
1. Introduction
It has long been recognized that the variations of the Earth's magnetic field contribute to significant changes 
in the production rates of cosmogenic radionuclides (e.g., Elsasser et al., 1956) through the modulation of the 
cosmic ray flux. These nuclides are produced in the atmosphere in a series of reactions caused by high-energy 
galactic cosmic rays (GCRs) (e.g., Beer et al., 2012; Lal & Peters, 1967). Assumptions that the geomagnetic 
field can be represented by a centered or eccentric dipole (e.g., Castagnoli & Lal, 1980; Nevalainen et al., 2013) 
are widely used in cosmogenic nuclide production rates (CNPRs) studies. Although this holds for a significant 
period of the geomagnetic field history when the field is dipole-dominated, events like geomagnetic excursions 
and reversals, when the field is highly non-dipolar, make clear exceptions. The effects of these transitional events 
on CNPRs have not yet been studied because the paleomagnetic field was mainly represented by dipole moment 
variations. Recent progress in long-term geomagnetic field reconstructions allows for studying the production 
rates considering data-based, global models over the past 100 ka and especially over geomagnetic excursions. 
Moreover, these global geomagnetic field reconstructions enable us to assess regional differences in CNPRs.

The main geomagnetic field exhibits spatial and temporal variations on a range of scales, days to centuries 
(e.g., Jackson & Finlay, 2015), centuries to millennia (e.g., Constable & Korte, 2015), and millions of years 
(e.g., Johnson & McFadden, 2015). Over geological timescales, the remanent magnetization in rocks and sedi-
ments provides a way of studying the past field beyond direct measurements. Our knowledge of the long-term 
changes in the geomagnetic field has greatly improved over the past two decades through modeling the field 
with paleomagnetic data. Several global, time-dependent models have become available covering the Holocene 
period (past ∼12 ka) (e.g., Constable et al., 2016; Nilsson et al., 2022; Panovska et al., 2015; Pavón-Carrasco 
et al., 2014; Schanner et al., 2022; Usoskin et al., 2016). The geomagnetic excursions—periods when the field 
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intensity decreases and directions deviate significantly—have also been studied globally. The most recent events, 
the Mono Lake/Auckland (∼34 ka) and Laschamps (∼41 ka) are covered by a few models (Brown et al., 2018; 
Korte et al., 2019; Leonhardt et al., 2009) and their robust features are identified (Korte et al., 2019; Panovska 
et  al.,  2019). Moreover, continuous models for the past 70 ka (Panovska et  al.,  2021) and 100 ka (Panovska 
et al., 2018), which additionally include the Norwegian-Greenland Sea excursion (∼65 ka), have been developed. 
The global models show extreme axial dipole (AD) decay during the Laschamps with a non-dipole field domi-
nating at Earth's surface, and transitional field behavior observed globally (e.g., Panovska et al., 2021). The other 
two excursions are associated with a less pronounced drop of the AD moment and are not observed in directional 
data globally. They show evidence of being double events, that is a series of regional directional events associated 
with multiple dipole lows, rather than one global excursion (Korte et al., 2019; Panovska et al., 2021).

The cutoff in the cosmic ray (CR) rigidity (the ratio of a particle's momentum to charge) is often considered as a 
quantitative measure of the geomagnetic field shielding. It was first studied theoretically by Elsasser et al. (1956) 
and Størmer (1955), who provided equations of the cutoff rigidity as a function of the geomagnetic field dipole 
moment and geomagnetic latitude. A simplified approach is often used, where the values of cutoff rigidity are 
estimated analytically considering only the dipole field component (e.g., Usoskin et al., 2006). Eccentric dipole 
approximation is shown to be sufficient to represent the global features during times of dipole dominated field, 
but it may introduce moderate errors at regional scales (Nevalainen et al., 2013). Shea et al. (1965) estimated 
the cutoff rigidity by back-tracing trajectories of energetic particles in a given magnetic field, a method that has 
become a standard technique for modeling of the geomagnetic cutoff rigidity (e.g., Mishev et al., 2017; Smart 
et al., 2000). Over the Holocene timescale, this method has been applied to accommodate global paleomagnetic 
field models (e.g., Lifton et al., 2014, 2008). Beyond the Holocene, cutoff rigidities have been estimated using 
paleointensity stacks and AD moment reconstructions (e.g., Balco et al., 2008; Lifton et al., 2014). Recently, 
Gao et al. (2022a, 2022b) applied this method to the paleomagnetic field models spanning the past 100 ka and 
produced a synthesis record that represents the longest global reconstruction of geomagnetic cutoff rigidity.

Energetic CRs, when entering the Earth's atmosphere, initiate a complex nucleonic-electromagnetic-muon 
cascade, where in particular, some radioactive nuclides can be seldom produced. Since CRs are the main sources 
of these nuclides in the terrestrial system, they are called cosmogenic nuclides, and their abundance reflects the 
flux of CRs including its solar and geomagnetic modulation. A number of theoretical models for calculating the 
production rates of different cosmogenic nuclides in the Earth's atmosphere exist (e.g., Beer et al., 1990; Masarik 
& Beer, 2009; Poluianov et al., 2016, 2020). Considering the 100 ka time-dependent cutoff rigidity as one of the 
input parameters to these models, one can estimate the long-term production rates.

After production, some nuclides (e.g.,  10Be,  36Cl) get transported in the atmosphere and finally deposited via 
wet or dry precipitation to land, ice, and sea, while other nuclides have different fates, for example,  14C gets 
oxidized to  14CO2, enters the carbon cycle and gets absorbed by living organisms, or  3H is involved in the global 
water cycle. Thus, understanding their spatial and temporal variations is essential for a wide range of environ-
mental and geological applications (e.g., Willenbring & von Blanckenburg, 2010), such as rates of Earth-surface 
processes, geochronology, and tracers of the atmospheric and hydrological circulation. Since the production rate 
has a nonlinear inverse relationship to the magnetic fields of the Earth and Sun (e.g., Kovaltsov et al., 2012; 
Masarik & Beer, 2009), cosmogenic nuclides are used to infer past variations of the geomagnetic field (e.g., 
Zheng et al., 2021), and of the solar activity, which in turn, is essential for studies of the solar-terrestrial relation-
ship (e.g., Solanki et al., 2004; Steinhilber et al., 2012; Usoskin et al., 2021; Wu et al., 2018).

