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Abstract

New scaling factors are presented describing the altitude and latitudinal dependence of production rates for in situ
produced cosmogenic nuclides. The new factors incorporate the influence of the non-dipole contributions to the
geomagnetic field on the cosmic ray flux. The currently used scaling factors of Lal [Earth Planet. Sci. Lett. 104 (1991)
424^439] are based on the assumption of a dipole field. The overall strategy used in deriving the new scaling factors is,
however, very similar to that of Lal and relies on the same and/or similar nuclear data. In this reevaluation, data are
only used if the effective geomagnetic parameters (inclination, horizontal field strength) can be reconstructed for the
time of measurement. The absorption free pathlengths 1 for cosmic rays selected for this study are based on
observational data at altitudes relevant for exposure age dating (sea level to 7000 m). At sea level and latitudes between
20³ and 40³, the new factors are up to 18% lower and at high altitudes more than 30% higher than those of Lal. In
addition to accounting for the influence of the effective geomagnetic field and providing more applicable estimates of 1,
the new factors also allow for correction for the significant deviations from the standard pressure^altitude relationship
that exist in the atmosphere (910%). ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The accuracy of exposure ages derived from the
abundance of in situ produced cosmogenic nu-
clides depends on scaling factors for the latitude
and altitude dependence of the cosmic ray £ux.
Currently, the scaling factors of Lal [1] are most
widely used. These factors were derived from neu-

tron £ux measurements and stars recorded on
photographic emulsions in the years 1949^1955
[2^6]. The original aim in deriving scaling factors
was to quantify cosmogenic nuclide production in
the atmosphere [7^9]. Only later were these fac-
tors applied to in situ produced cosmogenic nu-
clides in surface rocks [1].

By transferring the application of the factors
from the atmosphere to the surface of the Earth,
however, approximations that are inherent in the
scaling factors of Lal [1] become invalid. One ap-
proximation of Lal [1,7^9] is that the lateral var-
iation of cosmic ray £ux at sea level can be de-
scribed by an axial geomagnetic dipole ¢eld. This

0012-821X / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 0 1 2 - 8 2 1 X ( 9 9 ) 0 0 3 1 0 - 6

* Fax: +31-20-646-2457; E-mail : dunt@geo.vu.nl

EPSL 5350 2-2-00

Earth and Planetary Science Letters 176 (2000) 157^169

www.elsevier.com/locate/epsl



view was common within the physics community
occupied with cosmic rays until about 1958 ([10],
pp. 81^85). After 1958, triggered by the work of
Rothwell and Quenby [11] (see also Fig. 1), it
became generally accepted that only by consider-
ing the non-dipole ¢eld could the cosmic ray £ux
at sea level be described accurately [10]. Another
approximation of Lal is that the values of absorp-
tion mean free path lengths for nuclear disintegra-
tions derived at relatively high altitudes, 3.5^30
km [3^5], can be extrapolated to sea level. Such
an extrapolation is, however, not strictly valid
([4], p. 1408, 2nd paragraph) and will inevitably
lead to a too high value for the absorption free
pathlength ([3], Table III and Fig. 4).

The new scaling factors rely in part on the same
data as used by Lal and co-workers [7^9] and in
part on additional data from measurements be-
tween 1948 and 1957. These data are evaluated
using a similar approach as described by Lal [7],
however, with two important di¡erences: (1) now
the e¡ects of the geomagnetic ¢eld as described by
International Geomagnetic Reference Field for
the period of data acquisition are considered
and (2) only absorption free pathlength determi-
nations are used that were obtained at elevations

relevant for exposure age dating utilizing in situ
produced cosmogenic nuclides.

2. E¡ects of the geomagnetic ¢eld on the cosmic
ray £ux

As a ¢rst order approximation, the Earth's
magnetic ¢eld can be described as a dipole ¢eld.
This ¢eld partially shields the surface from pri-
mary cosmic ray particles. The primary particles
(mainly protons) are charged and are therefore
de£ected when moving in a magnetic ¢eld. Only
particles that have a momentum to charge ratio
above a certain threshold can reach the surface of
the Earth (for discussion see [10]). The cuto¡ ri-
gidity P (P = pc/e [GV], where p is the momentum
of the particle [GeV/c], c is velocity of light and e
the particle charge) of the geomagnetic ¢eld can
be described for protons arriving vertical to the
Earth's surface as (eq. 5 in [10]) :

P �M Wc
4R2 Wcos4V �1�

where M is the dipole moment [Wb], R the radius
of the Earth and V the geomagnetic latitude. Note
that Eq. 1 is essentially the same formulation as
described as `trajectory tracing' of cosmic ray par-
ticles by Shea et al. (eq. 2 in [12]). Shielding is
maximal at the geomagnetic equator and minimal
at high latitudes. Above 60³ geomagnetic latitude
the energy of protons that are permitted drops
below the minimum energy of protons actually
present in the cosmic radiation. Therefore the cos-
mic ray £ux does not increase further above the
60³ latitude `knee' [13].

