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ABSTRACT

Cosmogenic '°Be in polar ice cores is a primary proxy for past solar activity. However, interpretation of the
19Be record is hindered by limited understanding of the physical processes governing its atmospheric
transport and deposition to the ice sheets. This issue is addressed by evaluating two accurately dated,
annually resolved ice core '°Be records against modern solar activity observations and instrumental and
reanalysis climate data. The cores are sampled from the DSS site on Law Dome, East Antarctica (spanning
1936-2009) and the Das2 site, southeast Greenland (1936-2002), permitting inter-hemispheric comparisons.
Concentrations at both DSS and Das2 are significantly correlated to the 11-yr solar cycle modulation of
cosmic ray intensity, ry, = 0.54 with 95% CI [0.31; 0.70], and ry, = 0.45 with 95% CI [0.22; 0.62], respectively.
For both sites, if fluxes are used instead of concentrations then correlations with solar activity decrease. The
strength and spectral coherence of the solar activity signal in '°Be is enhanced when ice core records are
combined from both Antarctica and Greenland. The amplitudes of the 11-yr solar cycles in the °Be data
appear inconsistent with the view that the ice sheets receive only '°Be produced at polar latitudes. Significant
climate signals detected in the '°Be series include the zonal wave three pattern of atmospheric circulation at
DSS, ry = —0.36 with 95% CI [—0.57; —0.10], and the North Atlantic Oscillation at Das2, ry, = —0.42 with
95% CI [—0.64; —0.15]. The sensitivity of '°Be concentrations to modes of atmospheric circulation advises

caution in the use of '°Be records from single sites in solar forcing reconstructions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The atmospheric production rate of cosmogenic '°Be is propor-
tional to cosmic ray intensity, which in turn is modulated by
variations in solar activity and the Earth’s geomagnetic field strength
(Lal and Peters, 1967). This relationship is exploited in the use of 1°Be
records from polar ice cores to reconstruct solar activity prior to the
era of instrumental records (e.g. Bard et al., 2000; Vonmoos et al.,
2006; Muscheler et al., 2007b; Usoskin et al., 2009; Delaygue and
Bard, 2011; Shapiro et al, 2011; Steinhilber et al, 2012). Such
reconstructions provide crucial information for assessing the role of
solar forcing in past climate change (e.g. Bard et al., 2000; Steinhilber
et al., 2012) and for attributing present climate change (e.g. Ammann
et al., 2007). However, different solar reconstructions are not all in
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agreement and the reliability of 1°Be as a solar proxy has sometimes
been questioned (Lal, 1987; Webber and Higbie, 2010).

10Be is produced by interactions between N and O atoms and
secondary particles of the cosmic-ray induced atmospheric cas-
cade (Lal and Peters, 1967). Globally, ~60—70% of the columnar
production occurs in the stratosphere, with the remainder in the
upper troposphere (e.g. Masarik and Beer, 2009; Kovaltsov and
Usoskin, 2010). Following production, it is assumed (due to its
valence charge, small ionic radius and strong chemical adsorption
affinity) that '°Be is rapidly scavenged by ambient aerosol then
transported with air-masses (Igarashi et al., 1998; Aldahan et al.,
2008). Observational and modeling studies report atmospheric
residence times for the aerosol-bound '°Be of ~1yr in the
stratosphere and several weeks in the troposphere before deposi-
tion to the Earth’s surface (e.g. Raisbeck et al., 1981; Jordan et al.,
2003; Heikkild et al., 2009; Pedro et al., 2011a).

Key factors limiting the reliability of '°Be-based solar reconstruc-
tions include (1) the confounding effect of non-production related
signals introduced during the atmospheric transport and deposition
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Fig. 1. Map showing the location of the DSS (Law Dome Summit South) and Das2, southeast Greenland ice core sites from which the new '°Be records presented in the text
were obtained. The locations of additional ice core '°Be records used in the bipolar °Be composite are also shown: DML (Dronning Maud Land), Renland, NGRIP and Dye 3.

of the isotope to the ice sheets (e.g. Lal, 1987; Pedro et al., 2006; Field
et al,, 2006; Field and Schmidt, 2009; Pedro et al., 2011b; Baroni et al.,
2011) and (2) debate about where in the atmosphere the '°Be
deposited to the ice core sites is produced (e.g. Mazaud et al., 1994;
Steig et al., 1996; Bard et al.,, 1997; Field et al., 2006; Heikkild et al.,
2009; Muscheler and Heikkild, 2011). The first factor is critical since
incorrectly attributing climate-induced signals in '°Be to changes in
solar activity risks drawing false conclusions about solar forcing of
climate. The second factor is important since different assumptions
regarding atmospheric source regions directly affect the amplitudes
of reconstructed solar variations. Here we address this issue through
direct intercomparison of annually resolved and accurately dated ice
core '°Be data with modern instrumental records.

Two new !%Be records are presented, one from the DSS site, Law
Dome, East Antarctica and one from the Das2 site, southeast Green-
land (see Fig. 1 for locations). The exceptionally high snow accumula-
tion rates at both sites, 0.68 m ice yr~! at DSS (Morgan et al., 1997)
and 0.90 mice yr~! at Das2 (Hanna et al., 2006), preserve thick and
clear annual snow layers permitting unambiguous dating of the
records. To assess the strength of production signals the measured
concentrations and calculated '°Be fluxes are evaluated against
cosmic ray intensities as recorded by ground-based neutron monitors
since the 1950s and also against modeled atmospheric '°Be produc-
tion rates (Kovaltsov and Usoskin, 2010). Potential climate signals are
examined through intercomparison of the '°Be data with climate
variables for which there is an a priori reason to suspect an influence
on '°Be deposition or transport: (i) observed accumulation rates; (ii)
dominant modes of atmospheric circulation affecting vertical and
meridional atmospheric mixing; (iii) moisture transport pathways in
the southern and northern high latitudes; and (iv) ice core stable
water isotope composition (5'¥0). Having identified significant
climate signals at both sites, we test whether constructing a compo-
site series, using '°Be records from both Antarctica and Greenland, is
effective in reducing the climate signals and enhancing the solar/
production signal.