In this study, we modeled the influence of the internal geomagnetic field on atmospheric CNPRs due to GCRs. 
Recently developed, data-based, geomagnetic field models that cover long timescales are used to test the effects 
on different nuclides at different solar-modulation conditions. A range of available paleomagnetic field models 
makes it possible to extract the robust features and compare the results with numerical simulations and theoret-
ical estimates of particle fluxes and CNPRs in the Earth's atmosphere. Further, the  10Be estimates are compared 
to  10Be deposition flux in the polar region as measured in the Greenland and Antarctic ice cores to validate the 
results of the calculation. First, we provide a short description of the methodology and the ingredients needed 
for calculating the production rates including paleomagnetic field models, cutoff rigidities, yield functions, CR 
spectrum, and solar modulation in Section 2. Section 3 includes the results regarding the geomagnetic excur-
sions, effects of the solar modulation, different cosmogenic nuclides, average production over the past 100 ka, 
regional differences and hemispherical asymmetry, and tests against actual measurements by using a simple 
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parametrization of the deposition flux. We summarize the conclusions, discuss the implications of our estimates, 
and provide perspectives for future studies in Section 4.

2. Methodology
2.1. Paleomagnetic Field Models

Geomagnetic field variations on multi-millennial time scales are reconstructed using paleomagnetic data that 
come from archeological artifacts, volcanic rocks, and sediments. The Holocene period is covered by several 
global models, and large-scale variations are now well resolved (e.g., Nilsson et al., 2022; Schanner et al., 2022). 
Here, the Holocene period is represented by the CALS10k.2 model (Constable et al., 2016), constrained to a 
large extent by lake sediment records and archeomagnetic data, which dominate the most recent 3 ka. Recent 
efforts extend global geomagnetic field models on timescales beyond the Holocene (e.g., Panovska et al., 2019). 
Three global models are used in this study: LSMOD.2 (Korte et al., 2019), GGFSS70 (Panovska et al., 2021) and 
GGF100k (Panovska et al., 2018). All these models are based on sedimentary paleomagnetic records and to a 
lesser extent on volcanic data because of the very limited spatial and temporal distribution of the latter data set. 
The underlying sediment data sets differ in their spatial and temporal distribution, from an extensive data set of 
over 100 sediment records in the GGF100k model (100–0 ka) to a very limited data set of only nine sediment 
records selected with strict criteria in the GGFSS70 (70–15 ka), and regionally aligned and stacked sediment 
records in the LSMOD.2 (50–30 ka). These models are presented in spherical harmonics in space (up to degree 
10, except the GGFSS70 model that goes to degree 6) and B-splines in time, including spatial and temporal regu-
larization. Due to the limited data distributions, and measurement and age uncertainties, the effective spatial reso-
lution is about degree 5 for the Holocene models, and degree 3-4 for the longer-duration models. Nevertheless, 
they have the advantage over geocentric dipolar approximations in providing dipole and non-dipole components 
of the field, with the latter being particularly important during the periods of geomagnetic excursions.

2.2. Cutoff Rigidity

The cutoff rigidity, that is, the geomagnetic field shielding, which is needed for estimating CNPRs, is calculated 
using the trajectory back-tracing method (e.g., Shea et al., 1965; Smart & Shea, 2009; Smart et al., 2000), where 
protons with a negative charge at a fixed rigidity are numerically traced back from the stratosphere (20 km above the 
Earth's surface) to space. If the proton can be traced back to the open space, this trajectory is considered as allowed; 
otherwise, the trajectory is forbidden (Cooke et al., 1991). The results of the simulations are parameterized via the 
effective vertical cutoff rigidity Pc so that all particles with the rigidity above/below Pc are considered as allowed/
forbidden at a given location. Details on the method can be found in Gao et al. (2022a) and Smart et al. (2000).

The studies of Gao et al. (2022a, 2022b) provide global grids of the cutoff rigidity over the past 100 ka. Here, 
we use these recent results to calculate the corresponding changes in the CNPR pattern. The non-dipole compo-
nents of the geomagnetic field during geomagnetic excursions are significant, and the trajectory-tracing method 
provides more realistic cutoff rigidities than the eccentric dipole approximation over periods of complex field 
morphology (Gao et al., 2022a). To reduce the calculation time and increase the accuracy in the lower rigidity 
interval expected for geomagnetic excursions, Gao et al. (2022a) introduced a hybrid rigidity scanning method in 
the trajectory-tracing technique. The first rigidity scan is from 30 to 0 GV with the 0.5 GV step, and the second 
rigidity scan is from the highest forbidden rigidity value plus 0.5 GV to the lowest allowed rigidity value minus 
0.5 GV with the 0.01 GV step. By analyzing the cutoff rigidity from different models spanning the past 100 ka, 
Gao et al.  (2022b) proposed a synthesis record (Rc100k) that can serve as a robust framework for the global 
100 ka cutoff rigidity variability. For the purpose of analyzing, the robust characteristics and assessing models 
uncertainties, we considered the individual models that produced the Rc100k. However, it should be noted that 
even trajectory-tracing techniques can be inaccurate during geomagnetic excursions when the magnetospheric 
configuration is unknown; such periods require paleomagnetospheric models to be developed (e.g., Vogt & 
Glassmeier, 2001).