Eq. 1 is, however, only satisfactory for studying
e¡ects of cosmic rays on a global scale. This is
because the real geomagnetic ¢eld has a signi¢-
cant non-dipole component. Estimates for the
contribution of the non-dipole ¢eld range between
10 and 25%, depending on the methods used to
derive the value [14]. There are also strong region-
al di¡erences in the relative importance of the
non-dipole ¢eld (see e.g. Fig. 2.3 in [14]). There-
fore to investigate local e¡ects, i.e. measuring spot
nuclear disintegration rates that are essential in
deriving scaling factors, the e¡ective geomagnetic

Fig. 1. Shipboard neutron £ux data of Rothwell and Quenby
[11] plotted vs. the geomagnetic latitude and the inclination
dip angle, respectively. Squares are data plotted vs. latitude,
the circles data plotted vs. inclination. Note that the geomag-
netic latitude cannot be used as a parameter to describe the
data, as the data are not symmetric with regard to the lati-
tude equator. The data are, however, symmetric with regard
to the dip equator, thus may be explained by the e¡ective
geomagnetic ¢eld. Further discussion is given in the text.
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¢eld at exactly the same location must be consid-
ered. Rothwell and Quenby [11] demonstrated
that considering the e¡ects of the non-dipole ¢eld,
such as variations in the inclination with respect
to the geomagnetic latitude, can explain observa-
tional data that do not ¢t the dipole model (Fig.
1). Following the formulation of Rothwell [15] a
modi¢ed version of Eq. 1, considering the param-
eters describing the non-dipole ¢eld, can be writ-
ten as follows:

P � R
4
U

H Wc
�1� 0:25Wtan2I�3=2

�2�

where H is the horizontal ¢eld intensity [T] and I
the inclination at the point of data acquisition.
The e¡ective values of H and I fully describe
the geomagnetic ¢eld as is relevant for the mod-
ulation of the cosmic ray £ux. Rothwell [15]
showed that all shipboard neutron £ux data pub-
lished by 1958, including those used by Lal (i.e.
[6]), can be explained qualitatively by the e¡ective
geomagnetic ¢eld. This is in marked contrastto
the dipole model which yields discrepancies in
the e¡ective geomagnetic latitude of up to 12³
[11,16]. Eq. 2 predicts that the cosmic ray equator
(i.e. the line connecting minimum cosmic ray in-
tensities in longitudinal pro¢les) is essentially
identical to the inclination equator (I = 0³).

In order to derive his scaling factors, Lal used a
network of neutron £ux measurements at various
atmospheric depths (1030 g/cm2 [6], 681 g/cm2 [3],
and 312 g/cm2 [2], see [7]). All of these data show
the e¡ects of the real geomagnetic ¢eld, i.e. vari-
able neutron £uxes for the identical geomagnetic
latitudes (so-called longitude e¡ect [3]). These de-
viations were acknowledged by the authors who
presented the original data (caption of Fig. 5 in
[3] ; [6], p. 976). Consequently the shapes of the
isobaric neutron £ux curves used by Lal have a
signi¢cant uncertainty (up to 20% di¡erence in
neutron £uxes at a given geomagnetic latitude,
see Fig. 2 in [6]). The uncertainty is maximal at
geomagnetic latitudes between 20³ and 40³ where
the longitude e¡ect on cosmic ray £ux measure-
ments is most pronounced [3,6]. The estimated
uncertainty of the scaling factors of Lal of
þ 10% [1] is identical to the uncertainty of the

sea level neutron £ux data from which the factors
are derived.

3. Attenuation of cosmic rays in the atmosphere

Primary particles with a su¤ciently high mo-
mentum to penetrate the Earth's magnetic ¢eld
are further attenuated through interaction with
atoms in the Earth's atmosphere. Consequently
the cosmic ray £ux and the number of interac-
tions caused by cosmic rays decrease with atmos-
pheric depth. This decrease is approximately ex-
ponential (e.g. [1]) :

N � N0We3z=1 �3�

N and N0 are the number of observed particles/
interactions with and without attenuation, respec-
tively, z is the atmospheric depth in g/cm2 and 1
is the absorption mean free path length. The de-
crease is not strictly exponential because 1 de-
creases with altitude [3]. The latitudinal depen-
dence of the cut-o¡ rigidity of the geomagnetic
¢eld described in Section 2 causes di¡erent values
for 1 at di¡erent geomagnetic latitudes, as ab-
sorption of the primary particles and their second-
aries is energy-dependent [13].

