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Abstract

Solar modulation affects the secondary cosmic rays responsible for in situ cosmogenic nuclide (CN) production the most at

the high geomagnetic latitudes to which CN production rates are traditionally referenced. While this has long been recognized

(e.g., D. Lal, B. Peters, Cosmic ray produced radioactivity on the Earth, in: K. Sitte (Ed.), Handbuch Der Physik XLVI/2,

Springer-Verlag, Berlin, 1967, pp. 551–612 and D. Lal, Theoretically expected variations in the terrestrial cosmic ray

production rates of isotopes, in: G.C. Castagnoli (Ed.), Proceedings of the Enrico Fermi International School of Physics 95,

Italian Physical Society, Varenna, 1988, pp. 216–233), these variations can lead to potentially significant scaling model

uncertainties that have not been addressed in detail. These uncertainties include the long-term (millennial-scale) average solar

modulation level to which secondary cosmic rays should be referenced, and short-term fluctuations in cosmic ray intensity

measurements used to derive published secondary cosmic ray scaling models. We have developed new scaling models for

spallogenic nucleons, slow-muon capture and fast-muon interactions that specifically address these uncertainties. Our spallo-

genic nucleon scaling model, which includes data from portions of 5 solar cycles, explicitly incorporates a measure of solar

modulation (S), and our fast- and slow-muon scaling models (based on more limited data) account for solar modulation effects

through increased uncertainties. These models improve on previously published models by better sampling the observed

variability in measured cosmic ray intensities as a function of geomagnetic latitude, altitude, and solar activity. Furthermore,

placing the spallogenic nucleon data in a consistent time-space framework allows for a more realistic assessment of

uncertainties in our model than in earlier ones.

We demonstrate here that our models reasonably account for the effects of solar modulation on measured secondary cosmic

ray intensities, within the uncertainties of our combined source datasets. We also estimate solar modulation variations over the

last 11.4 ka from a recent physics-based sunspot number reconstruction derived from tree-ring 14C data. This approximation

suggests that spallogenic nucleon scaling factors in our model for sea level and high geomagnetic latitudes can differ by up to
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~10%, depending on the time step over which the model sunspot numbers are averaged. The potential magnitude of this

difference supports our contention that incorporating long-term solar modulation into secondary cosmic ray scaling is

important. Although millennial-scale solar modulation clearly requires further study, we believe it is reasonable at present to

use our S value record for scaling spallogenic nucleons during the last 11.4 ka, and the weighted mean S value for that period of

0.950 for longer exposure times. By accounting for solar modulation effects on the global variations in nucleon and muon

fluxes, these models thus provide a useful framework on which to base CN production rate scaling functions.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A cornerstone of in situ cosmogenic nuclide (CN)

applications is the ability to scale production rates

from the few sites where they are well established to

sites under study. This is necessary because the

intensity of secondary cosmic rays responsible for

in situ CN production varies with both altitude and

position within the geomagnetic field. However,

models used for this purpose often do not explicitly

account for uncertainties arising from the natural

variability inherent in the assumptions and data

used in their development. Sources of these uncer-

tainties include solar cycle variations and other varia-

bility of the primary cosmic ray flux considered

against limited periods of record, and discrepancies

between parameterizations of modern and time-inte-

grated geomagnetic field effects on cosmic rays. We

have developed scaling models for secondary cosmic

ray nucleons and muons, and a model for time-

integrated geomagnetic effects on cosmic rays, that

specifically address these uncertainties with an eye

toward application to CN production over millennial

time scales.

1.1. Controls on cosmic ray intensity

The primary cosmic rays incident on the Earth’s

atmosphere consist of 90% protons and 8% helium

nuclei (also called a particles) with the remainder

being heavier nuclei and electrons [1]. The nuclear

particles interact with atmospheric nuclei to produce a

cascade of secondary particles, which are ultimately

responsible for in situ CN production. At a given

location on the Earth’s surface, there are two main

controls on the flux of these secondary particles (both

of which vary temporally and spatially, e.g., [2,3]): the
geomagnetic field and the mass of atmosphere tra-

versed by the particles. Secondary influences on cos-

mic ray intensities include solar variability (e.g., [4])

and spectral variations in the primary flux (e.g., [5]).

CN production rate scaling models based on modern

measurements of cosmic ray intensities need to be

able to account for the variation in each of these

factors, and to generalize cosmic ray measurements

made over limited time frames to representative

values for millennial time scales.

1.1.1. Quantifying geomagnetic and atmospheric

influences

Because the primary particles are charged, the

geomagnetic field exerts a strong influence on their

trajectories (and therefore, on the geographic distribu-

tion of their progeny). This influence can be quanti-

fied through the concept of cutoff rigidity. Cutoff

rigidity is defined as the minimum rigidity (momen-

tum per unit charge, R, usually measured in GV) that

an incident primary cosmic ray particle may possess

and still be able to interact with the atmosphere at a

given location [6,7]. Rigidity has been denoted by

both R and P in the cosmic ray literature. We follow

the convention of [6] and represent it using R, to avoid

confusion with the typical use of P for CN production

rates. Cutoff rigidity has an inverse relationship with

geomagnetic latitude (k)–it is low near the poles

where essentially all incoming cosmic rays are

admitted, and higher near the equator.

Effective vertical cutoff rigidity (RC) expands on

this definition by accounting for the effects of the

zone of alternating allowed and forbidden cosmic ray

trajectories near the Earth known as the penumbral

region, which results from the interaction of com-

plex, looping cosmic ray trajectories with the solid

Earth [6,8]. RC has typically been calculated numeri-
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cally by tracing the path of vertically incident anti-

protons outward from 20 km above the Earth’s surface

in a static, high-order spherical harmonic approxima-

tion to the geomagnetic field (e.g., [8]). Accounting

for obliquely incident particles generally has only a

second-order effect on the relationship between RC

and measured intensities, but has helped explain

small deviations in observations [9]. Over the last

2 decades, however, it has become apparent that

dynamic solar wind effects on the geometry of the

Earth’s magnetosphere also influence measured cos-

mic ray intensities, and must be accounted for in

detailed studies (e.g., [10–12]). RC has proven to be

quite robust as a means of parameterizing cosmic ray

intensity measurements (e.g., [13,14]). Essentially all

studies of atmospheric variations in cosmic ray inten-

sity published since the early 1960s recognize this,

and use RC as their ordering parameter ([7], and

references therein).

The other principal control on cosmic ray intensity

at a given location is the mass of atmosphere (repre-

sented as atmospheric depth (X) in g cm�2) traversed

by the incident cosmic rays at that location. Between

atmospheric depths of approximately 200 g cm�2

(~12 km altitude) and 1033 g cm�2 (sea level),

energy-integrated cosmic ray intensities (I) exhibit

an approximately exponential absorption with increas-

ing depth. This can be characterized by an attenuation

length (K, in g cm�2),

K ¼ X1 � X2

ln I2ð Þ � ln I1ð Þ
ð1Þ

where I1 and I2 are the intensities measured at atmo-

spheric depths X1 and X2, respectively. One should

note that K varies with RC by ~10 to 15% (e.g.,

[15]), implying a corresponding variation in the

nucleon energy spectrum. Attenuation length has

also been referred to as absorption length, absorption

mean free path, and attenuation mean free path in the

cosmic ray and CN literature (e.g., [16–18]).

