Proceedings of the 30th International Cosmic Ray Conference
Rogelio Caballero, Juan Carlos D'Olivo,

Gustavo Medina-Tanco, José F. Valdés-Galicia (eds.)
Universidad Nacional Autonéma de México,

Mexico City, Mexico, 2009

Vol. 6, pages 209-221

30TH INTERNATIONAL COSMIC RAY CONFERENCE

Mérida, México

The Variable Nature of the Galactic and Solar Cosmic Radiation over

the Past 10,000 Years

K. G. MCCRACKEN
IPST, University of Maryland, 20740, USA

Jjellore @ hinet.net.au

Abstract. The galactic and solar cosmic radiation in the inner solar system have left indelible records of
their varying intensities over the past millennia in ice cores, tree rings, and meteoritic material. While
this was previously well known, atmospheric, meteorological, and other factors have hindered the use
of these data in quantitative studies of the cosmic radiation. This is no longer so due to two recent and
independent developments. They are (1) the use of mathematical codes based on GEANT, modern signal
processing, and global climate models to understand the rigidity responses, and reduce the geomagnetic
and atmospheric interference with the cosmic ray signal; and (2) the use of the instrumental record 1933-
2006, and our theoretical knowledge of the heliosphere and the cosmic ray modulation, as a “Rosetta
Stone” to decipher the paleo-cosmic ray record. Together, these have shown that the intensity of the < 10
GeV galactic cosmic radiation (GCR) has varied strongly over the last > 10,000 years. The intensity of
the GCR has been very low since 1954, while it was much higher as recently as 1895 AD. The intensity
in ~1450 AD was consistent with the local interstellar spectrum being incident on Earth (i.e., no modula-
tion). Over the past decade it has been established that large solar energetic particle (SEP) events have left
discernible records in the nitrate content, and more recently, the °Be content of ice cores. Analyses of
these data since 1572 reveal a counter-intuitive result- that large SEP events were more common at times
of relatively weak solar cycles (e.g., circa 1895) compared to the present epoch. The solar magnetic flux
is estimated to have been 50% of its present-day value in ~1895 AD , suggesting that the Alfven velocity
in the corona was half its present day value, resulting in more efficient acceleration of solar energetic
particles. Solar and geomagnetic studies suggest that there will be a “Gleissberg Minimum” (i.e., several
decades of lower solar activity) in the near future and it is predicted that then (1) the GCR intensities will
be a factor of ~ 2.25 times higher at 1GeV and (2) the frequency of occurrence of large SEP events
will increase five-fold.

Introduction

It has been long recognized that the galactic cos-
mic radiation has left indelible records of its vary-
ing intensity in ice cores, tree rings and meteoritic
material. More recently, records of the production
of solar cosmic radiation have been recognized in
ice cores as well. Until recently, however, these
paleo-cosmic ray records had not been inter-
calibrated to instrumental ground level and satel-
lite measurements. Furthermore, they seemed, in
part, to be at variance with the behaviour of the
cosmic radiation since ~1950. As a consequence
they have been regarded with some suspicion by
the cosmic ray community, and they were little
used to study the cosmic ray processes in past cen-
turies and millennia. Worse still, the cosmogenic
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data were frequently used in other disciplines with-
out the benefit of the technical knowledge that the
cosmic ray community could provide.

Over the past decade, modern mathematical
models have allowed the paleo-cosmic ray data
to be inter-calibrated to the modern instrumental
measurements. Other mathematical models are
rapidly removing past uncertainties regarding the
averaging processes in the atmosphere prior to se-
questration of '°Be in polar ice and '*C in biolog-
ical material. As a consequence, there has been
considerable progress in the joint use of the instru-
mental and paleo-cosmic ray records in cosmic ray
studies, and in related geophysical and astronomi-
cal studies.

