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Abstract: The 14C ages of single-yr tree rings have been measuring for the Kaminoyama wood sample using AMS, in 
order to investigate periodic variations of 14C concentrations relating to an 11-yr solar cycle at 26,000 yr BP. It is an 
interesting era because the geomagnetic intensity was approximately 40% weaker compared with present time. 
 We have globally simulated the 14C production rates as functions of latitude, longitude, and altitude using EXPACS to 
investigate the affection of weak geomagnetic intensity to the 14C production. The peak altitude of he 14C production 
rates was approximately 12 km and the production rates at lower altitude than 20 km were approximately 83 % of the 
total production rate up to 50 km. The troposphere components were 52% and 48.4% of total productions at the mini-
mum and maximum of solar modulation, respectively. For the geomagnetic intensity in the vicinity of 26,000 yr BP, the 
variation rate of solar modulation increases to 41% from 37% at present for the air-mass up to 20 km altitude. 
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1 Introduction 
 
In the vicinity of 26,000 yr BP, radiocarbon concentra-
tions in the atmosphere are approximately 40–60% high-
er than those of the present day, and they become to 
approximately 0% at 45,000 yr BP [1]. On the contrary, 
the temporal profile of geomagnetic dipole moment of 
the earth is roughly in anti-phase to that of 14C concentra-
tions over 45,000 yr. The geomagnetic intensity was 
decreased down to 26,000 yr BP from the present, and 
keeps a constant intensity during 20,000 yr [2]. Hence, 
the vicinity 26,000 yr BP is an interesting era as onset of 
the weak geomagnetic intensity.  
Since 14C is produced in the atmosphere by cosmic rays 
coming to the earth under an affection of geomagnetic 
fields, 14C concentrations show a kind of sensitivity for a 
change of the geomagnetic intensity. Hence, it is ex-
pected that the 14C concentrations in the vicinity of 
26,000 yr BP indicate higher values compared with the 
present one by an increase of cosmic rays coming to the 
earth.  Moreover, the 14C concentrations should be mod-
ulated with a periodicity of 11-yr, since cosmic rays 
varies with periodic solar activities such as an 11-yr solar 
cycle as well as a periodic variation of sun spot numbers 
[3, 4]. Therefore, it is supposed that a change in the am-

plitude of 14C concentrations related to the11-yr variation 
is considerable in the vicinity of 26,000 yr BP because of 
the weaker geomagnetic intensity.  
In order to investigate a periodic variation of 14C concen-
trations relating to an 11-yr solar cycle, we have been 
measuring the 14C ages in single-yr tree rings of an old 
wood sample, named as Kaminoyama wood sample 
which 14C date is approximately 22,500 14C yr BP indi-
cating a calendar year of 26,000 cal BP [5,6,7,8]. How-
ever, it is important to estimate the affection of the weak 
geomagnetic intensity to the amplitude of 11-yr periodic 
variation of the 14C concentrations at those days. Hence, 
we have globally simulated the 14C production rates as 
functions of latitude, longitude, and altitude using Excel-
based Program for calculation of Atmospheric Cosmic-
ray Spectrum (EXPACS)[9]. 
This paper describes the calculation method, and simula-
tions of the 14C production rates at the troposphere and 
stratosphere at a solar maximum and minimum when the 
geomagnetic intensity varies. 
 
 

2 Calculation 
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2.1 EXPACS 
We have developed a program calculating 14C production 
rates in the atmosphere based on EXPACS. EXPACS 
was developed for the estimation of the atmospheric 
cosmic-ray spectrum based on the “PHITS (Particle and 
Heavy Ion Transport code System) based Analytical 
Radiation Model in the Atmosphere,” PARMA. It calcu-
lates neutron, proton, He nucleus, muon, electron, posi-
tron and photon spectra for anywhere in the atmosphere 
at the altitudes, when we set geomagnetic cut-off rigidity 
(R) and solar modulation parameter (Φ ). 
 