Attenuation length has the advantage of being easy

to use for scaling cosmic ray intensities between

different altitudes or pressures. However, we view

K as less than ideal for CN scaling models appro-

priate for millennial time scales, since the observed

variability (scatter) in the data is lost or reduced in

the calculation (i.e., the entire I vs. X profile is
reduced to one value). Moreover, while this scatter

can be quantified with an uncertainty in K, that

uncertainty is magnified exponentially with increas-

ing differences in X when propagated in scaling

models, potentially leading to inaccurate estimates

of model uncertainties.

1.1.2. Quantifying solar influences

Solar activity fluctuates in a cyclic manner over a

variety of time scales. The well-known solar cycles

with periods of 11 (sunspot, or Schwabe cycle) and

22 yr (magnetic, or Hale cycle) are thought to be

modulated by cycles with periods of 88 (Gleissberg

cycle), 208 (Suess cycle), and possibly 2300 yr

(Hallstatt cycle) [4,19]. These variations cause tur-

bulence in the solar wind, whose ionized particles

carry solar-magnetic fields outward from the sun.

Variations and irregularities in these magnetic fields

interact with the inward flow of galactic cosmic rays,

strongly modulating low-energy cosmic rays (rigid-

ities b1 GV), while higher energy particles are less

affected [5,20,21]. As such, solar cycle variability in

cosmic ray intensity (and K) is greatest in areas of

low RC (high k) values, since a large proportion of

low-energy primaries are admitted there (Fig. 1).

Conversely, at higher RC (low k) values, solar mod-

ulation effects are minimal, since low-energy parti-

cles are already excluded from those regions [22,23].

Thus, the data used in developing in situ CN pro-

duction rate scaling models are most variable pre-

cisely at the RC values to which the production rates

are typically referenced.

Cosmic ray intensities are lowest during times of

increased solar activity (solar maximum), and vice-

versa. The magnitude of this variation decreases

with increasing RC and X since higher rigidity

particles are required to generate deeper penetrating

cascades. At low RC values, the nucleon intensity

variation from solar maximum to solar minimum

since the 1950s has generally ranged from approxi-

mately 15 to 25% between 680 g cm�2 (3.4 km

altitude) and 307 g cm�2 (9.1 km altitude), but only

between about 10 to 20% at sea level (1033 g

cm�2) (Fig. 1) ([22], University of New Hampshire

Neutron Monitor Datasets: http://ulysses.sr.unh.edu/

NeutronMonitor/neutron_mon.html, World Data Cen-

ter for Cosmic Rays (WDCCR): http://www.env.sci .

ibaraki.ac.jp/database/html/WDCCR/data_e.html). At

http://ulysses.sr.unh.edu/NeutronMonitor/neutron_mon.html
http://www.env.sci.ibaraki.ac.jp/database/html/WDCCR/data_e.html


Fig. 1. Monthly mean sunspot numbers and relative intensities for 4 pertinent permanent neutron monitors from 1953 to 2004. Each neutron

monitor record has been normalized to its monthly mean intensity during May 1965. Note that the relative maxima and minima for Thule and

Climax are generally very similar even though they are at significantly different altitudes (near sea level and 3.4 km, respectively) and slightly

different RC values. The solid vertical line in late 1992 on the Huancayo/Haleakala record marks the point when Huancayo was shut down and

Haleakala took over.
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high RC values over the same time period, solar

modulation has affected nucleon intensities by

V~7% between 680 and 307 g cm�2, with smaller

effects at sea level [13,20,22,24,25]. For comparison,

the average variation of K for nucleons typically

ranged between about 2 and 4% between 1957 and

1969 at low RC values, and was negligible at high RC

locations [26]—implying solar modulation effects on

the atmospheric nucleon energy spectrum.

Muons are produced in the atmosphere by primary

particles of higher median energy than those responsi-

ble for secondary nucleons and, therefore, are less

affected by solar modulation. Sea level integral muon
intensities (N0.3 GeV/c momentum) varied by approxi-

mately 6 and 4% between the 1965 solar minimum and

1969 solar maximum at RC values of 2 and 14 GV,

respectively [27]. Furthermore, sea level slow-muon

intensities (~0.3 GeV/c) varied by approximately 8 and

4%, respectively, over that period at the same cutoff

values [27].

While these cyclic variations in solar activity

should generally average out over time, they are

superimposed on lower frequency fluctuations. For

published CN scaling models, it is typically assumed

that the solar modulation averages to an intermediate

value (e.g., [28,29]), although Desilets and Zreda [15]
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suggest solar minimum conditions may approximate

the long-term average. Several periods during which

solar activity was considerably reduced relative to

modern solar minima have been identified during

the Holocene (e.g., the Maunder, Spoerer, Wolf,

Oort, and Dalton Minima), as have periods of

enhanced solar activity relative to modern solar max-

ima (e.g., the Solar Grand Maximum) [4,30,31].

Reedy et al. [5] and Reedy and Marti [32] suggest

that solar activity averaged over the last 10 Ma

(evidenced by numerous CN records of solar cosmic

rays in meteorites and lunar samples) is broadly

similar to modern observations, but may have varied

by factors of up to ~3 to 5. Reedy et al. [5] also

suggest that the galactic cosmic ray flux has remained

approximately constant over at least the last 100 ka,

but with potential fluctuations of up to 30 to 40% or

more. The key point here is that the level to which

solar cycle variations average is uncertain, with

potentially significant implications for CN production

rate scaling.
2. Incorporating variability into secondary cosmic

ray scaling

Current CN production rate scaling models use

measured cosmic ray K values to relate curves

describing the latitudinal variation of the energy-inte-

grated secondary cosmic ray intensity (or flux) at

given altitudes [3,15,28,29,33,34]. This approach

also entails assumptions about how K varies with

altitude and latitude. The resulting functions describ-

ing the relative variation of cosmic ray intensity are

then normalized to a datum such as measured abso-

lute nuclear disintegration rates [29,33] or nucleon

intensity at sea level and the geomagnetic pole

[15,28,33,34]. As discussed in Section 1.1.1, the use

of K in these models leads to propagated uncertainties

which grow exponentially with increasing differences

in X, potentially leading to unrealistic uncertainty

estimates. Furthermore, since each of these scaling

models utilizes only a small portion of the available

cosmic ray intensity data, we argue that they do not

adequately sample the natural variability in Earth’s

cosmic ray environment. These sampling problems

are a potential issue whenever one relates short instru-

mental records to long-term averaging processes.
Measured atmospheric cosmic ray intensities reflect

spatial and temporal variability in the geomagnetic

field, solar modulation of the primary cosmic ray

flux, and fluctuations in the galactic cosmic ray energy

spectrum. Scaling models based on measured intensi-

ties should be able to account for this variability. We

have attempted to address this long-term uncertainty in

a new spallogenic nucleon scaling model by combining

global neutron monitor survey data from portions of

five solar cycles. We have also developed new models

for scaling fast- and slow-muon intensities (i.e., muo-

genic production mechanisms), as well as a model

addressing uncertainties in time-integrated RC values.

However, we do not address low-energy (b10 MeV)

nucleon scaling, which may be important for nuclides

such as 36Cl and 41Ca [15], nor any potential long-term

variability in the galactic cosmic ray energy spectrum.

