greenland traverse, the model lines are plotted as a function of latitudes averaged over the 
Greenland region. FA2 indicates the percentages of model data within the factor of 2.
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compiled by Zhang et al. (2021) (Figure S3 in Supporting Information S1). Most measurements cover several 
years and do not necessarily cover the same period as the simulation period. Hence, we mainly focus on evaluat-
ing whether the models can reproduce measurements instead of discussing which model performs better.

Both models show good agreements with  7Be and  10Be measurements within a factor of 2 (Figure 1 and Figure 
S3 in Supporting Information S1). Discrepancies are larger for  7Be deposition flux than for surface air concentra-
tions due to several reasons (Zhang et al., 2021): (a) observations for the deposition usually cover shorter periods 
compared to the surface air samples; (b) the model resolution may be still too coarse to capture the local precip-
itation at some sites which can influence the deposition flux. The increasing trend of the Antarctic traverse  10Be 
from coastal Antarctica to inland Antarctica is captured by both models (Figure 1a). GEOS-Chem shows a good 
agreement with the Greenland traverse deposition, while E63H23 shows much higher values (approximately 
100% higher) (Figure 1b). Generally, E63H23 shows a higher  10Be deposition (about 50%–100%) over the polar 
regions compared to GEOS-Chem (Figures 1e and 1f). This cannot be explained by the precipitation differences 
as E63H23 shows lower precipitation over the polar regions compared to GEOS-Chem, hence lower scavenging 
rates of  10Be (Figure S4 in Supporting Information S1). Another explanation could be due to the higher clas-
sification of tropospheric  10Be production in E63H23 compared to GEOS-Chem (more than 50%; Figure S1 
in Supporting Information S1), hence more locally produced  10Be is deposited in polar regions. For a detailed 
discussion of models' abilities capturing beryllium transport and deposition processes, we refer to studies by 
Zheng et al. (2023) for GEOS-Chem and Heikkilä, Beer, and Feichter (2008) for ECHAM-HAM.

3.2.  Atmospheric Mixing and Stratospheric Fractions of  10Be

3.2.1.  Stratospheric and Tropospheric Contributions to  10Be Deposition

Figure 2 and Table S2 in Supporting Information S1 show the sink fraction of the 30° tropospheric and strat-
ospheric production bands at different latitudes. In GEOS-Chem simulations, the tropical tropospheric  10Be is 
mostly (75%–80%) deposited in the tropics.  10Be produced in both the polar and the subtropical latitudes are 
mostly deposited in the subtropical regions (55%–65%). The majority of stratospheric  10Be (>90%) is deposited 
in the tropical and subtropical regions. The model also shows that  10Be in the stratosphere is not mixed entirely 
which is different from a previous study by Heikkilä et al. (2009). Less than 15% of stratospheric  10Be produced 
in the polar and subtropical regions is deposited in the opposite hemisphere. In polar and subtropical regions, 
there is a gradient of increased stratospheric contribution to local deposition with latitudes. Despite different 
setups in E63H23 and GEOS-Chem, E63H23 shows similar mixing features to those of GEOS-Chem, even 
though the deposition values for each box vary slightly (mostly <5%; see Table S2 and Figure S5 in Supporting 
Information S1).

Both models show that the stratospheric contribution is dominant in the deposition flux, about 60%–61% 
(GEOS-Chem) and 54%–58% (E63H23) in the polar regions, and 63%–66% (GEOS-Chem) and 61%–65% 
(E63H23) in the subtropical and tropical regions (Figure 2). E63H23 shows a slightly lower stratospheric contri-
bution in polar regions than GEOS-Chem, which is attributed to the higher classification of tropospheric  10Be 
production in E63H23 (see Section 2.2).

