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[1] Cosmogenic Isotopes are produced in the Earth’s atmosphere due to the interaction
of galactic cosmic rays with nuclei of atmospheric atoms. Among others, the 10Be
concentration in ice cores depends on the galactic cosmic ray flux outside of the Earth’s
magnetosphere and provides therefore a unique tool to investigate the solar modulation
over very long time periods. In this study we investigate the importance of different local
interstellar proton spectra often used in literature obtained outside of the Earth’s
magnetosphere. In order to parameterize the heliospheric modulation we apply the force‐
field solution using individual local interstellar proton spectrum (LIS) model dependent �
values. Thus among atmospheric and magnetospheric processes, the 10Be concentration
depends on an interplay of the different LIS and their modulation parameters. Since 10Be
measurements do not provide any spectral resolution, PAMELA data have been used for a
comparison with the calculated spectra and to provide the model dependent modulation
parameters during the solar minimum in July 2006. Within the limitation of the force‐field
solution and the freedom in parameter space, all LIS lead to a reasonable agreement
with the data. Taking the LIS dependency of the modulation parameter into account, we
derive linear equations to convert the individual � between the different LIS. The
conversions used here are then applied to a long‐term reconstruction of � derived from a
record of the cosmogenic radionuclide 10Be. By using the derived LIS conversions, we
show that the occasionally observed negative � values in the reconstruction of Steinhilber
et al. (2008) vanish if another LIS model is used. In order to estimate other processes
which alter this conclusion, the influence of the palaeo‐magnetic field has been
included. Thus, if all inner‐heliospheric effects on the 10Be flux would be known, this
investigation would have the potential to rule out certain LIS.
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1. Introduction

[2] To study the connection between solar activity,
Galactic Cosmic Rays (GCRs), and climate on long time-
scales, cosmogenic radionuclides like 10Be or 14C play an
essential role. In principle cosmogenic radionuclides are
produced by the interaction of GCRs with atmospheric
nuclei. Before reaching the Earth GCRs are modulated by
solar activity and the geomagnetic field [e.g., Beer, 2000;
Usoskin and Mursula, 2003; Solanki et al., 2004]. Here we
focus on the cosmogenic radionuclide 10Be, which is pro-

duced by spallation reactions between secondary neutrons
and protons and the atmospheric gases nitrogen and oxygen.
Several works [Masarik and Beer, 1999;Webber and Higbie,
2003; McCracken, 2004; McCracken and Beer, 2007;
Masarik and Beer, 2009] as well as our results using
PLANETOCOSMICS, a GEANT4 based computer code
[see Desorgher, 2006], which will be published in a sub-
sequent paper, show that for the 10Be production the most
important energy interval of GCR particles lies in the range
of 0.4 to 8 GeV/nuc. This energy range corresponds to the
interval in which the modulation of the local interstellar
proton spectrum (LIS) is strongest [see Meyer et al., 1974].
[3] To describe the modulation of GCRs within the heli-

osphere we will use the so‐called force‐field approximation
which describes the modulation of GCRs by only a single
parameter, the so‐called modulation parameter �. A 10Be
data‐based reconstruction of this parameter during the past
9300 years mainly from the GRIP ice core [Vonmoos et al.,
2006; Steinhilber et al., 2008] shows periods of time, where
the force‐field approximation results in negative � values. If
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this were true, it would imply that the GCR intensity at Earth
during these time periods was higher than the unmodulated
GCR spectrum at the outer boundary of the heliosphere,
called the local interstellar proton spectrum (LIS). This
means that a nonphysical acceleration of particles against
the solar wind direction had to take place. However, dif-
ferent physical reasons exist, which can explain the existing
negative � values. These can be either of outer‐heliospheric
or of inner‐heliospheric origin. Uncertainties in the temporal
behavior of the geomagnetic field (in particular of its
intensity [e.g., Snowball and Muscheler, 2007] as well as its
geometry [e.g., Pilchowski et al., 2010]), temporal changes
in the transport of 10Be from the atmosphere into the ice
(atmospheric mixing), in the 10Be measurements and in the
10Be production calculations for example are of inner‐
heliospheric origin. A possible outer‐heliospheric reason
could be a temporary enhancement of the LIS due to external
processes like supernovae. Another aspect studied in this
paper, however, is the choice of the LIS model itself. So far,
the LIS has not been directly measured, and LIS models
have to be used in the 10Be production calculations. Several
LIS models exist in literature, and these differ significantly
in the energy ranges below 10 GeV. Because the GCRs with
energies below 10 GeV are mainly responsible for the 10Be
production, an exact knowledge of the LIS is very important.
[4] In this paper we investigate different LIS models with

