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Abstract Cosmogenic isotopes are produced by cosmic rays mostly in the middle-low atmosphere and
then take part in the complicated processes of atmospheric transport and deposition that are different for the
stratosphere and troposphere. Cosmogenic isotopes are continuously produced by galactic cosmic rays (GCRs)
with a hard energy spectrum and sporadically by solar energetic particles (SEPs) with much softer energy
spectra. The partition of the isotope production between the stratosphere and troposphere in different latitudinal
zones depends on the spectrum of cosmic rays, geomagnetic shielding, and the tropopause shape. The exact
zonal distribution of the isotope production is not accurately known and needs to be precisely modeled as

well as the isotopes' transport and deposition in climatic reconstruction. Here, we present the results of the
computations of “C, 3°Cl, 1°Be, and "Be cosmogenic isotope production in the Earth's atmosphere using

the CRAC model. We provide zonal mean production rates separately for the stratosphere and troposphere

in three latitudinal zones: tropical (0°-30°), midlatitude (30°-60°), and polar (60°-90°). The computations
were performed for four scenarios: (a) production by GCR during a solar-cycle minimum; (b) production by
GCR during a solar-cycle maximum; (c) SEP event with the hardest known spectrum (GLE#5); and (d) the
strongest known soft-spectrum SEP event (GLE#24). The results confirm that, while all the latitudinal zones
are relatively important for the isotopes produced by GCR, isotope production by SEPs in the tropical zone is
small and can be neglected. The results are coupled to the SOCOL-AER2-BE chemistry-climate model and can
be used for a simplified parametric modeling of the isotopes' atmospheric transport, for the conditions typical
for the Holocene.

1. Introduction

Cosmogenic isotopes are nuclides whose main source is continuous production in the Earth's atmosphere by
galactic cosmic rays (GCRs) and sporadically by solar energetic particles (SEPs) (Beer et al., 2012; Miyake
et al., 2019). Other sources of these isotopes such as anthropogenic production during atmospheric nuclear
weapon tests (Elmore et al., 1982) are not considered here. The isotope production rate varies in time: more/
less isotope atoms are produced by GCRs during solar minimum/maximum times, respectively (Masarik &
Beer, 2009; Poluianov et al., 2016), while the production by SEPs only takes place during sporadic strong or
extreme solar eruptive events (Schrijver et al., 2012; Usoskin et al., 2006). On longer time scales, changes of the
geomagnetic field modulate the isotope production. The spatial distribution of the isotope production changes for
different periods and types of events. Accordingly, it is important, for studies of the cosmogenic isotopes and their
terrestrial applications, to model the isotopes' production precisely for different conditions.

Cosmogenic isotopes have a broad range of decay times from minutes (e.g., half-life of **Cl is 56 min) to millions
of years (1.388 - 10° years for '°Be)—see (Chmeleff et al., 2010; Korschinek et al., 2010). Short-living isotopes
decay fast and are not transported far from the production site, but transport and deposition processes are important
for isotopes with the life time longer than several months. The cosmogenic isotopes are transported by air masses
and subsequently diffuse to the surface of the land and the oceans (Keeling et al., 2017). Most useful cosmogenic
isotopes applied for studies of solar variability, cosmic rays, and also atmospheric dynamics are “C, *Cl, '°Be,
and "Be (e.g., Beer et al., 2012; Leppénen et al., 2010; Wu et al., 2018).

