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Abstract Cosmogenic radionuclide records from polar ice cores provide unique insights into past cosmic
ray flux variations. They allow reconstructions of past solar activity, space weather, and geomagnetic field
changes, and provide insights into past carbon cycle changes. However, all these applications rely on the
proportionality of the ice core radionuclide records to the global mean production rate changes. This premise
has been long debated from a model and data-perspective. Here, we address this issue through atmospheric
mixing model experiments and comparison to independent data. We find that all mixing scenarios, which do
not assume complete tropospheric mixing, result in a polar bias. This bias is more prominent for geomagnetic
field changes than solar modulation changes. The most likely scenario, supported by independent geomagnetic
field records and marine '°Be during the Laschamps geomagnetic field minimum, results in a dampening of
geomagnetic field induced changes by 23%-37% and an enhancement of solar-induced changes by 7%—8%.
During the Holocene, we do not find conclusive evidence for a polar bias. We propose a correction function that
allows deconvolving the glacial ice core record in order to restore proportionality to the global mean signal.

Plain Language Summary Ice core records of cosmogenic radionuclides (e.g., '°Be) are unique
archives providing information on past changes in galactic and solar cosmic ray fluxes. The atmospheric
production rates vary in response to changes of the cosmic ray flux, which in turn is modulated by solar and
geomagnetic shielding. Typically, it is assumed that the deposition of °Be on the ice varies in proportion to
changes in its atmospheric production rate. However, this assumption has been questioned early on, since

the geomagnetic shielding against cosmic rays depends on the geomagnetic latitude, being essentially zero

at the ice-core locations. It was proposed, that ice cores may suffer from a “polar bias” which dampens

the geomagnetic field signal and enhances the solar signal in ice core '°Be, thus questioning the use of
ice-core 1°Be-data as proxies for global cosmogenic radionuclide production rate changes. Here, we revisit
this hypothesis using mixing model experiments in conjunction with a compilation of '°Be data from high and
low-latitude archives and geomagnetic field models. We deduce that a polar bias is likely present in glacial
ice-core 1°Be-records and provide a simple method to approximately restore the proportionality of ice core °Be
data to global production rate changes.

1. Introduction

Ice cores are invaluable archives to constrain past atmospheric production rate changes of cosmogenic radio-
nuclides (CRNSs, e.g., '9Be, ¥*Cl, “C). The CRN-production rates depend on the incoming flux of cosmic rays
which trigger a nuclear cascade in the atmosphere, eventually resulting in CRN production (Lal & Peters, 1967).
The cosmic ray flux inside the heliosphere, in turn, depends on the strength of the interplanetary magnetic field,
related to solar activity, and the geomagnetic field. Hence, ice-core CRN-records allow the reconstruction of past
solar activity and geomagnetic field strength (e.g., Muscheler et al., 2016; Zheng, Sturevik-Storm, et al., 2021).
This approach also provides independent estimates of the relative changes of past *C-production rates which are
approximately proportional to those of '°Be (Poluianov et al., 2016), allowing inferences about past carbon cycle
changes (Dinauer et al., 2020; Kohler et al., 2022; Muscheler et al., 2004). However, the underlying assumption
for all these applications is that the relative changes of CRN-fluxes (or concentrations) measured in ice cores are
proportional to the global atmospheric production rate changes. The validity of this assumption is an ongoing
topic of debate and different studies based on models and/or data have reached different conclusions on the pres-
ence of this so-called “polar bias” (Adolphi et al., 2018; Adolphi & Muscheler, 2016; Bard et al., 1997; Elsésser
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et al., 2015; Field et al., 2006; Heikkild et al., 2009; Mazaud et al., 1994; McCracken, 2004; Pedro et al., 2012;
Steig et al., 1996).

The debate arises from the observation that the CRN production in the atmosphere is spatially highly hetero-
geneous. First, there is an altitudinal gradient of the atmospheric CRN-production: The combined effect of the
altitudinal profiles of the primary and secondary proton and neutron fluxes, their energy, and the density of target
atoms results in a CRN-production rate maximum in the lower stratosphere and generally decreasing production
rates at lower atmospheric levels, such that roughly two-thirds of the global °Be production occur in the strato-
sphere and one third in the troposphere (Heikkild et al., 2009). Second, the Earth's dipole-dominated magnetic
field provides no shielding around the geomagnetic poles, where the fieldlines are approximately perpendicu-
lar to Earth's surface, as opposed to at the equator, where the shielding is strongest. The combined effect is a
CRN-production maximum in the polar stratosphere, and a minimum in the equatorial troposphere.