This paper reviews the present status of these
several matters. It commences with a outline of
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SOURCES OF PALEO-COSMIC RAY DATA

GALACTIC COSMIC RADIATION

- 10Be (Icecores)

-l (Tree rings and other bio-
logical materials)

- 4Ty (meteoritic material)

SOLAR COSMIC RADIATION
- Nitrates (Icecores)
- 10Be (Icecore)
Table 1.
THE PIONEERS

In the beginning B. Peters and D. Lal.
W. Libby

The Systemisers G. Castagnoli and D. Lal
U. Siegenthaler and H.
Oeschger

The Data Gathers and M. Stuiver and P. Damon

Analysts *0)
J. Beer, G. Raisbeck, F.
Yiou (*°Be)
S. Forbush, V. Neher, &
J. Simpson
G. Dreschhoff and E.
Zeller (nitrates)

Table 2.

the paleo-cosmic ray data themselves, with a brief
attribution to the early pioneers in this field. It then
discusses the use of mathematical models to inter-
calibrate the past to the present, and in the inves-
tigation of other features of the paleo-cosmic ray
record. A review follows of our present knowledge
regarding the long term (10,000 years) changes in
the intensity of the galactic and solar cosmic ra-
diation. Then there is a brief review of the use
of the paleo-cosmic ray record to study geophys-
ical, space weather, astronomical, and other ques-
tions. Finally, it outlines desirable theoretical and
data acquisition initiatives for the future, and spec-
ulates regarding advances that may be expected in
the next ten years or so.

The Paleo-cosmic ray records

Table 1 summarizes the most common forms of
paleo-cosmic ray data, while Table 2 lists the early
pioneers who first recognized, and then developed
the data archives that are at our disposal today.
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Fig. 1. Illustrating the origin of the '°Be and nitrate
paleo-cosmic radiation signals in ice cores from the po-
lar regions.

Fig. 1 displays the mechanisms leading to the
GCR and solar energetic particle (SEP) records in
polar ice. On colliding with the nucleus of an at-
mospheric atom, a cosmic ray initiates a spallation
reaction that produces '°Be, *C, and other frag-
ments. Both 1°Be and ' C are radioactive nuclides,
whose presence on Earth is totally due to these cos-
mic ray induced reactions [1].

The !°Be atoms attach themselves to atmo-
spheric aerosols, and remain suspended in the at-
mosphere for approximately one year before pre-
cipitating to Earth. In the polar regions the annual
ice layers are clearly defined, and the '°Be precip-
itated in any given year is determined using atomic
mass spectrometry. Atmospheric mixing, weather
related effects, and changes in the geomagnetic
field superimpose variations into the °Be record
in addition to the GCR signal, as discussed later.
Recently, it has been recognized that there is a de-
tectable solar cosmic ray signal in the '°Be record.
Extremely large SEP events are now known to pro-
duce up to 10% of the annual flux of °Be to the
polar caps, however this is only barely discernible
due to the statistical variations in the present-day
annual '°Be data [2]. Several new ice cores are be-
ing analysed at present, and when combined with
the presently available data, large SEP events will
be clearly evident in the historic record.

W. Libby was the first to discuss the use of a
cosmogenic nuclide (*#C) to date biological ma-
terial, and it was soon recognized that there were
variations in the '*C data (the “Suess wiggles™)
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that are now known to be due to long term vari-
ations in the GCR spectrum. The possibility of
using 1°Be (and other radionuclides) to study the
variations in both the galactic and solar cosmic ra-
diation was first discussed by Lal and Peters [3].
Castagnoli and Lal [4] later provided a detailed an-
alytical framework that took account of geomag-
netic effects, and the 11- year modulation. Seigen-
thaler et al. Siegenthaler et al. [5] developed a
methodology to describe and evaluate the time av-
eraging effects of the carbon cycle, which results
in long-lived storage of the *C in the oceans and
biological materials.

Techniques for the measurement of '4C be-
came well established in the 1970s, and major
archives were established by Stuiver and Damon.
Practical utilization of 1°Be as a measure of the
cosmic ray intensity only became possible follow-
ing the development of atomic mass spectrometry
in ~1980. Beer, Raisbeck and Yiou ([6], and ref-
erences therein) have been the main contributors to
the 19Be archive used in cosmic ray studies since
that time.

As is well known to the cosmic ray commu-
nity, Forbush, Neher, and Simpson pioneered the
instrumental measurements using ionization cham-
bers (pre 1951) and neutron monitors (post 1951).
Simpson and his collaborators (e. g., [7]) then pio-
neered the analytical background that has allowed
study of the characteristics of the several temporal
variations in those data.