Finally, following Steig et al. (1996) and Moraal et al. (2005) we
use the amplitudes of the 11-yr solar cycles in the °Be records to
constrain the atmospheric source regions of °Be deposited to the ice
sheets.

2. Materials and methods

The DSS '°Be record was sampled from the top 66.62 m of the
DSS0506 core, drilled at 66°46.33'S 112°48.43'E, elevation

1370 m asl. The Das2 record was sampled from the 84 m Das2
core, drilled at 67°31.64'N, 36°03.69'W, elevation 2936 m. Dating
of the cores and derivation of annual accumulation rates followed
previous methods (Palmer et al., 2001; Hanna et al., 2006; van
Ommen and Morgan, 2010, for additional details see Supplemen-
tary methods). The DSS record spans 1936-2009 and the Das2
record spans 1936-2002. Each '°Be sample integrates deposition
over a complete year. The sampling was conducted in a way that
reduces the potential for aliasing by seasonal cycles in °Be
concentrations (see Supplementary methods).

19Be measurements were conducted following previous methods
at the ANTARES AMS facility, ANSTO, Australia (Fink and Smith,
2007; Pedro et al., 2011a; Simon et al,, in press). Measurements
were normalised to the National Institute of Standards and Technol-
ogy USA '°Be standard reference material SRM-4325, utilising the
Nishiizumi et al. (2007) °Be:°Be ratio of (2.79 +0.02) x 10711,
Standard errors in '°Be concentrations (comprising random and
systematic measurement errors) ranged from 2.0% to 5.8% with a
median of 2.9% for DSS and 1.4-3.5% with a median of 2.6% for Das2.
Chemistry procedural blanks gave '°Be:°Be ratios of <5 x 107"
and corresponding corrections (typically < 1-2%) were applied to
the 1°Be measurements.

Atmospheric production rates were calculated using the
CRAC:10Be model (Kovaltsov and Usoskin, 2010) and annual aver-
age values of the solar modulation constant (®). The ¢ record is
based on neutron monitor counting rates from 1951 to 2010
(adopted from Usoskin et al., 2011) and on the group sunspot
number before 1951 (adopted from Usoskin et al., 2002; Vieira et al.,
2011). Unless specified the pre-1951 production data is not used
here in quantitative analysis as it is less reliable than that from the
neutron monitor era. The influence of changes in the strength and
configuration of the geomagnetic field on production rates are small
on annual to decadal timescales (see e.g. Muscheler et al., 2007b)
and are not considered here. We report annual average production
rates that are vertically integrated over the entire atmospheric
column and averaged over all latitudes (hereafter ‘global production
rates’), and also columnar production rates averaged over only the
geographical latitude range 60-90°S/N, (hereafter ‘polar production
rates’). Note that other recent models of '°Be production (e.g.
Masarik and Beer, 2009) yield production rates that are 30-40%
lower than CRAC:10Be. However, for the purpose of this study the
absolute production rate is not consequential. Rather, the important
detail is the relative production variation during the neutron
monitor era, and on this the models are in reasonable agreement
(demonstrated in Section 3.3).
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Pearson’s correlation coefficient (ryy) is used to quantify the degree
of (linear) correlation between the '°Be series and production or
climate related variables. In calculating correlation coefficients we
first linearly detrend all data to reduce the risk of spurious correla-
tions and then employ a non-parametric stationary bootstrap (follow-
ing Mudelsee, 2003). This approach is preferred over conventional
techniques as it yields robust results when applied to autocorrelated,
non-normally distributed and unevenly spaced data. The statistical
accuracy of correlation coefficients are reported throughout in terms
of their 95% confidence intervals (CI), of type bias corrected and
accelerated. If the Cl contains zero then the correlation is not
significant at 95%.

3. Results
3.1. Production and climate signals in '°Be at DSS and Das2

The average annual '°Be concentrations ( + 1¢) are 6.07 + 1.33 x
10% atoms g~ in the DSS record (1936-2009) and 5.91 + 1.25 x 103
atoms g~ ! in the Das2 record (1936-2002). Average annual accumu-
lation rates at the two sites over the same periods are 0.71 +
0.14miceyr—! at DSS and 0.90+0.19 miceyr~! at Das2. Mean
annual '°Be fluxes, calculated from these values (as the product of the
respective concentration and accumulation terms) are 125+ 34
atoms m~2s~! at DSS and 151 + 30 atoms m~2 s~ ! at Das2.

Time series of the annual variations in average °Be concentration,
accumulation rate and '°Be flux at each site are shown in Fig. 2. The
dashed lines mark the annually resolved data and the solid lines show
the data smoothed with a Gaussian filter of standard deviation 0.91 yr
(equivalent half-power bandwidth to a 3-yr running mean).

Correlation coefficients calculated between the '°Be series and
production or climate related variables are listed in Table 1 and
are considered in turn below. Unless specified otherwise, the
correlation coefficients are determined without applying any
time-offset (lag) between the respective series (see Section 3.3
for a discussion of atmospheric residence times).

3.1.1. Cosmic ray intensity and the atmospheric production rate

Average annual polar neutron monitor counting rates (from
Usoskin et al., 2005) are shown for 1951-2007 in Fig. 3A. The 11-yr
Schwabe cycle modulation of cosmic ray intensity is clearly observed
in the neutron data. The alternating peaked and flat topped structure
of the 11-yr cycle results from the 22-yr Hale cycle of solar magnetic
polarity (see e.g. Webber and Lockwood, 1988).

19Be can be viewed in a sense as a natural neutron monitor
(Beer et al., 2011). The agreement between the DSS °Be concen-
trations and the cosmic ray intensity (Fig. 3A and B) is visually
quite impressive, with the marked exception of their opposing
trends during the 1980’s. We have no evidence to suggest that
this ‘missing cycle’ in '°Be is associated with our experimental
setup or measurement system, rather it is argued (in Section
3.1.3) that it can be linked to climate effects. The Hale cycle
reversals of magnetic polarity are not resolved in the °Be series.
Quantitatively, the correlation between DSS concentrations and
cosmic ray intensity is significant and of moderate strength,
Iy =0.54 with 95% CI [0.31; 0.70] (hereafter expressed in the
form ry, =0.54[0.31; 0.70]). For DSS fluxes the agreement with
cosmic ray intensity is visually weaker (Fig. 3A and C) and the
correlation coefficient is lower, ry, = 0.38[0.13; 0.57].