Besides the global pattern of mean CRN-production rates, their modulation by varying geo- and heliomagnetic
field strength is spatially heterogeneous as well: Geomagnetic field changes do not affect the local production
rates at the poles where geomagnetic shielding is almost absent but have a significant effect at the equator where
the horizontal field-component is strong. On the other hand, solar activity changes predominantly affect CRN
production rates at the poles because there, low energy cosmic rays which are most strongly modulated by the
heliomagnetic field, are not deflected by the geomagnetic field.

From these observations it becomes clear that, whether or not ice cores (or any other geological archive) can
record a signal that is proportional to global production rate changes, depends critically on whether these spatial
patterns are being sufficiently homogenized by atmospheric mixing prior to deposition in the archive.

Many of the previous studies that postulated a polar bias were based on single records and very simple mixing
models (Bard et al., 1997; Mazaud et al., 1994; Steig et al., 1996), some of which were later on contradicted by
collections of higher-resolution records (Pedro et al., 2012). The somewhat more advanced model-experiments by
McCracken (2004) were (a) still very simplistic in their consideration of atmospheric transport of aerosols from
the stratosphere to the troposphere and within the troposphere and (b) validated using the quantification of the
polar bias by Bard et al. (1997) and Steig et al. (1996), which are likely overestimates (Elsésser et al., 2015; Pedro
et al., 2012). Complex GCM-experiments however, disagree on the presence of a polar bias (Field et al., 2006;
Heikkili et al., 2009).

Here, we try to critically re-evaluate this assumption on the basis of mixing-model experiments that have been
parameterized based on full GCM-experiments (Heikkil4 et al., 2009). Our focus is on the validation of the model
predictions by comparison to an extensive set of independent CRN-data from ice cores, marine sediments as well
as geomagnetic field models. Further, we develop a correction scheme that can be applied to ice core CRN data
in order to restore proportionality to global production-rate changes.

2. Materials and Methods
2.1. Production Rate Modeling

The '°Be production rates used in this study have been modeled using the yield functions provided by Poluianov
et al. (2016) for each latitude and atmospheric depth. The primary cosmic ray spectrum was based on the
Local Interstellar Spectrum by Herbst et al. (2017), modulated using the force-field approximation (Gleeson &
Axford, 1968), and assuming a nucleonic ratio of alpha and heavier particles of 30% (Webber & Higbie, 2009).
Choosing a more recent value of 35.5% (Koldobskiy et al., 2019) does not affect our results as the impact on the
spatial distribution and relative modulation on CRN-production rates is below 1%. The geomagnetic shielding
(utilizing the cut-off rigidity) was parameterized according to the polynomial fit provided by Lifton et al. (2014)
who modeled cut-off rigidities for different intensities of a geocentric axial dipole field.

2.2. Mixing Model

To simulate the effect of atmospheric mixing we apply a simple box-model. The atmosphere is divided into latitu-
dinal bands of 30° and in troposphere and stratosphere, based on the long-term monthly mean tropopause-height
of the NCEP-reanalysis (Kalnay et al., 1996), resulting in six boxes per hemisphere. The choice of the boxes was
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Table 1
Mixing Model Parameters

30°-60° trop 60°-90° trop 30°-60° strat 60°-90°

Scenario/Box 0°-30° trop [%] [%] [%] 0°-30° strat [%] [%] strat [%]
Global 100 (13) 100 (17) 100 (7) 100 (5) 100 (32) 100 (26)
HO09 60°-90°N 0(0) 5(18) 19 (27) 4(4) 4 (28) 4(22)
HO09 GRIP 1(3) 3.5(13) 10 (15) 5(6) 5(35) 5(29)
PB 0 (0) 5(14) 19 (21) 33) 5(27) 8 (35)

Note. For each scenario, the numbers state how much of the '°Be produced in a certain box is deposited at the ice core site
(%). In brackets, we show how much this fraction in turn contributes to the total deposition at the site, illustrating that even
if only a few % of the total '°Be produced in the stratosphere are deposited at the ice-core site, the stratosphere is still the
largest contributor to local '°Be-deposition because the stratospheric production rates are very high. For the global scenario,
all boxes obtain an equal weight in the mixing model (100%). Thus, the numbers in brackets reflect the relative contribution
of each box to the global budget. Note that they are rounded and may hence not add up to 100%. Furthermore, the exact values
depend on the exact choice of, for example, the tropospheric height, the solar modulation and the geomagnetic field (see main
text and Figure 2). Note that in the following discussion all production rates are normalized. Hence, the absolute numbers for
each box are irrelevant but only the ratio between the boxes affects the presented results.