3.2.2.  Changes of  10Be Deposition Due To Solar and Geomagnetic Modulations

Here we simplify the derived mixing scenarios into a 12-box model (see Section 2.2 for details) to evaluate 
the relative deposition change in response to solar and geomagnetic modulations (here referred to sensitivity) 
(Figure 3). The results of sensitivity to solar and geomagnetic modulations are rather similar for E63H23 and 
GEOS-Chem: enhanced/attenuated up to 5% regarding the solar modulation and up to 35% regarding geomag-
netic modulation, respectively. In response to solar modulation changes,  10Be deposition in different latitudes 
varies proportionally to the globally averaged signal and does not show strong deposition biases (less than 5%). 
This agrees with previous studies showing no strong solar enhancement of  10Be deposition in polar regions (e.g., 
Adolphi et al., 2023; Pedro et al., 2012).

However, the box mixing model demonstrates a clear deposition bias corresponding to geomagnetic modulation 
(Figures 3a–3c). For the tropical regions, the reduced geomagnetic modulation can lead to an enhancement of the 
local  10Be deposition change up to 15% compared to the global change of  10Be production. For the subtropical and 
polar regions instead, an attenuation of up to 35% is observed. The deposition also shows different hemispheric 
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responses to the geomagnetic modulation (up to 10%) due to a persistent hemispheric asymmetry in production 
rates leading to larger amplitude variations in Northern Hemisphere (Panovska et al., 2023). This asymmetric 
deposition signal in polar regions is not shown using the H09 mixing scenario from Heikkilä et al. (2009) (Figure 
S6 in Supporting Information S1) as they simply consider the stratosphere source as one well-mixed box that 
mitigates the asymmetric production signal.

The mixing model results (including the H09 mixing scenario) disagree with the ECHAM5 simulation by 
Heikkilä et al. (2009) which suggested no strong polar bias for the Laschamps experiment. We further investi-
gate two experiments simulating a solar and a geomagnetic field intensity minimum to evaluate this deposition 
bias. The simulations show that, indeed, the relative increase in  10Be deposition is latitudinally dependent due to 
the latitudinal difference in production combined with significant (but incomplete) mixing across the latitudes 
(Figure 4). Especially for the geomagnetic minimum scenario, the atmospheric mixing is not strong enough to 

Figure 2.  (a) The sources of  10Be deposition and (b) sink fraction of  10Be production in different regions modeled from GEOS-Chem averaged over 2005–2013. The 
stratospheric contributions in bracket in panel (a) are from the E63H23 simulation. Only values larger than 4% are labeled.
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homogenize the latitudinal production rate patterns for the geomagnetic modulation which leads to a 250%–650% 
increase over the tropical regions (Figure S2f in Supporting Information S1).

The results from global climate models and box mixing model reasonably agree with the measurements which show 
significant differences in deposition increase related to the Laschamps excursions (Figure 4d).  10Be from polar ice 
cores show about a 75% increase during the Laschamps event. In comparison,  10Be measurements from marine sedi-
ments agree well with the global signal as they are usually well mixed due to the long residence time of  10Be in the 
ocean (about 200–1,000 years depending on locations). The “non-polar bias” result shown by Heikkilä et al. (2009) 
could be due to the old production model (Masarik & Beer, 1999) used in ECHAM5-HAM which are less sensitive 
to the geomagnetic modulation in comparison to the recently updated  10Be production model (Elsässer et al., 2015).

3.2.3.  Enhancement Factor of  10Be Deposition for an Extreme Solar Proton Event in 774/5 CE

Finally, we apply the 12-box mixing model to evaluate the enhancement factor of  10Be due to the extreme SPE in 
774/5 CE (denoted as SPE775, Mekhaldi et al., 2015; Miyake et al., 2012). The details of  10Be production rates 
for SPE775 are shown in Text S1 in Supporting Information S1. The model enhancement factor is calculated as 
the relatively increase in  10Be deposition compared to the annual average  10Be deposition flux in the absence of 
SPEs (with a solar modulation of 525 MeV and the same geomagnetic dipole moment value).