respect to their modulation in the heliosphere. By comparing
the various modulated differential proton fluxes with mea-
surements at 1 AU we will show that it is possible to adapt
each spectrum to the measurements by using a LIS model‐
dependent � parameter. For this purpose we use here mea-
surements from the PAMELA telescope, a space‐borne
magnetic spectrometer designed to measure the spectra of
anti‐protons, positrons, particles and nuclei of the GCRs
[see Ambriolia et al., 2003]. For the energy range of 0.4 to
8 GeV/nuc we also investigate the conversion from one
modulated spectrum to an other. With this conversions it is

possible to study whether or not the choice of the used LIS
model is a possible explanation for the negative � values.
[5] The paper is structured in the following way: section 2

gives a brief description of the heliospheric transport, while
the force‐field approximation is discussed more detailed in
section 3. The different proton LIS found in literature are
compared in section 4, and our method to convert the
modulation parameter � between different LIS are described
in section 5. Its application to the long‐term � reconstruction
record of Steinhilber et al. [2008] is shown in section 6, and
the last section summarizes our results.

2. Heliospheric Transport

[6] The intensity of GCRs is modulated as they traverse
the turbulent heliospheric magnetic field embedded in the
solar wind. The particles are scattered by irregularities in the
interplanetary magnetic field and undergo convection as
well as adiabatic deceleration in the expanding solar wind.
The large‐scale heliospheric magnetic field leads to gradient
and curvature drifts of CRs in the interplanetary medium.
Since all these transport processes depend on the solar
magnetic activity, the GCR intensity is anti‐correlated with
the activity cycle of the Sun. This is shown in Figure 1,
displaying the sunspot number in Figure 1, bottom, and the
monthly and 2‐year averaged cosmic ray variation measured
with the Oulu neutron monitor in Figure 1, top. It is evident
that the GCR intensity is low when the sunspot number is
high and vice versa.
[7] For modeling the measured intensity time‐profiles, the

transport of cosmic rays in the heliosphere, which was first
described by Parkers transport equation [Parker, 1965], has
to be taken into account. It consists of different terms:
[8] 1. Outward convection by the solar wind
[9] 2. Gradient and curvature drifts in the global helio-

spheric magnetic field [Jokipii et al., 1977]

Figure 1. (top) Galactic cosmic ray intensity variation as measured by the Oulu neutron monitor.
The quantity x = (C(t) − Cm)/Cm represents the relative change of the count rate C(t) with respect
to the rate Cm = 6481 counts/s, measured during the 1960’s solar minimum. (bottom) The sunspot num-
ber (SIDC team 2009, http://sidc.oma.be). It is evident that the intensities of GCRs and solar activity are
anti‐correlated.
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[10] 3. Diffusion through the irregular heliospheric mag-
netic field
[11] 4. Adiabatic energy change due to the divergence of

the expanding solar wind
[12] 5. Local sources like particles accelerated at the Sun.
[13] The monthly averages of the Oulu neutron monitor