We fit the scaling models directly to available

nucleon and muon intensity data covering a wide

range of latitudes and altitudes, without first deriving

an intermediate measure such as K. This allows the

model uncertainties to better reflect uncertainties in

the data, and avoids the issue of exponential growth in

propagated scaling uncertainties with increasing dif-

ferences in X.

Each scaling model incorporates as much natural

and measurement variability as is readily available

over the short period of record, to better estimate

variability in the cosmic ray environment over millen-

nial time scales. Fits were not weighted because the

relative measurement uncertainties generally were

quite small compared to the variability in the data.

Each model parameterizes cosmic ray intensity in

terms of RC and X. All datasets used in this study

except one included barometric pressure data (directly

convertible to X). The one study that did not include

barometric pressures [22] was parameterized by pres-

sure altitude (i.e., the aircraft followed surfaces of

constant pressure)—these were converted to X values

using the U.S. Standard Atmosphere [35]. While the

U.S. Standard Atmosphere is generally only appro-

priate for mid-latitude locations, latitudinal variation

in atmospheric structure is accounted for by the air-

craft’s altimeter (which is calibrated to that Standard

Atmosphere). For simplicity, we used geometric rather

than geopotential altitudes (which account for the

decrease in gravitational force with increasing alti-

tude) as input for the atmospheric depth calculations,
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since differences are negligible at the altitudes con-

sidered here.

The spallogenic nucleon model is also parameter-

ized in terms of a relative solar activity coefficient S,

derived below. Limited temporal coverage in the muon

data, however, prevented us from effectively incorpor-

ating a measure similar to S into the fast- and slow-

muon models. As a result, the muon models presented

here are static, representing intermediate to minimum

solar modulation conditions. We have attempted to

account for solar modulation effects in the muon mod-

els by increasing the uncertainties by amounts based

on calculated sea level modulation values [27]. We

describe the muogenic scaling models first because we

use them to correct the neutron monitor count rates for

muogenic contributions [15,36,37] (Appendix A.1 in

the Supplementary data). Uncertainties in the scaling

model equations have been propagated using the Law

of Combination of Errors (including covariance terms)

([38], and Appendix A.1, Table A1-1 in the Supple-

mentary data). Propagated uncertainties for all other

equations neglect covariances.

2.1. Muogenic scaling models

We developed scaling models for fast- (or integral,

IAf) and slow-muon (IAs) intensities based on the

muon monitor surveys of Carmichael et al. [39,40].

Compared to the numerous latitude surveys conducted

for neutron monitors, only Carmichael et al. [39,40]

provide reliable muon monitor data covering a wide

range of altitudes and latitudes (687bX b1033 g

cm�2, 0.8bRCb13.3 GV). Muon monitors yield

flux-weighted integral intensities for momenta N~0.3

to 0.4 GeV c-1. We supplemented these data with

airborne muon monitor data digitized from Kent and

Pomerantz [24] (X =680 g cm�2, 1.3bRCb14.1 GV).

Data from each survey were normalized as described

in Appendix A.1 in the Supplementary data. The

normalized integral muon intensity data (n =87)

were then fit (with a squared correlation coefficient

R2=0.995) using an equation of the form

ln IAf ;s
� �

¼ a1þ a2X þ a3X
2þ a4XRC þ a5RC þ a6R

2
C

ð2Þ

(Fig. 2A, Table A1-1 and Appendix A.1, Table A1-

1A in the Supplementary data). In terms of IAf (not
ln(IAf)), the fully propagated model uncertainty (from

uncertainties in parameter estimates and variables)

ranges from about 0.4 to 2.5% (1r) between sea

level and 6 km altitude. The mean residual for the

fit is approximately 0.2% (again in terms of IAf), while

the standard deviation of the residuals is b2% (1r).
To estimate the total uncertainty in this model, includ-

ing that from solar variability, we added in quadrature

the 1r propagated model uncertainty, the 1r of the

percentage residuals, and an assumed additional 5%

solar variability (1r; the midpoint of the range

observed by [27]) in the integral muon flux. The

resulting 1r value ranges from approximately 5 to

6% between sea level and 6 km altitude.

We then used this fast-muon model as a foundation

for the slow-muon model by scaling the normalized

integral intensities back to sea level. This was done

for three reasons. First, the sea level latitude variation

of slow muons is thought to be similar to that of high-

energy muons [27,41]. Second, the relatively large

number of muon monitor measurements enabled bet-

ter definition of the shape of the latitude variation.

Finally, including the scatter in the data allowed a

better estimate of measurement variability. These

scaled sea level data were then renormalized to be

consistent with slow-muon flux measurements at high

RC values [41] (Appendix A.1 in the Supplementary

data). We augmented this dataset with slow-muon

vertical differential flux data from several studies at

various atmospheric depths and RC values (232b

X b1033 g cm�2, 0.7bRCb16.3 GV), and at various

solar modulation levels [41–50]. Although Sands [51]

also presented slow-muon differential flux data, we

did not use them because they represented omnidirec-

tional rather than vertical fluxes (which have different

altitude dependences) [43]. The resulting dataset was

normalized as detailed in Appendix A.1 in the Sup-

plementary data. We fit Eq. (2) to the dataset (n =113)

with an R2 value of 0.991 (Fig. 2B, Table 1B and

Appendix A.1, Table A1-1B in the Supplementary

data). The resulting model should approximate more

intermediate solar modulation conditions than the fast-

muon model.

We estimated the total uncertainty for the slow-

muon model in a similar way to the fast-muon model.

The fully propagated model uncertainty in terms of IAs
ranges from 0.7 to 5% (1r) up to 6 km altitude. The

mean residual in terms of IAs was approximately
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0.6%, with a 1r of about 6%. We added the 1r
propagated model uncertainty quadratically to the

1r percentage residual and an assumed additional

6% (1r; the midpoint of the range observed by

[27]) solar variability for the slow-muon flux, giving

a 1r value ranging from approximately 8 to 10%

between sea level and 6 km altitude.

2.2. Spallogenic nucleon scaling model

The spallogenic nucleon scaling model is based

on sea level and airborne datasets spanning 5 solar

cycles (n =4618), covering much of the lower atmo-
sphere and nearly the full range of RC values

currently observed. The model is referenced to neu-

tron monitor data from the oceanic, overland and

airborne surveys of Carmichael et al. [39,40]

(Appendix A.1 in the Supplementary data). These

surveys near the 1965 solar minimum covered X

values ranging from 1033 g cm�2 to ~200 g cm�2,

and RC values from approximately 0.5 to 13.3 GV.

These data were augmented with four other published

sea level nucleon intensity surveys conducted at or

near solar minima, covering RC values from 0 to

approximately 17.5 GV [52–55]. We should note

that Moraal et al.’s [54] original data were not avail-
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able (Harm Moraal, personal communication, 1999).

We thus used their binned data summary, reducing the

impact of that survey on our final dataset.

Solar modulation effects on global high-energy

nucleon measurements were addressed by incorporat-

ing sea level data from Bieber et al. [10], and airborne

data from Sandström [56] (602 g cm�2, 0 to 17.5

GV), Raubenheimer and Stoker [57, and unpublished

1976 data], and unpublished 1976 data] (961 to 307 g

cm�2, 3.1 to 14.2 GV), and Stoker and Moraal [22]

(475 to 307 g cm�2, 1.4 to 14 GV). The Bieber et al.

