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Abstract: Be-7 radionuclide is produced by galactic cosmic-ray interactions with atmospheric nuclei.
We analyzed long-term variations (1983-2006) in surface Be-7 concentrations in Japan (geomagnetic
latitude 25N) to study an influence of the solar activity. Be-7 concentrations in surface air depend on
a production rate of Be-7 and a transport process in the atmosphere. The production rate is inversely
correlated with the solar activity, while the transport in the atmosphere is affected by air mass mo-
tions. The present result indicated that the surface Be-7 concentrations are anticorrelated with the 11-
year cycle of solar activity and the air mass motions do not essentially affect the Be-7 variations.

Introduction

Be-7 radionuclide (half life 53.3 days) produced
by cosmic rays in the Earth’s upper atmosphere
plays a role of a tracer for a study of variations in
the cosmic-ray flux. The cosmic-ray flux is well
known to correlate inversely with the solar activ-
ity, indicating that the Be-7 production rate de-
creases with an increase of the solar activity.
Since Be-7 can not be directly measured in the
upper atmosphere, the Be-7 production rate is
estimated from the surface Be-7 concentration.
The surface Be-7 concentrations depend on not
only the Be-7 production rate but also atmos-
pheric motions.

In this paper we analyzed long-term variations in
the surface Be-7 concentrations measured in Ja-
pan in 1983-2006 and studied a correlation be-
tween the Be-7 concentrations and the 11-year
cycle of solar activity. Further, we discussed an
influence of the atmospheric motions that bring
the Be-7 borne aerosol particles from the upper
atmosphere to the surface.

Experiment of Be-7 Concentrations

About 70 % of Be-7 is produced in the lower
stratosphere and about 30 % in the upper tropo-
sphere [1], [2], [3], [4]. Be-7 is attached to a small

aerosol particle and brought to the surface by
atmospheric motions. Be-7 borne small particles
were continuously collected with a high-volume
air sampler and the Be-7 concentration is deter-
mined from a count rate of Be-7 y-ray line at 478
keV measured with a high-resolution Ge spec-
trometer [5].

The surface Be-7 concentrations in Japan were
measured by Megumi et al. (1983-1997) [6],
Nagai (1997-2000) [7], and Yoshimori (2002-
2006) [8]. Unfortunately there is no data in 2001
in Japan. We show long-term variations in the
surface Be-7 concentrations (upper) and sunspot
number (lower) in 1983-2006 in Figure 1. It indi-
cated the maxima of Be-7 concentration around
1987 and 1997 and minima around 1990 and
2002. These maxima and minima coincide with
the solar minimum and maximum periods, re-
spectively. We find the surface Be-7 concentra-
tions inversely correlated with the sunspot num-
ber.

Simulation of Be-7 Production Rate

We simulate the variations in Be-7 production
rate in Japan (cosmic-ray cutoff rigidity 10 GV)
using the revised Be-7 production process [2].
Galactic cosmic rays develop the nuclear cascade
and produce a number of secondary protons and
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neutrons in the atmosphere. The neutron flux is
larger by two orders of magnitude than the proton
flux. Be-7 is mainly produced from nuclear inter-
actions of secondary neutrons of less than a few
hundred MeV with atmospheric nitrogen and
oxygen nuclei. One can calculate the altitude
dependence of the Be-7 production rate using the
energy spectrum of secondary neutrons at various
altitudes. The production rate peaks around 150 g
cm™ and most Be-7 are produced in lower strato-
sphere and the remaining is in the upper tropo-
sphere. Here we simulate the Be-7 production rate
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Figure 1: Variations in the surface Be-7 concen-
tration and sunspot number in 1983-
2006.

at geomagnetic latitude 30 degree (cutoff rigidity
10 GV) assuming (1) the energy spectra of galac-
tic cosmic rays that vary with the solar activity,
(2) the yield of Be-7 nuclei per nuclear reaction,

(3) the probability that particle produces nuclear
interaction before the threshold energy by ioniza-
tion loss and (4) the probability of escape of Be-7
to interplanetary space.

The energy spectrum of cosmic rays in the vicin-
ity of the Earth varies with the solar activity. Here
the so-called force free model [9], [10] is assum-
ed as the solar modulation process. According to
this model, the energy spectrum is characterized
by a solar modulation parameter that is 400 MeV
in the solar minimum and 1200 MeV in the solar
maximum. It is empirically available from the
relation between the neutron monitor count rate at
Climax (geomagnetic cutoff 2.99 GV) [11].
Variations in the solar modulation parameter are
shown in Figure 2.
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Figure 2: Variations in the neutron monitor count
rate at Climax (upper) and solar modu-
lation parameter (lower) in 1983-2006.
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The modulated energy spectrum of galactic cos-
mic ray protons is given by

F(E, ¢) = CE(E +2mc?)(E + x+ ¢) 2°
“(E+ )" (E +2mc2 +¢)"

where C = 1.244 x 10°/cm* s MeV is the normali-
zation factor, E is the proton energy, x = 780
exp(-2.5 x 10“E) (MeV), ¢ is the solar modula-
tion parameter (MeV) and mc? is the proton mass
energy (938 MeV). We plot the modulated energy
spectra of galactic cosmic ray protons for the
solar modulation parameters of 400, 600, 800,
1000 and 1200 MeV in Figure 3.
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Figure 3: The modulated energy spectra of galac-
tic cosmic ray protons for the solar
modulation parameters of 400, 600, 800,
1000 and 1200 MeV.