For Das2 the correlations between cosmic ray intensity and
observed concentrations and fluxes (Fig. 3A, D and E) are,
respectively, rx, =0.45[0.22; 0.62] and 1y, =0.38[0.15; 0.57].
A marked feature in the Das2 concentrations is the maximum in
the 1960s. While this maximum is consistent with the phase of
the solar cycle, it greatly exceeds all other decadal signals.
Notably, it is substantially reduced in the derived fluxes due to
a corresponding pronounced minimum in the Das2 accumulation
rate (Fig. 2, right panel).

The CRAC:10Be-modeled global production rates of °Be are
overlain on the DSS and Das2 concentration and flux series in
Fig. 3B-E. Solid (grey) lines mark the production rates derived
from neutron monitor data while dashed lines mark the less
certain production rates pre-1951. An advantage of considering
production rates over the neutron monitor record of cosmic ray
intensity is that the relative amplitudes of the production and
19Be variations can be quantitatively compared (Section 3.3). Also,
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Fig. 2. '°Be concentrations (top), accumulation rates (middle) and '°Be fluxes (bottom) measured in the DSS Antarctica and Das2 Greenland ice cores over recent decades.
The vertical axes for concentrations and fluxes are scaled according to the mean (u) of each record while the vertical axis for accumulation is scaled by the standard
deviation (o) for each record (as can be seen by the internal grey axes). Uncertainties in measured '°Be concentrations are ~ 3%. The dashed lines show annually resolved
data and the solid lines show smoothed data (Gaussian filter, effective half-width 3 yr).
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Table 1

177

Testing for significant production and climate signals in the DSS Antarctica and Das2 Greenland '°Be concentration and flux series. Pearson’s correlation coefficient ryy is
determined between the '°Be series and a suite of production and climate-related parameters, associated 95% confidence intervals are provided in parentheses. Where ry,
is shown in bold font the null-hypothesis of no significant relationship can be rejected (as ry, # 0 at the 95% confidence level). The analysis employs the non-parametric

stationary bootstrap (Section 2).

X Time span n 19Be onc 1B ux

Txy [95% CI] Txy [95% CI]
DSS Antarctica
Production parameters
Neut. count. 1951-2007 57 0.54 [0.31; 0.70] 0.38 [0.13; 0.57]
Glob. prod. 1951-2009 59 0.58 [0.36; 0.73] 0.39 [0.14; 0.58]
Glob. prod. 1936-2009 74 0.54 [0.33; 0.68] 0.32 [0.08; 0.49]
Snow accumulation rate
Accum. 1936-2009 74 -0.15 [—-0.34; 0.07] 0.62 [0.45; 0.76]
Modes of atmospheric circulation
ENSO SOI 1951-2009 59 0.06 [-0.21; 0.32] 0.13 [-0.18; 0.38]
SAM 1979-2009 31 -0.11 [-0.51; 0.28] -0.26 [-0.60; 0.08]
ZW3 1958-2005 48 -0.36 [-0.57; —0.10] -0.22 [-0.51; 0.13]
DSS ice core parameters
s180 1936-2009 74 -0.17 [-0.39; 0.09] 0.15 [0.09; 0.38]
Das2 Greenland
Production parameters
Neut. count. 1951-2002 52 0.45 [0.22; 0.62] 0.38 [0.15; 0.57]
Glob. prod. 1951-2002 52 0.44 [0.19; 0.63] 0.36 [0.12; 0.55]
Glob. prod. 1936-2002 67 0.45 [0.25; 0.62] 0.38 [0.17; 0.54]
Snow accumulation rate
Accum. 1936-2002 66 -0.53 [-0.67; —0.36] 0.53 [0.34; 0.67]
Modes of atmospheric circulation
NAO 1950-2002 53 -042 [-0.64; —0.15] -0.13 [-0.37; 0.12]
Das2 ice core parameters
5180 1936-2002 66 —0.05 [-0.27; 0.21] 0.16 [-0.15; 0.36]

Time spans are inclusive. Climate modes from the National Center for Environmental Prediction.

ENSO: http://www.cpc.ncep.noaa.gov/data/indices/soi.
SAM: http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/.
NAO: ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/tele_index.nh.

19Be production rates are more sensitive to low energy cosmic
rays than are neutron monitors and this is accounted for in the
production model. Nevertheless, the correlations between the
global production rates and the DSS and Das2 !°Be data are
statistically indistinct from those calculated above using cosmic
ray intensities, this also applies when the correlation interval is
extended to include the less-certain production rates between
1936 and 1951 (see Table 1).

There is a systematic pattern of higher correlations of cosmic ray
intensity and calculated production rates with °Be concentrations
than with '°Be fluxes: the coefficients of determination (r)%y) suggest
that, respectively, ~30% and ~ 20% of the annual variance in °Be
concentrations at DSS and Das2 can be predicted from the cosmic ray
intensity data or from modeled production rates, compared to ~ 15%
for flux at both sites. An earlier study (Pedro et al., 2011a), utilising
only the most recent 10-yr of the DSS !°Be record, suggested a
somewhat stronger production signal in concentrations (controlling
~40% of the variance). As the present result is based on a much
longer record it must be considered more robust. The stronger
production signals in concentrations compared to fluxes at both
DSS and Das2 may be explained in terms of !°Be deposition
mechanisms to the sites. Prior observations (Smith et al., 2000;
Pedro et al, 2006), and general circulation model (GCM) studies
(Pedro et al, 2011b) establish that '°Be is primarily (> 90%) wet
deposited to DSS, i.e. the air to snow transfer takes place with an
associated water transfer. GCM studies also suggest that wet deposi-
tion of '°Be is dominant at the Das2 site (Field et al., 2006; Heikkil3
et al,, 2009), although direct observational evidence is lacking. For wet
deposition sites the theory of particle deposition to ice sheets advises
that the atmospheric concentration of a given particulate or aerosol
species is more closely related to the species concentration in the ice
core than it is to the species inferred flux to the ice core site (the

inverse is true for dry deposition sites where atmospheric concentra-
tions are more closely related to flux) (Alley et al., 1995; Davidson
et al,, 1996). Hence the stronger observed production signal in 1°Be
concentrations compared to fluxes is in line with the theory.