It is evident from Eq. 3 that choosing the cor-
rect values for 1 is crucial as even small di¡er-
ences will have a pronounced e¡ect on the pro-
duction rates at high altitudes. For high latitudes
(V= 42³^65³) and altitudes between sea level and
7000 m, values reported for 1 range between 120
and 141 g/cm2 (Table 1) [3,17^21]. At low lati-
tudes (V= 0^21³) and altitudes between 1680 and
5960 m all studies agree within the reported un-
certainties with a value of 149 g/cm2 for 1 (Table
1) [3,13,22,23]. The range in high latitude values
for 1 is partially a result of the di¡erent detector
designs. All data, except those of [18,19,22,23],
were collected with BF3 proportional counters
embedded in para¤n using a lead core or cover;
para¤n to shield the detectors from locally pro-
duced neutrons [13,24], lead as a target to pro-
duce secondary neutrons, from interactions with
high-energy neutrons (200^1000 MeV [24]), that
are recorded. A discussion of the in£uence of de-
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sign parameters on values for 1 is given in [13,25].
Resolving this issue is beyond the scope of this
paper. It is evident, however, that the chosen val-
ue of 1 should be consistent with available exper-
imental data. Thus, in deriving a neutron £ux net-
work to calculate scaling factors, the same
counter design should be used to derive 1 and
the disintegration rates at and above sea level.
The other, probably more important factor intro-
ducing scatter into the range for 1 is the altitude
range where the data were collected. The results
of all studies at high latitudes [17^19,21], where
data were acquired down to 1000 m above sea
level or lower, agree within the reported uncer-
tainties with a value for 1 of 128 g/cm2. Only
the studies where the data were collected exclu-
sively at higher altitudes (s 1900 m) report higher
values for 1 (V140 g/cm2). This observation is in

agreement with the ¢nding of Simpson and Uretz
[3] that 1 increases with increasing altitude.

The data of [18,22,23] are internally consistent
as all investigators used identical photographic
emulsions (Ilford G5) and screening procedures.
Furthermore, the photographic emulsions reliably
record tracks of all nuclear disintegrations in-
duced by cosmic rays, i.e. by protons, muons
and secondary neutrons that have energies s 35
MeV [22,26,27]. Thus they give a good approxi-
mation of the entire range of cosmic ray interac-
tions with solid matter.

Teucher [28] comments on the possibility that
locally produced secondary neutrons (i.e. those
produced/re£ected at or below the air^surface in-
terface [29]) are recorded as low energy events on
the photographic emulsions and have an in£uence
on the value of 1 obtained. This view is in agree-

Fig. 2. Spatial distribution of published shipboard and airborne neutron £ux data. To help to assess which data set is suitable
for reevaluation, the surface inclination angle of the geomagnetic ¢eld in the spring of 1955 is plotted in isolines as a proxy for
the non-dipole contributions to the geomagnetic ¢eld. The triangles give the positions of geomagnetic observatories that were ac-
tive between 1955 and 1957 [42]. The light grey line represents airborne data locations of [17]. The location of shipboard data is
given by the broad dark grey line (circum North America and Boston^Panama^New Zealand^Antarctic Sea^Buenos Aires^Bos-
ton [6], and the thin solid black lines (Europe^Cape Town^Mozambique [11,36], Japan^Cape Town^Antarctica [37], and Europe^
Mediterranean^Red Sea^Australia^Cape Town^Europe [38]). For discussion see text.
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ment with the calculations of Masarik and Reedy
[29] that show that for 10^20 g/cm2 on both sides
of the air^surface interface the neutron £ux is
perturbed (see Fig. 1 in [29]). The neutron £ux
at both sides of the interface shows a relatively
£at pro¢le [29]. In all the photographic emulsion
studies used here [18,22,23] the emulsions were
exposed within 1 m of the air^surface interface.
Thus a portion of the neutron tracks recorded by
the emulsions is a consequence of the perturbed
neutron £ux at the air^surface interface. Rocks
that are sampled for exposure age dating record
nuclear disintegrations (i.e. in situ produced cos-
mogenic nuclides) occurring at exactly the same
interface. Hence, the values for 1 derived from
the photographic emulsion studies used in this
paper [18,22,23] probably best describe the alti-
tude dependence of in situ production of cosmo-
genic nuclides at the air^surface interface.

Analogous to the photographic emulsion data
the cloud chamber data were also obtained close
to the air^surface interface [19] and record events
of similar energy (s 8 MeV [19]) as photographic
emulsions (s 35 MeV [27]). Hence the value of
132 þ 4 g/cm2 obtained by Brown [19] (Table 1)
is equally valid to describe the altitude depen-

dence of in situ production of cosmogenic nu-
clides at the air^surface interface as the values
of 1 obtained by [18]. Therefore, throughout
this paper values of 130 þ 4 g/cm2 (mean of [18]
and [19]) and 149 þ 2 g/cm2 [22,23] for high and
low latitudes, respectively, will be used as guide-
lines for preferred values of 1 for cosmic ray-in-
duced nuclear disintegrations at the Earth's sur-
face. Note that the value for 1 obtained with the
data collected with a BF3 proportional counter at
high latitudes and low altitudes (i.e. 130 g/cm2

[17], Table 1) is in agreement with the photo-
graphic emulsion and cloud chamber data.