2.3. Solar Modulation

The flux of GCR near Earth is modulated by solar magnetic activity on time scales ranging from hourly/daily to 
centennial/millennial, including periods of Grand solar minima, when the Sun is very quiet (see Usoskin, 2023, 
for a review). Although the GCR modulation process is complex (Potgieter,  2013), it is often parameterized 
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for practical applications by a simple force-field approximation (Caballero-Lopez & Moraal,  2004; Usoskin 
et  al.,  2005), which includes a single modulation parameter ϕ in the units of rigidity and a prescribed local 
interstellar spectrum (LIS) of GCR. Here, we used the LIS as parameterized by Vos and Potgieter (2015). The 
use of other LIS shapes can slightly affect the exact value of ϕ which can be linearly converted to those obtained 
here (e.g., Asvestari et al., 2017; Usoskin et al., 2005), keeping thus the relative variability the same. The modu-
lation parameter typically varies between 300 and 1,000–1,500 MV during a solar cycle and can be as low as 
150–200 MV during Grand solar minima (Usoskin et al., 2021). On the other hand, on the multi-millennial time 
scale, the solar modulation can be considered roughly constant. The mean ϕ value over the period 1951–2016 
was 660 ± 20 MV (Usoskin et al., 2017). The mid-late 20th century was characterized by very high solar activity, 
namely Modern Grand maximum (Solanki et al., 2004), when the mean modulation parameter was significantly 
higher than that during the Holocene ϕ = 449 ± 70 MV (Usoskin et al., 2016; Wu et al., 2018) as evaluated 
from cosmogenic proxy data. The mean modulation parameter was also estimated as ϕ = 496 ± 40 MV from 
lunar rock data on the million year timescale (Poluianov et al., 2018). Accordingly, we used the mean value of 
ϕ = 500 MV for the estimates presented in this study, which is consistent with the periods of the last 10 thou-
sand and 1 million years. We also used the range of ϕ from 0 to 2,000 MV to test the influence of different solar 
modulations (Section 3.2).

2.4. Modeling Cosmogenic Nuclide Production

We calculated the CNPRs in the Earth's atmosphere (noted as Q below) considering full Monte Carlo simulations 
of the nucleonic-muon-electromagnetic cascades caused by primary CRs as quantified by specific yield functions 
by Poluianov et al. (2016). This study provides altitudinal profiles of the production of five cosmogenic nuclides,   
7Be,  10Be,  14C,  22Na, and  36Cl, that are also analyzed here. The production rate Q(h, t) in units of atoms/g/s at a 
given atmospheric depth h and time t can be computed as follows:

𝑄𝑄(ℎ, 𝑡𝑡) =
∑

𝑖𝑖
∫

∞

𝑃𝑃c

𝑌𝑌𝑖𝑖(ℎ, 𝑃𝑃 ) ⋅ 𝐽𝐽𝑖𝑖(𝑃𝑃 , 𝑡𝑡) ⋅ 𝑑𝑑𝑃𝑃 , (1)

where Pc is the geomagnetic cutoff rigidity (Section 2.2), Yi is the yield function that provides production of the 
given nuclide by the unit flux of primary cosmic ray particles of type i, rigidity P at atmospheric depth h, Ji is 
the rigidity spectrum of cosmic ray particles of type i near Earth, and the summation is over different types of 
cosmic ray particles, namely protons and α-particles. The α-particles effectively include heavier CRs with the 
scaling factor 0.353 in nucleonic number as obtained on the basis of the cosmic ray spectra directly measured by 
the AMS-02 experiment (Koldobskiy et al., 2019). The columnar CNPR is calculated as an integral of Q(h, t) over 
atmospheric depth h and has units of atoms/cm 2/s.

Here, we use the cutoff rigidities estimated from the paleomagnetic field models (Gao et al., 2022a, 2022b), yield 
functions provided by Poluianov et al. (2016), the average GCR spectra calculated in the force-field approxima-
tion using the modulation potential ϕ = 500 MV (see Section 2.3), and the LIS of CRs as provided by Vos and 
Potgieter (2015).

3. Results
To facilitate the presentation of the various aspects of CNPRs, we first considered one nuclide, namely  10Be, and 
one model, LSMOD.2, that covers 20 ka. The period encompasses normal dipole-dominated and transitional 
fields, and together with varying solar modulation, will be used to demonstrate their effects on the produc-
tion rates. To illustrate the overall consistency of the results obtained for  10Be with other nuclides, analyses 
of  7Be,  14C,  22Na, and  36Cl are also presented. Then we come to the 100 ka period and assess robust features, the 
model's variability and uncertainty.

3.1. The Effect of Geomagnetic Excursions

We looked at the long-term production separately as a function of the geomagnetic field and solar modulation 
(Section 3.2). The columnar production over the globe of three epochs from the LSMOD.2 model are shown 
in Figure 1 for  10Be. The selected epochs correspond to a high dipole moment (7.8 × 10 22 Am 2) at 47.15 ka 
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(Figure 1a), the Laschamps excursion at 40.95 ka with the dipole moment of 0.4 × 10 22 Am 2 (Figure 1b), the 
Mono Lake/Auckland excursion at 34.15 ka, with the dipole moment of 4.3 × 10 22 Am 2 (Figure 1c), and IGRF13 
(Alken et al., 2021) (Figure 1d) for comparison with the present-day production (the dipole moment is 7.7 × 10 22 
Am 2). Figures 2a–2d show the latitudinal profiles of the computed  10Be production rates for the four epochs. The 

Figure 1. Columnar production of  10Be estimated from the LSMOD.2 model (a–c), and IGRF13 (d) for comparison with the 
present-day production. The solar modulation potential ϕ is 500 MV. All maps are plotted on the same color scale. Selected 
example epochs correspond to a high dipole moment at 47.15 ka (a), the Laschamps excursion at 40.95 ka (b), Mono Lake/
Auckland excursion at 34.15 ka (c), and the present-day 2020 (d). Dipole moment (DM) variation of the LSMOD.2 model 
and selected epochs are presented in Figure 3a.