(see Figure 1) show alternating “flat” and “peaked” maxima
in the time profiles in correlation with the solar magnetic
Hale cycle of about 22 years. Today it is generally accepted
that these different time profiles are usually an imprint of
particle drifts in the global heliospheric magnetic field [e.g.,
Heber et al., 2006]: in an A < 0 solar magnetic epoch, like in
the 1980’s, the intensity of CRs is expected to depend more
strongly on the tilt angle of the heliospheric magnetic field.
It varies strongly for smaller tilt angles. The intensity in an
A > 0 solar magnetic epoch, on the other hand, should vary
significantly less [Potgieter and le Roux, 1992; Heber et al.,
2006]. Thus, a detailed description of the neutron monitor
observations would rely on a time‐dependent numerical
solution of Parker’s transport equation [see, e.g., Scherer
and Ferreira, 2005; Ferreira et al., 2007; Florinski et al.,
2008; Florinski and Pogorelov, 2009]. 10Be on the other
hand is produced by GCRs in the atmosphere. The timescale
of the 10Be transport from the atmosphere, where it is
produced, to the ice, where it gets archived, is in the order of
1–2 years. Although on such time scales the modulation of
GCRs in the heliosphere still depends on all of the processes
described by the Parker equation, a simpler and analytical
approximation, called the force‐field approximation, is often
used in the literature. Although the force‐field solution has
been used to obtain a parameter to describe solar activity
during the space area, we emphasize here that it can not be
used in order to describe the details of observed energy
spectra in the heliosphere [see Caballero‐Lopez and Moraal,
2004].

3. Force‐Field Approximation

[14] Following Gleeson and Axford [1968] and Caballero‐
Lopez andMoraal [2004], the Parker equation can be reduced
to a simple convection‐diffusion equation, if (a) there are no
additional sources of CRs within the heliosphere, (b) there
is a quasi‐steady state, (c) the adiabatic energy loss rate is
zero, and (d) there is no drift.
[15] If then only the radial direction is taken into account,

the Parker equation reduces to

@f

@r
þ vP

3�

@f

@P
¼ 0; ð1Þ

where f is the cosmic ray distribution function, r is the
heliocentric distance, v is the solar wind speed, P is the
rigidity of the particle, and � is the diffusion coefficient.
If � depends only on P and r, a separation in the form of
�(r, P) = b�1(r)�2(P) can be applied, leading to the follow-
ing definition of the modulation parameter

� rð Þ �
Z

rb

r

v r 0ð Þ
3�1

dr 0 : ð2Þ

where the rb is the distance of the outer boundary of the
modulation region to the Sun. Note that in this approximation

�2 is proportional to P. Recent studies however show a much
more complex dependence [see Burger et al., 2000].
[16] A typical form of the resulting distribution function

is f = fbexp(−3�/(b�2)), where fb is the unmodulated
spectrum at the outer boundary of the modulation region.
Typical values of � vary from 300 to 1000 MV, for present
solar minimum to solar maximum conditions. Note that the
force‐field formalism results in a modulation potential that
causes changes in energy, rigidity, or momentum, while the
original assumption was that the adiabatic energy loss term
is negligible in comparison with the two spatially streaming
terms. There is no straightforward physical reason why this
field, force, or energy loss, is related to the true adiabatic loss.
[17] Caballero‐Lopez and Moraal [2004] investigated the

validity of the force‐field model by comparing the results of
the force‐field solution with those of numerical one
dimensional simulations, and they found that the approxi-
mation is able to qualitatively describe the modulation of the
LIS at 1 AU during the spacecraft era.
[18] The modulation is described by the following

equation:

J1AU E; �ð Þ ¼ JLIS E þ Fð Þ Eð Þ E þ 2Erð Þ
E þ Fð Þ E þ Fþ 2Erð Þ ð3Þ

[19] Here the modulation function F is given by F =
(Ze/A)� (where Z is the charge and A is the mass number
of the cosmic ray particle, respectively and � is the modu-
lation parameter in MV. E represents the particles’ kinetic
energy in (MeV/nuc), Er their rest energy (Er ≈ 938 MeV for
protons), and JLIS the differential intensity spectrum of the
LIS representing the boundary condition of the force‐field
model.

4. LIS Proton Spectra

[20] As mentioned above the force‐field model is a first
order approximation of the influence of the particle transport
in the heliosphere on the GCR spectra, which only depends
on the modulation parameter � and the input LIS. In the
following we will use different proton LIS published in the
literature to discuss the influence of the specific LIS on
the modulation parameter �. To allow for an easier com-
parison between the different published LIS, we transformed
all spectra to the same uniform units, giving the energy E
in MeV/nuc, and the differential proton flux JLIS in particles
m−2 s−1 sr−1 (MeV/nuc)−1.