[10] data were collected between December 1994 and

April 2002 as part of an ongoing project to conduct

annual sea level neutron monitor latitude surveys over

an entire solar cycle. The Sandström [56] data were

collected during a period of intermediate solar activity

(1957), while the Stoker and Moraal [22] and Rau-

benheimer and Stoker [57] measurements covered

periods of minimum (1966, 1976), intermediate

(1971, 1974), and maximum (1969) solar activity.

To combine the disparate surveys into a single,

internally consistent dataset, each survey was normal-

ized internally and then scaled relative to the count

rates of permanent ground-based neutron monitors at

the May 1965 solar minimum. Each survey was sub-

sequently normalized to the Carmichael et al. [39,40]

dataset. Each dataset was then corrected for fast- and

slow-muon and constant background contributions

(due to a particle contamination of the counters

[58,59]) to the neutron monitor count rates. Finally,

each survey was renormalized to the corrected Carmi-

chael et al. [39,40] dataset. Details of these normal-

izations and corrections are presented in Appendix

A.1 in the Supplementary data.

Two types of neutron monitors were used in the

surveys: the IGY and NM-64 designs. Because the

NM-64 is sensitive to nucleons of slightly lower med-

ian energy (NM-64 ~130 MeV vs. IGY ~160 MeV)

[36], there may be slight differences (2 to 3%) in

latitudinal response between the two designs. Compar-

ison of the 1966 (IGY) and 1976 (NM-64) Stoker and

Moraal [22] solar minimum data, however, showed no

significant difference in latitude effect. Furthermore,

Wilson et al. [60] found the responses of IGYand NM-

64 monitors to a solar flare event to be indistinguish-

able. We therefore consider measurement differences

resulting from design considerations to be within the

uncertainty of the combined dataset (see below).
We based our measure of solar modulation on the

variation in monthly mean relative intensity (S) for

the two permanent neutron monitors with the longest

periods of record (1953 to 2004): Climax and Huan-

cayo/Haleakala (RC=2.99 GV and 12.92 GV, respec-

tively; both at 3.4 km altitude, X =680 g cm�2) (ftp://

ulysses.sr.unh.edu/NeutronMonitor/DailyAverages.

1951–2004.txt) (Fig. 1). The Huancayo data were

corrected for secular drift of the station’s RC value.

The Haleakala monitor replaced Huancayo when it

closed in late 1992—its count rate is normalized to

that of Huancayo [61]. Each S value was calculated

relative to the monthly mean intensity at each station

during the May 1965 solar minimum, to provide a

measure of the relative effect of solar variability at

each cutoff [62].

However, neutron monitor count rates lag changes

in solar activity due to the propagation time of the

solar wind through the heliosphere. We quantified this

delay by shifting the mean monthly sunspot number

(Z) time series ([63] for 1953 to 1995; ftp://

ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_

NUMBERS/MONTHLY for 1996 to 2004) forward in

time in 1-month increments from 0 to 20 months,

relative to the corresponding time series for the

mean monthly intensity of the Climax neutron moni-

tor. For each increment, we calculated the Pearson

correlation coefficient and Spearman rank-correlation

coefficient between Z and the mean monthly Climax

intensity. Results indicate both coefficients are max-

imized (�0.84 and �0.86, respectively) for an ~8-

month lag time.

We assumed that solar modulation effects on

primary intensities are only a function of RC, based

on the findings of [57] and the general formulation

of [62] and [64]. We then quantified how neutron

monitor count rates vary with solar activity and RC,

by fitting a surface describing the variation of S with

RC and Z (shifted forward 8 months). The resulting

fit (R2=0.787; n =1228) is based on the formulation

of [62] and [64]

S ¼ b1 RC � b2Zð Þ2

R
b3
C

ð3Þ

where b1=(9.8313F0.0302)�10�1, b2= (1.6038F
0.0292)�10�3, b3=1.9988F0.0013.

We calculated S values for each point in our dataset

with Eq. (3) by associating the appropriate shifted Z

ftp://ulysses.sr.unh.edu/NeutronMonitor/DailyAverages.1951-2004.txt
http:ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUNSPOT_NUMBERS/MONTHLY


Table 1

Scaling model parameter estimates and uncertainties

Parameter Estimate Standard Error

A) Fast-muon intensity as f(RC, X)

a1 2.4424 1.1848�10�1

a2 �2.8717�10�3 2.7678�10�4

a3 4.7441�10�7 1.5923�10�7

a4 4.3045�10�5 3.2362�10�6

a5 �3.7891�10�2 3.9933�10�3

a6 �7.6795�10�4 1.4728�10�4

R2 0.995 n =87

B) Slow-muon intensity as f(RC, X)

a1 5.1132 1.1694�10�1

a2 �8.8225�10�3 3.8936�10�4

a3 3.7346�10�6 2.8414�10�7

a4 7.9712�10�5 8.5686�10�6

a5 �7.5605�10�2 1.0862�10�2

a6 �1.3203�10�3 3.8470�10�4

R2 0.991 n =113

C) Spallogenic nucleon intensity as f(RC, X, S)

c1 1.8399 1.0353�10�2

c2 �1.1854�10+2 2.6567

c3 �4.9420�10�2 1.7512�10�3

c4 8.0139�10�1 4.2170�10�3

c5 1.2708�10�4 4.3896�10�5

c6 9.4647�10�1 3.1630�10�2

c7 �3.2208�10�2 4.6392�10�3

c8 1.2688 4.0327�10�2

Nonlinear R2 0.9996 n =4618
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with the measurement dates for each survey. S values

at RCb3 GV and N13 GV were assumed to be the

same as the values at those end members. Because

Moraal et al. [54] did not include individual survey

dates with their summary data, we used the mean

shifted Z value during their surveys.

Cosmic ray intensity data have typically been fit at

a given altitude or atmospheric depth by one of three

types of equations: Dorman functions [15,55], expo-

nential polynomials [22], or sigmoidal functions

[28,34]. These functions are then scaled to different

altitudes using various models of how K varies with

altitude and RC. Lal [29] took a somewhat different

approach, fitting polynomials in altitude to cosmic ray

data at given geomagnetic latitudes. Dividing the

scaling procedure into two parts reduces the complex-

ity of the fitting problem but, in our view, has dis-

advantages mentioned earlier.

Nagashima et al. [64] used available neutron

monitor surveys to derive energy-dependent neutron

monitor responses to solar modulation of the galac-

tic cosmic ray spectrum, as a function of X and RC.

They fitted each survey separately, splitting the

problem into three component functions: the unmo-

dulated galactic cosmic ray spectrum, a solar mod-

ulation function, and a function describing the yield

of neutrons in the atmosphere. They did not correct

the survey data for muon or background contribu-

tions to the total count rate. While their results

agreed reasonably well with theory for high ener-

gies (N10 GeV) at low altitudes, and their model

fits some surveys quite well, other results showed

significant systematic deviations from both the sur-

vey data and theoretical predictions, particularly at

higher altitudes.