Figure 2. Columnar production of  10Be estimated from the LSMOD.2 model (a–c), and IGRF13 (d) for comparison with the 
present-day production. Plots show the production at the given epoch as a function of latitude (blue circles, corresponding to 
different longitudes) and the average (black line). The solar modulation potential ϕ is 500 MV. All plots have the same y-axis. 
Selected example epochs correspond to a high dipole moment at 47.15 ka (a), the Laschamps excursion at 40.95 ka (b), Mono 
Lake/Auckland excursion at 34.15 ka (c), and the present-day 2020 (d). Maps of cosmogenic nuclide production rates for the 
selected epochs are presented in Figure 1.
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global CNPR of  10Be over the period of 50–30 ka ago is shown in Figure 3a along with the dipole-moment vari-
ations according to the LSMOD.2 model. The present-day columnar  10Be production rate is 5-6 times higher at 
high latitudes than in the equatorial region (cf. Poluianov et al., 2016) whereas, during the periods of geomagnetic 
excursions, the production pattern depends on the exact geomagnetic field configuration. Over the Mono Lake/
Auckland excursion (Figures 1c and 2c), when the dipole moment is approximately half of the present-day, the 
dipole production pattern is still present, but with a reduced difference (ca. a factor of three) between polar and 
tropical regions. The latitudinal structure is clearly present in Figure 2c as in the periods of high dipole moment 
(Figures 2a and 2d). No latitudinal structure and almost equal, high production rates everywhere are observed 
during the extreme case at 40.95 ka, the Laschamps excursion, when the dipole moment was only 5% of the 
modern field (Figure 1b). The production rates are globally comparable to the present-day polar productions, 
with small, irregularly distributed regions of slightly decreased production that reflect the high-order, non-dipolar 
morphology of the geomagnetic field during the Laschamps (Figure 2b). The production in polar regions can 
be higher, but also lower compared to other latitudes, depending on the specific distribution of the magnetic 
field as, for example, in the case for this particular epoch with decreased production in the northern polar region 
(Figures 1b and 2b). In terms of the dipole approximation, the geomagnetic dipole was estimated to be nearly 
perfectly centered and axially aligned with the rotational axis leading to no longitudinal patterns in the CNPR 
distribution, observed as a very narrow spread of individual points along the mean curve in Figure 2a at 47.15 ka. 
On the contrary, the spread is broad in Figure 2d, because of the essential displacement and tilt of the present-day 
dipole with respect to the Earth's center and rotational axis, respectively. The equatorial dip becomes shallower 
with the decrease of the dipole moment during the Mono Lake/Auckland event (Figure 2c).

The global average CNPR is inversely related to the geomagnetic dipole moment, with peaks in production corre-
sponding to lows in the geomagnetic field intensity (Figure 3a). The mean global production over the Laschamps 
excursion is more than double the present-day one, whereas the increase is only 1.3 times of the present-day 
production for the Mono Lake/Auckland excursion, considering the two intensity lows of this excursions, at ∼34 
and ∼31 ka (e.g., Korte et al., 2019).

A summary of zonal mean production profiles over the whole 50–30 ka period with the 200 years step is provided 
in Figure 3b. The green lines mark the production during the Laschamps excursion between 40.15 and 41.75 ka 
ago, and they do not show any systematic latitudinal dependence. This period with a duration of 1.6 ka, when the 
dipole moment was less than 40% of the present-day value, agrees well with the estimated global surface duration 
of the Laschamps excursion (e.g., Korte et al., 2019; Panovska et al., 2021).

Figure 4 depicts the  10Be CNPRs in the atmospheric column as a function of latitude (longitude is fixed to zero) 
for the three selected epochs and the present-day. One can see differences in CNPR patterns during different 
epochs. Latitudinal structure and maximum production in the polar regions can be observed at 47.15 ka and the 
modern epoch (Figures 4a and 4d) and to some extent at 34.15 ka ago (Figure 4c), in contrast to the Laschamps 
event characterized by no latitudinal dependence and nearly homogeneous production rate (Figure  4b). Also 
noticeable is the higher production in the Southern Hemisphere compared to the northern (Figures 4a and 4d).

Figure 3. Summary of LSMOD.2 model variations: (a) dipole moment and the global mean production of  10Be, ϕ = 500 MV 
(blue and red curve, respectively). Dashed lines denote the present-day dipole moment (year 2020) and  10Be global production 
estimated from the IGRF13 model. Selected epochs presented in Figure 1 are denoted with red triangles. (b) Mean zonal 
production over the model validity period 50–30 ka at time step of 200 years. The green lines associated with the Laschamps 
excursion over the period 40.15–41.75 ka do not show systematic latitudinal dependence.
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3.2. The Effect of Solar Modulation

The global CNPR varies by ±20%–25% during a typical solar cycle because of the solar modulation of GCR 
(e.g., Heikkilä et al., 2008; Kovaltsov & Usoskin, 2010). However, these modulation values can change depend-
ing on the global morphology of the geomagnetic field. Here, we looked at the global  10Be production for a 
range of solar modulations from 0 to 2,000 MV, at 250 MV step, and different geomagnetic field configurations 
for the selected epochs (Figure 5a) as well as the temporal variations over the period of 50–30 ka ago using 
the LSMOD.2 model (Figure 5b). The ϕ = 0 would imply the total absence of the solar modulation, which is a 
non-realistic situation because the modulation is known to exist even during the Grand solar minima although 
at a low level of 100–200 MV (Poluianov et al., 2014; Wu et al., 2018). These estimates show that the global 
average production significantly changes depending on solar modulation. The production nonlinearly increases 
with decreasing the solar modulation, and the effect becomes stronger for weaker geomagnetic shielding. The 
global production rate during the Laschamps excursion (red curve in Figure 5a) is estimated to be more than 
doubled relative to the present-day values (dotted magenta curve). The increase during the Mono Lake/Auckland 
excursion (yellow curve) is smaller than that for the Laschamps event, but still significant, of the order of about 
33% for almost the entire range of the solar modulation parameter. This effect can also be seen in Figure 5b (see 
the large range of variations around 41 ka). For large values of the solar modulation (lower lines in Figure 5b), 
the effect of geomagnetic field is highly suppressed, that is, production rates are less sensitive to geomagnetic 
field variations.

