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Abstract

For about the last 30 years it has been recognized that the high frequency component of the tree rings 14Cr 12C record is
dominated by the modulation of the cosmic ray flux by the solar wind. In particular, it has been demonstrated that the three
most recent periods of low sunspot occurrence were characterized by high values of atmospheric 14Cr 12C. During the last
millennium other periods of high 14Cr 12C values were observed but their solar origin is still debatable. In the present work
we compare these fluctuations with an independent record of cosmogenic 10Be measured in ice from the South Pole to check
the solar origin of the observed 14Cr 12C variations. In order to compare quantitatively the results obtained on 10Be and 14C,
it is necessary to take into account the different behaviour of these two cosmogenic isotopes, and especially the damping
effect of the carbon cycle in the case of 14C. As an input to a 12-box numerical model we used the relative fluctuations of
the 10Be concentrations record measured in South Pole ice and converted it into a synthetic 14C record. We took into account
the fact that 10Be modulation is enhanced in polar regions due to the orientation of the geomagnetic field. As expected, the

14 Ž . 10fluctuations of the modelled C record are much smaller a factor of 20 than those observed for the raw Be record. In
addition, the variations are smoother and shifted in time by a few decades. The 10Be-based 14C variations closely resemble

14 Ž . 14 12the C measurements obtained on tree rings Rs0.81 . In particular, it is easy to identify periods of maximal Cr C
Ž . Ž . Ž .which correspond to solar activity minima centred at about 1060, 1320 Wolf , 1500 Sporer , 1690 Maunder and 1820¨

Ž . 10 14Dalton yr A.D. Cross-correlation calculations suggest that there is no significant lag between the Be-based C and the
tree-ring 14C records. Our study strongly suggests the dominance of the solar modulation on the cosmonuclide production
variations during the last millennium. q 1997 Elsevier Science B.V.
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1. Introduction

An accurate knowledge of the Sun’s variability on
centennial time scales is of crucial importance for
the fields of astronomy and climatology. Long time
series of solar variability are important targets which
can be tested and ultimately reproduced by models

w xof solar dynamics 1,2 . The variability of the short-
wave solar output has a strong influence on the
stratospheric photochemistry and, in particular, on

w xcompounds involved in the ozone cycle 3–6 . A
knowledge of the Sun’s UV fluctuations is thus
needed to separate natural from anthropogenic ozone
variations.

Although it has been a controversial issue for
w xmany years 7–9 a direct influence of the Sun’s

variability on Earth’s climate has been revived re-
cently with the definite proof of a positive relation-
ship between the 11 year cycle of solar magnetic
activity and the total radiative output measured by

w xsatellites 10,11 . A solar influence has even been
invoked to explain modern variations in several cli-
matic parameters, such as sea level atmospheric pres-

w x w xsure 12 , sea surface temperatures 13 , equatorial
w x w xwind patterns 14 , land air temperatures 15 and

w xstrength of cyclogenesis 16 . In searching for physi-
cal mechanisms, climate modellers cautioned that
simple statistical correlations could be spurious
w x17,18 but confirmed that solar forcing should be
added to other dominant forcings, such as green-

w xhouse gases and atmospheric aerosols 19,20 .
Dramatic changes in the Sun’s activity have been

deduced on longer time-scales by counting sunspots
with telescopes or observing aurora with the naked

Žw x .eye 21,22 and references therein . Most of the
attention has been focused on the prominent Maun-

Ž .der minimum 1645–1715 A.D. during which al-
w xmost no aurora or sunspot was observed 23,24 .

This 70 yr period is roughly concomitant with the
coldest temperatures of the Little Ice Age, which,
again, suggests a direct solar influence on climatic

w xvariability 25–30 .
Statistical studies of Sun-like stars has revealed

that their distribution is bimodal: two-thirds being
characterized by cyclic andror high magnetic activ-
ity while the remainder are magnetically quiescent
w x31 . Further work on the relationship between
brightness and magnetic activity showed a wide range

w xof correlations between these two parameters 32 .
Altogether, these studies of solar-type stars suggest
the possibility that the Sun has spent about one-third
of its recent history in periods of magnetic activity
even lower than during the minima of the recent 11

Žyr sunspot cycles although sunspots may be equally
.absent in both cases . Furthermore, these astronomi-

cal studies also suggest that the Sun’s irradiance
variations could have been much larger in the past
than inferred from the 15 years of precise satellite
measurements.