We took a simpler empirical approach, fitting a 4-

dimensional model directly to neutron monitor data

collected over a wide range of X and RC. To do this,

we combined a modified Dorman function with an

exponential polynomial and incorporated the solar

variability through trial and error. Our best-fitting

equation (R2=0.9996) for relative nucleon intensity

(IN) is

ln INð Þ ¼ c1ln XSð Þ � Se

c2S

RC þ 5Sð Þ2S

" #
þ c3X

c4

þ c5 RC þ 4Sð ÞX½ �c6 þ c7 RC þ 4Sð Þc8 ð4Þ
(Fig. 2C, Table 1C, and Appendix A.1, Table A1-1C

in the Supplementary data). Fig. 3 compares three

subsets of the data with corresponding model predic-

tions. The fully propagated 1r model uncertainty in

terms of IN is approximately b2% at low RC values

and b1% at high RC values, for long-term S values

between 0.84 and 1.02 (assuming a 1r uncertainty in

S of 0.01—approximately the standard error on the

relative mean annual Climax intensity). There is no

significant dependence of the residuals on X, RC, or S,

indicating that the model adequately describes the

measurements. The mean residual for the fit (again

in terms of IN) is approximately 0.4%, with a 4.6% 1r
for the residuals. Although small systematic depar-

tures between the model and the data in limited ranges

of RC and X are evident in Fig. 3, they lie within this

1r range. We therefore use the 1r propagated model

uncertainty added quadratically to the 1r percentage

residual as our time-averaged uncertainty estimate for

this model.
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2.3. A model for time-averaged RC

Model fits are based on essentially instantaneous

trajectory-derived RC values appropriate for when the

measurements were made. However, these RC values

change spatially and temporally in response to secular

variation of the dipole and non-dipole components of
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Fig. 3. A comparison of our spallogenic nucleon scaling mode

predictions and representative subsets of the underlying neutron

monitor survey data at different atmospheric depths and solar

modulation conditions. The model curves illustrate the range of

predictions applicable to each subset of the data. The full datase

used for the model is not depicted. (A) Sea level survey data

collected at or near solar minima [39,40,52–55] and from annua

sea level surveys from 1994 through 2002 [10]; (B) airborne data

from Sandström [56] collected in 1957 at intermediate solar mod-

ulation conditions; and (C) airborne 1966 (near solar minimum) and

1969 (near solar maximum) data from [22]. Note the bkneeQ in each

data subset, at RC ~2 GV (k ~558). Incoming primary cosmic rays

with rigidities b2 GV are still admitted below this RC, but do no

have enough energy to generate secondary cascades that reach the

lower atmosphere in significant numbers, and measured spallogenic

nucleon intensities remain constant. Indicated uncertainties are 1r
Also shown for comparison are model predictions of Desilets and

Zreda [15].
the geomagnetic field [65–67]. This leads to a pro-

blem when attempting to estimate RC values appro-

priate for CN applications. It has typically been

assumed that secular variation of the geomagnetic

pole averages to first order to the geographic pole

(i.e., a geocentric axial dipole, or GAD) over a time

scale of 10 to 100 ka [18,34,68]. However, this

assumption may not be appropriate for Holocene or

late Pleistocene samples since eccentric dipole and

non-dipole effects may not average to a GAD in

that time frame. Furthermore, second-order zonal

non-dipole field components (~4% of the dipole

field, comparable to modern values) may persist for

even longer periods (up to several Ma) [68].

Two models have been proposed to address these

issues. Dunai [34] used an approximation for RC (in

GV) based on local records of geomagnetic inclina-

tion (i) and the horizontal component of geomagnetic

intensity (H, in T) to account for local non-dipole

field variations:

RC ¼
rcH

4� 109 1þ 0:25 tan2ið Þ1:5
ð5Þ

where r is the radius of the Earth in m and c is the

speed of light in m/s. RC values approximated in this

way are incompatible with trajectory-derived values.

However, Dunai [69] argued that systematic errors

introduced in this approximation should cancel if

both modern cosmic ray measurements and paleomag-

netic data are ordered with comparable values.

Dunai’s [34] model is based on modern cosmic ray
l

t

l

t

.
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measurements ordered with Eq. (5), using i and H

values derived from detailed geomagnetic field mod-

els. However, when applying this parameterization to

past geomagnetic variations, one is forced to assume a

dipolar representation for H. This can lead to a poten-

tial over- or underestimation of the local H of N50%

for the modern geomagnetic field. While one would

expect time-integrated magnitudes of such variations

in H to be less, the fact that H affects the RC approx-

imation linearly clearly can lead to significant sys-

tematic errors in Dunai’s [34] scaling factors.

Desilets and Zreda [15] took a different approach,

developing a model based on trajectory-traced RC

values for a GAD field of varying intensity (RC,dpl,

Eq. (19) of [15]). This approach attempts to bridge the

temporal gap between modern trajectory-derived

values and trajectory-derived values appropriate for

long-term mean geomagnetic conditions [69]. They
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also expanded this method to include non-GAD situa-

tions in which local paleomagnetic records are avail-

able, broadly following [70] and [34]. While these

geomagnetic models yield somewhat smaller average

and maximum residuals relative to modern trajectory-

derived RC values than Dunai’s [34] [15, Table 9],

they still do not address potential global non-dipole

and eccentric dipole effects which may persist over

the Holocene and late Pleistocene.

We propose an alternative model to address these

concerns by relating the 58 latitude by 158 longitude
world grid of trajectory-derived RC values for 1955

[14] to geomagnetic latitude (k). In this model, we use

the significant variability in this relationship to derive

a long-term k vs. RC distribution that averages the

effects of the current eccentric dipole and non-dipole

fields (RC

P
) (Fig. 4). These data were fit to a cosine

function based on the definition of RC in a geocentric
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dipole (not necessarily axial) field [18,21,68]

(R2=0.959):

RC

P ¼ d1
Mt

M1955

cosd2k ð6Þ

where d1=15.765F0.0.093, d2=3.800F0.055, and

Mt/M1955 is the dipole intensity at time t relative to

that in 1955 (8.050�1022 A m2, 1955.0 Definitive

Geomagnetic Reference Field, or DGRF). The mean

residual for the fit is approximately 0.03 GV, with a

standard deviation of approximately F1.19 GV (1r).
The mean and maximum absolute residuals are 0.8

and 4.2 GV, respectively, comparable to the preferred

model of [15, Table 9]. To account for the misfit

between individual RC and RC

P
values, the standard

deviation of the mean residual was expressed as a

percentage of the equatorial RC

P
value (~7.55% of

d1), and then added quadratically to the propagated

parameter uncertainties. Propagating this total uncer-

tainty through the spallogenic and muogenic models

yields maximum 1r uncertainties ranging between

approximately 6 to 11% between sea level and 6 km

altitude, respectively, at high RC

P
values.