4.1. Usoskin et al. [2005] Parameterization

[21] The latitudinal gradients of GCRs as measured by
the Ulysses spacecraft [Heber et al., 1996] have been a
challenge for transport models until Burger et al. [2000]
made a first approach modeling the variation using a
two‐dimensional computer code solving Parker’s transport
equation. An equivalent parametrization was found by
Usoskin et al. [2005] (US05), which we here have re‐written
in the uniform units.

JUS05 ¼
a

b E E þ 2Erð Þ½ �1:39þ c E E þ 2Erð Þ½ �0:135
; ð4Þ

with a = 4.157 · 102, b = 10−7 and c = 1.6488.
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4.2. Garcia‐Munoz et al. [1975] Parameterization
[22] We note, that this spectrum has been used in the 10Be

production calculations done by Masarik and Beer [1999].
These production calculations have been the basis of
Vonmoos et al. [2006] and Steinhilber et al. [2008] for
reconstructing the long‐term � records. AlthoughMasarik and
Beer [1999] refer to the LIS by Castagnoli and Lal [1980],
they have used GM75, as is pointed out byMasarik and Beer
[2009].

JGM75 ¼ a E þ b exp cEð Þ½ ��2:65; ð5Þ

with a = 9.9 · 108, b = 780 and c = −2.5 · 10−4.

4.3. Webber and Higbie [2003] Parameterization

[23] This spectrum is derived from galactic cosmic ray
propagation calculations by Webber and Lockwood [2001],
re‐written here in the uniform units.

JWH03 ¼ aE2:8 þ b E1:58 þ c E0:26
� ��1 ð6Þ

Here a = 1.89 · 10−10, b = 5.05 · 10−6 and c = 9.33 · 10−3.

4.4. Langner et al. [2003] Parameterization

[24] This LIS, parameterized by Langner et al. [2003]
(LA03), is based on a complex GCR propagation model
by Moskalenko et al. [2002].

JLA03 ¼
exp a� b lnEð Þ2 þ c lnE � d

ffiffiffiffi

E
p� �

E < 1000MeV=nuc

exp e� F lnE � g

E

� �

E � 1000MeV=nuc

(

ð7Þ

Here a = 0.823, b = 0.08, c = 1.105, d = 9.202 · 10−2, e =
22.976, f = 2.86 and g = 1.5 · 103.

4.5. Webber and Higbie [2009] Parameterization

[25] Webber and Higbie [2009] (WH09) have calculated
interstellar proton, helium, carbon and iron spectra using a
Monte Carlo Diffusion Model (MCDM). Here we parame-
terize the determined proton LIS (given by Webber and
Higbie [2009, Table 1]) the following way:

JWH09 ¼ exp aþ b � ln ln Eð Þð Þ½ �2 þ c �
ffiffiffiffiffiffiffiffiffiffiffi

ln Eð Þ
p

þ d � ln Eð Þð Þ�1
�

þ e � ln Eð Þð Þ�2
�

ð8Þ

For energies E < 1000 MeV/nuc the parameters are a =
−124.47673, b = −51.83897, c = 131.64886, d = −241.72524,
and e = 376.65906, whereas for energies E ≥ 1000 MeV/nuc
a = 0, b = −51.68612, c = 103.58884, d = −709.70735, and
e = 1161.55701.
[26] The accuracy of our parametrization is given in

Figure 2a, showing the ratio of our parametrization fol-
lowing equation (8) to the data given by Webber and Higbie
[2009]. Our parametrization varies less then ±2.3% from
the published data of Webber and Higbie [2009].