Modeling of cosmogenic isotope production has a long history. First production models (Lal & Peters, 1967;
Lingenfelter, 1963) used an empirical approach based on fitting simplified model calculations to measurements
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of the isotope concentrations and inelastic nuclear collisions in the atmosphere. A later semi-analytical model
by O’Brien (1979) was based on a stationary analytical approximation of the development of the GCR-induced
cascade in the atmosphere in the form of the Boltzman equation. Those models were based on simplified calcu-
lations of the inelastic-collision rates and applying the mean spallation yield per one collision. An important
new step in modeling the isotope production was made in pioneering work by Masarik and Beer (1999), slightly
updated as Masarik and Beer (2009), who performed a Monte Carlo simulation of the GCR-initiated cascade in
the atmosphere directly using cross-sections of spallation reactions instead of the average inelastic collision's
efficiency. Those works were set for fixed levels of solar activity and/or spectral shapes of GCRs and cannot be
used to compute the isotope production for SEP events. A more detailed approach based on the yield function
(isotope production by a unit flux of monoenergetic primary CR particles) made it possible to compute the
isotope production for any spectral shape, including GCR and SEP. However, earlier models of that type (Webber
et al., 2007; Webber & Higbie, 2003) provided only the columnar (integrated over the entire thickness of the
atmosphere) yield functions for cosmogenic isotopes making it impossible to model the altitude profile of the
isotope production and, thus, to apply atmospheric transport models. This approach was further developed as
the CRAC (Cosmic-Ray Atmospheric Cascade) family of numerical models (Kovaltsov et al., 2012; Kovaltsov &
Usoskin, 2010; Usoskin & Kovaltsov, 2008), based on a full Monte Carlo simulation of the cosmic-ray induced
cascade in the atmosphere. It includes yield functions computed for different atmospheric levels and thus, makes
it possible to model the altitude profile of the isotope production and to couple it directly with the atmospheric
transport models. The most recent and precise version of the CRAC model (Poluianov et al., 2016, 2020) is based
on the GEANT-4 Monte-Carlo tool computing the yield functions of production of six cosmogenic isotopes, '“C,
3Cl, 1°Be, "Be, »?Na, and *H in the Earth's atmosphere by energetic protons and heavier particles.

Because of the soft energy spectrum of SEPs, modeling of their contribution to the production of cosmogenic
isotopes is particularly challenging as it requires accurate knowledge of the low-energy part of the production
(yield) function. Attempts to reconstruct the events of solar particles in the past using measurements of cosmo-
genic isotopes have been repeatedly made. Simpson (1960) argued that intense fluxes of solar energetic protons
can produce Triton (or Tritium) and “C isotopes in the terrestrial atmosphere at times near the maximum of the
solar activity cycle. It was shown theoretically (Usoskin & Kovaltsov, 2006; Webber et al., 2007) that extremely
strong SEP events can produce cosmogenic isotopes in the amount detectable in high-resolution °Be and “C
data (Usoskin et al., 2020). Such extreme SEP events were discovered recently as recorded in multiple terres-
trial cosmogenic isotope (“C, 1°Be, and 3°Cl) data throughout the last millennia (e.g., Brehm et al., 2021, 2022;
Mekhaldi et al., 2015; Miyake et al., 2012; 2013; O’Hare et al., 2019; Paleari et al., 2022; Sukhodolov et al., 2017;
Usoskin et al., 2013; Uusitalo et al., 2018).

After production with a complex 3D distribution in the atmosphere, cosmogenic isotopes experience transport
and deposition processes that are specific for each isotope (Beer et al., 2012). These processes can significantly
distort the production signal in the measured concentrations. For example, the 11-year solar cycles in the “C
production can be greatly, by a factor of ~100, attenuated in the measured A'*C by the global biogeochemical
carbon cycle (Bard et al., 1997; Usoskin & Kromer, 2005). Transport of cosmogenic isotopes in the atmos-
phere can be modeled with different levels of precision and detalization, from simple assumptions of global
mixing or purely regional deposition (McCracken, 2004) to full atmospheric models. The latter is particularly
important for the isotopes used as tracers of the atmospheric dynamics, such as the short-living "Be isotope.
For '“C, multibox-diffusion models (Bard et al., 1997; Oeschger et al., 1975) are usually sufficient but a full
3D dynamical model can be used when dynamical interaction with the ocean is important (Dinauer et al., 2020;
Roth & Joos, 2013). Several full dynamical models for the transport of beryllium isotopes have been developed
(e.g., Field et al., 2006; Golubenko, Rozanov, Kovaltsov, et al., 2021; Heikkil4 et al., 2008), but their application
is complicated and requires intensive computations. As an alternative, a medium-complexity parameterization
was proposed by Heikkild, Beer, et al. (2013), where transport coefficients between large-scale zones have been
computed based on the full modeling. This approach, providing a reasonable balance between simplicity and
realism, has been actively used in recent studies of cosmogenic-isotope data.