3.1.2. Accumulation rate

For DSS, the correlation between accumulation rate and '°Be
concentration is weak and non-significant, ry, =—0.15[—0.34;
0.07]. However, a strong and significant positive correlation is
observed between DSS flux and accumulation rate,
Iy = 0.62[0.45; 0.76]. These results are again consistent with
theory (Alley et al., 1995; Davidson et al., 1996): concentrations
should be effectively independent of the local accumulation rate
at a wet deposition site, as observed; hence calculation of fluxes
(by multiplying concentrations by accumulation rate) forces an
effectively spurious positive correlation with accumulation rate.
In contrast, for a purely dry deposition site, little to no correlation
of 1°Be flux with accumulation rate would be expected.

Interestingly, there is a significant negative correlation between
concentration and accumulation rates at Das2, ry=-0.53
[-0.67; —0.36]. The accumulation signal is not removed by calculat-
ing fluxes, ry, = 0.53[0.34; 0.67]. The relationship between concen-
tration and accumulation, in a direction that suggests dry deposition,
is surprising given the sites near-coastal location and exceptionally
high accumulation rate. While an important role for dry deposition
cannot be ruled out, we propose an alternative explanation relating to
aerosol scavenging during wet deposition. Wet deposition occurs via
both in-cloud processes, in which aerosol particles serve as cloud
condensation nuclei or ice nuclei (‘rainout’), and below cloud pro-
cesses, through collision of particles with precipitation (‘washout’)
(Davidson et al, 1996). Washout and rainout strip beryllium
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Fig. 3. '°Be concentrations and '°Be fluxes at DSS Antarctica and Das2 Greenland are compared with parameters relating to cosmogenic production rates in the atmosphere.
(A) An index of the polar neutron monitor counting rate (from Usoskin et al., 2005). (B-E) The CRAC:10Be-modeled annual average columnar production rate of °Be in the global
atmosphere (solid grey lines) is overlain on the '°Be concentration and flux curves from both sites. The modeled production rates prior to the neutron monitor era (pre-1951,
dashed grey lines) are less reliable (Section 2). The axes marking '°Be concentrations and global production rates are scaled according to the mean (u) of each record (as depicted

by the offset grey axes). The dashed lines show annually resolved data and the solid lines show smoothed data (Gaussian filter, effective half-width 3 yr).

radionuclides from the lower troposphere such that their concentra-
tion in the air and in the precipitation itself is progressively depleted
over the duration of the precipitation event (Brown et al., 1989;
Ishikawa et al., 1995). Results from air sampling studies demonstrate
that these forms of air mass cleansing occur both at a sampling site
and within the moisture transport pathways to it (Feeley et al., 1989).
Hence, for the very high accumulation Das2 site, we suggest that the
initial stages of large precipitation events may cleanse the atmo-
sphere of its aerosol load while the later stages dilute the impurity in
the snowpack. This would be consistent with the observed negative
correlation and appears more plausible than a major contribution of
dry deposition at such a high-accumulation site.

3.1.3. Modes of atmospheric circulation
The DSS concentration and flux data are tested against three
major modes of atmospheric variability affecting the southern

high latitudes: the El Nind Southern Oscillation Index (SOI; 1951-
present); the Southern Annular Mode (SAM; 1979-present) and
the zonal wave three (ZW3; 1958-present). The SOI affects an
array of climate parameters in the Antarctic region (Turner, 2004)
and an SOI signal has previously been observed in the shorter-
lived cosmogenic “Be isotope (t12 =>53.2 days) in records from
lower latitude air sampling stations (Koch and Rind, 1998). SAM
and ZW3 are reported to affect ice core trace chemical composi-
tion (Goodwin et al., 2004) and accumulation rates at DSS (van
Ommen and Morgan, 2010) through their influence on atmo-
spheric circulation patterns. For the Das2 series we focus on the
North Atlantic Oscillation. The NAO affects precipitation rates (e.g.
Appenzeller et al., 1998; Vinther et al, 2003), atmospheric
transport pathways (e.g. Mosley-Thompson et al., 2005; Sjolte
et al,, 2011), and stratosphere to troposphere exchange (Baldwin
et al., 2001) in the region. An NAO signal in atmospheric '°Be and
’Be data from the northern high-latitudes has previously been
reported (Aldahan et al., 2008).



J.B. Pedro et al. / Earth and Planetary Science Letters 355-356 (2012) 174-186 179

The strengths of the correlations between the '°Be series and
respective modes are listed in Table 1. DSS '°Be concentrations are
significantly negatively correlated with the ZW3, ry, = —0.36[-0.57;
—0.10]. However, the correlation is weaker and non-significant with
DSS fluxes. No relationship is detected with SAM or ENSO. In the
north, Das2 '°Be concentrations are significantly correlated with the
NAO index, ry, =—0.42[—0.64; —0.15], and again the correlation
with Das2 fluxes is non-significant. These relationships are illustrated
in Fig. 4A and B and discussed in turn below.

By definition, a positive ZW3 index indicates strong meridional
flow, whereas a negative index indicates weaker meridional and
stronger zonal flow (Raphael, 2004). A marked transition in the
index from a dominant negative phase toward positive phases
occurs in the 1980s (Raphael, 2007). This transition occurs close
to the time of the shift toward lower '°Be concentrations through
the 1980-1990s. Interestingly, the missing cycle in '°Be falls
within the most strongly positive phase of ZW3, Fig. 4A (note the
reversed vertical axis). There also appears to be similar periodicity
between ZW3 and !°Be in the 1960s and 1970s. Note that the
ZW3 index is not itself correlated with cosmic ray intensity
(ryy = —0.14[—0.39; 0.16]).