4.6. Comparison of the Spectra

[27] Figure 2b shows the ratio of the modulated LIS models
of GM75, LA03, WH03 and WH09 to the modulated LIS
model of US05 in the energy range of 0.1 to 100 GeV/nuc.
As can be seen, these spectra agree quite well with each

other for proton energies above 10 GeV/nuc. However, at
lower energies differences up to a factor of two exist. As
mentioned before, the LIS has not been measured by now
and therefore each of these models may approximate it
correctly.
[28] Despite the differences all these LIS models allow a

parametrization of the modulated spectra in the vicinity of
the Earth by using the modulation parameter �. In order to
determine the solar activity parameter, the modulation
potential, during recent times we determine the individual �
values by adjusting the solutions to measurements. This is
done by using the proton spectrum during solar minimum
conditions in July 2006 observed with the PAMELA
instrument [see Casolino et al., 2009, Figure 1], with the
energy given in GeV and the differential proton flux in
protons (cm−2 sr−1 s−1 GeV−1). For each LIS an individual
value of � is needed to describe the observation as best as
possible. We found these individual � values by minimizing
the function

�2i ¼
X

J1AU E; �;LISið Þ=J1AU E; PAMELAð Þ � 1ð Þ2 ð9Þ

between the PAMELA measurements (J1AU(E, PAMELA))
and the computed modulated GCR spectra (J1AU(E, �, LISi)).
The resulting modulation parameters �i with corresponding
values of hi

2 are listed in Table 1, while the ratio of the adapted
spectra to the PAMELAmeasurements are shown in Figure 2c.
Note that the values of h2 represent the characteristics of the
uses LIS models for the energy range of 0.4 to 8 GeV/nuc,
the energy range most important for the production of 10Be.
The LIS model of LA03 shows higher h2 values then the
other models, which is due to high aberrations in the lower
energy range, as can bee seen in Figure 2c. Nevertheless, all
LIS models, with their individual modulation parameter
values are able to represent the observed spectrum fairly
well. For example, the US05 spectrum provides a best fit to
the measurements with a modulation parameter of 526 MV.
In the energy range important for the production of 10Be (0.4
to 8 GeV/nuc), however, the intensity is underestimated by
up to 11% at an energy of 5140 MeV/nuc. Likewise char-
acteristics can be found for the WH09 model. It provides
a modulation parameter �WH09 equal 322 MV with a 12%
lower value in this energy range. The only LIS model which
overestimates the measured data up to about 8% at an energy
of 2642 MeV/nuc is the one by Langner et al. [2003],
showing a modulation parameter of 749 MV.
[29] However, one should keep in mind that the force‐

field solution cannot describe the modulation process in all
details. The force‐field solution e.g. can not reproduce the
cross‐over of the modulation amplitude, i.e. the intensities
are higher for low energy protons in an A > 0 than in an A < 0
solar magnetic epoch, while the opposite is the case for
higher energies, which can be clearly seen in Figure 20 of
Heber et al. [2006].
[30] The need of using different � values for different LIS

emphasizes the importance to always relate the values of �
to the corresponding LIS model.

5. Conversion of f Between Different LIS

[31] The results of the former section are taken as moti-
vation to formally describe the conversion between the �
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values of the different models. Following the approach first
described by Usoskin et al. [2005], the � values obtained
for the different LIS models can be related to the ones of
the modulated Burger et al. [2000] spectrum by linear
equations

�LIS;i ¼ mi � �US05 þ bi : ð10Þ

[32] In order to achieve the coefficients mi and bi we apply
the following procedure:
[33] 1. For a given �US05 we calculate the spectrum at

1 AU according to equation (3).
[34] 2. The modulated spectrum, J1AU,US05 is used as

reference spectrum in order to fit the other modulated LIS
spectra by minimizing the merit function as given in
equation (9).

[35] 3. Thus, we generate a paired data set of (�US05, �i),
given in Table 2, which we fit to the model by equation (10)
in order to calculate the parameters bi and mi.
[36] Our interest lies in the � obtained from 10Be data, and

thus the energy interval in which the spectra are fitted to

Figure 2. (a) Ratio of our parametrization of the WH09 spectrum (see equation (8), shown here in
magenta) to the data given by Webber and Higbie [2009]. A ratio of one is indicated by black triangles.
The variation of our parametrization is in the order of ±2.3%. (b) Ratio of the different unmodulated LIS
proton spectra used in this study (GM75 (blue), WH03 (green), LA03 (red) and WH09 (magenta)) to
US05 (black). Accentuated in light‐blue is the energy range relevant for the 10Be production, 0.4 to
8 GeV/nuc. (c) Ratio of the modulated LIS models to the PAMELA measurements in the solar minimum
of July 2006 with the same colors as in b). The spectra show strong variations in the low energy range.
Nevertheless, in the energy range of 0.4 to 8 GeV/nuc, all spectra are able to reproduce the measurements
fairly well with the variations given in the text.