The model enhancement factors (about 2.9–3 for E63H23 and GEOS-Chem) agree with the factors inferred from 
ice core measurements (3 ± 0.3) (Mekhaldi et al., 2021) (Figure S7 in Supporting Information S1). This agreement 
is better than the global or H09 mixing scenarios (2.65–2.7) which consider the well-mixed stratospheric  10Be. 
The results suggest that the  10Be resulting from SPE events is sensitive to the mixing of stratospheric  10Be and 
that ice core measurements can be expected to provide a slight overestimate of the global enhancement factor. 
Interestingly, Paleari et al. (2022) instead reported a 17% lower enhancement factor from ice core  10Be compared 
to tree-ring  14C, which is assumed to be better mixed in the atmosphere. This mismatch may indicate remaining 
uncertainties in the production yield functions of both isotopes.

Figure 3.  Simulated deposition changes for different mixing scenarios as a function of solar modulation function (Phi) and 
geomagnetic dipole moment. All  10Be fluxes are normalized over the Phi of 500 MeV and GMD of 7.8 × 10 22 Am 2. The 
“SH” and “NH” indicate the southern hemisphere and northern hemisphere, respectively.
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4.  Conclusions
Here we applied two state-of-the-art global models GEOS-Chem 14.1.1 (denoted as GEOS-Chem) and 
ECHAM6.3-HAM2.3 (denoted as E63H23) with the latest beryllium production model (CRAC: Be) to solve 
a longstanding debate: how changes in  10Be deposition reflect changes in its atmospheric production rate. The 
model simulations agree reasonably with  7Be and  10Be measurements.

Despite their different setups, GEOS-Chem and E63H23 both show similar mixing features for  10Be. Most trop-
ospheric and stratospheric  10Be (>70%) is deposited within the same hemisphere of its production. Stratospheric 
contributions dominate  10Be deposition (54%–66%). E63H23 shows a slightly lower stratospheric contribution 
for the polar regions (54%–58%) compared to GEOS-Chem (60%–61%). This is due to the underestimated polar 
tropopause in E63H23, resulting in an overestimate of polar tropospheric  10Be.

We further simplified the outputs of the global model experiments into a 12-box mixing model, which allows an 
estimation of relative  10Be deposition changes under user-defined solar or geomagnetic modulations. For changes 
in solar modulation,  10Be deposition mainly reflects the global averaged production signals without showing a 
strong regional bias. However, during geomagnetic field changes,  10Be deposition shows a strong regional bias 
(15%–35%). This is because the atmospheric mixing is insufficient to homogenize the large latitudinal differ-
ences in  10Be production rates associated with geomagnetic field changes. These findings are further supported 
by global model simulations and measurements from ice cores and marine sediments. Due to non-dipolar compo-
nents of the geomagnetic field, the deposition also shows different hemispheric responses (∼10%) to the geomag-
netic modulation.

Finally, the mixing model suggests there is a regional deposition bias for SPE in 774/5 CE which leads to an 
enhancement factor of 2.9–3 in the polar regions compared to a global mean enhancement factor of 2.7.

Overall, this study shows the importance of atmospheric mixing when comparing  10Be from different locations or 
independent geomagnetic field records, especially during periods of low geomagnetic field intensity. The mixing 
scenarios derived in this study can be used in future studies to explicitly account for the transport and deposition 
influence on the  10Be.

Figure 4.  GEOS-Chem modeled relative changes of  10Be deposition for the (a) solar minimum and (b) geomagnetic 
minimum compared to the control simulation and the corresponding zonal mean (c, d). The black dashed lines in panel (c, d) 
indicate the ones considering global mixing. The green crosses and orange circles indicate the relative changes inferred from 
measurements in ice cores and marine sediments (Adolphi et al., 2023).
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Data Availability Statement
The model outputs can be accessed in the public repository in Zheng et al. (2024).
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