In the 1980s, Dreschhoff and Zeller [8]
showed that there were large, short lived (< 2
month) enhancements in the nitrate stored in po-
lar ice, and that several correlated with intense
solar energetic particle (SEP) events. Jackman
and co-workers ([9],[10]) later showed that this
was explicable in terms of the intense ionization
produced by SEP events in the polar caps. This
is discussed in more detail in the next section.
Dreschhoff and Zeller [11] obtained a high reso-
lution nitrate record from a 210 m core obtained in
Greenland that has provided SEP data from 1572.

Meteoritic and lunar material has provided
additional information that augments the above
sources of data. The *4Ti in meteorites has pro-
vided a record of the temporal variability of the
GCR over the past 3 centuries; this is important be-
cause it does not contain atmospheric effects such
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Fig. 2. Comparison of the **C and '°Be observations
prior to correction for the integrating effects of the at-
mosphere and oceans on the *“C data. Time BP refers
to “Time Before Present”, meaning the year 1950. [With
thanks to J.Beer].

as are present in both the '°Be and '“C records
[12]. The induced radioactivity in lunar material
has provided upper limits for the occurrence of ex-
tremely large SEP events in the past [13]. Neither
of these sources will be discussed further, however
they have provided useful confirmation (and limits)
for the studies based on °Be, C, and the nitrate
record.

Calibration to the Instrumental
Record-Galactic Cosmic Radiation

Fig. 2 displays the '°Be and 'C records for the
past 10,000 years. The rather striking differences
have long been understood in general terms to be
due the greatly different residence times of the two
nuclides in the atmosphere and oceans, however
quantitative agreement was difficult to establish.
Further, the 1°Be data at sunspot minimum showed
a slow ~ 40 % decline between 1900 and the com-
mencement of the neutron monitor record in 1951
that appeared to be the be at variance to the approx-
imate constancy of the neutron record at sunspot
minimum since 1951. Stated simply, the three sep-
arate cosmic ray records needed to be reconciled to
one another.

The advent of detailed mathematical models
in the late 1990s solved this problem in a rigor-
ous manner. Using the GEANT code, Masarik and
Beer [14] simulated the development of nucleonic
cascades at all geomagnetic latitudes, as a function
of the strength of the geomagnetic dipole, and the
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Fig.3. The nuclear cross-sections of two of the spallation
processes that give rise to the radioactive nuclide '°Be
[14].

prevailing level of solar modulation. In this, they
used known cross-sections of the several interac-
tions similar to those is Fig. 3. Fig. 4 demonstrates
the results obtained for °Be for modulation po-
tentials of 0, 450, and 1000 MYV, for the present-
day geomagnetic moment. These curves (and those
for the other cosmogenic nuclides) are formally
similar to the “latitude curves” obtained for neu-
tron monitors and other instrumental detectors; the
Masarik and Beer results were later converted into
response functions by McCracken [15]. Indepen-
dently, Webber and Higbie [16] used the FLUKA
code to compute specific yield functions similar
to those presented in Fig. 5. These two sets of
functions provided, for the first time, the ability to
compute the changes that occur in the cosmogenic
nuclides for given changes in the (a) modulation
potential; (b) local interstellar spectrum; and (c)
the geomagnetic field. Using similar simulations
for neutron monitors [17] and ionization cham-
bers [18] based on GEANT/ FLUKA, McCracken
and Beer [2] have determined the inter-calibration
curves for 19Be, neutron monitors, and ionization
chambers given in Fig. 6. Note that these curves
are substantially non linear, as a results of the
cosmic ray modulation varying approximately as
the reciprocal of rigidity, and the substantially dif-
ferent rigidity sensitivities of the several types of
measurements. Using them, McCracken and Beer
[2] have inter-calibrated the instrumental measure-
ments of the past 70 years, and the cosmogenic
10Be data for the previous 5 centuries. The results
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Fig. 4. The dependence of the °Be production rate upon
geomagnetic latitude computed using the GEANT nu-
clear propagation code [14].

are displayed in Figs. 7 and 8, and will be discussed
further in a later section. It is stressed that the
inter-calibrations of the different records are based
totally on the cross-sections of the nuclear inter-
actions that lead to the several forms of cosmic
ray observations - avoiding all the major uncer-
tainties associated with the use of regression tech-
niques used in the past. This development is one
of the most profound in the past decade, and places
the long-term study of the cosmic radiation on a
sound basis for the first time. Three other develop-
ments have contributed to our present-day ability
to use the cosmogenic data to study the galactic
cosmic ray intensity at Earth over the past millen-
nia. They are:

e The use of Global Circulation Models
(GCM) to determine the latitudes that con-
tribute to the '°Be observed in ice in the po-
lar caps. This is a vital calibration step, as
discussed below.