Table 1. Model Dependent Modulation Parameters �i Adapted by

the Best‐Fit Method and the Corresponding hi
2 Valuesa

LIS Models � in MV h2

US05 526 0.059
LA03 749 0.129
GM75 481 0.034
WH03 378 0.040
WH09 322 0.097

aSee equation (9).
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each other, has to be similar to the energy interval in which
the 10Be production takes place. According to several works
[e.g., McCracken, 2004; Masarik and Beer, 2009] as well as
our results obtained with the PLANETOCOSMICS code
[Desorgher, 2006] the 10Be yield function show that the
most important energy interval for the production of 10Be is
in the range of 0.4 to 8 GeV/nuc with a production maxi-
mum around 1 GeV/nuc. Thus, we will only consider this
interval in the � conversion. The resulting coefficients mi

and bi are given in Table 3, and the corresponding linear
curves are displayed in Figure 3 (solid lines). The knowl-
edge about which energy interval has to be used, is of great
importance. To underline this statement we additionally
calculated the conversion coefficients for the extended energy
range of 0.1 to 100 GeV/nuc. The results are also shown in
Figure 3 (dashed lines). A comparison with the results
for the energy range of 0.4 to 8 GeV/nuc show that the
conversions are clearly different from each other, so that

the choice of the used energy range is indeed of great
importance.

6. Application to a Long‐Term Record of f

[37] In recent publications [Vonmoos et al., 2006; Steinhilber
et al., 2008], the modulation parameter � has been re-
constructed for the past 9300 years using 10Be, mainly
measured in the GRIP ice core from Greenland. We note that
Vonmoos et al. [2006] and Steinhilber et al. [2008] use the
modulation function F in units of MeV. This record is based
on the 10Be production calculations of Masarik and Beer
[1999]. In these calculations besides protons also alphas
and heavier particles have been taken into account merely
by increasing the corresponding proton fluxes. This implies
that the effect of the different rigidity cutoffs but also the
different solar modulation due to the diverse Z/A ratios has
been neglected. However, the estimated differences are
smaller than 10% [Vonmoos et al., 2006]. Thus, the orig-
inal F (MeV) record has the meaning of modulation
potential � (MV).
[38] Figure 4 shows the long‐term reconstruction of � of

Steinhilber et al. [2008]. The left y axis shows the � record
using the LIS by GM75. As can be seen, for most of the
time, the calculated modulation parameter is in the range of
presently observed values. However, in some periods
(marked as red vertical lines) � becomes very small or even
negative, for example around the years 500 BP and 1300 BP.

Table 2. Selected Values for �US05 in Comparison With the

Corresponding �LIS,i

LIS Models � in MV

US05 200 400 600 800 1000
LA03 449 663 876 1090 1304
GM75 159 365 572 779 986
WH03 57 272 469 666 862
WH09 −2 194 390 585 781

Figure 3. Linear relationship between the different proton LIS models are shown. The x axis represents
the modulation parameter of US05, while on the y axis the modulation parameter of the other LIS models
is shown. The red lines represent the LA03 LIS, the two blue ones show the GM75 spectrum, green is
WH03 and magenta represents WH09. The black line shows US05 itself. Here the solid lines represent
the linear equations concerning the energy interval of 0.4 to 8 GeV/nuc, while the dashed lines show the
energy range of 0.1 to 100 GeV/nuc.
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Further periods with negative values are found between 7400
and 5000 BP with the lowest values around 5600 BP.
[39] The fact that the modulation parameter reaches zero

or even negative values implies that the modulation van-
ishes. As mentioned earlier, these low values could be in-
terpreted as an acceleration against the solar wind, which is
nonphysical.
[40] However, several physical reasons for such negative

values exist, which can be divided into outer‐heliospheric
and inner‐heliospheric ones. Inner‐heliospheric reasons for
the negative � values are due to uncertainties in a) the
measurement of 10Be, b) the geomagnetic field intensity and
its geometry in the past, c) temporal changes in the transport
of 10Be from the atmosphere into the ice (atmospheric
mixing), and d) the 10Be production calculations. Besides
these inner‐heliospheric reasons, also outer‐heliospheric
ones exist, such as e) the LIS model used in the production
calculations, and f) a possible temporal variation of the LIS
by additional contributions by e.g. supernovae.