Here, we present the results of modeling the production of cosmogenic isotopes '“C, **Cl, '°Be, and "Be in the
atmosphere and provide zonal distributions (tropical, subtropical, and polar regions) in the stratosphere and trop-
osphere. A combination of a numerical model of cosmogenic isotopes production with the chemical climate
model (CCM) SOCOL-AER2-BE (Golubenko, Rozanov, Kovaltsov, et al., 2021) has been developed, where in
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Table 1
Four Scenarios of Cosmogenic Isotope Production Considered Here

Scenario CR type Description

I GCR A typical solar-cycle minimum year (specified
here as 1997) with a low value of the solar
modulation potential ¢ = 400 MV.

1L GCR A typical solar-cycle maximum year (specified
as 2000) with ¢ = 1100 MV.

III. SEP The strongest directly measured soft-spectrum
SEP event (specified as ground-level
enhancement, GLE#24 of 04-Aug-1972).

I\ SEP The strongest directly measured hard-spectrum

SEP event of 23-Feb-1956 (GLE#5).

situ production of the isotopes by cosmic (solar and galactic) rays is included
explicitly. This will advance our ability to reconstruct energy spectra of
extreme SEP events based on cosmogenic-isotope data and increase the accu-
racy of the spectra reconstruction, which is of great importance for studies of
solar-terrestrial relationships.

2. Model Description

Production of '“C, 3*Cl, “Be, and "Be isotopes was computed using the
tabulated yield functions computed using the CRAC model by Poluianov
et al. (2016). The CRAC model is the most recent and accurate model of
cosmogenic isotope production, based on the GEANT4 Monte Carlo simu-
lation tool (Agostinelli et al., 2003), which models the nucleonic-muon-elec-
tromagnetic cascade induced by primary cosmic-ray particles in the
atmosphere. The model provides a set of precisely computed yield functions

for the production of cosmogenic isotopes for different primary particle types (viz. protons and a-particles, the

latter effectively representing all heavier species), energy, and atmospheric depths. The isotope's production rate

is presented as a function of the location (via the geomagnetic rigidity cutoff—see Cooke et al., 1991; Herbst

et al., 2013), atmospheric height (via the residual atmospheric depth or barometric pressure), and time (via

the time-variable energy spectrum). These production rates are further used as input parameters for the CCM

SOCOL-AER2-BE model to properly account for the realistic tropopause, which varies greatly in time and to

provide an accurate partition between stratospheric and tropospheric productions.

The CCM SOCOL-AER2-BE (chemistry-climate model SOlar Climate Ozone Links with aerosol and Beryllium
modules) is based on the SOCOL-AER2 model (Feinberg et al., 2019) extended with the beryllium module
(Golubenko, Rozanov, Kovaltsov, et al., 2021). This model version consists of the general circulation model
MA-ECHAMS (Hommel et al., 2011) and the atmospheric chemistry module MEZON (Model for investigating
ozone trends) (Egorova et al., 2003), interacting with each other every two modeling hours. In this study, the
MA-ECHAMS dynamic is nudged toward the meteorological data from fifth-generation ECMWF (European
Center for Medium-Range Weather Forecasts) atmospheric reanalysis data of the global climate ERA-Interim
(eraiaT421.39) reanalyses (Hersbach et al., 2020). The CCM SOCOL-AER2-BE utilizes the Gaussian trans-
form horizontal grid with the T42 triangular truncation (64 latitudes and 128 longitudes) splitting the model

space into grid cells of about 2.8° X 2.8° size. The model's vertical-direction grid consists of 39 levels in the

hybrid sigma-pressure coordinate system covering the altitudes ranging from the ground surface to about 80 km

(0.01 hPa) (Stenke et al., 2013). For all the considered isotopes, we use a similar scheme of production as in the

CCM SOCOL-AER2-BE.