Our approach is supported by the data of Shea and

Smart [65,66], who calculated global trajectory-

derived RC grids at 50-yr intervals between 1600

and 2000 A.D., based on geomagnetic models of at

least degree and order 5. Their results indicate that the

highest RC values migrated westward approximately

1808 during that period, consistent with accepted

secular geomagnetic variations, while the latitudinal

RC distribution remained similar. Our 1955 model

agrees within our total 1r uncertainty with a similar

model fit to the entire 1600–2000 dataset. Therefore,

using a latitudinally averaged RC model appears jus-

tified for time-integrated applications, based on avail-

able data, particularly if realistic uncertainties are

included explicitly.
3. Discussion

3.1. Applying the models

To use our models, one must first convert site

altitudes to X values. While the U.S. Standard Atmo-

sphere [35] has been commonly used for this purpose,
it was developed to reflect mid-latitude conditions. As

such, it deviates from the actual atmospheric structure

at high and low latitudes (e.g., Antarctica [3]). Stone [3]

and Dunai [28] proposed corrections to the Standard

Atmosphere based on observed sea level pressure and

temperature values, respectively. Although these cor-

rections do not account for potential corresponding

changes in lapse rate or atmospheric structure (e.g.,

Fig. 8 of [71]), we advocate using the U.S. Standard

Atmosphere with appropriate average sea level pres-

sure (e.g., NCEP/NCAR Reanalysis Dataset ds090.2,

http://dss.ucar.edu/datasets/ds090.2/data/monthly/PRES.

msl/) and temperature (e.g., CIRA-86 atmospheric

model, http://nssdc.gsfc.nasa.gov/space/model/atmos/

cospar2.html; see Appendix A.1 in the Supplemen-

tary data) values. However, in regions where this

model of X vs. altitude might not be appropriate

over millennial time scales (e.g., Antarctica [3]),

other models for estimating X (with realistic uncer-

tainties) can be substituted.

Pigati and Lifton [2] showed that it is critical to

reference variations in geomagnetic intensity and pole

position to the present k of a sampling site (rather than

geographic latitude) when accounting for their time-

integrated effects on CN production rates, since that is

what the sample experiences. Therefore, one should

convert geographic latitude to k (referenced to the

1945.0 DGRF, per [2]) following Merrill et al. [68,

Eq. 3.3.8]. Differences between the 1945.0 and

1955.0 DGRFs are not significant for this application,

given the uncertainties in RC

P
. This k value can then be

used in Eq. 6 to derive a present-day site RC

P
value to

account for temporal geomagnetic variations per

Pigati and Lifton [2]. To account for the latitude

bknees,Q above which the measured intensities remain

approximately constant (Appendix A.1 in the Supple-

mentary data), the RC

P
value from for k =558

(RC

P ¼ 1:907 GV) is applied to all k N558 for the

spallogenic model, while an RC

P
value of 4 GV is

applied to all k N458 for the muogenic models.

Finally, one must choose a long-term mean S value,

which in practice corresponds to the assumed long-

term mean relative Climax neutron monitor intensity

(representative of a sea level, low RC neutron moni-

tor—compare the Climax and Thule neutron monitor

records in Fig. 1). Our model is tightly constrained by

about 95% of the data between S values of approxi-

mately 0.87 to 0.98. Because of the way the neutron

http://dss.ucar.edu/datasets/ds090.2/data/monthly/PRES.msl/
http://nssdc.gsfc.nasa.gov/space/model/atmos/cospar2.html
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monitor data are normalized, our model should predict

sea level, low RC

P
scaling factors that approximate the

input S value. In fact, our model yields sea level, low

RC

P
scaling factors within 2r of the input S value for

0.82bS b1.13. Because the model is unconstrained by

data for S N0.99, and poorly constrained for S b0.85, it

should be robust for ~0.84bS b~1.00. Appropriate X,

RC, and S values in (4) and (2) will yield the relative

nucleon and fast and slow-muon intensities, respec-

tively, at a given location for those mean solar mod-

ulation conditions. Section 3.3 discusses estimating

appropriate S values in more detail. To assist the

reader in exploring the relationships between long-

term solar activity, geomagnetic variability, and scal-

ing factors for CN applications, we include our mod-

els in a Microsoft ExcelR spreadsheet based on that of

Pigati and Lifton [2, Appendix 2] as Appendix A.2 in

the Supplementary data.

While previous scaling models are normalized to

give sea level and low RC values of 1.0, this model

only does that for S=1.0. However, the relative scal-

ing values are correct even if the sea level, low RC

value is not 1. To be internally consistent, calibration

sites for production rates should also be scaled to sea

level, low RC values using the same S value and

geomagnetic corrections [2] (Appendix A.2 in the

Supplementary data).

3.2. Comparison of model predictions

We have attempted to improve on published mod-

els for scaling secondary cosmic radiation for in situ

CN applications [3,15,28,29,34] by basing our mod-

els on significantly more data with wider geographic

and temporal coverage. Furthermore, all data on

which our spallogenic nucleon model is based are

referenced to ground-based monitors at a single time

period (the May 1965 solar minimum)—a key

improvement over other such models. We focus

our discussion, however, on the scaling models of

Desilets and Zreda [15] because (1) our parameter-

izations are similar, allowing direct comparison of

our models and datasets (the different latitudinal

parameterizations of other models yield systematic

deviations from ours), (2) we both subdivide muo-

genic production into slow and fast (integral) com-

ponents, and (3) we both include a method to

account for solar modulation.
Based on 4618 data points parameterized by RC, X,

and S, we argue that our spallogenic model is more

robust and flexible than that of Desilets and Zreda [15].

The data cover nearly the full range of observed RC

values and are evenly distributed between low and high

altitudes: ~55% are from X values N990 g cm�2 (b350

m altitude), while ~42% are from X values b700 g

cm�2 (N3.2 km altitude). In contrast, the Carmichael et

al. [39,40] dataset upon which [15] based their model

contains only 110 measurements: 50 are from N990 g

cm�2, while only 25 points are from b700 g cm�2.

While strongly weighted to data from high altitudes

and sea level, our model yields K values which are

entirely consistent with those of both [15] and [34]

within their stated uncertainties. Data used in our

model are as evenly distributed as possible (given

available sources) among various portions of the

solar cycle. Approximately 48% of the data are from

solar minimum or near-solar-minimum periods, while

the other 52% are distributed through solar maximum

and intermediate periods. Furthermore, compared to

the muon scaling models presented by [15], our fast-

muon model is based on 34% more data from high

altitudes, and our slow-muonmodel is based on 5 times

the data from RCz14 GV (5 measurements vs. 1).

Comparisons of our model predictions with those

of [15] are presented in Fig. 3 with subsets of our

underlying data, and in Fig. 5 for our respective time-

integrated RC models. Fig. 3A demonstrates the

importance of normalizing all data to a single refer-

ence time. While both our spallogenic nucleon model

and that of [15] are based on the [39,40] dataset, [15]

do not account for absolute differences in intensity

between their preferred sea level survey from 1997

[11,55] and the May 1965 datum of [39,40]. The result

is that [15] predicts sea level intensities for RCN2 GV

which are systematically higher than the trend in our

composite solar minimum sea level dataset. On the

other hand, our model tends to underestimate the trend

in the solar minimum data at sea level for ~4bRCb

~10 GV, but does so within our stated uncertainty.

Desilets and Zreda [15] quote no uncertainty for their

sea level intensity-vs.-RC function, although [11] give

the uncertainties in the parameters as ~0.2%.