The use of archeomagnetic data to estimate
the strength of the geomagnetic dipole in the
past, and thence the cut-off rigidities that de-
termine the '°Be and '“C production rates,
worldwide. This allows the long term trends
due to the secular changes in the geomag-
netic field to be removed from the data.

The use of modern signal processing tech-
niques to estimate the annual production rate
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Fig. 5. The specific yield functions for neutron moni-
tors at atmospheric depths of 310, 680, 828, and 1,037
g/cm?. Similar curves were generated for all the cosmo-
genic nuclides using the FLUKA modeling code [16].

of 14C from the observed data- that is- to re-
move the averaging effects imposed by the
global carbon cycle.

To relate the observed changes in the '°Be in the
polar caps to quantitative changes in the cosmic
ray spectrum (and changes in the modulation po-
tential) requires that we know the extent to which
the atmosphere is mixed prior to precipitation of
the 1°Be. That is, we need to know how much
of the 1“Be produced near the equator (high cut-
off rigidity and smaller percentage modulation) is
averaged with that produced near the poles (low
cut-off). Further, we need to know whether this
averaging process is different during the “little ice
ages” compared to the present period of warmer
climate, and perhaps, throughout the 11-year cycle
of solar activity. Atomic mass spectrometry usu-
ally measures the concentration of °Be in the po-
lar ice. That is, any annual data point, say, depends
on both the amount of °Be and the mass of snow
that has been precipitated during the year. As a
consequence, year to year variations, and long term
changes in the snow fall may introduce variations
into the data record that are not representative of
changes in the cosmic ray intensity [19]. In some
cases, 180 or deuterium measurements have been
used to identify the seasonal changes throughout
the year, and thence the amount of water is es-
timated, allowing the “flux” of “Be to be com-
puted. Averaging processes that filter out the more
pronounced meteorological periodicities have also
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Fig.7. The instrumental cosmic ray record, based on bal-
loon borne and ground based ionization chambers prior
to 1951, and neutron monitor data thereafter [2].

been used to minimize this source of “noise” in the
data. The advent of detailed “Global Circulation
Models” (GCM) has provided the means to mini-
mize these problems in a quantitative manner. Us-
ing a GCM, Field et al. [20] have computed Fig. 9
which shows the worldwide precipitation of °Be;
and it is immediately clear that this is non- uni-
form, with the greatest precipitation occurring in
mid-latitudes. Using these results, Field et al. [20]
have determined the “attenuation” of the modula-
tion observed in polar ice as a result of the con-
tributions from lower latitudes. Their work, and
other GCM studies now in progress, are examining
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Fig. 8. The estimated counting rate of a neutron monitor
with a cut-off rigidity of 3.15 GV, based on cosmogenic
10Be data, and the instrumental record given in Fig. 7.
The horizontal bars indicate suggested levels of residual
modulation [2]

the manner in which the “attenuation” varies with
climate change, such as from the Maunder Mini-
mum, to the present. The GCMs also provide in-
formation on the manner in which the precipitation
of water has varied over the long term. In sum-
mary, the use of GCMs over the past several years
has begun to remove the most important remain-
ing uncertainty in the utilization of the cosmogenic
10Be data to extrapolate the modern instrumental
measurements back in time. Two techniques have
been developed to determine the time dependence
of the rate of production of *C from the observed
data (which represents an integral of the production
rate over the past > 5000 years). One consists of
inversion of a mathematical model of the “carbon
cycle”, including the effects of the biosphere and
the oceans, to compute the time dependence of the
production rate that yields the observed data (e.g.,
[21]). The other consists of a Fourier transform
method that filters out the longer term periodicities
[22]. Fig. 10 compares the results of the '*C in-
version method, with the 1°Be for the past 10,000
years (the post glacial period- the Holocene). It
is clear that there are clear similarities; the long
term periodicity is due to the long term changes in
the cut-off rigidity as a consequence of the secular
changes in the strength of the geomagnetic dipole.
The short term variations (time scales ~100 years)
are due to the time dependent solar modulation,
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Fig. 9. Computation of the worldwide deposition rates
of 10Be in the present epoch, obtained using a detailed
global circulation model (GCM) to determine the mixing
effects within the atmosphere prior to deposition [20]