[41] So far no extraordinary events like nearby supernova
explosions are known to have taken place during the periods
with negative � values. Hence, the negative values must be
caused by the effects a)–e). Possible reasons for the negative
� values may be found in the inner‐heliospheric effects a) and
b), namely the uncertainties in the 10Be measurement and in
particular in the palaeo‐geomagnetic field intensity recon-
struction. As was pointed out by Snowball and Muscheler
[2007], there is a large uncertainty in palaeo‐geomagnetic
field intensity reconstructions. Since the geomagnetic field
has to be considered for calculating the � values, also the
calculated � itself holds a large error.
[42] Using the Monte‐Carlo technique, Vonmoos et al.

[2006] and Steinhilber et al. [2008] found that the error
in � due to a) the 10Be measurement and b) the palaeo‐
geomagnetic field varies in the range of 40–150 MV with an
average value of 80 MV. To investigate this effect, we ad-
ded the averaged value to the long‐term reconstruction
providing an upper limit of�. Since some of the reconstructed
modulation potentials are even smaller than −80 MV this
upper limit can not explain all negative � values. An uncer-
tainty of over 120 MV instead of the average 80 MV would
be necessary to shift all values in a positive range or at least
to be consistent with � = 0. Although such negative � values
could be a consequence of the geomagnetic field, we think
that it is not likely that an error >120 MV was present during
all the time periods where negative � values are calculated.
[43] Besides the first two inner‐heliospheric effects, the

other ones, i.e. c), d) and e) might be of importance.

Table 3. Parameters mi and bi to Convert � Obtained With

the Different LIS Models to the LIS Model of US05, Using

Equation (10)

LIS Models mi bi (MV)

LA03 1.06925 234.871
GM75 1.03378 −48.0287
WH03 0.983462 −121.360
WH09 0.978454 −197.676

Figure 4. The modulation parameter reconstruction for the past 9300 years based on 10Be mainly
measured in the GRIP ice core [see Steinhilber et al., 2008; Vonmoos et al., 2006]. The left y axis
show the reconstructed � using the GM75 LIS (blue curve). For most time intervals the parameter is in the
range of presently observed values, but there are times (marked with the red vertical lines) where the
parameter gets zero or even negative (e.g. around the years 500, 1300, and 5600 BP). The modulation
values are converted to the other LIS used in this paper (WH03, LA03, WH03 and WH09), using
equation (10). The resulting modulation parameters are shown on the right y‐axes.
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[44] In the present work, however, we are concentrating
on the possible impacts of outer‐heliospheric processes on
the reconstruction of the modulation parameter by neglect-
ing the effects c) and d), the influence of the uncertainties in
the 10Be transport and production models. Therefore, the
following study is restricted to the heliospheric effect e) which
implies that the LIS description itself gives an explanation for
the negative values. We note that by neglecting the inner‐
heliospherical effects c) and d) we do not rule them out as
possible sources for the negative � values at all.
[45] As shown in section 5, � itself strongly depends on

the used LIS model. It is possible that the LIS model by
Garcia‐Munoz et al. [1975] (GM75), which has been used
for calculating the long‐term � record, does not represent
the true LIS. Now we will demonstrate the importance of the
choice of the LIS model and investigate the consequences
for the values of the modulation parameter �.
[46] To study the influence of the LIS, we convert the

reconstructed values of �GM75 from the long‐term � record
given in Figure 4 (see y axis on the left hand side) to the
other LIS models by using the found linear conversions as
given in Table 3.
[47] The results for the different LIS are shown on the

y‐axes on the right hand side of Figure 4, showing the
corresponding modulation parameters of WH03, WH09,
US05 and LA03, from left to right. The model dependent
corresponding � values show that the modulation parameter
can be shifted to lower or higher values, depending on the
used LIS model. So the negative values of � occurring in the
reconstruction by Vonmoos et al. [2006] and Steinhilber et al.
[2008] can either become even more negative by using the
LIS models WH03 and WH09, or shift to positive ones and
therefore to physically reasonable values of � when using
the models US05 and in particular LA03.