Unfortunately, there are no direct and reliable
measurements of solar variability beyond the 17th
century. Nevertheless, it has been demonstrated that
the high frequency component of the tree ring
14Cr 12 C record is dominated by solar modulation of

w xcosmic rays 33 . Magnetic fields of the solar wind
deflect the primary flux of charged cosmic particles,
which leads to a reduction in 14C production in the
Earth’s atmosphere. In particular, it was recognized
that the Maunder minimum was a period of very

14 Žhigh C production rate 20–30% above the modern
.value , as deduced from a maximum of atmospheric

14 12 w xCr C at about this period 34 . During the last
millennium other periods of high 14Cr 12 C values
have been observed but their solar origin awaits
confirmation, since other causes can affect the atmo-
spheric 14Cr 12 C: changes in the reservoir sizes or
exchange rates of the global carbon cycle can perturb
the 14Cr 12 C of the atmosphere, which is the small-

w xest and hence most sensitive reservoir 33,35–39 .
A way of checking the solar origin of observed

14Cr 12 C variations is to compare these fluctuations
with independent records based on another cosmo-
genic radionuclide such as 10 Be measured in polar

w x 14 10ice 40–42 . However, C and Be time series
cannot be compared directly since the fates of these
two cosmonuclides are very different after produc-
tion in the atmosphere. 10 Be becomes fixed to
aerosols and is washed out by precipitation in a

w x 10matter of a year 43 . As a consequence, Be fall-out
is a marker of the regional, latitude-dependant, cos-
mogenic production but local, high-frequency, mete-
orological changes can alter its reading. By contrast,
14C is oxidized and homogenized in the atmospheric
12 CO pool, which is connected to larger reservoirs2

of the carbon cycle such as biological organic matter
w xand bicarbonate dissolved in the oceans 44 . Atmo-
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spheric 14Cr 12 C thus follows the average global
production but short-term variations are seriously
damped by the carbon cycle, which requires the use

w xof a model to quantify this inherent bias 35,39,45 .
w xUsing this approach, Beer et al. 41 compared the

tree-ring 14C record with a compiled profile based on
10 Be data measured in two Greenland ice cores:

Ž .Camp Century North Greenland and Milcent
Ž .Central Greenland . They observed that, over the
last 5000 yr, the 10 Be and 14C signals are correlated
Ž .Rs0.58 , which suggests that a common mecha-
nism modulates the production of these cosmonu-
clides. In order to assess these conclusions we used a
similar approach for a core retrieved at the South
Pole, a location characterized by markedly different
meteorological and precipitation regimes than the

w xGreenland sites studied by Beer et al. 41 . In addi-
tion, our study is focused on the last millennium, for
which the time scale uncertainties should be minimal
Ž .2–10 yr . Moreover, the South Pole record has two
further advantages when compared to those used by

w x Ž . 10Beer et al. 41 : 1 the Be data over the last
millennium were obtained in the very same core,

Ž .limiting the problems of compiling records; 2 the

South Pole is remote from sources of dust, which
may complicate the interpretations of Greenland

w xrecords 47 .

2. Use of the South Pole 10 Be record

Core PS1 was retrieved at South Pole in 1984 and
is 127 m long. Following methods pioneered by

w xHammer 48 , the PS1 core was dated by recognizing
20 layers of impurities attributed to known volcanic
eruptions and by correlation with nearby core PS14,
for which seasonal variations are observed for major

w xions and water isotopes 49 . A nearly continuous
series of 10 Be concentrations were measured on 1 kg
ice samples every 0.8 m on average. Details can be
found elsewhere concerning procedures for the

w xchemical separation of Be 40 , accelerator mass
w xspectrometry with the Tandetron 40 and analytical

w xresults for core PS1 46 . The precision of the dating
w xis estimated to be between 2 and 10 yr 49 while the

precision of an individual 10 Be concentration mea-
w xsurement is on the order of 7% 46 . As shown in

Fig. 1, the raw 10 Be time series spans the last 1050

Fig. 1. Raw records of the 10 Be and 14C variability during the last millenium. Dots and left y axis represent the relative fluctuations of the
10 w x 14Be concentration measured in core PS1 from South Pole 46 . Circles and right y axis represent the tropospheric D C values measured in

w x 14American and European tree rings 50 . We excluded the 20th century from our analysis because the atmospheric D C can no longer be
used to study the natural variations in cosmogenic production since its atmospheric concentration has been significantly altered by the

Ž 14anthropic combustion of fossil fuels i.e. the so-called Suess effect, which diluted the atmospheric C reservoir by about y30‰ in 1950
w x.59 .
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years, exhibiting very large amplitude changes around
Ž .the mean value ca. "300‰ . Fig. 1 also shows the

14 12 Ž 14 .fractionation corrected Cr C values i.e. D C
w x Žmeasured on tree rings for every decade 50 note

.that Fig. 1 has two different y axes . A visual
correlation between the two time series does exist, as

w xfirst pointed out by Raisbeck et al. 46 . However,
Ž .the relative amplitudes "300‰ vs. "15‰ , phas-

ing, high frequencies and long term trends are clearly
different, which should be quantitatively explained
before attributing these fluctuations to the solar mag-
netic variability.