and will be discussed later. The limited statistics,
and residual errors due to meteorology, etc, mean
that the 22-year average '°Be data have a standard
deviation of ~4%. There are a number of new ice
cores being analysed at present, and those, together
with the inverted **C data, and the principal com-
ponents technique discussed elsewhere in this con-
ference [Beer et al., 2007], will result in a factor of
approximately two reduction in the standard devi-
ations over the next several years.

The nitrate and cosmogenic
paleo-records of solar energetic
particle events

As outlined above, Zeller and Dreschhoff pio-
neered high resolution (~ monthly) measurements
of the nitrate in polar ice, and noted correlations
with the Carrington white light solar flare of 1859
(Fig. 11), and several of the ground level events ob-
served with ionization chambers. There are a num-
ber of sources of nitrate in the Earth“s atmosphere,
and there are substantial inter-latitude mixing and
meteorological effects, and as a consequence these
correlations were not sufficient to establish a causal
relationship between cosmic ray intensity, and the
nitrate observations. Jackman et al. [9] provided
the means to validate this relationship. Using the
Goddard Space Flight Centre atmospheric trans-
port model, and satellite observations of several
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Fig. 11. The well dated high time resolution nitrate data
from Greenland showing a large enhancement at the time
of the white light flare observed on 1 September 1859
by Carrington and Hobson [11]. The annual variation is
due to variable transport of nitrate produced by photo-
ionisation processes at low latitudes.

large SEP, they computed the concentrations and
time dependence of the nitrate in the polar atmo-
sphere from all significant sources. They showed
that the SEP caused major, short term changes
compared to the annual variation due to transport
of nitrate from lower latitudes. Using their com-
putations, McCracken et al. [23] obtained a cali-
bration between nitrate concentration, and SEP flu-
ence. This was then used to estimate the fluence
of 121 impulsive nitrate events corresponding to
the period 1572-1950. These yielded the cumula-
tive frequency of large SEP given in Fig. 12; the
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Fig. 12. The observed cumulative probability of occur-
rence of SEP events. From McCracken et al. [24], with
10Be point added.

good agreement with the satellite data for lower
fluences providing further validation that the im-
pulsive nitrate events represent SEP that have oc-
curred in the past. Lal and Peters [3] predicted
that the cosmic rays from very large solar flares
would generate a detectable signal in the cosmo-
genic record, and Masarik and Reedy [25] came to
the same conclusion using the simulations based
on GEANT summarized above. However the pre-
dicted increases were comparable with the °Be
standard deviations, and validation of these pre-
dictions was not possible using the instrumental
record obtained since 1936. The '“Be data at the
time of six very large SEP in the interval 1892-
1898 [26]; analyses by Usoskin et al. [18]; and
recent calculations of the '°Be specific yield func-
tions down to 20MeV [27] indicate that the largest
SEP in the recent 400 years have resulted in up to
10% increases in the annual '°Be record. As out-
lined above, these will become more evident in the
10Be record when averaged over the several cores
that are being analyzed at present.

The Cosmic Ray Rosetta Stone

The neutron monitor and satellite eras have been
periods of high solar activity, while solar, geo-
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magnetic and the cosmogenic data themselves in-
dicate that the situation has been quite different in
the past. While the computer models allow us to
use the cosmogenic data to extend the cosmic ray
record into the past, this does not, per se, provide
information on the physical changes in the helio-
sphere in the past.

The theoretical understanding of the cosmic
ray modulation processes obtained during the in-
strumental era provide us with a “Rosetta Stone”
that allows us to decipher the paleo-cosmic ray
records.  The detailed data on the temporal
changes in the cosmic ray intensity, spectrum, and
anisotropy since ~1960 have led to a good theoret-
ical understanding of the modulation process, that
allows us to investigate the solar and heliospheric
properties throughout the previous 10,000 years.