motivated by the study of (Heikkild et al., 2009) who explicitly modeled the transport and mixing of '°Be in a
state-of-the-art Global Circulation Model and reported their results for these boxes (Tables 2 and 3 in Heikkilad
et al., 2009) which also roughly correspond to the main atmospheric circulation cells. Their estimate of the frac-
tion of '°Be produced in a given box which is deposited in Greenland serves as a starting point for our mixing
model. Hence, our model implicitly accounts for regional differences in aerosol transport and deposition as
modeled in the full GCM by Heikkili et al. (2009). We note that we only considered the stratospheric production
in one hemisphere. Hence, we need to double the stratospheric fraction given by Heikkild et al. (2009) which
refers to the whole stratospheric budget. We define four scenarios that are also summarized in Table 1 and
Figure 1:

Global: The entire atmosphere is well mixed (all boxes are mixed to equal proportions).

H09 60°-90°N: Based on the results by Heikkil4 et al. (2009, henceforth, "H09” in the scenario names) for
the '°Be deposition between 60° and 90°N. The stratosphere is well mixed but there is a strong gradient in the trop-
osphere, such that only '°Be produced north of 30°N reaches the northern hemisphere polar areas, while '°Be that
is produced in the tropical troposphere does not contribute to the deposition north of 60°N.

HO09 GRIP: Also based on the results by Heikkili et al. (2009) for the °Be deposition at the GRIP ice core
site. The troposphere again shows a strong latitudinal gradient in its contribution to the polar °Be deposition.
However, there is also a small fraction coming from the tropical troposphere. This scenario also assumes a
well-mixed stratosphere which also contributes more to the total deposition.

PB: A polar bias scenario in which the tropospheric mixing is similar to HO9 60°-90°N but additionally, the strat-
osphere is not mixed entirely but shows a gradient of increasing contribution to the polar deposition with latitude.

We do not aim to realistically reproduce absolute °Be deposition-fluxes at a specific ice core site. Instead, this
mixing model serves to illustrate the effects of different possible mixing-scenarios on the assumption of propor-
tionality of ice core °Be records to global production rates. Hence, we only study the relative deposition changes
compared to relative production rate changes. This is similar to the most common approaches applied to ice core
data, which are typically normalized to reconstruct past production rate changes.

3. Results
3.1. Model Predictions

Figure 1 shows the results from the box model. It can be seen that all scenarios with incomplete mixing lead to a
polar bias: All scenarios show a diminished sensitivity of '°Be deposition to geomagnetic field changes compared
to the global scenario (Figure 1 bottom right). At the same time, they are characterized by enhanced sensitivi-
ties to solar activity changes compared to the global scenario (Figure 1 panel b). We define “sensitivity” as the
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Figure 1. Panel (a) '°Be production rates for a solar modulation potential of 600 MeV and modern geomagnetic field
strength. The boxes used in the mixing model are divided by the dashed lines. For each scenario (color-coded as in the
legend of panel b and described in Table 1) and box, it is indicated which fraction is exported to the ice core (i.e., how much
of the °Be produced in this box is being deposited at the ice core site) and how much this in turn contributes to the total
deposition there (in brackets, i.e., how much of the total '’Be deposited at the ice core site was produced in this box). These
numbers differ due to the different inventories of each box. For the global scenario the numbers are only given in Table 1 but
omitted here for clarity. Panel (b) Simulated deposition change for each mixing scenario as a function of solar activity. Panel
(c) Simulated deposition change for each mixing scenario as a function of geomagnetic field strength.

relative CRN-production rate change in response to a given change in solar modulation/geomagnetic field inten-
sity. However, the attenuation/enhancement effect is not similar for geomagnetic and heliomagnetic modulation
of the GCR-flux. The sensitivity to solar changes is only enhanced by up to 15% while the sensitivity to geomag-
netic field changes is reduced by up to 47% of the global value. These estimates agree with an earlier study using
a more complex transport model (Elsésser et al., 2015) and rule out extreme polar bias scenarios as proposed by
Bard et al. (1997), who inferred a solar enhancement of 53%. This would result in an even stronger suppression
of the geomagnetic field signal in ice core CRN-records and can be ruled out by comparing '°Be-records to inde-
pendent estimates of geomagnetic field strength during the Laschamps geomagnetic field minimum (Adolphi
et al., 2018; Muscheler et al., 2005).