The model was run for the four scenarios described in Table 1.

For scenarios I and II, the isotope production was calculated for GCR with the spectrum parameterized via
force-field approximation following the procedure described elsewhere (Koldobskiy et al., 2019; Usoskin
etal., 2005, 2011). The force-field approximation describes the GCR spectrum with a single parameter, called the
modulation potential ¢, which is usually defined empirically from the data of the ground-based network of neutron
monitors (e.g., Usoskin et al., 2005). The exact value of the modulation potential depends on the model assump-
tions (Herbst et al., 2010), but is uniquely defined within a given model. Here, we used the force-field model as
defined by Usoskin et al. (2011) with the reference proton local interstellar spectrum by Vos and Potgieter (2015).
The contribution of helium and heavier species has been explicitly considered following the methodology vali-
dated using direct space-borne measurements of GCR spectra by AMSO02 experiment (Koldobskiy et al., 2019).

For scenarios III and IV, spectra of SEPs were considered according to the model by Koldobskiy et al. (2021).
The spectra represent the total event-integrated fluences of SEPs obtained by fitting the Band-type spectral shape
to the data from the ground-based neutron-monitor network and the space-borne detectors.

The geomagnetic field was set for all scenarios according to the IGRF (International Geomagnetic Reference
Field) model (Thébault et al., 2015) for epoch 2000 and quiet-Sun conditions (Kp = 0).
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Table 2

Zones of Isotope Productions Considered Here

Zone Notation Hemisphere latitudes region Notation Hemisphere latitudes  region
Polar N3s North 60°-90° strato S3s South 60°-90° strato
Polar N3t North 60°-90° tropo S3t South 60°-90° tropo
Mid-lat N2s North 30°-60° strato S2s South 30°-60° strato
Mid-lat N2t North 30°-60° tropo S2t South 30°-60° tropo
Tropics Nls North 0°-30° strato Sls South 0°-30° strato
Tropics N1t North 0°-30° tropo Sl1t South 0°-30° tropo

For calculations, the tropopause height was defined in the CCM modeled meteorological data according to the
World Meteorological Organization (WMO) as the lowest level where the absolute value of the temperature lapse
rate decreases to 2K/km or less, with the average lapse rate between this level and all higher levels within 1.2
miles or 2 km (Santer et al., 2003). The location of tropopause was defined at each model step, namely every two

model hours.

Using the models and scenario described above, we have computed the production of the four cosmogenic isotopes
in the atmosphere with its partition in 12 zones, following the parameterization of Heikkild, Beer, et al. (2013),

as specified in Table 2. The zonal production was defined as an average in each zone over a year to smooth the

seasonal variability of the tropopause heights.

As an example, the zonal stratospheric fraction of '’Be production is shown in Figure 1 as a function of the

geographical latitude in the Northern hemisphere. The red shaded area denotes the range of the values within
a solar cycle, namely between scenarios I and II, at the modern geomagnetic field conditions (the geomagnetic
dipole moment M = 7.8 - 10?> A m?). The latitudinal profile of the stratospheric fraction appears fairly stable
against the solar activity and geomagnetic field variations. The latter is represented by the full-range variability

0.8 4
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Figure 1. Zonal stratospheric fraction of the '°Be isotope production by

GCR as function of the geographical latitude in the Northern hemisphere.

The black dotted line corresponds to the mean modern production as depicted
in fig. 7 of Masarik and Beer (1999, —- MB1999). The red line represents

the results obtained here for the modern geomagnetic field (dipole moment

M =17.8 - 10%> A m?) and moderate solar activity (¢ = 600 MV), while the
red shading covers the range of solar cycle variability between ¢ = 400 and
1000 MV. The thick light-blue curve corresponds to the moderate modern
conditions (¢ = 600 MV and M = 7.8 - 10??), naemly similar to the red curve,
but using the NCEP/NCAR mean tropopause profile (see https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis.html). Blue dash-dotted and green dashed
curves correspond to the moderate solar activity (¢ = 600 MV, red curve) at
the lowest (M = 6 - 10> A m?) and highest (M = 12 - 10> A m?) geomagnetic
shielding during the Holocene, respectively. The cyan curves with open and
filled circles correspond to the soft- (scenario III) and hard- (scenario IV) SEP
events, respectively.