The above values for 1 describe the interactions
of the integrated cosmic ray £ux, i.e. the sum of
all interactions induced by protons, muons and
secondary neutrons. Reaction cross-sections for
fast protons and neutrons are similar [1,30]. These
particles also dominate the cosmic ray £ux and
nuclear interactions producing cosmogenic nu-
clides. Thus the values for 1 obtained above are
mostly relevant for the proton and neutron com-
ponents (nucleonic component) and their interac-
tions. Some target elements in rocks (O, Na, Mg,
Al, Si), however, have a large cross-section for
negative muon capture producing cosmogenic nu-

Table 1
Absorption free pathlength 1 in the atmosphere determined at altitudes 6 9000 m down to sea level

Geomagnetic latitude V Source Method Altitude range 1
(g/cm2)

60^65³ [17] BF3 countera 1000^7000 m 130
4300^9000 m 138

52³ [3] BF3 countera 2500^5000 m 141 þ 2
47^50³ [18] emulsionb 150^3774 m 127 þ 3
47^50³ [19] cloud chamberc 0^3230 m 132 þ 4
44³ [20] BF3 countera 1900 m 125 þ 10d

140 þ 2e

42^45³ [21] BF3 countera 260^4300 m 132 þ 15
42³ 260 m 121 þ 7
21³ [22] emulsionb 2630^5350 m 149 þ 2
0³ [13] BF3 countera 3400^4400 m 149 þ 9
0³ [3] BF3 countera 3000^4200 m 145 þ 9
0³ [23] emulsionb 1680^5960 m 149 þ 2f

aDetector piles with lead core or cover and para¤n shielding, secondary neutrons are recorded that have energies 6 30 MeV [7],
the primary particles producing the secondaries have energies V200 MeV^1 GeV ([24] and references therein).
bIlford G5 emulsions, 1 as determined from stars with v 3 prongs, i.e. tracks from particle with energies v 35 MeV [27].
cCloud chamber ¢lled with 5 bar argon, spallation events induced by particles that have energies s 8 MeV are recorded [19].
dLow energy neutrons recorded with cadmium and para¤n shielding, 6 0.5 eV [20].
e`Mormal' BF3 counter used.
f Maximum error, own estimate by comparing counting statistics and curve ¢t to results of [22].
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clides that are frequently used for exposure age
dating (e.g. 10Be, 26Al, 21Ne, 22Ne [31]). Thus pro-
duction of those nuclides can be appreciably in-
£uenced by the muon component. In the case of
10Be and 26Al the reported contribution by muon
capture varies between 1^3% and 17 þ 9% (in
quartz [32^34]). The absorption free pathlength
for muons is larger than that of the nucleonic
component. The only reliable value that is cur-
rently available for 1 for muons in the atmos-
phere is 247 g/cm2 and is valid between sea level
and 12 km [31,35]. The latitude dependence below
V5 km seems to closely parallel that of the nu-
cleonic component ([32] and references therein).

Calculating the values of 1 from the scaling
factors of Lal (Table 2 in [1]) for altitudes below
3500 m, one obtains 135 and 157 g/cm2 for
high and low latitudes, respectively. For altitudes
s 3500 m the corresponding values are 157 and
174 g/cm2. While the relative latitude e¡ect is
about the same order as implied by the photo-
graphic emulsion studies [18,22,23], the absolute
values are on the high side. All available experi-
mentally derived values of 1 for low altitudes at
low latitudes are lower [13,22,23] than those used
by Lal. The same is true for the experimentally
derived values of 1 for low altitudes at high lat-
itudes [17^19,21]. Also for altitudes s 3500 none
of the studies listed in Table 1 supports the even
higher values of 1 inherent in Lal's scaling fac-
tors, although four studies extended to altitudes
of 5000 m and higher [3,17,22,23].