To understand this difference in the response to geomagnetic and solar changes, it is instructive to look at the
changes in the spatial distribution of atmospheric CRN-production rates (Figure 2). Solar modulation affects
mainly the stratospheric CRN-production-rates. During solar minima, the stratospheric production rate changes
at each latitude range from 20% to 170% of the global mean change (Figure 2k). However, the long residence
time of '°Be in the stratosphere of 1-2 years allows for sufficient mixing and homogenization of these differ-
ences (Heikkild et al., 2009; Raisbeck et al., 1981). Empirical evidence for this efficient stratospheric mixing
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Figure 2. Spatially resolved (atmospheric height, latitude) '°Be production rate changes for different levels of solar activity (@) and geomagnetic field strength relative
to today (M). On top of each panel, the applied solar modulation potential (® [MV]) and geomagnetic field strength (relative to today) are indicated. Left (a—e):
Production rates in atoms/cm?/s. Middle (f-j): Production rates in atoms/s (i.e., multiplied by the surface-area of each grid-cell). Right (k-n): relative production rate
change [% deviation from the production rates at ® = 600 MV and M = 1, see top row panels] for each point in space (5° latitude). The magenta dashed line is the
isoline of the globally averaged change which is also indicated on top of each panel. The numbers in each box indicate their contribution to the global budget (left and
middle panel) or the averaged production rate change in this box (right).

comes from the short-term production rate increases in '°Be and C during Solar Energetic Particle-events
(SEPs; Biintgen et al., 2018; Mekhaldi et al., 2015; Miyake et al., 2012). Their excess-production is confined
to the polar stratosphere, and yet, ice-core '°Be records do not record an enhanced signal compared to “C. On
the contrary, the SEP-related changes in '°Be are about 20% smaller than in '“C, possibly due to uncertainties
in the production yield functions (Paleari et al., 2022). In the troposphere on the other hand, the latitudinal
gradient of CRN-production-rate changes resulting from solar modulation changes is smaller and restricted to
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about 20%-110% of the global mean value and the production rate changes in the polar troposphere are compa-
rable to the global mean signal. Hence, assuming that ice cores receive °Be from a well-mixed stratosphere and
the mid-to high-latitude troposphere, a considerable enhancement of solar production rate changes cannot be
expected.

In comparison, geomagnetic field changes induce large production rate changes in the tropical and sub-tropical
atmosphere (Figures 2m and 2n), and the latitudinal differences in modulation strength are larger than for solar
activity changes. For a halving of today's geomagnetic field intensity, they reach from 0% to 360% of the global
mean value (Figure 2m). While the stratospheric gradient can be homogenized, the tropospheric residence time
of °Be is too short (1-2 months) to allow for full mixing and only a minor fraction may reach the polar tropo-
sphere via upwelling to the stratosphere (Heikkili et al., 2009). However, in this scenario the contribution of the
tropical troposphere to global production increases from 13% to 20%. The tropical tropospheric production rate
changes thus become an important term in the global budget that is strongly modulated. Thus, by not sampling
this reservoir, ice core CRN-records record a significantly smaller production rate change than the global mean
in all mixing scenarios. We note that even if ice cores only received '°Be from a well-mixed stratosphere, they
would underestimate the global production rate change because the modulation in the stratosphere is smaller than
the global mean (Figure 1). The addition of a potential regional (polar) tropospheric contribution which is not
modulated at all reduces the recorded °Be-change even further.

3.2. Devising a Spectral Correction Scheme

As shown above, a polar bias has different consequences on '°Be deposition, depending on whether production
rate changes are driven by changes in solar modulation or the geomagnetic field. Here, we propose a correction
scheme based on the finding that solar activity and the geomagnetic field dominate production rate changes on
different timescales (Snowball & Muscheler, 2007). Previously, this characteristic has been used to isolate one
or the other process by applying hard frequency cut-offs (Adolphi et al., 2014; Muscheler et al., 2005; Zheng,
Sturevik-Storm, et al., 2021). Here, we develop a filter approach that can simultaneously correct average biases
arising from both processes, which can be advantageous especially when one is not necessarily interested in the
specific modulation process but the global CRN-production rate changes.

First, we describe solar modulation and geomagnetic field intensity changes in the form of a frequency spectrum.
For changes in solar modulation, we use a smoothed average (Savitzki-Golay filter) of the individual spectra of
different solar activity reconstructions (see Figure 3, left). For geomagnetic field intensity variations, we approx-
imate the average spectrum by fitting a piecewise linear function with spectral slopes = of @ = 0, 2, and 4 and
corner frequencies of 3 X 107> and 3 x 1073 a~! (Figure 3, right; Bouligand et al., 2016; Buffett & Matsui, 2015).
As we will see later, the exact shape of the spectra is only important in the frequency range, where solar modu-
lation and geomagnetic field strength both contribute significantly to the CRN-production rate changes, that is,
2% 107*to 2 x 1073 a~! (wavelengths of 500-5,000 years). On longer (shorter) wavelengths the CRN production
rates are clearly dominated by geomagnetic field intensity (solar activity) and then, the exact shape of the spec-
trum becomes unimportant for the correction factor.