In order to take into account the damping effect of
the carbon cycle we used a 12-box numerical model
Ž . w xFig. 2 , which is a hybrid of PANDORA 51 and
the carbon cycle model used by Siegenthaler et al.
w x35 . The damping and phasing effects of this model
depend on the frequency of production variations, as

shown in Fig. 3. Century scale periodicities are
damped by a factor of about 10–20 and shifted by a
few decades. By contrast, decadal cycles are attenu-
ated by a factor of 50–100 and delayed by several
years.

The profile of relative 10 Be changes is used as a
model input for the relative variations of the cosmo-
genic production. However, this record cannot be
used directly as a proxy for the average global
production because 10 Be measured in Antarctica ice

w xis mainly produced at high latitudes 40 . The solar
modulation should be higher at the poles than at the
equator due to the orientation of the geomagnetic
field. The relative amplitude of the 10 Be variations
around the mean therefore probably overestimates
the relative change in the global cosmogenic nuclide
production and hence in 14C. This factor was not

w xtaken into account by Beer et al. 41 , who assumed

w xFig. 2. The 12-box model used to simulate the carbon cycle. This numerical model is an hybrid of PANDORA 51 and the carbon cycle
w x 14 Ž . Ž .model used by Siegenthaler et al. 35 . The C production occurs in the stratosphere for two thirds and in the troposphere for one third .

The number on each individual box is the steady-state D14 C of this particular reservoir expressed in per mil. The number in parenthesis is
14 Žthe steady-state D C for a reduced thermohaline convection i.e. the large oceanic arrow is 20 Sv in the standard case and 10 Sv in the

. 14reduced mode . In each case the tropospheric D C is set to zero by definition but the reduced circulation steady state is shifted by 35‰
above the standard case.
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that the 10 Be variability in Greenland samples is
directly representative of the cosmonuclide produc-
tion rate.

For the analysis of PS1 we take into account the
polar enhancement by multiplying by a coefficient
Ž .PECsPolar Enhancement Coefficient the relative
10 Be variations around the mean, which are used as
an input curve for the carbon cycle model. Calcula-

w xtions by Lal 52 indicate that, for a solar modulation
at the geomagnetic pole of "17% around the mean
value, the equatorial modulation is less than "3%.
By integrating over the different latitude bands, the
global average modulation is about "11% around
the mean production, which is significantly lower
than the modulation value calculated for high lati-

Ž .tudes "17% on average for the 60–908N zone . A
Žtheoretical PEC value can be thus estimated i.e.

.0.65f11r17 which should be applied to the rela-
tive 10 Be changes in order to obtain an input curve
for the global modulation of the 14C production. As
described below an independent estimate will be
derived from statistical examination of the modelled
curves obtained with a variable coefficient.

Fig. 4 shows several profiles of tropospheric D14 C
simulated using the 12-box model and the relative
changes in 10 Be as an input curve for the variable
production rate. As expected, the fluctuations of the

14 Ž .modeled C record are much smaller a factor of 20
10 Ž .than for the raw Be profile see Fig. 1 . In addi-

tion, the variations are smoother and shifted in time
by a few decades. For comparison with this synthetic
D14 C we show in Fig. 4 the detrended D14 C values

w xmeasured in American and European tree rings 50 .
The long trend of D14 C visible in Fig. 1 is probably
due to the memory of the long term geomagnetic
variations and has therefore been removed before

w xanalysis of the last millennium 33,37,53 .
The 10 Be-based 14C variations closely resemble

14 Žthe C measurements obtained on tree rings Rs
.0.81 . In particular, it is easy to identify periods of

maximum D14 C which correspond to solar activity
Ž .minima centred at about 1060, 1320 Wolf , 1500

Ž . Ž . Ž .Sporer , 1690 Maunder and 1820 yr A.D. Dalton .¨
This agreement strongly supports these periods as
being times of enhanced cosmogenic nuclide produc-
tion. Our agreement between simulated and observed