4. Deriving the new scaling factors

4.1. The data for the new neutron £ux network

The overall approach used to derive new scal-
ing factors for cosmic ray-induced nuclear disinte-
grations in this study is very similar to that of Lal
[1,7]. The main di¡erence in this study lies in the
selection of isobaric neutron £ux data and the
choice of 1. For the new scaling factors I use
only data which can be reevaluated by recon-
structing the e¡ective geomagnetic ¢eld at the
time of the neutron £ux measurement, i.e. data
for which the exact location for each measure-

ment was published. Furthermore the selected
data sets extend beyond the high latitude `knee'
of the isobaric geomagnetic latitude curves to al-
low normalization of the data. The normalization
is important, because although principally the
same kind of neutron £ux detector was used in
all studies (BF3 proportional counters embedded
in para¤n and lead shielding) the counters are
not identical and deviate in design. Thus,
although absolute counting rates cannot be com-
pared directly, normalized data can be compared
(see [13], pp. 941^944). Fig. 2 shows the spatial
distribution of available neutron £ux data at sea
level and altitudes 6 5000 m. Of the available
shipboard data, those of Rose et al. [6] are by
far the most extensive. Coverage includes both
the northern and southern hemispheres beyond
the latitude knee (s 60³ latitude i.e. s 80³ incli-
nation for a dipole ¢eld, see Section 4.2). The
data set is therefore ideal for reevaluation and
should deliver a reliable sea level neutron £ux
curve. The other sea level data sets [11,36^38]
do not extend beyond the latitude knee, thus
can only be used for qualitative arguments as
done by Rothwell [15]. The data of Kodoma
[37] mimic a knee but are the result of high lat-
itude data collection from an area with abnor-
mally shallow, and spatially rather uniform incli-
nation (Fig. 2).

Sandstro«m [17] reports the only airborne data
set that is suitable for reevaluation (Fig. 2). Data
were collected at 600 g/cm2 atmospheric depth
(V4300 m) and cover a wide latitudinal and lon-
gitudinal range. Other data sets either do not cov-
er a wide enough latitudinal range [3] and/or can
not be reevaluated due to missing coordinates
[2,3].

Following the reasoning given in Section 3, I
chose the mean absorption free path length of
Sandstro«m of 130 g/cm2 [17] to link the sea level
neutron £ux data of Rose et al. [6] with the high
altitude data of Sandstro«m [17]. 1 has been deter-
mined from measurements derived at altitudes
from 1000 m to 7000 m [17], thus providing an
average 1 for that altitude range. Sandstro«m [17]
also reports a higher value for 1 derived using
data between 4300 and 9000 m. The higher value,
138 g/cm2, is in agreement with the high altitude
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data of [3] (Table 1). The lower value of 130 g/
cm2 is used here because it describes the altitude
dependence in the depth range relevant for most
studies utilizing in situ produced cosmogenic nu-
clides. Moreover, this value for 1 agrees well with

photographic emulsion [18] and cloud chamber
data [19] that were obtained at altitudes between
sea level and 3500 m (mean of 130 þ 4 g/cm2).
Thus the value of 130 g/cm2 appears a good linear
approximation for values of 1 for nuclear disinte-
grations induced by cosmic rays between sea level
and 7000 m at high latitudes. Based on the varia-
tion seen in high latitude photographic emulsion
and cloud chamber data (see Section 3) the esti-
mated uncertainty in 1 used in this paper is þ 3%.

The shipboard data of Rose et al. [6] were col-
lected during a period of low solar activity (1954^
55) and the airborne data of Sandstro«m [17] were
collected at a time of increased solar activity (Feb-
ruary 1957) [10]. While this a¡ects the absolute
counting rates, the overall shape of the neutron
£ux curves at large atmospheric depth (s 600 g/
cm2) is not a¡ected. This conclusion is based on
the observation that mountain altitude (V2000
m) neutron detectors show the same relative in-
tensity change as sea level neutron detectors dur-
ing a solar cycle [39]. Thus, using normalized neu-
tron £ux data will eliminate not only detector
biases but also the neutron £ux modulation dur-
ing a solar cycle.

The geomagnetic ¢eld parameters at the time
and location of the neutron £ux measurements
are reconstructed using the GEOMAGIX soft-
ware of John Quinn of the USGS National Geo-
magnetic Information center (downloadable at
http://geomag.usgs.gov). Models Dgrf-50 and
Dgrf-55 were used that are based on observation
station data only [40]. Discussion of the model
accuracies and information about the distribution

6
Fig. 3. Shipboard neutron £ux data of Rose et al. [6] plotted
vs. (A) inclination I, (B) horizontal ¢eld intensity H and (C)
the cut-o¡ rigidity of the geomagnetic ¢eld P. Circum
North-America data (squares), Boston^Panama^New Zea-
land^Antarctic (180^175³W) data (circles), Antarctic (175^0³
W)^South Atlantic data (diamonds) and North Atlantic data
(triangles down). The results of non-linear regression (¢ve
parameter sigmoidal) of all the data, excluding the Antarctic
(175^0³W)^South Atlantic data, are given as grey curves.
The data format for the counting rate (counts per hour/64)
is as reported in the original study by [6] and should be read
as arbitrary units. For further discussion see text.
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of observational data in the 1950s can be found in
[41,42].