Subsequently, we generate 1,000 random realizations of these spectra with random phases uniformly sampled
from —x to © and a squared amplitude sampled from a y2-distribution with 2 degrees of freedom around the
prescribed spectrum (Wilks, 2006). These random samples of the prescribed spectra are then transformed into
timeseries by inverse Fast Fourier Transform. From each noise series, we subtract its minimum so that the result-
ing 1,000 random solar modulation records and 1,000 random geomagnetic field intensity records cannot reach
unphysical negative values (see Figure 3, lower panels for examples). The resulting mean +1 sigma of all noise
series is 450 + 15 MeV and 8.5 + 1 x 10?2 Am? for solar modulation and geomagnetic field intensity, respec-
tively, which fall within the range of the available reconstructions.

Using these random solar modulation and geomagnetic field records, we modeled '°Be production rates and the
expected ice-core signal according to the different mixing scenarios described in Section 2.2 and Table 1.

Figure 4 shows how the different mixing scenarios affect the proportionality of the synthetic ice-core record
compared to the global mean signal of CRN-production rate changes. We can define an amplitude enhancement
factor as a function of frequency for each mixing scenario by dividing the corresponding power spectrum by the
spectrum of the global mean production rates. On long timescales (>5,000 years or a frequency of 2 X 10~ a~1)
the production rate changes are exclusively driven by geomagnetic field changes. There, the mixing model yields
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Figure 3. Spectra of solar modulation changes (a) (Brehm et al., 2021; Gieseler et al., 2017; Muscheler et al., 2016; Roth & Joos, 2013; Steinhilber et al., 2012) and
geomagnetic field intensity changes (c) (Channel et al., 2009; Jackson et al., 2000; Korte & Constable, 2011; Korte et al., 2019; Laj et al., 2004; Liu et al., 2020;
Nilsson et al., 2014; Panovska et al., 2019, 2021; Pavon-Carraso et al., 2014). Each colored line represents a different reconstruction from the literature. The bold black
line shows the fitted spectrum used to generate random realizations of both quantities. The lower panels show the reconstructions of solar activity (b) and geomagnetic
field intensity (d) as timeseries (colored as above) including one random realization (black) of the fitted spectrum. PSD denotes “power spectral density”.
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Figure 4. Left: Mean frequency spectra of the 1,000 simulated CRN-deposition records according to the different mixing model scenarios (top left), and inferred
amplitude enhancement factor (bottom left) when comparing the mixing model output to the global mean signal. Right: Mismatch of the mixing model output and the
global mean CRN production rate quantified as a root mean square error (RMSE, white bars). The gray bars show the RMSE of the mixing model output and the global
mean production rate after applying the spectral correction scheme described in the text.
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an amplitude-reduction of 23%-47% of the recorded CRN-production rate changes compared to the global mean
signal (Figure 4 lower panel). On shorter periods (<500 years or a frequency of 2 x 1073 a~!), solar modulation is
the sole driver of production rate changes. Here, the amplitude enhancement is moderate, between 7% and 15%.
Between 500 and 5,000 years, both processes contribute to the modulation of CRN-production rates. Hence, this
ambiguity leads to a smooth transition between enhancement and dampening.

The defined amplitude enhancement factor can be used to restore proportionality from the mixed signal (i.e., ice
core) by calculating the power spectrum of the ice-core record, dividing its amplitudes by the enhancement factor,
and converting it back into a timeseries by inverse Fourier transform. Figure 4 (right) illustrates the effect of
applying this correction to the synthetic ice core record: Initially, the root mean square error (RMSE) between the
simulated ice core and global mean production rate changes amounts to 5%—10%. After applying the correction,
the RMSE is approximately halved for each mixing scenario. The remaining mismatch arises from the previously
described ambiguity of the origin of production rate changes on timescales between 500 and 5,000 years. Without
prior knowledge of the origin of production rate changes this cannot be rectified accurately for each oscillation,
since the correction is purely statistical and not mechanistic.