We combined the variations in the global production rates of  10Be that result from changes in solar modulation 
ranging from 0 MV (no solar modulation) to 2,000 MV (very active Sun) and with fluctuations in the geomagnetic 

Figure 4. Production of  10Be (in units of atoms/g/s) estimated from the LSMOD.2 model at 47.15 ka (a), 40.95 ka (b), 
34.15 ka (c), and the IGRF13 model at 2020 (d) in the atmospheric column as a function of latitude caused by galactic 
cosmic rays. Each cell is latitudinally weighted, that is multiplied by cosine(latitude). Longitude is fixed to 0°. The solar 
modulation ϕ is 500 MV. All plots have the same color scale and axes. The altitude is given in depth (g/cm 2) on the left 
y-axis, and approx. height in km on the right y-axis using the U.S. Standard Atmosphere (National Oceanic and Atmospheric 
Administration, 1976) for the conversion.
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field, expressed in dipole moment values, from almost 0–8 × 10 22 Am 2 in Figure 5c. For the latter, we estimated 
mean production rates based on the LSMOD.2 global variations. This dependence on both heliospheric and 
geomagnetic modulations is often analyzed from Monte Carlo calculations (e.g., Masarik & Beer, 1999, 2009), 
assuming dipolar Earth's magnetic field and shielding effects dependent on the geomagnetic latitude. Here, the 
estimates are based on the global morphology of the geomagnetic field from the LSMOD.2 model. At first 
glance, the dependence is as expected, meaning peak/increased production when the shielding of both fields is 
absent/low.

However, the geomagnetic-field shielding differs depending on the approximation used, be it an AD, geocentric 
tilted dipole, or the full model representation. Figure 6 shows the comparison of  10Be production rates for a given 
solar modulation parameter (ϕ = 500 MV) as a function of the geomagnetic field based on the LSMOD.2 pale-
omagnetic field model truncated at different levels: the AD only, degree 1 (the geocentric tilted dipole), degrees 
3 and 5. The model has fewer points with very low dipole moment, because, for most of the period the model 
covers, the geomagnetic field is high. All the curves (Figures 6a and 6b) agree well for geomagnetic field values 
close to 1 (present-day) but start to disperse at about 50% of the present-day value. As expected, the effect of 
the non-(axial) dipole components is most prominent during the Laschamps excursion, where the AD and dipole 
overestimate the mean production rates. In general, the mean production obtained from the model truncated at 
degree 5 is very close to the full representation (degree 10), which points to the effective spatial resolution of 

Figure 5. (a) Mean global production rates of  10Be as a function of the solar modulation ϕ from the LSMOD.2 model for different values of the dipole moment, 
provided in the brackets in the legend. IGRF13 model values are plotted for comparison purposes. Same epochs as in Figure 1 are selected. (b) Time variations of the 
mean global production rates of  10Be from the LSMOD.2 model for different values of the solar modulation potential ϕ ranging from 0 to 2,000 MV at 250 MV step. (c) 
Global production of  10Be estimated from the LSMOD.2 model as a function of the dipole moment and the solar modulation. Estimates have been interpolated using 2D 
cubic interpolation for plotting the surface.
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this model to about spherical harmonic degree 5 (Korte et al., 2019). Although the mean global production for 
the full expansion and different truncation levels agree when the dipole moment is high, regional differences 
still exist. In general, the AD assumption overestimates the production over periods of low dipole moment but 
underestimates the production at high dipole moments (see, for instance, the period 48–44 ka in Figure 6a, where 
the AD estimates are slightly lower than the full model, opposite to the effect observed over the Laschamps excur-
sion). However, the underestimation is not significant considering the uncertainties in the models. The difference 
in  10Be global mean production rates between the geomagnetic field model and its truncation to the AD and 
dipole is about 18% and 10%, respectively, over the period of low dipole moment (10%–20% of the present-day, 
that is, 0.1–0.2 in the x-axis in Figure 6b).

3.3. Production Over the Past 100 ka

Regarding the time variations of  10Be production rates over the past 100 ka, we considered all global models 
available on these timescales and analyzed the mean global production, as well as the Northern versus Southern 
Hemisphere production rates (Figure 7). Using different models instead of the Rc100k combined record will allow 
an assessment of robust features and give an idea of models' variability and uncertainty over periods when the 
different models overlap. The average global production rate is 0.0353 atoms/cm 2/s over the past 100 ka, 0.0420 
atoms/cm 2/s over 70–15 ka, 0.0412 atoms/cm 2/s for the 50–30 ka, and 0.0311 atoms/cm 2/s over the Holocene. 
Compared to estimates from numerical simulations, the 100 ka and Holocene values are close together and in fair 
agreement with the Holocene average of 0.0346 atoms/cm 2/s estimated by Heikkilä and von Blanckenburg (2015). 
We note that the latter results were based on an outdated nuclide-production model and maybe uncertain by 
20%–30% (Golubenko et al., 2022). Increased mean production rates obtained from the LSMOD.2 and GGFSS70 
models partly result from the periods of geomagnetic excursions and lower dipole moment compared to the more 
strongly dipolar periods covered by the CALS10k.2 and IGRF model. The GGF100k model average lies between 
the other two sets of models, due to its greater smoothing over longer time spans, including excursions, and 
dipole moment that is not as low as in the other two models. The “Laschamps run”, zero geomagnetic dipole test 
of the Heikkilä et al. (2009) simulation predicts 0.0524 atoms/cm 2/s, but the results presented here as based on 
paleomagnetic field models give somewhat higher values over the Laschamps, 0.0748 and 0.0706 atoms/cm 2/s, 
from the GGFSS70 and LSMOD.2 models respectively. The discrepancy results not only from the paleomagnetic 
models but also from the different production models. The values are also higher than the production values of 
0.0621 ± 0.0060 atoms/cm 2/s and 0.0638 ± 0.0112 atoms/cm 2/s obtained from sediment stacks of  10Be over the 
Laschamps excursion and the Matuyama-Brunhes reversal (Simon et al., 2018, 2020), respectively, using the 