The “cosmic ray propagation equation” of
Parker [28] is the most important tool in inves-
tigating the cosmic ray modulation processes in
the past. For example, using mathematical mod-
els based on that equation, Caballero Lopez et al.
[29] have investigated the manner in which the
heliomagnetic field, and turbulence therein, may
have varied over the past 1000 years. Such stud-
ies involve hypotheses- the fact that the inferred
temporal variations in magnetic field strength ob-
tained using the °Be data is in good agreement
with two independent estimates of the heliomag-
netic field (based on the 150 year geomagnetic and
the 400 year sunspot records) provides some con-
fidence in the methodology and the assumptions
[30]. Undoubtedly there will be further progress
in this area; most probably stimulated by the need
to understand the changing space weather and at-
mospheric circulation of the Earth.

On the basis of a number of simplifying as-
sumptions, Gleeson and Axford [31] derived the
“modulation potential” that relates the scattering
properties of the heliomagnetic field, and the so-
lar wind velocity, to the modulation observed at
Earth and elsewhere in the solar system. This has
been shown to be a useful approximation in study
of the neutron monitor and satellite measurements
over the past four decades, and provides a quasi-
physical means to investigate the solar and helio-
spheric conditions in the past. It is used in this
manner in the following section, and in the con-
temporary space weather community.
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Long Term Changes in the Intensity of
the Galactic Cosmic Radiation

Fig. 8 displays the intercalibrated cosmic ray data
since 1428 [2], and major long term changes are
clearly evident (see also [32] and [33]). It is clear
that the cosmic ray intensity during the “instru-
mental era” has been one of the lowest in the past
1000 years. Since 850 AD there have been several
~50 year periods of high cosmic ray intensity cor-
responding to the “Grand Minima” in the sunspot
record, during which the 22-year average modula-
tion potential has been as low as 100 MV.

Fig. 13 displays the °Be data from the “Spo-
erer Minimum”- the most profound “Grand Min-
imum” of solar activity in the past 1000 years.
The °Be frequently approximates the LIS value
throughout this period, yet it is clear that 11 and
22-year modulation was still present at this time of
reduced solar activity (see also [34] for the Maun-
der Minimum). The high values ~1460 will be dis-
cussed later.

The instrumental era has shown that the mod-
ulation process is strongly energy dependent.
Fig. 14 displays the estimated cosmic ray spec-
tra for the pre-instrumental era, implying that the
low energy cosmic ray intensity at low energies
has been a factor of ten and more greater than the
present-day values in the recent past.

Fig. 10 displays the °Be and '*C production
rate for the past 10,000 years. The intensity in-
creases at the time of the “Spoerer” and “Wolf”
Minima of solar activity are on the left hand of
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Fig. 13. The annual '°Be data from Greenland during the
Spoerer “Grand Minimum” in solar activity. The line la-
beled °Be(LIS) is the estimated °Be production when
the local interstellar spectrum is incident on Earth [32].
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Fig. 14. The energy spectra of galactic protons observed
by balloon and satellite instruments, and estimated using
the 1°Be record [24].

the “Before Present” time scale. The figure shows
that there were about 22 similar 50-100 year in-
tervals of high intensity, amounting to about 18%
of the previous 10,000 years. For the remaining
82% of the time the intensity was considerably
lower, the lowest values approximating those of the
present instrumental era. The long term changes
are due to the changing magnetic moment of the
Earth, having been high ~2000 BP, and low 6000
BP. In summary, the intensity of the GCR changes
markedly with time. It exhibited high values dur-
ing the Maunder, and Spoerer “Grand Minima” of
solar activity, and many other similar short lived
periods of intensity have occurred in the past. It
appears likely that the LIS was incident on Earth
for portion of those times The intensity was at
lower levels for the remaining 82% of the time; the
present instrumental epoch is one such period.