3.3. Comparison to Independent Data

So far, the considerations presented here are merely theoretical but strongly suggest, that a polar bias can be
expected to be present in ice core °Be records from polar regions. In this section, we compare the °Be ice core
stack compiled by Adolphi et al. (2018) and corrected in Kohler et al. (2022) to a suite of independent data sets.
We focus on the Laschamps geomagnetic field minimum around 41 kaBP (Bonhomme & Babkine, 1967) which
provides good data coverage from ice core and marine '°Be records and geomagnetic field reconstructions. As
shown in the previous section, the effect of a polar bias can be expected to be most prominent for production rate
changes induced by changes in the geomagnetic field, while it is less pronounced for solar modulation. Hence, we
can expect the best “signal to noise” for this most recent period, when the geomagnetic dipole moment approach
values close to zero (Korte et al., 2019). One caveat is the increasing importance of non-dipole moments when the
dipole field approaches zero. However, we indirectly address this issue by also comparing to marine °Be records,
which will be affected by geomagnetic shielding in a similar way while being less sensitive to incomplete atmos-
pheric mixing due to additional mixing in the ocean. Furthermore, Greenland and Antarctic ice core '°Be-records
show increases of similar amplitude during the Laschamps. This implies that the production-rate patterns arising
from non-dipole moments must be homogenized by atmospheric mixing prior to deposition because we don't
expect the same non-dipole shielding in both hemispheres. Conducting the same comparison between modern
neutron monitor and ice-core '’Be data yields inconclusive results, because the expected enhancement is of simi-
lar magnitude as the '°Be measurement error and the difference between individual sites (Figure S1).

First, we compare the ice core record to a suite of marine '°Be-records (Figure 5). Marine '°Be records have (for
this purpose) the advantage that Beryllium has an oceanic residence time of roughly 200-1,000 years, depend-
ing on location (Ku et al., 1990; Kusakabe et al., 1990; von Blanckenburg et al., 1996). This additional mixing
time allows for a more complete homogenization of °Be-production patterns prior to deposition, compared to
atmospheric records such as ice cores. Nearly all investigated marine '°Be records show a larger production rate
increase than the uncorrected ice-core stack, supporting the presence of a polar bias. Only the record from ODP
983 in the northern North Atlantic (Christl et al., 2010) shows a lower production rate increase. This record,
however, required a correction for the lateral transport of '°Be, which reduces the amplitude of '°Be deposition
changes compared to the normalization using Th-excess measurements only (Christl et al., 2010). The aver-
age '"Be-deposition change of all other investigated marine records is most compatible with our mixing model
scenarios of a weak polar bias (HO9 GRIP and HO9 N60°-90°).

In addition, we compare the ice core CRN-Stack to independent reconstructions of geomagnetic field intensity
variations (Figure 6). For this purpose, we calculated the expected atmospheric '°Be production rate changes
from the geomagnetic field records and global models assuming a constant solar modulation of 500 MeV. Subse-
quently, we applied the mixing model to create virtual ice core records expected for each mixing scenario, which
can then be compared to the measured ice core data.

Congruent to the comparison to marine '°Be (Figure 5), the geomagnetic field records yield larger production rate
changes than the ice core stack and only become compatible with the ice core data when incomplete tropospheric
mixing is assumed.
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Figure 5. Comparison of marine '’Be records from the South Atlantic (ODP 1089, Christl et al., 2007), North Atlantic
(ODP 983, Christl et al., 2010), western equatorial Pacific (MD05-2920, Simon et al., 2020), the Gulf of Papua (MD05-2930,
Simon et al., 2016), and Iberian Margin (MD95-2042, Carcaillet et al., 2004; MD04-2811, Ménabréaz et al., 2011) to the ice
core radionuclide stack (Adolphi et al., 2018). The gray band encompasses the mean of the '°Be maxima seen in the marine
records plus-minus its standard error. The ice core data has been smoothed in order to account for a ~400 year residence time
of Beryllium in the ocean following Christl (2007). All records have been normalized to their mean prior to the Laschamps
event from 45 to 50 ka BP in order to quantify the relative production rate increase associated with the geomagnetic field
minimum.

While differences between all datasets make it challenging to decide whether scenario H09 N60-90 or HO9 GRIP
provides a better fit to the independent '°Be data from marine sediments and geomagnetic field reconstructions,
we can still rule out the scenarios that assume either full global mixing or incomplete mixing in the stratosphere.

For the Holocene period, we compare the ice core data to production rate estimates based on a range of geomag-
netic field models (Constable et al., 2016; Nilsson et al., 2014; Pavon-Carrasco et al., 2014), and modeled '“C
production rates (Roth & Joos, 2013). Atmospheric “C is well-mixed and thus, provides an independent estimate
of global CRN-production, modulated by the same processes as °Be, but not affected by the same mixing and
transport effects. However, it requires a carbon cycle model to deconvolve the influences of carbon-cycle and
production-rate changes on atmospheric “C/!?C (Siegenthaler et al., 1980). Hence, '*C-production rate estimates
rely on accurate knowledge and simulation of the past carbon cycle, which are challenging especially during the
glacial (e.g., Dinauer et al., 2020). During the climatically more stable Holocene, these effects can be expected to
be less variable, albeit not negligible (Roth & Joos, 2013; Vonmoos et al., 2006).