Figure 6. (a) Time variations of the global average production rates of  10Be with the geomagnetic field taken from the 
LSMOD.2 model. Different levels of truncation are considered for assessing the influence of non-axial dipole and non-dipole 
components on the production rates. The solar modulation parameter for all the estimates is 500 MV. The same legend 
applies to both subplots. (b) Global average production of  10Be as a function of the dipole moment. Circles are global mean 
production rates estimated at time steps of 200 years. Polynomial of degree 5 is applied to fit the production rates of the 
model. The dipole moment obtained from this geomagnetic field model goes slightly above the modern-day value. Dipole 
moment and mean  10Be production rate are expressed relative to the present-day values, that is, the 2020 values from the 
IGRF13 model, 7.7 × 10 22 Am 2 and 0.03185 atoms/cm 2/s, respectively. The curves representing the truncation levels 3 and 5 
are practically indistinguishable in both plots.
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same theoretical  10Be production model of Poluianov et al. (2016). Increased mean production is predicted at 
other periods of low field intensity (Figure 7a), 0.0636 atoms/cm 2/s at the Norwegian Greenland Sea excursion 
(∼65 ka), and 0.0508 atoms/cm 2/s at the Mono Lake/Auckland excursion (∼34 ka).

The latitudinal asymmetry has also been observed in the geomagnetic secular variation on different time scales 
(e.g., Aubert et al., 2013; Constable et al., 2016). We calculated the average hemispheric production of  10Be to 
assess if this asymmetry is reflected in the production estimates. Figures 7b and 7c present the Northern, South-
ern, Atlantic, and Pacific Hemisphere mean productions based on the model GGF100k. The boundaries of the 
latter two are set at the meridians 90°W and 90°E. A summary of the global and hemispheric mean productions 
of all analyzed models is provided in Figure 8. All models, which sample a large range of timescales—from 
modern to 100 ka-average show the Northern/Southern asymmetry in the production rates due to stronger, on 

Figure 8. Differences in the global and hemispherical production of  10Be over the past 100 ka for different paleomagnetic 
field models: GGF100k (100–0 ka BP), GGFSS70 (70–15 ka BP), LSMOD.2 (50–30 ka BP), CALS10k.2 (10–0 ka BP), 
and IGRF13 estimates for year 2020. The solar modulation potential ϕ is 500 MV. NH, Northern Hemisphere; SH, Southern 
Hemisphere; AH, Atlantic Hemisphere; and PH, Pacific Hemisphere.

Figure 7. Global production of  10Be over the past 100 ka modeled using the following paleomagnetic field models: 
GGF100k, GGFSS70, LSMOD.2, and CALS10k.2 (a). References are in the main text. The solar modulation potential ϕ is 
500 MV. The longest 100 ka model is used to demonstrate the hemispherical asymmetry in the  10Be production: Northern 
versus Southern Hemisphere (NH vs. SH) in (b) and Atlantic versus Pacific Hemisphere (AH vs. PH) in (c).
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average, field in the Northern than in the Southern Hemispheres. On the other hand, no asymmetry is evident 
in the Atlantic and Pacific Hemispheric mean production rates. In the Southern Hemisphere, the global mean 
production is larger for all time scales, 92% of the Holocene period (result from the CALS10k.2 model), ∼60% 
of the time in the LSMOD.2 and GGFSS70 models, and 75% in the GGF100k, considering the models' validity 
periods. However, the asymmetry is not that clear during the excursional midpoints when the production rates 
are at the maximum level globally. The difference in the average field strength in the Southern versus Northern 
Hemisphere is mainly related to the influence of significant average axial quadrupole contribution (𝐴𝐴 g0

2
 ) in the 

geomagnetic field overall analyzed timescales, up to 100 ka (Constable et al., 2016; Panovska et al., 2019). The 
numbers are comparable to the time-averaged values over million years scales (e.g., Johnson & McFadden, 2015). 
Therefore, we tested if the North/South asymmetry is present when the geomagnetic field model is truncated to 
the first four Gauss coefficients. For that reason, we considered the dipole (𝐴𝐴 g0

1
 , 𝐴𝐴 g1

1
 , and 𝐴𝐴 h1

1
 ) and axial quadrupole  

(𝐴𝐴 g0
2
 ) terms from the LSMOD.2 model for calculating the cutoff rigidity. These values are then used to obtain the 

global  10Be production rate estimates. The hemispherical asymmetry observed in the full models exists in the 
case of truncated model, indicating the importance of the axial quadrupole contribution to the field asymmetry.

The values of CNPRs reported here, describing the effects of paleomagnetic field models, come with uncertain-
ties related to these models. Propagating the uncertainties from the geomagnetic field to cutoff rigidities and 
production rates is not straightforward. We used the upper and lower bounds of cutoff rigidity of the GGF100k 
provided by Gao et al. (2022b) to assess the uncertainties in production rates. When comparing the global aver-
ages, the percentage difference is 1%–2% for strong, dipole-dominated epochs and 3%–4% for weaker field and 
excursion epochs. These are significantly lower than the 20% deviation estimated from the dipole model approxi-
mation. Nevertheless, these uncertainties come from one model only and are probably underestimated. The more 
realistic uncertainties are the order of differences between different models. The global averages of LSMOD.2, 
GGFSS70, and GGF100k, considering the  10Be and the overlapping period 50–30 ka, differ by 8%–14%.

3.4. Production of Other Cosmogenic Nuclides

Many studies based on cosmogenic nuclides employ nuclides other than the  10Be. Poluianov et al. (2016) provided 
the yield functions of four other cosmogenic nuclides,  7Be,  14C,  22Na, and  36Cl, and we have also estimated their 
global production-rate patterns (Figure 9). Maps in Figure 9 present distributions of the columnar production 
rates at the same epochs as in Figure 1 for  10Be. The absolute values of the production rates differ by orders 
of magnitude between nuclides so that the production rates are higher for  7Be and  14C produced on abundant 
nitrogen and oxygen, and lower for  22Na and  36Cl produced by spallation of less abundant argon. However, the 
spatial distribution of the production rates remains qualitatively similar to that discussed for  10Be (Section 3.1). 
Also, the production rates reported previously by using the LSMOD.2 model are in very good agreement with the 
results from the other analyzed paleomagnetic field models (Section 3.3), and also confirmed with the analysis 
of different cosmogenic nuclides.