2.2 Geomagnetic cut-off rigidity 
The energy range of cosmic rays coming to the earth is 
limited by the geomagnetic cut-off rigidity according to 
the geomagnetic intensity. Since EXPACS can calculate 
secondary cosmic rays such as proton, neutron, and etc in 
the atmosphere for a given cut-off rigidity, the produc-
tion rate of 14C can simulate for a various kind of cut-off 
rigidity. Meanwhile, the relationship between cut-off 
rigidity and geomagnetic dipole moment is shown as 
following function given by Lifton et. al. [10]: 

R � M* a2i�1 cosi(� �
a2i

M* )
i�1

6

�                             (1) 

where λ  is dipolar geomagnetic latitude,  M* is M/M1950 
that M is value of geomagnetic dipole moment and M1950  
is the M value in 1950 of 8.0648 × 1022

 A m2 and an  is 
parameters of sequence referred to [10]. In the calcula-
tion of 14C production rates, we used the R obtained from 
the equation for dipolar geomagnetic latitudes, setting 
appropriate geomagnetic dipole moment. For instance, 
we can obtain the cut-off rigidity at 26,000 yr BP setting 
the M* to 0.4. 
 
2.3 Solar modulation parameter 
 
Since the solar modulation parameter is unknown for 
ancient time such as 26,000 yr BP, We applied for the 
simulation the solar modulation parameters from1987 to 
2009 as shown in Figure 1 [11]. In particular, the solar 
modulation parameters at the maximum and minimum of 
11-yr solar modulation used those at 1991 and 1997, 
respectively. This simulation is assuming that the energy 
spectrum of cosmic rays is same to that of present time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Solar modulation parameter. 

 
2.4 Calculating 14C production rates 
 
14C production rates (P) at an altitude was calculated by 
following equation: 
P(h) � F(E,h,�) � N(h) � 	(h) �
(E)� dEd��   (2) 
 where F is neutron energy spectrum at an altitude and an 
magnetic latitude calculated by EXPACS, the N is num-
ber density of nitrogen atoms per 1 cm3, the σ  is reac-
tion cross-section of 14N(n, p)14C  given by Evaluated 
Nuclear Data File (ENDF/B-VII) [12], the 	  is the alti-
tude distribution of atmospheric density given by U. S. 
Standard Atmosphere 1976, and the E is energy of each 
reaction.  The global 14C production rate (Q) is obtained 
by following integration: 
Q(h0) � P(h)

0

h0� dh                                             (3). 

3 Results and Discussion 
 
Figure 2 a) and b) show the altitude distributions of the 
14C production rates (P) up to 50 km for each M* at solar 
maximum and minimum, respectively. The solid square, 
open triangle, solid diamond and open circle are the 14C 
production rates for M* = 0.2, 0.4, 0.6 and 1.0, respec-
tively. In all of the distributions, the production rates 
above 20 km were depicted by extrapolation from the 
profiles of lower altitudes, because the calculation of 
EXPACS is confined up to 20 km. As shown in the fig-
ure, the peak altitude of the 14C production rates is ap-
proximately 12 km for all of altitude distributions, indi-
cating the maxima at near the tropopause. The production 
rates at lower altitudes than 20 km were approximately 
83 % of the profiles. It shows that the majority of the 14C 
is produced in the troposphere and the lower stratosphere. 
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Figure 2. The altitude distributions of the 14C production 
rates (P) of solar maximum and minimum correspond to 

the M*. 
 