Long-term Changes in the Solar
Cosmic Radiation

Fig. 15 displays the occurrence of solar energetic
particle (SEP) events in the interval 1890-1898
[23]. The five large events are all as large, or
larger than the integrated SEP events of August,
1972; the event taken as the extreme event of the
satellite era. That is, there were five high fluence
events in five years 1895; while there was one in
the 40 year duration of the space era. This shows
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Fig. 15. The high time resolution nitrate record during
the relatively low activity solar cycle 1890-1901 [11].
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Fig. 16. The probability that a CME will produce an ob-
servable large-fluence SEP plotted against the estimated
strength of the interplanetary magnetic field strength
[35].

that there have been substantial long-term changes
in the production of SEP events over the past 100
years. This appears counter-intuitive at first sight-
the occurrence of high fluence SEP events being
highest at the time of the smallest sunspot cycles.
McCracken et al. [35] have examined this further
by comparing the frequency of occurred of large
SEP events, and the strength of the heliomagnetic
field (Fig. 16). This shows a strong inverse de-
pendence of the frequency of occurrence and the
strength of the HMF. McCracken et al. [35], have
proposed that this is a consequence of the strength
of the solar fields being lower during small sunspot
cycles, leading to lower Alfven velocities in the so-
lar corona, and consequently, higher Alfven Mach
numbers and more efficient particle acceleration.
This concept has been developed in detail by Mann
et al. [36].
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Fig. 17. The estimated sunspot number based on 10Be
data from Antarctica, and Greenland, and from the
14 record, compared to the observed sunspot number
(GSN) [22].

Paleo-cosmic rays-implications
and uses

As discussed here, the paleo-cosmic ray record ex-
tends much further into the past than the geomag-
netic and sunspot records. It therefore provides a
means to investigate the physics of galactic, solar,
and magnetospheric processes in a more represen-
tative manner than when based on the present in-
strumental era, alone. Five examples are now dis-
cussed briefly to illustrate this new role of cosmic
ray data.

Solar Physics

The '°Be and '#C data in Fig. 10 exhibit so-
lar modulation effects superimposed upon changes
due to the varying geomagnetic dipole moment.
After calibration to the present epoch, and the re-
moval of the geomagnetic effects, these data have
been used to estimate the solar activity throughout
the Holocene (to 11,000 BP). Figs. 17 and 18 are
two such reconstructions ([22], [37]). These two
reconstructions imply that the Sun is more active
in the present epoch than at any time in the past
ten millennia; other reconstructions suggest that it
is one of the most active periods [21]. It is antic-
ipated that the use of a number of °Be cores as
well as the '*C record will improve the long-term
stability of these reconstructions, leading to a bet-
ter understanding of solar activity over 1,000 solar
cycles, and more.
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Fig. 18. The estimated sunspot number based on the **C
record, after allowance for the changing geomagnetivce
field [37].

Space Weather

The past 50 years have shown that satellites, var-
ious forms of infrastructure (air transport, rail-
ways, communications, navigation) and manned
space flight are vulnerable to the occurrence of
SEP events, and the prevailing level of the GCR
intensity. The basic question is put; is the “space
weather” observed during the “space era” a rep-
resentative sample of the past, and the future. The
paleo-cosmic ray data are one of the few sources of
data that allows this question to be answered. As
an example, let us compare the radiation conditions
near Earth in 1900, with those during the space era.
Using the '°Be data to determine the modulation
function as a function of time and using the SEP
fluences inferred from the nitrate record we can es-
timate that:

e The GCR intensities at 100, 300, and 1000
MeV/nucleon were factors of seven, 3.5 and
2.25 greater in 1900 than during the present
epoch (see Fig. 14), and

e The frequency of occurrence of large fluence
SEP events was approximately five times
greater near 1900 than in the space age.

Clearly, these are large differences, which may
have considerable practical impact. It is therefore
important that further data be obtained to validate
these predictions. It appears possible that the abil-
ity to make these predictions may be a unique prop-
erty of the cosmogenic record, and may assume
great economic significance in the near future.
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Fig. 19. Estimates of the strength of the interplanetary
magnetic field near Earth. The heavy line [30] is based
on the cosmogenic record and can be extended back-
wards throughout the Holocene, while no data exist to
do so for the other three.

Heliopheric Physics

Fig. 18 presents estimates of the strength of the he-
liospheric magnetic field near the orbit of Earth
based on geomagnetic, sunspot, and the paleo-
cosmic ray record. Three of these independent esti-
mates are in good agreement and this suggests that
the paleo-cosmic ray record provides the means to
estimate the temporal dependence of the heliomag-
netic field in the past.