14 Ž .D C variations appears much better Rs0.81 than
Žpreviously obtained for Greenland Rs0.58, see

w x.41 . Moreover, it is important to note that the
w xcorrelation reported by Beer et al. in 41 is mainly

due to the agreement between 3000 yr B.C. and 1000
yr A.D. For the period between 950 and 1800 yr

10 14 w xA.D. the Be-based D C record of Greenland 41

Fig. 3. Harmonic response of the tropospheric reservoir to sinu-
soidal changes of cosmogenic production. The upper panel shows
the attenuation of D14 C change normalized to the size of the
production change as a function of the period of sinusoidal
production variation. The lower panel shows the phase lag of
D14 C change versus the period of sinusoidal production variation.
The black solid line represent the results obtained with the 12-box
model shown in Fig. 2. Also shown are the harmonic responses of
simple 3-box and 1-box model. The 1-box model is totally
unsatisfactory to study 14C variations on time scales lower than
10,000 yr whereas the 3-box model could be used down to
centennial time scales.
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is characterized by five excursions while the tree
ring D14 C exhibits only four excursions. There is
also an anomalous prominent maximum centred at
about 1150 yr A.D. in the 10 Be-based D14 C record

Ž w x.of Beer et al. cf. fig. 4a in 41 . By contrast, the
South Pole 10 Be-based D14 C record is at minimum
between 1100 and 1250 yr A.D., in very good

Ž .agreement with the tree-ring record Fig. 4 .
Another puzzling feature of the Greenland record

w x 10 1441 is the relative size of the Be-based D C
excursions: the amplitude of the Maunder D14 C ex-
cursion is on the order of 30‰ while the Sporer and¨
Wolf excursions are slightly less than 10‰. As
clearly shown in Fig. 4, the relative amplitude of the

Ž . Ž . Ž .1060, 1320 Wolf , 1500 Sporer , 1690 Maunder¨
Ž . 14and 1820 yr A.D. Dalton D C excursions are

similar in the tree ring record and the D14 C profile
based on the South Pole 10 Be data.

The differences between the Greenland and South
Pole 10 Be records could be due to several causes,
such as the influence of ‘individual’ precipitation
events, long term accumulation changes over a large
region of the ice sheets and the contribution of 10 Be
transported with the dust fraction. Although the cor-
relation for the South Pole is more convincing than

w xthat observed for Greenland ice cores 41 , it would
still be extremely useful to compare the PS1 record
with another record from the same region in Antarc-
tica. This would help to separate the true cosmogenic
production fluctuations from 10 Be changes linked to
glaciological ‘noise’.

Cross-correlation calculations show that, on aver-
age, the raw 10 Be fluctuations lead the D14 C records

Ž .by 10–20 yr Fig. 5a . No significant lag is detected
between the 10 Be-based 14C and the tree-ring 14C
records, which supports the model and assumptions

10 Ž .about Be variations Fig. 5a . In addition, the
correlation has been improved when compared to the

10 Žcross-correlation with the raw Be record 0.81 vs.
.0.69, cf. Fig. 5a . This is probably due to the reduc-

tion of the high frequency component of the raw
10 Be record, which could be due to genuine changes
in the cosmogenic production or to meteorological
fluctuations. In both cases this 10 Be ‘noise’ is
smoothed out by the carbon cycle, making the 10 Be-
based 14C profile even more similar to the observed
tree-ring 14C record.

w xFinkel and Nishiizumi 54 have recently com-
pared the D14 C tree ring curve with a 10 Be profile in
the GISP2 ice core from about 5000 to 8000 yr B.P.

14 w x 14Fig. 4. Circles represent the detrended D C values measured in American and European tree rings 50 . Lines show the tropospheric D C
variations simulated by using the 12-box model and the relative changes in 10 Be as an input curve for the variable production rate. The thick
solid line shows the D14 C profile calculated with a polar enhancement coefficient of 0.7, which should be the best value according to

Ž .theoretical and statistical considerations see text . Also shown as dotted and dashed lines are profiles calculated with coefficients equal to
0.4 and 1.1, respectively.
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Fig. 5. Cross-correlation calculations between 10 Be and 14C
records. The upper panel shows the cross-correlation coefficient as
a function of positive or negative lags. The dashed line stands for
the cross-correlation between the relative 10 Be record and the
detrended tree-ring 14C profile. As expected from Fig. 3, the raw
10 Be changes lead the 14C variations by 10–20 yr. The thick line
shows the cross-correlation between the 10 Be-based modelled 14C
curve and the tree-ring 14C changes. As expected, the optimal
correlation is improved and there is no significant lag between the
two time series. The lower panel represents the mean squared
error for lag equal to zero as a function of the polar enhancement

Ž .coefficient PEC . Optimal PEC values can be found between 0.5
and 0.8, which roughly agrees with the PEC value derived from

Ž .theoretical considerations i.e. about 0.65 .