7. Summary

[48] A useful tool to trace the solar activity far back in
time are measurements of cosmogenic radionuclides such as
14C and 10Be. One essential quantity determining their signal
is the intensity of galactic cosmic rays (GCRs) reaching the
Earth’s orbit. Their intensity is modulated by the solar
activity and the geomagnetic field intensity.
[49] As shown by Caballero‐Lopez and Moraal [2004],

the GCR intensity spectrum at 1 AU can be reasonably well
approximated by the force‐field solution during the current
period of time. In this model, the spectrum at 1 AU only
depends on the assumed local interstellar proton spec-
trum (LIS) and the corresponding modulation parameter
�, describing the solar activity. So far the LIS has not been
measured directly, and several estimations of the LIS, called
LIS models, exist.
[50] The aim of this paper was the investigation of the

importance of the LIS on the modulation parameter �.
Therefore we first compared five different proton LIS models
often used in literature showing a variations from each other
up to 70%.
[51] By assuming the modulation parameter to be LIS

model dependent, we secondly fitted the five modulated LIS
models to proton measurements at 1 AU taken with the
PAMELA instrument during solar minimum conditions in
July 2006. We showed that all used LIS models are able

to reproduce the observed PAMELA spectrum fairly
well, needing individual LIS model‐dependent modula-
tion parameters.
[52] Following the studies of Usoskin et al. [2005] and

Steinhilber et al. [2008], we afterwards derived linear
equations to convert the LIS model‐dependent � parameters
(�LIS,i) into each other. The works of Masarik and Beer
[1999], Webber and Higbie [2003] (WH03), McCracken
[2004], McCracken and Beer [2007] and Masarik and
Beer [2009] lead to the conclusion that the production of
10Be is most sensitive for variations in the GCR proton flux
energy range from 0.4 to 8 GeV/nucleon with a maximum at
1 GeV/nucleon. This energy range corresponds to the range
being strongest modulated by solar activity, implying the
that 10Be rate is able to reflect the latter. To use the con-
version equations with � obtained from 10Be measurements
later on we fitted the GCR spectra only in the energy range
of 0.4 to 8 GeV/nuc. To investigate the importance of the
used energy range to the linear conversion equations we
also added additional fits using a much wider energy range
(0.1 to 100 GeV/nuc) and showed that the energy range plays
an important role.
[53] The found conversion equations in the energy range of

0.4 to 8 GeV/nuc are then applied to the long‐term � record
by Vonmoos et al. [2006] and Steinhilber et al. [2008] based
on 10Be mainly from the GRIP ice core. This record (see
Figure 4) shows negative � values. As was pointed out, such
low or even negative values are non‐physical, and therefore
must be explained. An important source of uncertainty is the
palaeo‐geomagnetic field intensity reconstruction, which
has been considered in the 10Be production calculations of
Masarik and Beer [1999], and therewith in �. We think that
it is not likely that all negative phi values could be explained
by the uncertainties in the paleo‐geomagnetic field. However,
other explanations for the negative values exist. Besides the
uncertainties in the atmospheric mixing or the 10Be pro-
duction calculations, also the LIS model itself, which has
been used to calculate the 10Be production (here GM75),
could be the cause for the negative � values. Converting the
original long‐term � record with the derived LIS conversion
equations, we found that the LIS models by Langner et al.
[2003] and by Burger et al. [2000] would shift the � values
to positive (physical) values. Whereas using the LIS models
by WH03 and WH09 would shift the � values to even
more negative ones. Thus the long‐term reconstruction of
the modulation parameter � provides the potential to derive
the low intensity limits of the LIS. But it has to be kept in
mind that first the other sources of uncertainty, i.e. inner‐
heliospheric effects, have to be completely removed from
the data.
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