Variations in the yearly average Be-7 production
rate (solid circle) in 1983-2006 are shown in
Figure 4. The variations in Be-7 production rate
are inversely correlated with the solar activity.
We plot the present data of yearly average Be-7
concentrations (open square) in Japan in Figure 4.
There are similar variations between the simulat-
ed Be-7 production rate and measured Be-7 con-
centration. A ratio of the Be-7 production rate in

the solar minimum to that in the solar maximum
is 1.3-1.4. This ratio is due to the variations in the
galactic cosmic ray flux between the solar mini-
mum and maximum periods.
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Figure 4: Variations in the simulated Be-7 pro-
duction rate (solid circle) and the meas-
ured Be-7 concentration (open square)
in 1983-2006.

Discussion

We plot the Be-7 production rate and the Be-7
concentration as a function of sunspot number in
Figure 5. Basically, both Be-7 production rate and
surface concentration decrease with an increase of
the sunspot number. Dependence of the Be-7
concentration on the solar activity was proposed
[12], [13] and the present result seems to support
the previous proposals. The data of Be-7 concen-
tration, however, scatter compared with the Be-7
production rate.

Here we discuss a possibility that causes the scat-
ter of the measured Be-7 concentrations. The Be-
7 concentration in surface air is not directly pro-
portional to the Be-7 production rate because Be-
7 produced in the upper atmosphere is transported
to the surface by complex air mass motions. This
transport process is a meteorological phenomenon
and is not directly dependent on the solar activity.
Seasonal variations in atmospheric motions were
reported in Japan and the surface Be-7 concentra-
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tions are enhanced in spring and autumn [4], [14],
[15]. The seasonal enhancements have been
known to vary from year to year. The scatter of
measured Be-7 concentrations is most likely to be
due to the meteorological condition. In order to
study the detailed variations in the surface Be-7
concentration caused by the solar activity and the
air mass motions, we need more data of Be-7
concentration measured at various locations in the
world.
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Figure 5: Variations in the ratio of simulated Be-7
production rate (solid square) and the
measured Be-7 concentration (open
square) in 1983-2006.

References

[1] D. Lal and B. Peters. Cosmic Ray Produced
Radioactivity on the Earth. Handbuch der Physik,
46,551 (1967).

[2] J. Masarik and J. Beer. Simulation of Particle
Fluxes and Cosmogenic Nuclide Production in
the Earth’s Atmosphere. J. Geophys. Res. 104,
12099 (1999).

[3] M. Yoshimori, H. Hirayama, S. Mori, K.
Sasaki and H. Sakurai. Be-7 Nuclei Produced by
Galactic Cosmic Rays and Solar Energetic Parti-
cles in the Earth’s Atmosphere. Adv. Space Res.
32,2691 (2003).

[4] M. Yoshimori. Atmospheric Air Mass Mo-
tions Studied from Measurement of Cosmogenic

Be-7 Radionuclide. 29" International Cosmic Ray
conference 2, 361 (2005).

[5] M. Yoshimori. Be-7 Radionuclei as a Tracer
of Vertical Air Mass Transport in the troposphere.
Adv. Space Res. 36, 828 (2005).

[6] K. Megumi, T. Matsunami, N. Ito, S. Kiyoda,
A. Mizohara and T. Asano. Factors, Especially
Sunspot Number, Causing Variations in Surface
Air Concentrations and Depositions of Be-7 in
Osaka, Japan. Geophys. Res. Lett. 27, 361 (2000).
[7]1 H. Nagai. Private communication.

[8] M. Yoshimori. Production and Behavior of
Beryllium 7 Radionuclide in the Upper Atmos-
phere. Adv. Space Res. 36, 922 (2005).

[9] G.C. Castagnoli and D. Lal. Solar Modulation
Effects in Terrestrial Production of Carbon 14.
Radiocarbon 22, 133 (1980).

[10] 1.G. Usoskin, K. Alanko-Huotari, G.A.
Kovaltsov and K. Mursula. Heliospheric Modula-
tion of Cosmic Rays: Monthly Reconstruction for

1951-2004. J. Geophys. Res. 110, A12108 (2005).

[11]http://ulysses.sr.unh.edu/Neutron Monitor/
Misc/neutron2. html

[12] H. Hotzl, G. Rosner and R. Winkler. Corre-
lation of Be-7 Concentration in Surface Air and
Precipitation with Solar Cycle. Natursissen-
shaften 78, 215 (1991).

[13] R.L. Larsen. Clobal Decrease of Beryllium 7
in Surface Air. J. Environ. Radioactivity 18, 85
(1993).

[14] S. Sato, Y. Koike, T. Saito and J. Sato. At-
mospheric Concentrations of Pb-210 and Be-7 at
Sarufutsu, Hokkaido, Japan. J. Radioanalytical
and Nucl. Chem. 255, 351 (2003).

[15] S. Osaki, K. Nakatani, S. Sugihara and Y.
Maeda. Aerosol and sulfer Compounds Passing
over Ffukuoka, Japan Estimated by Cosmic Ray
Produced Radionuclides. Geochimica et Cosmo-
chimica Acta Supplement, 67, 365 (2003).

uonip3 8oualajuon-aid - sbuipessoid /002 DNIDI



