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Abstract

'°Be ice core measurements are an important tool for paleoclimate research, e.g. al-
lowing for the reconstruction of past solar activity or variation in the natural e produc-
tion rate. However, especially on multi-millennial timescales, the share of production
and climate induced variations of respective 19Be ice core records is still up to debate.
Here we present the first quantitative climatological model of the '°Be ice concen-
tration up to the glacial-interglacial timescale. The model approach is composed of
(i) a coarse resolution global atmospheric transport model and (ii) a local °Be air—
firn-transfer model. Extensive global-scale observational data of short-lived radionu-
clides as well as new polar '°Be snow pit measurements are used for model calibration
and validation. Being specifically configured for polar 19Be, this tool thus allows for a
straight-forward investigation of production and non-production related modulation of
this nuclide. We find that the polar '°Be ice concentration does not record a globally
mixed cosmogenic production signal. In fact, the geomagnetic modulation of Greenland
°Be is up to 50 % lower than in case of the global atmospheric °Be inventory. Using
geomagnetic modulation and revised Greenland snow accumulation rate changes as
model input we simulate the observed Greenland Summit (GRIP and GISP2) °Be ice
core records over the last 75 kyr (on the GICC05modelext timescale). We show that our
basic model is capable to reproduce the largest portion of the observed 1°Be changes.
However, model-measurements differences exhibit multi-millennial oscillations with am-
plitudes up to 87 % of the mean observed Holocene '%Be concentration. Focusing on
the (12-37) kyr b2k (before the year 2000 AD) period, mean model-measurements
differences of 30% cannot be imputed to production changes. However, unconsid-
ered climate-induced changes could likely explain the model shortcomings. In fact,
the '°Be ice concentration is very sensitive to snow accumulation changes. Here the
reconstructed Greenland Summit (GRIP) snow accumulation rate record would require
revision of +28 % to solely account for the (12—37) kyr b2k measurements-model dif-
ferences.
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1 Introduction

Cosmogenic '%Be has become a common quantity measured in polar ice cores since
trailblazing investigations were performed decades ago (Raisbeck et al., 1981; Yiou
et al., 1985; Beer et al., 1985). Today, more than 20 different ice cores from Greenland
and Antarctica provide '°Be records on various timescales up to more than 100 kyr.
Being produced by interactions of cosmic rays with atmospheric nitrogen and oxy-
gen, %Be quickly gets attached to sub-micron aerosol particles and is thus deposited
to polar glaciers. Research attempts therefore use ice core %Be as proxy for past
changes of its cosmogenic production rate and the related solar and geomagnetic ac-
tivity (Beer et al., 1988; Raisbeck et al., 1990; Bard et al., 1997; Muscheler et al.,
2005; Vonmoos et al., 2006; Muscheler et al., 2007; Steinhilber et al., 2012). How-
ever, due to aerosol-related transport and deposition processes of 1%Bg, respective ice
core records also hold information on past climate variability making this cosmogenic
radionuclide a valuable tool for estimating past snow accumulation rate changes, too
(Mazaud et al., 1995; Steig, 1996; Wagner et al., 2001b). The question, whether to use
'°Be ice concentration records as proxy for production or climate variability depends
on the timescale under investigation as well as on the local climate conditions of the
concerned drilling site. In either case, the detailed understanding of production and
non-production-related influences on the polar '°Be ice concentration is an important
requirement for the interpretation of the '9Be ice core records.

In recent years, several studies improved the knowledge on processes which in-
fluence atmospheric %Be in polar regions. Atmospheric production rates have been
calculated within elaborative Monte-Carlo simulations of cosmic ray particle cascades
(Masarik and Beer, 2009; Kovaltsov and Usoskin, 2010). Long-term records of radionu-
clide air concentrations (e.g. Dibb, 2007; Aldahan et al., 2008; Elsasser et al., 2011)
as well as high-resolution measurements of 98¢ in snow and firn (Pedro et al., 20086,
2011) have been evaluated for the understanding of radionuclide transport processes
while global circulation modelling studies investigated the climate influence on the °Be
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deposition (Field et al., 2006; Heikkila et al., 2008a, 2009, 2013). However, despite
these efforts, several findings remain inconsistent, making the interpretation of 'Be
ice core records a matter of ongoing debate. Further research needs concern trans-
port and deposition processes, linking the 19Be ice concentration with the cosmogenic
production in the atmosphere. Measurements of 1%Be (and short-lived “Be) in polar air
show that its boundary layer concentration is very sensitive to atmospheric circulation
processes like the stratosphere to troposphere exchange or vertical tropospheric mix-
ing (Elsésser et al., 2011). Even in case of minor climate changes of air mass transport,
the degree of atmospheric mixing of '°Be has major influence on the production signal
recorded in ice core '°Be. While geomagnetic changes primarily affect atmospheric
°Be production at lower latitudes, solar activity based production variations are more
decisive in polar areas. Detailed knowledge of the %Be atmospheric footprint is thus
a crucial requirement for interpreting observed '°Be time series. Moreover, in addition
to atmospheric transport, aerosol deposition is a crucial process influencing the °Be
ice concentration. While during the Holocene period 19Be variations are dominated by
production changes related to solar activity (e.g. Steinhilber et al., 2012), '°Be ice core
records are definitely subject to climate modulation on longer timescales (e.g. Finkel
and Nishiizumi, 1997). Here, strong changes in the snow accumulation rate (up to a fac-
tor 2—10 in case of the transition from glacial to Holocene conditions) certainly alter the
aerosol deposition and thus the 1%Be ice concentration. However, the modulation of
the '°Be ice core records by snow accumulation changes essentially depends on the
site-specific ratio of dry to wet deposition which is still matter of debate for every single
ice core record.