Another significant issue is that while [15] includes

a formula to accommodate solar modulation in K for

spallogenic nucleons, they lack a corresponding

mechanism to modulate their sea level intensity-vs.-
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RC curve. This is evident in Fig. 3B and C, in which

the systematic offset at sea level is propagated upward

through the atmosphere. The offset improves some-

what at 400 g cm�2, due to the manner in which K
varies with X and RC in their model, but worsens
significantly by 307 g cm�2. In comparison, our

model fits the data reasonably well for a wide range

of solar modulation conditions over the entire altitude

range considered, although small deviations are pre-

sent within our stated uncertainty.
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We also compared our models to those of [15]

using our respective time-integrated RC models (RC

P

vs. RC,dpl) for S values of 1.0, 0.93, and 0.86.

Observed differences between the spallogenic models

are greatest at low k values during solar minima, at

high k values during solar maxima, and are generally

comparable at high and low k values at intermediate

solar activity levels. For high and intermediate solar

activity, these differences tend to diminish with

increasing altitude at high k values, but remain rela-

tively constant with altitude during solar minima. At

low k values, differences increase with increasing

altitude for all solar activity levels.

Both models only agree within our 1r uncertainty

for S =1.0 at high k values between 0 and 5 km

altitude. We do not propagate the uncertainty for

[15] here, since its exponential growth with increasing

altitude seems unrealistic. With increasing solar activ-

ity, however, the models agree within 1r only at

k =558 between 2 and 5 km altitude, and for

208bk b308 from 0 to 5 km. High- and mid-latitude

differences tend to grow at low altitudes with increas-

ing solar activity, until at S =0.86, [15] predict scaling

factors ranging up to ~25% greater than ours. This

increasing discrepancy with increasing solar activity

reflects the fact that their sea level latitude curve does

not vary with solar activity levels. At low latitudes,

Desilets and Zreda [15] predict spallogenic scaling

factors that are 10 to 30% greater than ours, decreas-

ing slightly with decreasing S, reflecting our different

approaches to modeling long-term RC. At the 2r
level, for S=1.0 the models disagree at mid-k values

and altitudes N1 km, and at low k values. With

increasing solar activity, the models generally agree

at 2r, except for low k values and N1 km altitude

(S=0.93) and k N408 and b3 km altitude (S =0.86),

emphasizing the aforementioned differences.

Our fast-muon model generally agrees within our

stated uncertainties with that of Desilets and Zreda

[15] below 2 to 3 km altitudes, while their fast-muon

model yields scaling factors N10% above ours at 4 to 5

km. Our slow-muon models agree within uncertainties

near sea level, but diverge rapidly with altitude—Desi-

lets and Zreda [15] predict slow-muon scaling factors

from ~50 to 160% higher than ours between 2 and 5

km. Thus, significant differences exist between our

scaling models and those of Desilets and Zreda [15],

particularly at high and low geomagnetic latitudes.
3.3. Estimating long-term mean solar modulation

conditions

Fig. 3 indicates that S values ranging from 0.99 to

0.85 reasonably describe the overall trends in the solar

minimum and maximum datasets, respectively, at alti-

tudes from sea level to 9.1 km (1033 to 307 g cm�2).

Unfortunately, estimating a long-term mean solar

modulation value appropriate for CN applications is

not so straightforward. Observations of sunspot num-

bers only extend back to the early 17th century [63],

while various proxy methods have been used for

estimating solar variability beyond the instrumental

record (e.g., [19,31,72–79]).

Atmospheric cosmogenic nuclides such as 14C and
10Be are useful for studying long-term solar variabil-

ity, since they are retained in natural archives such as

tree rings and ice caps. Significant progress has been

made recently in relating atmospheric 14C and 10Be

production rates from proxy records both to solar

influences and to instrumental cosmic ray measure-

ments (e.g., [79–84]). The annually-resolved record of
14C activities in tree rings extends back to ~11.4 ka,

but this globally averaged signal is tied to the carbon

cycle and requires a box model to interpret atmo-

spheric 14C production variations (e.g., [85]). Meteo-

ric (not in situ) 10Be in polar ice caps is attractive for

constraining past solar behavior, since it has a short

(~1 yr) atmospheric residence time and long records

exist with near-annual (e.g., Dye-3 from Greenland

[86]) to sub-decadal resolution (e.g., SP-1 from Ant-

arctica [76]). Furthermore, approximately 70% of the

polar 10Be signal is produced at high geomagnetic

latitudes, making these records sensitive to solar

effects [87,88]. However, the records are currently

discontinuous through the Holocene, and problems

arise in attempting to relate them quantitatively. We

therefore prefer the tree-ring 14C record over the 10Be

concentration in polar ice as a basis for estimating

long-term relative neutron monitor intensities.

Solanki et al. [79] used the tree-ring-derived 14C

production rate record of [85] and a series of physics-

based models to reconstruct 10-yr averaged sunspot

numbers over the last 11.4 ka. However, Pigati and

Lifton [2] used 100-yr time steps for their analysis of

geomagnetic fluctuations, upon which we base our

Appendix A.2 in the Supplementary data. We there-

fore used 100-yr weighted mean sunspot numbers
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from [79] as input to Eq. (3) to derive a corresponding

record for S, assuming RCb3 GV (Appendix A.2 in

the Supplementary data).

The weighted mean S value for the last 11.4 ka is

0.950, with individual 100-yr mean values ranging

from 0.906 to 0.977. For comparison, S values

derived from the original 10-yr averaged data of

[79] yielded a weighted mean of 0.959, and ranged

from 0.876 to 0.984. While this range is similar to that

derived from mean annual Climax relative intensity

(1953–2004, referenced to May 1965), the weighted

mean is somewhat higher than the mean Climax value

(0.923), reflecting unusually high solar activity level

over the last 70 yr [79]. While the 100-yr mean

variability is attenuated relative to that of the 10-yr

mean record, however, it should still be appropriate

for our purposes since solar effects on measured CN

concentrations are time-integrated. Clearly, though,

more work is needed to understand millennial-scale

variability in solar modulation (e.g., [81,82]).

3.4. Applying secondary cosmic ray scaling models to

in situ cosmogenic nuclides

We have demonstrated that our models for scaling

spallogenic nucleons and both fast and slow muons in

the lower atmosphere can reasonably account for the

effects of solar modulation on those secondary cosmic

ray components. However, applying these models to

scaling terrestrial CN production rates requires con-

sideration of integrated differences between the

energy-dependent responses of both the instruments

and the CNs to solar modulation of the incident

cosmic ray spectrum (e.g., [13,15,20,25,69]). These

differences vary according to the excitation function

for each relevant reaction (the probability of nuclide

production as a function of incident particle energy for

a given target atom) [20].

Unfortunately, key data needed to evaluate these

differences quantitatively are presently limited at best.