They find that they must offset the two curves by
100 years to obtain the best correlation of centennial
oscillations of D14 C and 10 Be. They suggest two

Ž .possible explanations for this: 1 an error in the
Ž .GISP2 time scale used; or 2 a lag between the

production rate changes and the corresponding
changes in D14 C in the atmosphere. As we have seen
above and in Fig. 3, the latter suggestion does not
seem to be tenable, unless the carbon cycle has
changed dramatically between the period considered
here and the early Holocene.

Model 10 Be-based 14C curves were obtained for
various values of the polar enhancement coefficient.
In order to estimate an optimum we plotted the mean
squared error for lag equal to zero, since all cross-
correlograms are equivalent to the one presented in
Fig. 5a. The optimum PEC value is 0.6 which is
slightly lower than the one derived by theoretical

Ž .considerations i.e. about 0.65 . However, both cal-
culations and assumptions suffer from inherent un-
certainties and we consider this agreement as satis-
factory. For example, we have assumed that the
ocean was at steady state during the last millennium,
which is a first order approximation. The 12-box
model shown in Fig. 2 allows variation in North

Ž .Atlantic Deep Water NADW production. As an
example, the atmospheric D14 C calculated with the

Ž . Ž .modern 20 Sv and halved 10 Sv NADW produc-
tions are different by 35‰ at steady state. A 35‰
increase in the atmospheric D14 C would thus be
expected if this large NADW reduction lasted at
least 1500 yr. This is probably what happened during

Žthe dramatic Younger Dryas cold event see fig. 4 in
w x.38 . However, if a similar reduction in NADW flux
lasted for only a century, the atmospheric D14 C

Ž .wiggle would be much smaller i.e. about 6‰ .
Although it is not possible to rule out slight changes
in the deep ocean ventilation during the last millen-
nium, it is unlikely that they have been more than
about 10–15%. Consequently, this cause cannot ac-
count for more than 1–2‰ of the total variability
Ž .30‰ in Fig. 4 , which could also explain an error of
about 0.1 in the PEC optimization. Fully coupled
ocean–atmosphere general circulation models includ-

Ž w x.ing the carbon cycle e.g. 55 should be used in
future to identify and evaluate feedbacks within the
climate system and carbon cycle forced by the solar
variability.
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3. Conclusions

The South Pole record complements the study by
w xBeer et al. 41 , who quantified a significant correla-

Ž . 14 10tion Rs0.58 between C in tree rings and Be
measured in Greenland ice cores. Our study, focused
on the last millennium at the South Pole, documents

Ž .an even better correlation Rs0.81 between the
fluctuations of these two cosmonuclides. These ob-
servations in both polar regions strongly suggest the
dominance of the solar modulation on the cosmonu-
clide production during the last millennium. In par-
ticular, there is no need to invoke other causes to
explain the centennial variability in the atmospheric
D14 C.

Furthermore our study agrees with the conclusion
w x 10by Steig et al. 56 that most Be atoms trapped in

Antarctica ice were produced at high latitudes and
that it is important to take this effect into account
when comparing quantitatively the 14C and 10 Be
fluctuations observed at different latitudes. This is in
conflict with previous assumption by Mazaud et al.
w x 1057 that Be is essentially well mixed in the atmo-
sphere.

The period between 950 and 1900 yr A.D. is
characterized by five cosmonuclide production max-
ima which probably correspond to minima of solar
activity. These century scale events are centred at
1060, 1320, 1500, 1690, 1820 yr A.D. The common
variations in the 10 Be and 14C productions docu-
mented in this study could ultimately be used as a
proxy for solar radiative output, provided that as-
tronomers and solar dynamicists are able to improve
the understanding of the relationship between star
brightness and magnetic activity.

Correlation of a 10 Be-simulated 14C curve with
that observed in tree rings could also be used to date

Ž .ice cores in regions such as the Antarctic plateau
w xwhere other dating methods are not feasible 58 . We

are presently using such a procedure to date the
Vostok ice core for most of the Holocene.
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