of the value of M during the Holocene (e.g., Usoskin et al., 2016), between
6 - 10?? (blue dash-dotted curve) and 12 - 102> A m? (green dashed curve).
The stratospheric fraction appears robust against these changes and thus can
be applied to the entire Holocene. For comparison, the same zonal strato-
spheric fraction of °Be production is shown for earlier computations (fig.
7 of Masarik & Beer, 1999) that yields significantly higher stratospheric
production. The reason for this discrepancy is not known as discussed below.

3. Results
3.1. Zonal Production

Using the model described above, we have computed the mean production
rates of the isotopes (!°Be, "Be, *°Cl, and '*C) for the four scenarios (Table 1).
The global annual production and its partition over the geographical zones
(see Table 2) are summarized in Tables 3-6.

Table 3 presents the zonal partition of the '°Be production. One can see that
40%-43% of the isotope is produced by GCR (scenarios I and II) in the trop-
osphere. The tropospheric production fraction is slightly greater for scenario
II than for scenario I because of the harder GCR spectrum around the solar
maximum. About half of the global isotope production is produced in the
midlatitude zones N2+S2, which provide a balance between the area (the
polar zone is small in size) and geomagnetic shielding, which is maximal
in the tropical zone. More beryllium is produced in the tropical troposphere
than in the tropical stratosphere, in agreement with earlier studies (e.g.,
Heikkila et al., 2009). This can be explained by a combination of the high
tropopause altitude (see, e.g., Figure 2) and the high geomagnetic rigidity
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Table 3
The Global Annual (for Scenarios I and 1I) and Event-Integrated (for Scenarios II and 1V) Averaged Production Q lob
of '°Be and the Percentage of Its Zonal Production (see Table 2) for the Four Scenarios (see Table 1) Considered Here
Scenario Qyion Sphere % S3 S2 S1 N1 N2 N3
L 1.61 E+17 tropo- 40.32 29 9.08 7.54 8.41 9.26 3.13
atoms/s strato- 59.68 11.31 14.86 2.78 3.13 17.25 10.36
1L 1.30 E+17 tropo- 43.19 2.82 9.47 8.69 9.62 9.56 3.03
atoms/s strato- 56.81 9.97 14.43 3.16 3.54 16.56 9.14
III. 8.08 E+22 tropo- 1.23 0.61 0.09 0.00 0.00 0.27 0.32
atoms strato- 98.77 41.71 5.33 0.00 0.00 15.03 36.65
Iv. 3.04 E+23 tropo- 8.25 2.61 1.36 0.01 0.02 2.52 1.7
atoms strato- 91.75 32.20 11.74 0.00 0.01 18.31 29.52
cutoff (high-energy CR particles have higher penetrating abilities). The tropospheric production computed
here is systematically greater than 31%-35% reported earlier (Heikkild, Beer et al., 2013; Heikkild, Muscheler,
et al., 2013; Miyake et al., 2019). This difference is also seen in Figure 1 where the stratospheric production
fraction computed here (red curve) is systematically lower than that from Masarik and Beer (1999). Since the
earlier models are non-transparent, the exact origin of the difference is unclear and lies outside of the scope of
this paper: it can be due to the different GCR spectra applied here and by Masarik and Beer (1999), different
account for helium and heavier species, different tropopause height profiles, and so on. To check the influence
of the exact tropopause height on the stratospheric production fraction, we compared the computed fractions
for '°Be production for the ERA-Interim and NCAR tropopause profiles as shown in Figure 1 by red and blue
curves, respectively.
The results suggest that the often used tropo/strato-sphere production ratio of (30-40)/(70-60) for '°Be should
be revisited to (40-45)/(60-55) for GCR, but the exact ratio depends on the used model profile tropopause. We
note that our results are based upon a realistic data-driven ERA-Interim model. For the SPE scenarios III and
IV, most of the isotope production takes place in the polar stratosphere even for a hard-spectrum SEP (scenario
1V) in agreement with earlier results (e.g., Mekhaldi et al., 2021). The global tropospheric production of °Be is
small, only 1%—10% of the global production for SEP events, depending on the energy spectrum—the softer the
spectrum is, the smaller is the tropospheric fraction.
Qualitatively similar conclusions hold for the production of "Be (Table 4) and **Cl (Table 5), but the tropospheric
fraction is slightly smaller than that for '°Be because of the lower effective energy of their production (Asvestari
et al., 2017; Koldobskiy et al., 2022). On the other hand, the tropospheric production reaches nearly half for '“C
for GCR since C is produced mostly by atmospheric neutrons whose maximum concentration lies in the upper
troposphere.
Table 4
The Same as Table 3 but for ’Be
Scenario Quiob sphere % S3 S2 S1 N1 N2 N3
L 3.64 E+17 tropo- 35.23 2.34 7.79 6.95 7.74 7.86 2.55
atoms/s strato- 64.77 12.10 16.13 3.13 3.53 18.67  11.20
IL 2.92 B+17 tropo- 38.15 2.30 8.21 8.04 8.90 8.19 2.51
atoms/s strato- 61.85 10.67 15.72 3.58 4.02 17.98 9.88
L. 1.01 E+24 tropo- 0.08 0.04 0.01 0.00 0.00 0.02 002
atoms strato- 99.92 45.48 2.16 0.00 0.00 11.76 40.51
IV. 9.68 E+23 tropo- 3.99 1.21 0.69 0.01 0.01 129 078
atoms strato- 96.01 35.68 10.25 0.00 0.01 1785 3223
GOLUBENKO ET AL. 50f13
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Table 5
The Same as Tables 3 and 4 but for 3Cl
Scenario Quiob sphere % S3 S2 S1 N1 N2 N3
L 1.41 E+16 tropo- 40.73 2.97 9.22 7.53 8.39 9.42 3.20
atoms/s strato- 59.27 11.39 14.67 2.70 3.04 17.07 10.41
1L 1.13 E+16 tropo- 43.67 2.90 9.62 8.69 9.62 9.74 3.10
atoms/s strato- 56.33 10.00 14.25 3.08 3.45 16.39 9.15
III. 2.85 E+22 tropo- 0.21 0.01 0.03 0.00 0.00 0.07 0.10
Atoms strato- 99.79 44.93 2.66 0.00 0.00 12.29 39.83
Iv. 3.50 E+22 tropo- 6.58 1.62 1.36 0.01 0.01 1.86 1.72
Atoms strato- 93.42 35.16 9.84 0.00 0.01 17.62 30.80