A physical explanation for this relationship may be offered by the
observed influence of ZW3 on atmospheric transport and regional
trends in precipitation rates. During the strong positive phase of ZW3
the large scale atmospheric circulation is characterised by alterna-
ting regions of poleward transport of warm mid-latitude air and
equatorward transport of cold polar air centered at around 50°S (see
Fig. 1 of Raphael, 2004). One of the regions of preferred poleward flow
is directed toward Law Dome. National Center for Environmental
Prediction (NCEP) reanalysis fields depict increased precipitation in
this region of warm moist flow during the positive phase (see Figs. S2
and S4 of van Ommen and Morgan, 2010). We propose that the
increased precipitation depletes the air mass aerosol through
increased rainout and washout upstream of the DSS site. A similar
effect is already observed on intra-annual timescales at Law Dome
where consistently low concentrations in the austral winter are
linked to the timing of the regional precipitation maximum (Pedro
et al,, 2011b). Numerous previous studies also observe lower radio-
nuclide concentrations in precipitation following intervals of
enhanced precipitation in the moisture transport pathways to pre-
cipitation sites (Feeley et al., 1989; Aldahan et al., 2001; Graham et al.,
2003; Jordan et al,, 2003). By contrast, during the negative phase of

ZW3 less cleansing of air masses upstream of the site by precipitation
would be expected.

At Das2, Fig. 4B, there is a major shift toward a more positive
phase of the NAO after the 1960s (e.g. Scaife et al., 2005), after
which similarities are seen in the two time series on both annual
and decadal timescales. The '°Be maximum in the mid 1960’s
occurs during a strong negative phase of NAO, however the two
records diverge in the 1950s. Previous studies have argued that a
solar activity signal is present in NAO (Lockwood et al., 2010, and
references therein). However, for the period under consideration
no significant correlation is detected between NAO and cosmic
ray intensity, rx, =—0.16[—0.44; 0.13]. The lack of correlation
remains when a 1 yr lag is introduced to account for time delays
(Mavromichalaki et al., 2007) between solar activity changes and
changes in cosmic ray intensity, ry, = —0.08[—0.38; 0.22].

A potential explanation for the NAO signal in Das2 concentra-
tions is that moisture transport pathways are more conducive to
delivering higher concentrations of '°Be during the negative
phase (NAO-), and lower concentrations during the positive
phase (NAO+). Baldwin and Dunkerton (2001) observed reduced
penetration of stratospheric/upper tropospheric air mass (which
has high '°Be concentration, Jordan et al., 2003) into the lower
levels of the troposphere during NAO+. Similarly, Aldahan et al.
(2008) remarked on the absence of stratospheric intrusions in
beryllium radionuclide data from two high latitude sites in
Sweden during the strong NAO+ between 1989 and 1992.
In addition, evidence from Lagrangian-based moisture transport
diagnostics suggest that moisture transport pathways to central-
eastern Greenland are typically longer during NAO —(Sodemann
et al.,, 2008), thus increasing the range for aerosol scavenging,
which is also consistent with the higher observed concentrations
during NAO —.

The important role of NAO in precipitation rate variability in
the region should also be considered (see e.g. Appenzeller et al.,
1998; Vinther et al., 2003; Mosley-Thompson et al., 2005; Hanna
et al., 2006). Using data from the ECMWF ERA-15 reanalysis,
Appenzeller et al. (1998) demonstrated that the precipitation
response to NAO has pronounced spatial variability (see their
Fig. 1B): on the western-central side of Greenland precipitation
rates are significantly negatively correlated with the NAO,
whereas on the eastern-central side (where Das2 is located)
precipitation rates are significantly positively correlated with
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the NAO. This pattern is also seen in a recent meso-scale model
study (Sjolte et al., 2011). In line with these studies, the accumu-
lation rate at Das2 is positively correlated with the NAO,
ry = 0.29, although the significance is marginal, 95% CI [—0.03;
0.54] (Supplementary Fig. S1). The fact that the relationship
between '°Be concentrations and NAO is stronger than the
relationship between accumulation rate and NAO suggests that
this is not entirely an accumulation-driven effect. To summarise, we
suggest that the directions of the observed correlations are consistent
with two contributing factors: (i) NAO controls on atmospheric
transport processes including stratosphere to troposphere exchange
and (ii) NAO modulation of accumulation rate at the Das2 site and in
the moisture transport pathways to it, causing depletion of '°Be
concentrations in precipitation via washout and rainout during the
higher precipitation NAO+ phase.

3.1.4. %0

Results from an earlier sub-monthly resolved snow pit study at
the DSS site found a strong and significant negative correlation
between 6'80 ratios and '°Be concentrations on sub-monthly
timescales (Pedro et al., 2006). Higher (warmer) 580 values,
which are typically associated with enhanced influence of warm
and moist marine air, coincided with reduced °Be concentra-
tions; whereas, lower (colder) 680 values, which are typically
associated with enhanced influence of continental air, coincided
with higher '°Be concentrations. A negative correlation is also
observed here in the annually resolved DSS concentrations,
however it is weaker than that observed previously and it
marginally fails a significance test ry, =—0.17[-0.39;0.09]. No
correlation is apparent between Das2 concentrations and d'20.
Overall it appears that the effect identified in Pedro et al. (2006) is
strong on the snowfall event scale but relatively weak when
considered on annual timescales. The weakening of the relation-
ship in more coarsely resolved data is in line with other recent
work at the site (Pedro et al., 2011a), and suggests that some local
climate signals are reduced simply by averaging data over longer
time periods.