4.2. Constructing the neutron £ux network

In order to account for the non-dipole compo-
nents of the Earth's magnetic ¢eld the neutron
£ux is ¢tted to parameters describing the ¢eld.
Parameters considered here are the inclination I,
horizontal ¢eld intensity H and the cut-o¡ rigidity
P. It is clear from Fig. 3 that the majority of data
can well be ¢tted to all three parameters. Only the
data from the Antarctic Sea and the South Atlan-
tic are displaced with respect to the other data in
all three cases. This is because the highly anom-
alous geomagnetic ¢eld (see e.g. Fig. 2) in this
area cannot be reconstructed satisfactorily from
the few observational data of the geomagnetic
¢eld available for this area in the 1950s ([41,42],
John Quinn, personal communication). The re-
sults from this area are therefore excluded from
further consideration. Non-linear regression (¢ve
parameter sigmoidal, SigmaPlot 4.00 software) of
the remaining data, treated as one population,
yields coe¤cients of correlation (r2) of 0.994,
0.993 and 0.972 for values of I, P and H as var-
iables, respectively. The corresponding standard
errors of estimates (c) are V2% for I and P
and V4.5% for H. The standard errors of esti-
mates of I and P compare well with the reported
reproducibility of neutron £ux measurements
( þ 1.8% [43]) and the globally averaged uncer-
tainty of reconstructed geomagnetic ¢eld parame-
ters (c=V1% or 1³, whatever applicable [44]).
Therefore the sigmoidal functions shown in Fig.
3 describe the sea level neutron £ux data very
well. That the close ¢ts of observational data to
I and P are so similar can easily be explained by
Eq. 2 where changes of P are most sensitive to
changes of I. As the goal of this paper is to derive
scaling factors that can be easily related to geo-
graphic coordinates, I chose the inclination I as
variable describing the neutron £ux at sea level.
Consequently the airborne neutron £ux data [17]
are also ¢tted to the inclination I in an identical
manner (Fig. 4) (r2 = 0.993, cV2%).

The remaining step in constructing the neutron
£ux network is to normalize the neutron curves

(Figs. 3 and 4). The sea level (1030 g/cm2 or 1013
mbar) neutron £ux curve is normalized to I = 90³.
The resulting function N1030(I) (with N1030(90) = 1)
can be described as a ¢ve parameter sigmoidal
function (r2 = 0.994, cW2%, parameters A, B, C,
X and Y in Table 2):

N1030�I� � Y � A

1� e
3

13X
B

� �264
375

C
�4�

The high altitude neutron £ux curve (600 g/cm2 or
590 mbar, V4300 m; Fig. 4) is connected to the
sea level curve at I = 75³ using 1= 130 g/cm2 (1
was obtained at I V75³ [17]), resulting in N600(I).
From that network, the inclination dependence of
1 can be derived by writing Eq. 3 as:

N600�I� � N1030�I�We�10303600�=1 �I� �5�

thus:

1 �I� � 430

ln
N600�I�
N1030�I�
� � �6�

The resulting 1(I) is shown in Fig. 5. Note that

Fig. 4. Airborne neutron £ux data of Sandstro«m [17] plotted
vs. the inclination I. The result of non-linear regression (¢ve
parameter sigmoidal) is displayed as a grey curve. Six anom-
alously high data points [17] are not included in the regres-
sion. The data format for the counting rate (counts per min-
uteU0.48) is as reported in the original study by [17] and
should be read as arbitrary units.
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the values for 1 at low inclination (i.e. low lati-
tude) are in perfect agreement with observational
low latitude data (Table 1, [13,22,23], although
the N600(I) was linked at high latitudes. Thus
N600(I) is consistent with the observational low
altitude data for 1 collected at high and low lat-
itudes (Table 1). 1(I) can be described by a ¢ve
parameter sigmoidal function (r2 = 0.9995,
cW0.2%, parameters a, b, c, x and y in Table 2):

1 �I� � y� a

1� e
3

13x
b

� �264
375

c
�7�

Eq. 3 can be written as:

N�z; I� � N1030�I�Wez�h�=1 �I� �8�

where N1030(I) and 1(I) are the ¢ve parameter
sigmoidal functions derived earlier (Eqs. 4 and
7) and z(h) is the value of the di¡erence in atmos-
pheric depth at height h compared to sea level.
z(h) can be derived from functions describing
the pressure gradient in the atmosphere (for
standard atmosphere, see Appendix). It is advis-
able to use realistic estimates of surface tempera-
tures to calculate z(h) as there are signi¢cant dif-
ferences in calculated elevations for the same
pressure for di¡erent average surface temperatures.
For example the isobars in the tropics (25³C) are
in the order of 4^5% higher than those in temper-

ate regions (15³C) [45,46]. Furthermore it should
be noted that the average sea level pressure in
some areas (mostly oceanic) can deviate by up
to 10 mbar from standard sea level pressure
[47,48] thus changing production rates up to
V7%.