The zonal production results can be summarized as follows:

1. the tropospheric fraction of the global isotope production ranges between 40% and 50% for GCR depending
on the isotope and the level of solar modulation of GCR, which is systematically higher than 30%—40% used
previously;

2. the tropospheric fraction is small, 0.2%—12% for SEP depending on the hardness of the SEP spectrum;

3. isotopes are mostly produced at midlatitudes for GCR and in polar regions by SEPs.

3.2. Latitude-Altitude Production Profiles

The altitude-latitude profiles of the cosmogenic isotope ’Be zonal-mean production rates for the four scenarios
are shown in Figure 2. One can see that the maximum production by GCR (scenarios I and II) takes place in the
mid/high-latitude stratosphere nearly independently on altitude above the 100 hPa pressure level and decreases
towards the surface. During GLE events (scenarios III and IV), the maximum production is in the upper polar
stratosphere (above the 10 hPa level) with no (scenario III) or little (scenario IV) production in the mid/trop-
ical zone. Qualitatively very similar profiles were obtained for '°Be and *Cl isotopes. However, the profiles
for “C (Figure 3) look significantly different: the maximum of production is confined in the altitude range of
50-200 hPa (so-called Pfotzer maximum) for the GCR scenarios I and II and 10-40 hPa for the SEP scenarios
II and IV. This difference in the shape, between pillar-like and bra-like distributions, is defined by the different
physical mechanisms of the isotope production. On the one hand, the isotope '“C is produced mostly via the (n,
p)-reaction (often called neutron capture), where neutrons are secondary products of the cosmic-ray induced
atmospheric cascade. Accordingly, the production requires the nucleonic cascade to be fully developed in the
atmosphere, with the maximum corresponding to the pressure level of 100-200 hPa (Dorman, 2004). On the
other hand, isotopes "Be, '°Be, and ¢Cl are produced as a result of spallation reactions, which can be induced
also by primary cosmic rays without full development of the atmospheric cascade.