3.5. Comparison With Actual Measurements

In this section, we validate the obtained results by comparing the modeled  10Be to actual measurements. We 
computed the depositional flux of  10Be flux in the Northern and Southern polar regions and checked the agree-
ment with the measured values in Greenland and Antarctic ice cores, as shown in Figure 10. In addition, we have 
also compared the global production of  14C with the IntCal20-based  14C production rates (Köhler et al., 2022) 
in Figure  10d. Having the nuclide atmospheric production calculated over the whole atmospheric depth and 
time span of the models, we applied a simple deposition model to calculate the deposition flux in the northern 
polar region (60°N–90°N). We used the parametrization provided in Heikkilä et al. (2009) and kept in mind the 
uncertainties of a modern-era model used in conditions over many millennia in the past. The mean solar modu-
lation parameter is taken as 500 MV. Looking at the polar latitudes, the production-deposition is as follows: 2% 
of  10Be produced in the stratosphere, 19% of nuclides produced in the troposphere latitudinal range 60°–90°N, 
and 5% from the troposphere 30°–60°N range (Heikkilä et al., 2009). On the other hand, over the Laschamps 
excursion, the values are 3%, 27%, and 6%, respectively, and additionally about 1% from the 0°–30°N range of 
the troposphere. We considered the Laschamps run for the period 44–38 ka, the actual Laschamps excursion 
(see the inset plot in Figure 10). The tropopause is derived from the JRA55 reanalysis that was provided as 
zonal monthly means for the period 1960–2018 (Pisoft et al., 2021) because this data set has the advantage of 
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using longer time series. For approximating the average tropopause better, the profiles that were not realistically 
simulated over the southern polar regions due to active winter vortex, low temperatures, and indifferent vertical 
profiles, were not considered when estimating the average. The mean latitudinal profile of the tropopause has 
a variable height and ranges between ∼9 km in the polar region to ∼16 km above the equator. Accordingly, the 
parametrization provided in Heikkilä et al. (2009) for the southern polar region (60°S–90°S) and the Laschamps 
run are considered for the comparison with the Antarctic ice core data. However, it should be understood that 
the present-day warm-climate tropopause may not be applicable for the ice-age condition leaving the presented 
result only indicative.

The  10Be measurements from the Greenland ice cores GRIP and GISP2 (Muscheler et al., 2004) combined, using 
the updated GICC05 time scale, are in good agreement with the calculated  10Be flux (Figure 10). Although the 
most common approach is to study the relative production rate variations, we opt here for keeping the absolute 
scale for illustrating the comparison. In general, the GGFSS70 model predicts the flux well within the data scatter 
except for parts of the period 27–15 ka ago when it is systemically lower. This short discrepancy may be due to 
reasons such as poorly resolved paleomagnetic field models, imprecise ice-core flux estimates during Marine 
Isotope Stage 2 (29–14 ka), or to potential climatic signals in the  10Be record in ice. The GGF100k model yields 
smoother results, and deposited fluxes which are systematically lower than the other models as a result of the 
higher dipole moment of GGF100k over the whole time span. The Laschamps excursion is clearly characterized by 
an increased flux with all the models, though the amplitude in all models is smaller than the measured flux. When 
considering the parametrization of the Laschamps run from Heikkilä et al. (2009), the predicted flux increase 
is larger than in our models so that it matches the observed one for the Laschamps excursion but overestimates 
the flux during the other times. The ice cores EDC, EDML, and Vostok from Antarctica (Adolphi et al., 2018; 

Figure 9. Global pattern of the columnar production rates of  7Be (a),  14C (b),  22Na (c), and  36Cl (d) presented in rows, for different epochs from the LSMOD.2 model 
(ordered by columns): high dipole moment at 47.15 ka, the Laschamps excursion at 40.95 ka, and Mono Lake/Auckland excursion at 34.15 ka. The solar modulation ϕ 
is set to 500 MV. The color scales represent the production rate in atoms/cm 2/s. They are different for different nuclides.
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Raisbeck et al., 2017) are short and cover only the Laschamps excursion. The modeled variations are smoother, 
and though they capture the Laschamps' peak, the period of increased production is slightly wider in the measured 
records (Figure 10c). The IntCal20-based  14C production in the atmosphere (Köhler et al., 2022, scenario V1, 
50–0 ka) and modeled values show a good agreement in the general trend, but the small-scale features require 
more work, both on the paleomagnetic field models and processes in the carbon cycle (Figure 10d). Nevertheless, 
good agreement between the flux variations measured in the ice cores and  14C production rates, and the estimated 
ones supports the approach used.

4. Conclusion
Evidence for increased production of cosmogenic nuclides during periods of the decreased geomagnetic 
field intensity has been found in many studies of sediment and ice cores (e.g., Bourlès et al., 1989; Carcaillet 
et al., 2004; Christl et al., 2010; Frank et al., 1997; Simon et al., 2020, 2016), but the nuclide production rates 
using data-based, global paleomagnetic field models have not been estimated previously. Available long-term 
global models, presently spanning up to 100 ka, are employed here to estimate possible effects of the internal 
geomagnetic field variations on CNPRs, with the special attention to geomagnetic excursions. The production 
rates computed for periods with stable, dipole-dominated geomagnetic field strongly depend on the geographical 
latitude, whereas the production rates during the Laschamps excursion are roughly constant at all latitudes, with 
slight differences depending on the global geomagnetic field morphology. The other regional excursions show 
reduced latitudinal dependence relative to strongly dipolar fields. Considering only the (axial) dipole in the cutoff 
rigidity estimates can lead to an overestimation of the production for periods of low magnetic field intensity. 