3.2. A bipolar °Be composite record

The preceding sections demonstrate that, on annual timescales,
the '°Be records from DSS and Das2 contain both production and
climate signals of comparable strengths. In the context of using '°Be
as a solar proxy, we would like to enhance the production signal and
reduce the climate ‘noise’. A simple yet powerful technique for
enhancing the signal to noise ratio in precisely dated ice cores is to
make a composite or stack of multiple records (e.g. Fisher et al., 1996;
Delaygue and Bard, 2011). The technique rests on the assumption
that the signal, in this case the atmospheric production rate, is
common and will be reinforced. In Fig. 5, the DSS and Das2 records
are shown together with other annually resolved '°Be records from
the neutron monitor era: those from the Greenland sites, North GRIP
(Berggren et al., 2009), Dye 3 (Beer et al., 1984) and Renland (Aldahan
et al, 1998) and the Antarctic site, Dronning Maud Land (Aldahan
et al, 1998); for core locations see Fig. 1. We use the timescales
reported by the original authors, all determined by annual layer
counting.

The time series of concentrations from each site are normal-
ised separately by dividing by their respective means over the
period 1951-1984 (this period is selected as it is common to all
records). Each series is overlain with the global '°Be production
rate, which is normalised in the same way (the issue of global
versus polar mixing is addressed in the next section). The
correlation coefficients and associated 95% ClIs between each
19Be series and the global production rate are inset on each plot.
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Fig. 5. '°Be records from Antarctic and Greenland sites during the neutron
monitor era. Each record is overlain with the CRAC:10Be-modeled global '°Be
production rate. The bottom panel shows a composite record constructed by
stacking all of the records from the individual sites (see Section 3.2). The error bars
on the composite curve show the standard deviation of the composite members at
each time step. Global average and polar average '°Be production rate curves are
both overlain on the '°Be composite. All axes are scaled according to the mean
values (u) of the individual records over the common interval 1951-1984. Note
that the production rates prior to 1951 are less reliable (Section 2). Data sources,
Dye 3 (Beer et al., 1984), NGRIP (Berggren et al., 2009) and Renland and Dronning
Maud Land (DML; Aldahan et al., 1998).

Among the individual sites, DSS has the highest correlation,
followed by Das2. The attention paid here to sampling the DSS
and Das2 records in a way that reduces seasonal aliasing may
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have contributed to their higher correlations (see Supplementary
Methods). Among the remaining sites North-GRIP is most
strongly correlated, whilst the correlations at Dye 3, Renland
and DML are positive but not significantly different from zero. The
weaker correlations at the later sites may be partly associated
with their relatively high measurement uncertainties (10-15%)
(Beer et al., 1984; Aldahan et al., 1998), compared to uncertainties
of <5% in the more recently measured DSS, Das2 and NGRIP
records (Section 2; Berggren et al., 2009).

The lowermost panel of Fig. 5 shows the average or composite
of all six evenly weighted normalised records. The composite is
limited to the period 1936-2002, during which there are at least
two records available for averaging. In constructing the compo-
site, annual concentrations that were more than two standard
deviations away from the mean of the respective record were
excluded. This form of filtering is justified by prior work linking
such signals to meteorological variability, in particular strato-
sphere to troposphere exchange events (Aldahan et al., 2008;
Pedro et al., 2011Db).

The composite is more strongly correlated to the global produc-
tion rate, ry, =0.62[0.43; 0.75], and the cosmic ray intensity,
Iy = 0.61[0.44; 0.74], than any of the individual cores (see Table 2
and Fig. 5). Furthermore, the composite is not correlated to the
atmospheric modes identified earlier. For example the correlation

Table 2

Assessing the strength of production signals in the multi-core °Be composite.
Pearson’s correlation coefficient, ryy, is determined between the composite and
polar neutron monitor counting rates (representing cosmic ray intensity) and the
composite and CRAC:10Be-modeled '°Be production rates. All correlations are
significant at the 95% confidence level.

X Time span n Ty [95% CI]
Production
Neut. count 1951-2002 52 0.61 [0.44 ; 0.74]
Glob. prod. 1951-2002 52 0.62 [0.43; 0.75]
Glob. prod. 1936-2002 67 0.58 [0.42; 0.71]
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between the composite and NAO is ry, = —0.05[-0.31; 0.27], and
between the composite and ZW3 is ryy = —0.10[—0.34; 0.14]. This
illustrates that the signal to noise ratio has indeed been increased.

Spectral analysis provides additional insight into the produc-
tion signal in the '°Be composite. Fig. 6 compares the power
spectrum of the '°Be composite to that of the atmospheric
production rate and the individual DSS and Das2 records (for
computation of the power spectrum see Supplementary methods).
The solar-cycle is clearly expressed in production rates as a peak at
period 10.8 yr. The 1°Be composite captures the period of the solar
cycle very well, also showing a peak, albeit somewhat broader, at
10.8 yr. By contrast in the individual cores the period of the solar
cycle (at least for the time interval under consideration) is poorly
resolved; at DSS power is split between peaks at 10.4 and 14.6 yr
and at Das2 in a broad maximum between 9.4 and 16.3 yr. This
illustrates that the spectral coherence of the production signal is
enhanced in the composite '°Be record compared to in the indivi-
dual records.

3.3. Global or polar mixing of °Be

Cosmic rays are directed toward the geomagnetic poles lead-
ing to production rates over the polar latitudes ( > 60°S/N) that
are ~ 3—20 times greater (depending on altitude) than those over
the lower latitudes (Kovaltsov and Usoskin, 2010). More impor-
tantly, in the context of interpreting '°Be as a solar activity proxy,
the amplitude of the solar modulation of production is greater
over the polar latitudes than over the lower latitudes. This can be
illustrated using the CRAC:10Be production data: throughout the
neutron monitor era, the amplitudes of the 11-yr cycles in
columnar production variations in the polar atmosphere are on
average 1.63 times those averaged over all latitudes (Fig. 5,
bottom panel).