The comparison between these datasets is shown in Figure 7. The ice core CRN-data agrees well with *C but
implies larger variations than most geomagnetic field models. Assuming incomplete atmospheric mixing of '°Be
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Figure 6. Comparison of modeled '°Be deposition rate changes based on geomagnetic field intensity reconstructions and

the mixing model to the ice core CRN stack (Adolphi et al., 2018). Results are shown for geomagnetic field reconstructions
from Black Sea sediments (Liu et al., 2020), and different global compilations and models (Korte et al., 2019; Laj et al., 2004;
Panovska et al., 2021). All records have been normalized to their mean prior to the Laschamps event from 45 to 50 ka BP in
order to quantify the relative production rate increase associated with the geomagnetic field minimum. The ice core data have
been smoothed using a 1,000 year low-pass filter in order to highlight production rate changes induced by the geomagnetic
field. The horizontal black lines highlight the amplitude of the production rate change seen in ice cores.
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Figure 7. Comparison between the ice core CRN stack (gray and bold black), modeled '“C-production rates (dashed
cyan, Roth & Joos, 2013), and modeled '°Be production rates from different geomagnetic field models for the Holocene
(CALS10k2 and HFMOL1A1: Constable et al., 2016; pfm9k1b: Nilsson et al., 2014; SHADIF14k: Pavon-Carrasco

et al., 2014; pfm9k2: Nilsson et al., 2022) and according to the different mixing scenarios (colored lines, legend). The ice
core data is shown unfiltered (light gray) and filtered with a 3,000 year low-pass (bold dark gray). All records have been
normalized to their mean between 500 and 9,000 years BP.

(i.e., a polar bias) leads to increased differences to geomagnetic field models and *C-production rates. To explain
these observations, we can formulate four main hypotheses.

i) The Holocene geomagnetic field models underestimate the amplitude of the actual intensity changes.

ii) The difference between '°Be (and “C) and geomagnetic field models results from solar modulation of
CRN-production rates.

iii) The atmospheric mixing of '°Be differs between the glacial and the Holocene, which results in a polar bias
during the ice-age but not during the recent warm-period.

iv) Non-dipole shielding during the Laschamps is significant, and hence, production rate changes modeled from
geomagnetic field records are overestimated by dipole-only models leading to an overestimate of the polar
bias in ice core data.

Hypothesis i) is supported by the agreement of 1°Be and “C and may arise from a loss of variance when combin-
ing a large number of records. Furthermore, the models by (Nilsson et al., 2014) and (Pavén-Carrasco et al., 2014)
almost reach the amplitude implied by the CRN.

ADOLPHI ET AL.

10 of 14

8SUBD17 SUOWILLIOD) BARID) 8 |qedt|dde ay) Aq peusenob e ook YO ‘esn Jo San. Joj AriqiTauljuO A8|IN UO (SUONIPUOD-pUR-SWLBIW0D A8 | IM A Reiq Ul uo//:SdNy) SUoRIPUCD pUe Swid 1 8y 88S *[£202/20/60] uo ArlqiauluQ /8| ‘Auewe aueiyoo) Aq £0Z8E0ArzZ02/620T 0T/ 10pod As im Areiqiputiuo sgndnfe//sdny wouy pepeojumoq ‘v ‘€202 ‘96686912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD038203

Hypothesis ii) requires solar activity changes that are in-phase with geomagnetic field changes, which seems
unlikely.

Hypothesis iii) is supported by the increased mismatch of ice-core CRN-records to '“C and geomagnetic field
changes when incomplete mixing of !°Be is assumed (i.e., all scenarios except “global”). The global mixing
scenario provides the best fit between all records during the Holocene. Yet, this is in disagreement with the
modeling by Heikkild et al. (2013), who showed that the mixing of °Be is relatively similar during the glacial
and the Holocene. On the contrary, the drier atmosphere and longer atmospheric residence time of aerosols would
lead to more latitudinal mixing during the glacial compared to the Holocene. Similarly, a lower tropopause height
during colder climates would lead to an increased fraction of stratospheric '°Be and, hence, better latitudinal
mixing during the glacial. Tropospheric circulation changes during the glacial, on the other hand, were different
in both hemispheres, and yet, the '°Be-changes in Arctic and Antarctic ice cores around Laschamps agree in
amplitude. In our model-scenario with the smallest polar bias (H09 GRIP), we need to increase the contribution
of 1°Be produced in the tropical troposphere by a factor of 4-5 for the polar bias to vanish. This would likely
require increased upwelling of tropical tropospheric airmasses into the stratosphere (Heikkilé et al., 2009), possi-
bly facilitated by a more vigorous Brewer-Dobson circulation during modern times compared to the glacial (Fu
et al., 2020).