Table 6
The Same as Tables 3-5 but for *C
Scenario Quiob sphere % S3 S2 S1 N1 N2 N3
L 8.73 E+18 tropo- 46.87 343 10.57 8.71 9.67 10.81 3.68
atoms/s strato- 53.13 10.31 13.25 2.27 2.54 15.49 9.27
1L 7.10 E+18 tropo- 49.68 2.30 8.21 8.04 8.90 8.19 2.51
atoms/s strato- 50.32 9.10 12.81 2.56 2.85 14.82 8.19
1L 3.60 E+24 tropo- 2.06 1.04 0.14 0.00 0.00 0.45 0.54
atoms strato- 97.94 41.55 5.04 0.00 0.00 14.59 36.66
Iv. 1.41 E+25 tropo- 12.05 3.84 1.93 0.01 0.02 3.60 2.49
atoms strato- 87.95 30.67 11.54 0.00 0.01 17.50  28.39
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Figure 2. Zonal mean production rates of "Be as a function of geographical latitude and model's atmospheric pressure level for different scenarios (see Table 1) (for I
and II: in atoms per second per degree of latitude per g/cm? of air; for IIT and IV: in atoms per degree of latitude per g/cm? of air). The tropopause height averaged over

the period of 1996-2008 is depicted by the white line. Digital tables for these plots are available elsewhere (see Data Availability Statement).

3.3. The Role of Tropopause

Although the cosmogenic-isotope production looks fairly symmetric between the two hemispheres (e.g.,
Figure 2), there are essential differences in the zonal partitions (see Tables 3—6). This is related, to large extent,

to the actual tropopause height, as we discuss in more detail here.
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Figure 3. The same as Figure 2 but for '“C. Digital tables for these plots as well as for "Be and *°CI productions are given in Data Availability Statement.
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Figure 4. Zonal mean production rates of Be for the four scenarios (Table 1) Upper sub-panels depict the stratospheric (blue) and tropospheric (red) zonal mean (per
latitude degree) production rates, while lower panels show the stratospheric-to-tropospheric production ratio.

The tropopause height is not uniform over the globe. On average, it is higher, being 16-18 km in the tropical
regions, and lower (7-10 km) in polar caps, as shown, for example, in Figure 2, and can vary significantly
between different seasons. In this work, we use the dynamically modeled tropopause for the period 1997-2008. It
has been shown that there is a systematic change in the tropopause height of about 50 m per decade as related to
the global change (Meng et al., 2021) but we neglect this effect here. This result can be considered as approximate
if applied to other periods (cf. Heikkild, Beer, et al., 2013; Heikkild et al., 2009). In the case of significantly differ-
ent conditions, for example, ice ages or geomagnetic reversals/excursions, full modeling needs to be provided,
which is beyond the scope of this work.

The zonal mean productions of "Be, *C, '°Be, and 3°Cl are shown in Figures 4-7 separately for the stratosphere
and troposphere for the four scenarios along with the ratio of the stratospheric to tropospheric productions.