 
Figure 3 shows the variations of the troposphere compo-
nent of the production rate, for the global change of the 
geomagnetic intensity M*. As the average height of the 
tropopause is approximately 13 km [13], QTrop and QTotal 
are the integration up to 13 km and 50 km by Eq. (3), 
respectively. At M*=1 in the present time, the tropos-
phere components was 52% and 48.4% of total produc-
tions at the minimum and maximum, respectively. As 
shown in the figure the rates of QTrop QTotal  are gradual-
ly decreasing as many as approximately 3% for the de-
crease of the M* from 1 to 0.2 at both the maximum and 
minimum of solar modulation. It indicates that the low 
energy component of primary cosmic rays increases and 
hence relatively increasing at stratosphere. Moreover, the 
rates at the maximum are greater than them at the mini-
mum, indicating the increase of the high-energy compo-
nent of primary cosmic rays and hence relatively increas-
ing at the troposphere.  
For the rate of troposphere component, Lal and Peters 
showed 44% from the analysis of stars due to cosmic 
rays in their pioneer work [14]. Moreover, the simulation 
using Geant 3 showed 49 % for the rate of troposphere 
component by Masarik [15]. Although, unfortunately, 
both the results did not show the relationship between the 
solar activity and the troposphere component, our simu-
lated averaged troposphere component troposphere com-

ponent value of 50% for the maximum and minimum is 
comparable. 
 
 

 
Figure 3. TheQTrop QTotal  is compared between solar 

modulation maximum and minimum. 
 
When the 11-yr periodic variation of 14C in tree rings, the 
important value obtained from the data analysis of 14C 
measurements is the ratio of Qmax  to Qmin  which are 
production rates for the integration of air-mass up to an 
altitude. We defined the variation rate as follows: 
 

S(%) �
Qmin � Qmax

Qmin

�100                (4) 

 where Qmax  and Qmin are the global 14C production rates 
of solar modulation at maximum and minimum given by 
Eq. (3), respectively.  
 
Figure 4 shows the variation rates (S) as a function of 
geomagnetic intensity M* for the air-masses up to h0 = 50 
km, 20 km, and 14 km, respectively. In the figure, setting 
the geomagnetic intensity, we can determine the varia-
tion rates for each air-mass, and hence estimate the cos-
mic ray modulation relating to the structure of the atmos-
phere.  
As the M* in the vicinity of 26000 yr BP is roughly 0.4, 
the calculated variation rate increases to 41%from 37% 
at the present, for the air-mass of 20 km. 
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Figure 4. The variation rates S (%) of the global 14C 
production rates. 

 

4 Conclusion 
 
The 14C ages of single-yr tree rings has been measuring 
for the Kaminoyama wood sample using AMS, in order 
to investigate periodic variations of 14C concentrations 
relating to an 11-yr solar cycle at 26,000 yr BP. It is an 
interesting era because the geomagnetic intensity was 
40% weaker than the present.  
  We have globally simulated the 14C production rates as 
functions of latitude, longitude, and altitude using EX-
PACS in order to estimate the amplitude of 11-yr period-
ic modulation of 14C production rate. In the simulation 
the production rates were calculated for the geomagnetic 
intensity between 0.2 and 1 of the present value, at the 
solar maximum and minimum. 
The altitude distributions of the 14C production rates 
indicate that the peak altitude of the 14C production rates 
was approximately 12 km at near the tropopause. The 
production rates at lower altitudes than 20 km were ap-
proximately 83 % of the total production rate up to 50 
km. It indicates that the majority of the 14C is produced in 
the troposphere and the lower stratosphere. 
The variations in the troposphere component of the 14C 
production rate were calculated for the global change of 
the geomagnetic intensity at the maximum and minimum 
of solar modulation. The troposphere components were 
52% and 48.4% of total productions at the minimum and 
maximum, respectively. Moreover, the troposphere com-
ponents are gradually decreasing as many as approx-
imately 3% for the decrease of the M* from 1 to 0.2 at 
both the maximum and minimum of solar modulation.  
Finally, the variation rates, which are indicators for ratios 
of production rate at the solar maximum and minimum 
were calculated for three kinds of air-masses up to the 
altitude of 13 km, 20 km, and 50 km. For the geomagnet-
ic intensity in the vicinity of 26,000 yr BP, the variation 
rate increases to 41% from 37% at the present for the air-
mass of 20 km. 
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