Figure 10. (a) Comparison of the deposition flux of  10Be in the polar region (60°N–90°N) using the presented production estimates from the long-term geomagnetic 
field models and measured data from the Greenland ice cores GRIP and GISP2 combined (Muscheler et al., 2004). The Greenland data (cross symbols) are plotted 
on the updated GICC05 time scale. The solid black line represents 1,000 year running means with a sliding window of 100 years. The solar modulation potential 
ϕ is 500 MV. The atmospheric transport was parameterized according to Heikkilä et al. (2009). (b) Comparison over the period of the Laschamps excursion. The 
atmospheric transport is based on the parameters of the Laschamps run in Heikkilä et al. (2009). (c) Comparison of the deposition flux of  10Be in the southern polar 
region (60°S–90°S) and measured data from the Antarctic ice cores EDC, EDML, and Vostok (Adolphi et al., 2018; Raisbeck et al., 2017). (d) Comparison with 
IntCal20-based  14C production rates in the atmosphere (Köhler et al., 2022, scenario V1).
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When more global models of excursions and reversals become available, they may be used to test and validate 
the results presented here.

The global average CNPRs during different excursions over the past 100 ka period increase significantly above 
the present-day value, by a factor of 1.5 for the Mono Lake/Auckland event, 1.9 for the Norwegian-Greenland 
Sea excursion, and 2.3 for the Laschamps excursion, considering  10Be and GGFSS70 model. The modeled 
increases of the production rate during geomagnetic excursions appear robust for all the studied nuclides and 
paleomagnetic field models. For instance, the increase obtained for the Laschamps excursion from the same 
model are 2.3 for  7Be and  36Cl, 2.2 for  14C and  22Na. Considering the other two models, the Laschamps' increase 
in  10Be is 1.8 and 2.1 from the GGF100k and LSMOD.2, respectively. Moreover, the variations in production 
rates predicted by the paleomagnetic field models agree well with the actual measurements from Greenland ice 
cores, and marine sediments that show a doubling of production rates during the Laschamps excursion (e.g., 
Simon et al., 2020).

Regarding the hemispheric asymmetry, we discussed this finding in view of different timescales and from several 
paleomagnetic field models. Chu et al. (2022) showed a systematic asymmetry between the Northern and South-
ern Hemispheres in terms of the cutoff rigidity, from 1965 to the present, including a faster rate of change in 
the Southern Hemisphere. Gao et al. (2022b) demonstrated a significant hemispherical asymmetry in the cutoff 
rigidity over the past 100 ka. This asymmetric shielding consequently propagates to asymmetry in the production 
rates in the Northern versus Southern Hemisphere. Interestingly, this is observed on all analyzed timescales, from 
the modern-day, over the Holocene, the geomagnetic excursions, to the past 100 ka. Considering the uneven data 
distribution, with more paleomagnetic data in the Northern Hemisphere, the question arises if the hemispheric 
asymmetry is due to the sampling bias. Tests that have been carried out on the Holocene and 100 k models by 
flipping the data locations available in the Northern and Southern Hemispheres showed that the hemispherical 
asymmetry is robust and not an artifact of the underlying data distribution (Constable et al., 2016; Panovska 
et al., 2018). From the point of view of spherical harmonic models, the persistent axial quadrupole term (𝐴𝐴 g0

2
 ) 

contributes significantly to the time-averaged geomagnetic field on all timescales (e.g., Panovska et al., 2019), 
and it also plays a role in the observed asymmetry. The origin of this North/South Hemispheric asymmetry lies 
within the source of the geomagnetic field, and it is a topic that requires further research (Constable et al., 2016). 
The dynamics of the lower mantle, core-mantle boundary, inner core, and their coupling may provide clues for 
resolving this question. Note that the presented estimates are based on only the internal magnetic field, and do 
not consider the external field—the magnetosphere formed as the dynamic interface between the geomagnetic 
and interplanetary magnetic fields (e.g., Pulkkinen, 2007). Numerical results show that considering the magne-
tospheric current system improves the agreement between theoretical and observed cutoff rigidity (e.g., Smart 
et al., 1969). During the periods of the dipole-dominated geomagnetic field, the contribution of the quiet magne-
tosphere to the cutoff rigidities is small (Kudela & Usoskin, 2004; Nevalainen et al., 2013), but it may become 
significant during periods of a weak dipole field. Including the paleomagnetosphere in the cutoff rigidity calcu-
lation will affect the production through changes in the shielding against particles of cosmic (and solar) origin 
(e.g., Glassmeier & Vogt, 2010; Gong et al., 2022; Stadelmann et al., 2010). For space weather applications, 
cutoff rigidities at different altitudes are required, and scaling them assuming dipolar approximations introduces 
significant errors, especially during geomagnetic storm times (Kress et al., 2015). Clearly, for consistent results, 
a realistic magnetosphere corresponding to the time-varying internal geomagnetic field needs to be implemented 
with a full physical model that remains beyond the framework of this study.

Also, we have used a single average GCR spectrum for these estimates, while the effect of solar variability is 
not explored here in depth. In addition, possible effects of solar energetic particles on CNPRs especially extreme 
solar events (e.g., Cliver et  al., 2022; Mekhaldi et  al.,  2021) can also be important. Furthermore, although a 
constant spectrum over the past 100 ka period is a valid assumption as the spectrum is considered to be stable over 
this time (e.g., Beer et al., 2012), some variations may affect the production rate results. All these more detailed 
considerations will be explored in forthcoming works.

This study focuses on the production of meteoric cosmogenic nuclides throughout the multi-millennial timescale, 
leaving aside effects of the long-term, global geomagnetic field models on in situ nuclide production rates. Both 
types of nuclides (meteoric and in situ) are widely used as proxies of the past geomagnetic field and solar varia-
bility, tracers of Earth surface processes, and as chronological tools (e.g., Clow et al., 2020; Simon et al., 2020; 
Willenbring & von Blanckenburg, 2010). Other nuclides can be considered as well, for instance,  3H (Poluianov 
et al., 2020), which is widely used as a tracer of atmospheric and hydrological circulation.
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Data Availability Statement
The cosmogenic nuclide production rates presented here are available in the EarthRef.org Digital Archive (ERDA) 
at https://earthref.org/ERDA/2543/. The cutoff rigidities are analyzed and presented in Gao et al. (2022a, 2022b), 
available online at https://earthref.org/ERDA/2498/ and https://earthref.org/ERDA/2521/. The yield functions of 
cosmogenic nuclides are available in the supplementary material of Poluianov et al. (2016).
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