As values for N are normalized, N(z,I) is the
scaling function for nuclear disintegration rates in
the atmosphere and can be used to relate produc-
tion rates of in situ produced cosmogenic nuclides.
The parameters for the sigmoidal functions are
given in Table 2. Eq. 8 is strictly only valid for
the cosmogenic production by the nucleonic com-
ponent of the cosmic rays (protons and secondary
neutrons, see Section 3). For cosmogenic nuclides
with an appreciable production due to muon cap-
ture reactions Eq. 8 can be modi¢ed to include
that production:

N�z; I� �

N1030�I�Wez�h�=1 �I�W�13x� �N1030�I�Wez�h�=1 W Wx �9�

where x is the fraction of the cosmogenic nuclide
produced by muon capture at sea level and 1W the
absorption free pathlength of muons in the at-
mosphere. A detailed description of how to derive
scaling factors for use in exposure age dating is
given in the Appendix.

The long term (s 10 000^20 000 years) time-
averaged geomagnetic ¢eld can be described by
a geocentric axial dipole ¢eld (see e.g. [14]). There-
fore the inclination I can be translated into geo-
magnetic latitude (eq. 3.3.4. in [14]) :

tanI � 2tanV �10�

Table 2
Nuclear disintegration rates induced by cosmic rays normal-
ized to sea level and 90³ inclination. Parameters for Eqs. 4
and 7

Coe¤cients for N1030(I) Coe¤cients for 1(I)

A 0.4450 a 19.85
B 4.1703 b 35.430
C 0.3350 c 3.590
X 62.698 x 62.050
Y 0.5555 y 129.55

Fig. 5. The mean free absorption path length as a function
of inclination I. For further discussion see text.
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Thus when comparing measurements of in situ
produced cosmogenic nuclides in surfaces older
than 20 000 years the geographic latitude may be
used to calculate the inclination I used in Eqs. 8
and 9. For samples younger than 20 000 years the
time-averaged geomagnetic ¢eld is not a geocen-
tric axial dipole ¢eld [14]. Therefore the real value
of I must be approximated using proximal paleo-
magnetic records.

5. Discussion

The relative di¡erences between the new scaling
factors and the commonly used factors of Lal [1]
are presented in Fig. 6. The largest di¡erences are
found between 20³ and 40³ latitude close to sea
level and at high altitudes. In these regions the
di¡erences exceed the 10% error estimate given
by [1]. As discussed earlier the deviation between
20³ and 40³ latitude is caused by unresolved non-
dipole ¢eld e¡ects in the data used by Lal (e.g.

[3,6]). The deviations at high altitude are due to
the higher values of 1 used by Lal which are at
odds with observational data from the altitude
range relevant for exposure age dating (sea level
to 7000 m, see Section 3).

The new scaling factors leave some space for
future improvements. The sea level neutron £ux
curve is rather well constrained (V2%, 1c, see
Section 4.2). Thus errors introduced by the scaling
factors on calculating production rates at sea level
will be of the same order (V2%). However, the
estimated 3% uncertainty of 1 is magni¢ed for
high altitudes as 1 is used in the exponent of
Eq. 6. Therefore the overall uncertainty of calcu-
lated production rates using the new scaling factors
increases with increasing altitude (e.g. by V6% at
3000 m, by V10% at 5000 m and by V20% at
7000 m). The 10% error estimate given by Lal for
his scaling factors [1] includes only the uncertainty
of his sea level neutron £ux curve (see end of
Section 2). If an uncertainty is assumed for 1,
the error estimate for the currently used scaling
factors of [1] must also increase with increasing
altitude (similar to above values, if 1 has an un-
certainty of e.g. 3%). It is evident from the dis-
cussion above that future experimental work
should be directed at accurately constraining 1
as a function of altitude and latitude.

6. Conclusions

The non-dipole components of the Earth's
magnetic ¢eld contribute up to 20% to the total
¢eld; thus they must be considered when studying
short-term e¡ects of cosmic rays. Only over time
scales exceeding 20 000 years can the geocentric
axial dipole hypothesis be applied. Thus, neutron
£ux measurements that are used to derive scaling
factors for cosmogenic nuclide production have
to be evaluated using the e¡ective geomagnetic
¢eld parameters such as inclination and horizon-
tal ¢eld strength. Following this approach neu-
tron, £ux data are reevaluated to derive scaling
factors.