The amplitudes of the 11-yr cycles in observed °Be concen-
trations can thus be used to examine whether the '°Be deposited
to the ice sheets is produced mainly at polar latitudes, or rather
represents production in the globally well-mixed atmosphere
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Fig. 6. The Fourier spectrums of the '°Be records from DSS Antarctica (top left) and Das2 Greenland (top right) are compared against the spectrums of the bipolar '°Be
composite (bottom left) and the global '°Be production rate (bottom right). The similarity of the composite spectrum to the production rate spectrum suggests that

combining multiple '°Be records reduces non-production noise.
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(following e.g. Steig et al., 1996; Moraal et al., 2005). Any such
analysis should also take into account attenuation of the 11-yr
cycle amplitude due to mixing of '°Be during its atmospheric
residence time. Following Bard et al. (1987), the level of attenua-
tion (A) can be expressed in terms of the production modulation
periodicity (T, which here is 11 yr) and the atmospheric residence
time (7):

1

()
T

There is negligible attenuation of the troposphere-produced
19Be during its several-week residence time. However, due to the
longer residence time in the stratosphere the stratosphere-
produced signal will be significantly affected. The situation is
simplified by considering the mean residence time. A lagged-
correlation analysis provides a first-order estimate of this para-
meter, under the assumption that the maximum correlation will
be observed at lag = 7. The lagged correlations for DSS, Das2 and
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Fig. 7. Time-lagged correlation plots of '°Be concentrations against the
CRAC:10Be-modeled global '°Be production rates. DSS (top), Das2 (middle) and
the bipolar composite (bottom). Error bars show the 95% Cls around the correla-
tion coefficients. The curves are least squares polynomial fits to the data points.

the bipolar composite are shown in Fig. 7 with their associated
95% Cls. The correlations are highest at lags of 0-1 yr, somewhat
lower at lags of 2 yr and not significantly different from zero at
lags of 3 yr. This agrees with an earlier lag-correlation analysis
based on quasi-monthly resolved DSS data that suggested a likely
residence time of ~ 10 months or less. Previous estimates based
on '°Be:’Be ratios (Raisbeck et al, 1981) and GCM modeling
(Heikkild et al., 2009) also suggest residence times of ~ 1-yr
or less.

The '°Be and production data are first normalised as in Section
3.2. Considering separately the DSS, Das2 and composite '°Be
records, we use linear regression to quantitatively compare the
relative amplitudes of the 11-yr signals in the observed concen-
trations and the global and polar production rates. The critical
regression parameter here is the slope; if the 95% CI around the
slope contains 1 then it implies that the relative amplitude of the
11-yr cycles in °Be and in the production series are not
significantly different. The regression parameters are estimated
by non-parametric bootstrap resampling with replacement (1000
times) from the available data.

Results are presented in Fig. 8A-F. The regression lines and
associated 95% CIs (dashed lines) are plotted on each sub-figure
and the slopes (b;) are listed inset. The scaled slopes, (b/A), under
the assumption of a 1-yr mean atmospheric residence time (7 =1,
A=0.87) are also listed on the sub-figures. Regression slopes
under the assumption of a wider range of residence times
(t=1, 1.5, 2.0 and 2.5 yr) are listed in Supplementary Table S1.
For residence times less than 1.5 yr the 95% Cls around the slopes
of the regression against global production are consistent with 1,
whereas the slopes of the regression against the polar production
rate are significantly < 1. This is consistent with substantial input
of 1°Be produced at low latitudes and inconsistent with an
exclusively polar production source. However, under the assump-
tion of mean residence time of >2yr for DSS and Das2 and
> 2.5 yr for the composite the method cannot clearly distinguish
a dominant source region. A mean residence time in this range
cannot be ruled out but would appear unlikely based on the
lagged correlation analysis and most though not all (Baroni et al.,
2011) previous studies.

Independent evidence supporting substantial meridional mix-
ing of '°Be includes the observed geomagnetic imprints in '°Be
records from both Antarctica and Greenland (Mazaud et al., 1994;
Wagner et al., 2000; Raisbeck et al., 2006). Whereas, if the ice
sheets sampled exclusively '°Be produced at polar latitudes then
geomagnetic field changes should not be visible at all. In addition,
model output from the ECHAM5-HAM GCM, suggests that at least
the stratosphere-produced component of the '°Be observed in
polar ice cores is well-mixed meridionally (Heikkild et al., 2009;
Muscheler and Heikkild, 2011). Simulations with the GISS ModelE
GCM also support meridional mixing but suggest a small ( ~ 20%)
bias toward polar-produced '°Be (Field et al., 2006).

Opposing views have also been presented. An exclusively polar
production source for South Pole 1°Be was suggested on the basis
of a multi-centenary-scale intercomparison with cosmogenic *C
from tree rings (Bard et al., 1997). This result has been a subject of
debate elsewhere (see e.g. Bard et al.,, 2007; Muscheler et al.,
2007a). Also, Steig et al. (1996) support a polar origin for '°Be at
Taylor Dome, Antarctica on the basis that the amplitude of the 11-yr
cycle at that site significantly exceeds global production variations.
There are several possible reasons for the difference between our
result and that of Steig et al. (1996). (i) Different production models:
Steig et al. (1996) calculated '°Be production rates using the O’Brien
etal. (1991) production model forced with cosmic ray intensity from
the Deep River neutron monitor; whereas here we use the
CRAC:10Be production model forced with the Usoskin et al. (2011)
@ reconstruction. (ii) Different time-spans of the records: The Taylor
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Fig. 8. Evaluating the atmospheric production source regions of the '°Be preserved in the ice core records. The amplitudes of the 11-yr cycles in observed '°Be
concentrations are regressed against the global (left) and polar (right) production rates. Results are shown for DSS concentrations (top), Das2 concentrations (middle) and
the '°Be composite (bottom). Concentrations and production rates are expressed relative to the mean values (through 1951-1984) of the respective records. Solid lines
show the best fit regression lines and the dashed lines show 95% confidence intervals around the regression slopes (b), also listed inset with the 95% CI in parentheses.
Scaled versions of the regression slopes (b;/A, where A=0.86) are also provided, these account for the amplitude attenuation that would be expected due to a 1-yr mean
atmospheric residence time for '°Be (see text). For all three °Be records the unscaled and scaled regression slopes against the global columnar production rates are
consistent with 1 at 95% confidence, whereas the regressions against polar columnar production rates are significantly less than 1.