For example, excitation functions for spallogenic neu-

tron production of most commonly used CNs have not

yet been measured directly (these are often extrapo-

lated from measured proton excitation functions, e.g.,

[89,90]). Furthermore, measured neutron differential

spectra (change in flux or intensity as a function of

energy) available for the lower atmosphere generally

only represent intermediate conditions [91–94]. Gor-
don et al. [91] suggest that for neutron energies N5

MeV, the shape of the ground-level spectrum does not

change significantly with solar modulation, at least for

RCb5 GV and 1033bX b680 g cm�2 (b3.4 km alti-

tude). O’Brien et al. [95] argued that this is a reason-

able scenario for neutron energies b100 MeV, while

model neutron spectra for sea level and RC=0 GV

from Masarik and Beer [96] support this hypothesis

for energies b~300 to 400 MeV. However, this is

counterintuitive, since the shape of the primary spec-

trum changes markedly during a solar cycle (e.g.,

[97,98]). In fact, analyses of neutron monitor

responses to solar modulation are typically cast in

terms of the primary spectrum, reflecting the magni-

tude of the spectral modulation at particle rigidities

b10 GV [37,64,98]. Moreover, measured changes in

neutron monitor K values over a solar cycle indicate

corresponding variations in the shape of the neutron

spectrum incident on the monitors [23,26]. This is

supported by measurements of 1–10 MeV neutrons

near solar minimum and maximum in 1965 and 1969,

respectively, which indicate low-RC variations at 700

g cm�2 on the order of 30% [99]. Therefore, further

measurements and/or modeling are needed to docu-

ment the effects of solar modulation on the ground-

level neutron spectrum.

We can, however, qualitatively assess the depen-

dence of CN production on solar modulation at this

time. Solar modulation of the primary spectrum

increases with decreasing particle rigidity (particularly

b1 GV)—in theory, this should lead to a correspond-

ing effect in the atmosphere. The degree to which

modulation affects a given CN production rate thus

depends on how much the excitation functions for that

nuclide emphasize production at lower energies. A

simple measure of that emphasis is the median energy

for production, calculated by integrating the product

of the CN excitation function for a given reaction with

an incident neutron differential spectrum [15]. A simi-

lar calculation can be done for neutron monitors [36].

Neutron monitors have median energies ~140 MeV,

as does 10Be for its dominant neutron-induced reac-

tion in silicates (e.g., [15]). The 3He median energy

may be N100 MeV as well [69], but its neutron

excitation functions are not well-known. On the

other hand, [15, and D. Desilets, 2005, personal com-

munication] calculate median energies of ~60 to 70

MeV for 26Al and 14C (and 36Cl from Ca) from similar
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reactions, while 36Cl from K has a median energy on

the order of 10 MeV. As the difference between CN

and neutron monitor median energies increases, the

proportionality between neutron monitor and CN scal-

ing factors may need increasing modification [15].

If we assume that Gordon et al. [91] are correct in

that the neutron spectral shape does not change sig-

nificantly with solar modulation near the Earth’s sur-

face, then we need only consider the potential scaling

model modifications described above. However, if the

shape of the ground-level neutron spectrum varies

significantly with solar activity, then we must also

account for corresponding relative changes in the

median energies of both neutron monitors and CN

production reactions of interest. Interaction of the

spectral changes with the various CN excitation func-

tions and neutron monitor detection efficiency [37]

could cause the relative differences in their median

energies to increase, decrease or remain the same. We

therefore view developing a better understanding of

how the ground-level neutron spectrum responds to

solar modulation of the primary flux as a critical topic

for future research.
4. Conclusions

Variations in solar activity have the greatest effect

on in situ CN production rates precisely at the high k
(low RC) locations to which those production rates are

traditionally referenced. This issue is most significant

when scaling intensities (and CN production rates)

from high to moderate RC values (minimally affected

by solar modulation) to low RC values (significantly

affected by solar modulation), or vice-versa. Many CN

production rate calibration sites are located at moderate

or high RC values (e.g., [100–109]), but resulting pro-

duction rates are typically scaled to a sea level and low

RC reference location. However, solar variation should

not significantly affect scaling between sites which are

each at high or moderate RC values (N~5 to 6 GV).

Short-term fluctuations in solar modulation of pri-

mary cosmic rays are of little consequence to in situ

CNs commonly used in geomorphic studies, since

these fluctuations are averaged throughout a sample’s

exposure history. Short-term fluctuations do, however,

affect the cosmic ray measurements on which all CN

scaling models have been based. Furthermore, the
temporally averaged modulation level is currently

uncertain, but can have important implications for in

situ CN production rate scaling. In addition, signifi-

cant uncertainties exist in applying proposed approx-

imations of geomagnetic effects on CN scaling over

millennial time scales.

We have addressed these uncertainties with a spal-

logenic nucleon scaling model utilizing data distrib-

uted over 5 solar cycles that explicitly incorporates a

measure of solar modulation, and fast- and slow-muon

scaling models (based on more limited data) that

account for solar modulation effects through increased

uncertainties. Our models improve on previously pub-

lished models by incorporating significantly more

data from a wider time range—better sampling the

observed variability in measured cosmic ray intensi-

ties as a function of geomagnetic latitude, altitude, and

solar activity. Furthermore, placing the spallogenic

nucleon data in a common time-space framework

allows for a more realistic assessment of uncertainties

in our model than in previous ones. We have also

proposed a model for time-averaged RC that explicitly

incorporates a realistic level of uncertainty.

We have demonstrated that our models reasonably

account for the effects of solar modulation on mea-

sured cosmic ray intensities, within the uncertainties

of each of our composite datasets. Moreover, our

time-averaged geomagnetic model is consistent

with the average RC configuration over the last 400

yr. The spallogenic nucleon scaling model of Desi-

lets and Zreda [15] predicts scaling factors ranging

up to ~30% above those of our spallogenic model,

while their muogenic scaling models predict scaling

factors up to 160% greater than ours. Furthermore,

estimates of solar modulation conditions based on a

sunspot number reconstruction derived from tree-ring
14C data suggest spallogenic scaling factors in our

model for sea level and high geomagnetic latitudes

can differ by up to ~10%, depending on the time

step over which the modulation conditions are aver-

aged. The potential magnitude of this difference

supports the argument for incorporating long-term

solar modulation into CN production rate scaling.

However, more work is needed toward understand-

ing the mean solar modulation conditions over mil-

lennial time scales.

In situ cosmogenic 14C (in situ 14C) holds promise

in this regard. Due to its short half-life (5.73 ka), in
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situ 14C reaches a secular equilibrium between pro-

duction and decay after ~25 kyr of exposure. Secular

equilibrium concentrations are only a function of the

long-term mean production rate and the decay con-

stant. Thus, by measuring in situ 14C concentrations in

geomorphic surfaces that are at secular equilibrium,

from a wide range of altitudes and latitudes, we

should be able to estimate time-integrated production

rates. If differences in energy response of 14C produc-

tion and neutron monitors can be accounted for, long-

term mean S values could then be estimated with our

model. This work is in progress and will be fully

presented and explored in a future paper. Until then,

we believe our S value record for the last 11.4 ka.

(Appendix A.2 in the Supplementary data) is reason-

able for scaling spallogenic nucleons during that time

frame, and that the weighted mean S value of 0.950 is

appropriate for longer exposure times.

Our results also highlight several key future

research directions. It is difficult to quantify the effects

of solar modulation on CN production by nucleon

spallation without accurate neutron spectra for both

solar maximum and solar minimum conditions. Better

characterization of solar modulation effects on the

ground-level neutron spectrum and measurement of

excitation functions for spallogenic neutron-induced

reactions are thus critical topics for future CN research.

This will enable quantitative assessment of the degree

to which neutron monitors are appropriate for scaling

various spallogenic nuclides [15,69]. Furthermore,

how best to address past geomagnetic variability in

CN scaling models remains an open question. Finally,

further research to develop more robust representa-

tions of the atmospheric structure for CN applications

is also warranted.
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