There are signi¢cant di¡erences between the
new scaling factors and those of Lal [1]. Between
sea level and 3500 m altitude, the ¢rst order dif-

Fig. 6. Percent di¡erence of the new scaling factors com-
pared to those of Lal ([1], Table 2). The di¡erences were cal-
culated assuming a standard atmosphere pressure^altitude re-
lationship, i.e. 15³C surface temperature. Use of more
realistic estimates would reduce di¡erences at high altitudes
in the tropics (3V5%) and increase di¡erences at high alti-
tudes in the boreal areas (+v 5%).
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ferences (9 18%) are the result of variations be-
tween idealized dipole assumption and the e¡ec-
tive geomagnetic ¢eld. At higher altitudes, the
larger values for 1 used by Lal result in calculated
production rates that are lower than the new scal-
ing factors by up to V30%.

For samples younger than 20 000 years the
average paleo-inclination in the region should be
determined if possible, since deviations from the
long-term averaged dipole ¢eld, which can persist
over this time range, will induce signi¢cant er-
rors.

The formula for the new scaling factors allows
correction for actual deviations from the standard
atmosphere assumption. The errors that may be
avoided by accounting for the actual pressure^al-
titude relationship are in the order of 5^10%. The
proposed new scaling factor functions will allow a
better worldwide comparability of exposure ages
and production rate calibrations than can be
achieved using the scaling factors of Lal [1]. At
sea level the uncertainty of the new factors is
about 2%, at higher altitudes the uncertainty of
1 takes e¡ect and the associated uncertainty in-
creases signi¢cantly. Further work is required to
better constrain 1.
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Appendix

The following procedure provides a step by step
method to calculate production rates using the
new scaling factors.

(A) Calculate the inclination I.
For surfaces older than 20 000 years the incli-

nation I can be calculated from the geographic

latitude V using the relationship (eq. 3.3.4. in
[14]) :

tanI � 2tanV �eq: 10 in text�

(B) Calculate the long-term average atmospher-
ic pressure p [mbar] at the sampling point. Here I
give the equation for the standard atmosphere as
adopted by the International Civil Aviation Orga-
nization (ICAO) as an approximation for the real
atmosphere (eq. 54 in [46]). Other equations can
be used if preferred:

p � p0 13
L 0h
T0

� � g0

RdL 0

p0 is the pressure at sea level (standard pressure
1013.25 mbar, actual value might deviate in some
regions [45,48]), L0 the temperature decrease with
elevation (6.5 mK/m), h is the altitude in meters,
T0 the temperature in Kelvin at sea level (stan-
dard temperature 15³C = 288.15 K, use an appro-
priate value depending on the climatic region), g0

the standard sea level value of the acceleration
due to gravity (9.80665 m/s2), Rd the gas constant
(287.05 J/kg/K).

(C) Calculate the atmospheric depth d [g/cm2]
at sampling site.

d � 10p=g0

Calculate the atmospheric depth d0 at sea level :

d0 � 10p0=g0

(NB, using the above values of p0 and g0 yields
d0 = 1033 g/cm2, i.e. a value 0.3% higher than the
sea level d0 in the text (1030 g/cm2). This arises
from the use of the rounded value for g0 of 9.81
m/s2 in the original studies in the 1950s. It has no
in£uence on the scaling factors because they are
normalized and describe relative changes only.)

(D) Calculate the di¡erence in atmospheric
depth between sampling site and sea level z(h) :

z�h� � d03d

(E) Calculate the sea level neutron £ux normal-
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ized to I = 90³, N1030(I) :

N1030�I� � Y � A

1� e
3

13X
B

� �264
375

C

�eq: 4 in text�

(A = 0.4450, B = 4.1703, C = 0.3350, X = 62.698,
Y = 0.5555, Table 2).

(F) Calculate the mean absorption free path-
length 1(I) :

1 �I� � y� a

1� e
3

I3x
b

� �264
375

c
�eq: 7 in text�

(a = 19.85, b =35.430, c = 3.590, x = 62.050,
y = 129.55, Table 2).

(G) Calculate the scaling factor N(z,I) :

N�z; I� � N1030�I�Wez�h�=1 �I� �eq: 8 in text�

or in the case of cosmogenic nuclides which have
an appreciable contribution by muon capture re-
actions (for list of nuclides and target elements see
Table 6 in [31]) :

N�z; I� �

N1030�I�Wez�h�=1 �I�W�13x� �N1030�I�Wez�h�=1 W Wx
�eq: 9 in text�

x is the fraction of the cosmogenic nuclide pro-
duced by muon capture at sea level and 1W the
absorption free pathlength of muons in the at-
mosphere (247 g/cm2).

(H) Calculate the production rate of a cosmo-
genic nuclide at the sampling site.

The production rates Pnuclide of in situ produced
cosmogenic nuclides are usually reported as val-
ues for sea level and high latitudes (Vv 60³, i.e.
Iv 74³). Therefore the production rate at the
sampling site is easily calculated by multiplying

Pnuclide by N(z,I) :

Pnuclide�z; I� � PnuclideWN�z; I�
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