Dome study was limited to 37-yr of overlap with production rate
data compared to 59-yr at DSS and 52-yr for both Das2 and the °Be
composite. (iii) Different data treatment prior to analysis: the Taylor
Dome record was measured at 2-3-yr resolution then resampled to
annual resolution using low-degree cubic splines then filtered with
a 9-13-yr bandpass filter; whereas the analysis here is performed
directly on annually resolved and unfiltered data. To test the
sensitivity of our results to point (i) the analysis was repeated using
the Masarik and Beer (2009) '°Be production model, forced as for
CRAC:10Be, with the Usoskin et al. (2011) & reconstruction

(Supplementary Fig. S2). The regression slopes are shifted margin-
ally higher under the Masarik and Beer (2009) model, but still favour
substantial meridional mixing under the mean residence time
assumptions above. With regard to points (ii) and (iii), the longer
period of overlap, consistent results for multiple records and use of
annually resolved data lend support to our conclusions. It is possible
that the higher amplitude observed in the shorter Taylor Dome
record may have resulted from the superposition of climate effects
on the production signal, for example as appears to have occurred in
the Greenland records during the 1960s (Fig. 5).
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4. Discussion and conclusions

The DSS and Das2 '°Be records are significantly correlated
with cosmic ray intensity and CRAC:10Be atmospheric production
rates. The correlations are stronger at DSS than at Das2 and
stronger with concentrations than with fluxes. The weaker signal
in fluxes advises against using the flux term at wet deposition sites
as an input for solar activity and cosmic ray intensity reconstruc-
tions during the late Holocene. Note that this conclusion does not
apply during the last glacial period and deglaciation. The major
regional and hemispheric-scale changes in precipitation rates
during those periods strongly modulated '°Be concentrations in
all records that have so far been recovered (e.g. Raisbeck et al.,
1987; Yiou et al., 1997; Wagner et al., 2001).

Significant portions of the variance in the '°Be records are also
associated with non-production or climate signals. At DSS con-
centrations appear to be influenced by the ZW3 pattern of atmo-
spheric circulation. At Das2 concentrations appear to be
influenced by the NAO and the local accumulation rate. The
sensitivity of the DSS and Das2 records to modes of atmospheric
circulation has potential implications for the interpretation of
longer term records (spanning centuries to millennia). It suggests
that climate signals in '°Be data may include systematic compo-
nents that would not necessarily be removed by low-pass filter-
ing. This can be illustrated by the NAO and °Be anti-correlation at
Das2. A period of relative warmth in the North Atlantic sector
around the 9th-12th century AD, the ‘medieval warm period’, has
been linked to a prolonged positive NAO phase (e.g. Trouet et al.,
2009); whereas a period of relative cold in this sector around the
16th-19th century AD, the ‘little ice age’, has been linked to a
prolonged negative NAO phase (Slonosky et al., 2001; Trouet
et al., 2009). Our results suggest that the patterns of circulation
during these climate events could systematically influence '°Be
transport and deposition to some Greenland sites. For the Das2
site the direction of the correlation is such that it would act to
exaggerate the proposed high solar activity during the medieval
warm period and the low solar activity during the little ice age. It
would clearly be advisable to avoid using any records affected in
this way as sole inputs to solar reconstructions and solar forcing
attribution studies. Given that the influence of NAO on the ice sheet
appears to vary spatially (e.g Appenzeller et al., 1998), the problem
may affect other sites differently or not at all. Encouragingly, the
NGRIP record is uncorrelated, ry, = —0.03[-0.27; 0.22], to the NAO
at least through the interval 1950-1994. However, suitable data is
currently unavailable to test whether this is also the case at GRIP,
such a test would be useful as the GRIP record has been widely used
in solar reconstructions (Vonmoos et al., 2006; Muscheler et al.,
2007b; Shapiro et al., 2011; Steinhilber et al., 2012).

The potential for systematic climate influences on !°Be at
some sites advises caution in the interpretation of individual
cores and underlines the importance of techniques to enhance the
production signal. A bipolar composite record constructed using
all available annually resolved '°Be records from the neutron
monitor era is more strongly correlated with cosmic ray intensity
than any individual record. This suggests that studies which
assimilate bipolar composite '°Be records in solar or cosmic ray
intensity reconstructions (e.g. Steinhilber et al., 2012), or variants,
such as the leading principal component of multiple records (e.g.
Muscheler et al.,, 2007b) are less likely to introduce spurious
climate-related signals than those assimilating '°Be records from
individual sites (e.g. Bard et al.,, 2000; Vonmoos et al., 2006;
Shapiro et al., 2011). Using multiple '°Be records in addition to
cosmogenic '¥C (from tree rings), which has a very different
geochemical behaviour to '°Be, can help to further decouple the
climate signal from the '°Be record (e.g. Muscheler et al., 2007b;
Usoskin et al., 2009; Steinhilber et al., 2012).

The amplitudes of the 11-yr signals in the DSS, Das2 and
composite records were used to examine the atmospheric source
regions of the °Be deposited to the ice core sites. Under the
assumption of a mean atmospheric residence time for '°Be of
< 1.5 yr, supported by most previous studies, the 11-yr signal in
10Be s consistent with the amplitude of the CRAC:10Be produc-
tion variations in the global atmosphere and inconsistent with the
amplitude of production variations in the polar atmosphere. Some
polar bias in the atmospheric source region for the ice core '°Be is
not inconsistent with this finding, but an exclusively polar source
would appear unlikely. This is in agreement with the mixing
scenarios favoured by most recent '°Be-based solar reconstruc-
tions; i.e. that the ice sheets sample '°Be from a relatively well-
mixed global atmosphere (Vonmoos et al., 2006; Muscheler et al.,
2007b; Steinhilber et al., 2009, 2012).

The data sets are available online at the Australian Antarctic
Data Center (http://data.aad.gov.au/) and at the World Data
Center for Paleoclimatology (http://www.ncdc.noaa.gov/paleo/).
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