Astronomical Studies

Referring to Fig. 13, note the large increase in 1°Be
concentration near 1460 AD. It was seen in other
cores in both the Arctic and Antarctic, and exceeds
the °Be concentrations attributable to the LIS in
all cases. It is therefore unlikely to be due to mod-
ulation of the GCR; it is probably due to the in-
jection of an additional source of '°Be into the at-
mosphere. Two possibilities have been suggested;
(1) that it is due to an extremely large SEP event
that occurred during the Spoerer minimum of so-
lar activity ( no nitrate data exist for this period),
or (2) that it is due to an intense gamma ray burst
from the nearby supernova remnant, RJX0852.0 -
4622, GROJ0852 -4622, [32]. This question re-
mains unresolved, however it illustrates that the
paleo-cosmic ray record may provide information
on astronomical events that have occurred in the
recent past.

Florinski et al. [38] have postulated that the
cosmogenic data may be used to study the nature
of the local interstellar medium in the recent past.
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Fig. 20. The advance and retreat of the Aletsch glacier
(Switzerland) estimated from '4C dating of biological
debris, compared to the cosmic ray modulation potential
[Source J.Beer].

Thus they argue that the dimension of the helio-
sphere will be affected by the properties of the in-
terstellar medium, leading, in turn, to a variation in
the cosmogenic record.

Terrestrial Climate

There is a clear coincidence between the high val-
ues of 'Be concentration that accompanied the
Spoerer, Maunder, and Dalton Grand Minima in
solar activity, and the occurrence of the “little ice
ages”. Other studies have shown that the advance
and retreat of the Aletsch glacier in Switzerland
correlates well with low/ high values of the modu-
lation potential derived from the paleo-cosmic ray
record (Fig. 19). The cause of this correlation is
presently unknown; both indirect and direct mech-
anisms have been proposed. In the indirect
mechanism, a component of the solar irradience is
a postulated to be a function of the strength of the
solar (and sunspot) magnetic fields, which also de-
termines the strength of the open heliomagnetic
field, and thence the strength of the modulation of
the cosmic radiation. One direct mechanism pro-
poses that the cosmic rays themselves influence the
albedo of the terrestrial atmosphere, thereby caus-
ing the Earth to be cooler when the GCR intensity
is high. In view of the economic consequences of
climate change, it is to be expected that there will
be great continued interest in the use of the paleo-
cosmic ray record in reaching a quantitative under-
standing of climate change.
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Conclusions

The past decade has witnessed a revolution in our
ability to use the cosmogenic record as a quantita-
tive source of “paleo-cosmic ray” data that is inter-
calibrated to the instrumental record that started
in 1933. In all cases, large mathematical models
have been the cause of this revolution. Of greatest
importance, they have provided the specific yield
functions for the cosmogenic nuclides, as well as
the several instrumental cosmic ray detectors. In
particular, this has led to the inter-calibration of
the cosmogenic and instrumental records, allowing
us to combine the several records to yield a sin-
gle composite record stretching from 10,000 years
in the past, to the present. In addition, a large at-
mospheric transport model has validated the use of
the impulsive component of the nitrate in polar ice
cores as a quantitative record of SEP events occur-
ring in the past.

Computer intensive mathematical models have
also allowed the production rate of '4C to be de-
termined from the observed data, and the mixing
effects that determine the source of the '°Be that is
deposited in the polar caps. In so doing, sources of
systematic and random error in the data have been
minimized, and this process will continue in the
future.

Based on these tools, and the inter-calibrated
paleo-cosmic ray data, it has been shown that in
the past 10,000 years the GCR has suffered 22
major modulation events similar to that accompa-
nying the Maunder minimum at the end of the 17th
century, and that the cosmic ray intensity has been
anomalously low throughout the “space era”. It
has also been shown that SEP events appear to be
more frequent during relatively weak sunspot cy-
cles (e.g., circa 1900) compared to the present.

At present, our use of the cosmogenic record
for cosmic ray studies is largely confined to the
Holocene (the period after the last glacial epoch).
An important challenge for the future is to develop
the means to extent the calibrations, etc, back into
the glacial epoch. Once this is done, the paleo-
cosmic ray records will extend for 100,000 years
into the past using °Be , and 40,000 years based
on MC.
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