Hypothesis iv) implies that our inference of a polar bias during the glacial is an artifact resulting from overes-
timated production-rate changes from geomagnetic field models, which in reality have been smaller due to a
residual shielding provided by higher moments of the geomagnetic field. Recent studies have shown that during
the Laschamps non-dipole moments of the field become important (Korte et al., 2019; Panovska et al., 2021).
These moments translate into effective cutoff-rigidities of ~1.5 GV with a relatively uniform latitudinal and
longitudinal structure (Gao et al., 2022). This is supported by the similar amplitude of °Be-deposition changes
in Greenland and Antarctica, which would differ if there were significant latitudinal dependencies of the residual
shielding by the non-dipole field. Assuming a globally uniform effective cutoff-rigidity of 1.5 GV leads to an
8% reduction of the modeled global '’Be production rates compared to no geomagnetic shielding (i.e., a dipole-
only field during Laschamps). This value is relatively small because the deflected low-energy cosmic rays have
low production yields (Poluianov et al., 2016). Importantly, this value is significantly smaller than the difference
between the ice-core °Be data and the prediction by geomagnetic field models which is in the order of 20%—-30%,
depending on the geomagnetic field model (Figure 6). Lastly, a significant reduction of the expected °Be produc-
tion rate changes during Laschamps would lead to an improved agreement between ice cores and geomagnetic
field models, but would increase the disagreement to the marine '°Be records.

Taking the evidence from Holocene geomagnetic field models and '“C together, likely points to a combination
of hypotheses i) and iii) above. Hypothesis iv) clearly requires further investigation but is unlikely to reconcile
all records. The larger amplitude of changes in *C and ice-core CRN-data, compared to the geomagnetic field
models points to some smoothing of the latter. In addition, all mixing-model scenarios that assume incomplete
mixing of '°Be lead to an increased mismatch to “C and the geomagnetic field models. This points to more
complete tropospheric mixing of °Be during the Holocene compared to the glacial and requires further studies
employing more detailed atmospheric models.

4. Conclusion

We presented considerations regarding the consequences of incomplete mixing of !°Be in the atmosphere prior
to deposition in ice cores and addressed the long-standing debate of a polar bias. By conducting simple mixing
model experiments, we find that a polar bias is to be expected as long as the troposphere is not fully mixed. In
agreement with Elsésser et al. (2015), we infer that the polar dampening of production rate changes caused by
geomagnetic field variations is larger than the enhancement of changes related to solar modulation. This arises
from the significant production rate changes in the tropical troposphere during geomagnetic field changes that
become a major term in the global budget during geomagnetic field minima, which are not contributing to the
polar deposition of °Be. On the other hand, solar activity changes cause production rate changes that are less
spatially heterogeneous and mainly affect the well-mixed stratosphere.

Comparison to independent '°Be data from marine sediments and geomagnetic field reconstructions supports
these findings for the last glacial. The best match between these data and ice cores is obtained when a complete
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mixing of the stratosphere, but incomplete mixing of the troposphere is assumed. This results in a polar
dampening of geomagnetic field-induced production rate changes by 23%-37% and an enhancement of solar
modulation-related changes by only 7%—8% (for scenarios HO9 GRIP and H09 N60-90, respectively).

During the Holocene, we find a mismatch between geomagnetic field changes and ice core °Be-records that
cannot be reconciled by assumptions about atmospheric mixing and rather point to the absence of a polar bias
during the Holocene, and a smoothing in geomagnetic field reconstructions.

We propose a simple correction function that can be applied to the ice core records to restore the proportional-
ity of ice core CRN-records to global production rate changes. Since this method is purely statistical, it cannot
correct specific production rate oscillations but will remove average biases. One effect of such a correction is,
that it increases the amplitude of multimillennial production rate changes obtained from ice cores, bringing also
ice core '°Be and independent '“C records close together during the glacial, albeit not enough to reconcile current
disagreements (Dinauer et al., 2020; Kohler et al., 2022).
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ing '“Be-production rates: Poluianov et al. (2016). The spectral correction function shown in Figure 4 and a
Matlab-script how to apply it are available at https://doi.org/10.5281/zenodo.6947463.
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