One can see that the profiles of the stratospheric and tropospheric productions are different. For the GCR
scenarios I and II, the tropospheric production has a broad maximum within the tropical and midlatitude
regions, but the stratospheric production has peaks at higher latitudes of about 60°. This leads to the domi-
nance of the tropospheric production in the tropical region. These profiles are formed by an interplay
between three effects: (a) the geomagnetic shielding which reduces the production rate from the poles to
the equator; (b) the geometrical factor related to the area which increases from poles to the equator; and (c)
the latitudinal profile of the tropopause which nearly halves the stratospheric thickness in the tropics with
respect to the polar regions. As a result, the two latter factors (b) and (c) compensate the first one for the
GCR-related tropospheric production, leading to a broad maximum, but both factors (a) and (c) lead to a
large reduction of the polar tropospheric production, and the factor (b) alone is insufficient to compensate
for it.

The situation is different for the SEP-based scenarios III and IV. The production occurs mostly in the (sub)polar
stratospheres with the stratosphere-to-troposphere production ratio varying between about 15 (*C for scenario
1V) and 3000 ("Be for scenario III). The isotope production is greatly suppressed in the tropical zone at latitudes
below =40°. This is mostly driven by the soft spectrum of SEP in comparison with that of GCR so that most of
the production occurs in the polar stratosphere.
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Figure 5. The same as Figure 4 but for '“C.

4. Discussion and Conclusions

Full comprehensive modeling of cosmogenic isotopes production by cosmic rays in the Earth's atmosphere is well
developed (Poluianov et al., 2016) and applied to state-of-the-art studies of atmospheric dynamics, paleoclimate,
paleomagnetism, solar variability, and so on. Such models are laborious, computationally heavy, and not-easy-to-
use and are usually applied on a case-by-case basis. On the other hand, sometimes quick yet reliable estimates are
needed without complicated and expensive model runs. Such estimates often come via simplified parameteriza-

tions which can be straightforwardly applied in atmospheric models.

o
v
I

at/sec/deg
54.

latitude, degrees

Figure 6. The same as Figure 4 but for '°Be.
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Here, we present a simple parameterization of cosmogenic isotope production partitioned in different atmos-

pheric regions/zones that is important for large-scale transport and deposition of the isotopes using full 3D mode-

ling. The results are presented in Tables 3—6 and can be summarized as follows.

1.

For GCR (scenarios I and II), the global fraction of stratospheric production is 50%—60% which is smaller
than previously used 60%—70%, implying that the tropospheric production is more important than considered
earlier. In particular, the tropospheric production dominates in the tropical regions. This is likely related to
more accurate modeling, including both the isotope production and the realistic dynamical tropopause, as
discussed above.

The relative percentage of zonal productions does not change much for solar-minimum and solar-maximum
GCR conditions (scenarios I and II, respectively), while the global production rates changes by 15%—20%
over a solar cycle.

For SEP scenarios III and I'V, most of the cosmogenic-isotope atoms are produced in the polar regions (>60%
and >80% for hard- and soft-spectrum events, respectively), in agreement with earlier studies (e.g., Mekhaldi
et al., 2021). Isotope production by SEPs in the tropical zone is small (<0.05%) and can be neglected.
Accordingly, for simple estimates, the polar stratospheric production of cosmogenic isotopes can be assumed
for SEP events with the accuracy of the assumption to be within 10%-20%.

The result computed here for the modern-epoch conditions is approximately valid also for the entire Holo-
cene conditions with the stable climate and variable solar modulation and geomagnetic shielding. Extension
beyond the Holocene is not recommended since the tropopause might have a different profile. Neither can this
result be directly applied to the period of geomagnetic reversals or excursions, when the geomagnetic shield-
ing cannot be represented by an eccentric dipole approximation.

These results can be used for a parametric fast estimate, without explicit modeling, of the relation between the

isotope production and measurements, for example, in the way proposed by Heikkild, Beer, et al. (2013).

Data Availability Statement

[Software] CCM SOCOL-AER2-BE used for paper is preserved at https://doi.org/10.5281/zenodo.5006356
(Golubenko, Rozanov, Sukhodolov, et al., 2021). [Data set] Cosmogenic isotopes production (14C, 36Cl, 10Be,
and 7Be) via CCM SOCOL-AERV2-BE: https://doi.org/10.5281/zenodo.6852523 (Golubenko et al., 2022).
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