Regarding these uncertainties in the interpretation of 19B¢ ice concentration, there is
a strong need for modelling attempts to support analysis of '9Be ice core records. How-
ever, adequate models do not exist, yet. On the one hand, conceptual models, which
are generally used for the interpretation of '°Be ice core measurements, oversimplify
the processes influencing ice core '%Be. On the other hand, complex global circula-
tion models (GCM), which allow for the investigation of detailed climate-driven %Be
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transport and deposition processes, are still restricted to the decennial timescale (see
e.g. Heikkila et al. (2013) for latest results on this issue). Indeed, there is a strong need
for multi-millennia simulations since both geomagnetic and climate modulation of °Be
occur on long timescales. Future work will certainly expand complex models to simulate
longer, multi-millennial timescales. However, custom-made models of lower complexity
are needed now to improve our fundamental understanding of ice core °Be,
In this paper we present such a model which allows for the first simulations of the
%Be ice concentration on the glacial-interglacial timescale. To do so, we make use of
our long-standing investigations of aerosol-bound radionuclides in polar regions to bal-
ance simplicity and validity of the model approach. The basic idea of the model setup is
based on the finding that spatial variability of the polar '%Be ice concentration mainly re-
lies on airfirn-transfer processes (e.g. Stanzick, 2001). Indeed, monitoring of radionu-
clide air concentration in polar areas reveals that climatological features of atmospheric
'°Be have large spatial validity (e.g. Dibb et al., 1994; Elsasser et al., 2011). Our model
approach is thus split into (i) a coarse resolution model of the global atmosphere which
allows for multi-millennial simulations of the polar °Be boundary layer air concentra-
tion, and (ii) a local air—firn-transfer model which simulates the hand-over from 1°Be air
concentration to ice concentration for a specific drilling site. For simulating the global
atmosphere, we use the well-established multi-box model GRACE (Levin et al., 2010b)
together with extensive long-term, global-scale observations of short-lived, aerosol-
borne radionuclides. The air—firn-transfer model is essentially predicated on new %Be
measurements within several polar traverses (Stanzick, 2001; Elsasser, 2013). In the
following, we describe the model setup in detail (Sect. 2 and Supplement) and sub-
sequently present model results and implications for the extensively used Greenland
Summit (GRIP and GISP2) ice core records (Finkel and Nishiizumi, 1997; Yiou et al.,
1997; Wagner et al., 2001a; Muscheler et al., 2004) for the last 75 kyr (Sect. 3).
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2 Model setup
2.1 Global atmospheric transport of aerosol-borne radionuclides

Intending to simulate climatological features of the polar boundary layer '9Be air con-
centration, we aim for an easy-to-use model setup which meets two different de-
mands: (i) the model should be simple enough to allow for multiple long-term (glacial—
interglacial) simulations under different scenarios on atmospheric transport. (ii) It
should be of adequate complexity to quantitatively reproduce the main climatologi-
cal features of atmospheric %8¢ like its prominent seasonal cycle. Tackling this task,
the main idea of our approach is to combine a well-established multi-box model of the
global atmosphere with the extensive history of radionuclide observations within at-
mospheric nuclear bomb test monitoring. Initiated from atmospheric nuclear weapon
tests in the early 1950s, wide monitoring programs provide (multi-decadal) observa-
tions of short-lived bomb fission and natural radionuclides on the global scale (e.g.
HASL, 1977; Leifer and Juzdan, 1986; Larsen et al., 1995). Within the present study, we
use ¥’Cs, %°sr, 2°Pp and ’Be air concentration and *°Sr deposition measurements
to adapt the multi-box model GRACE (Levin et al., 2010b) for the simulation of aerosol-
borne radionuclides. In addition to published radionuclides measurement data, global-
scale observations of atmospheric "Be from the UN CTBTO (preparatory commission
for the Comprehensive nuclear-Test-Ban Treaty Organization) International Monitoring
System are for the first time presented and applied for model validation.

2.1.1 The GRACE model

The Global RadioCarbon Exploration model (GRACE) was developed to simulate and
investigate the circulation of bomb radiocarbon in the atmosphere (Hesshaimer, 1997;
Naegler, 2005; Levin et al., 2010b). The model is thus specifically calibrated to ac-
count for (seasonal) Stratosphere—Troposphere Exchange (STE), making it an ideal
tool to simulate cosmogenic radionuclides in the atmosphere. In recent years, the
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GRACE model was proved to be well suited for global scale investigations of green-
house gases and their isotopic signature (Naegler and Levin, 2006; Levin et al., 2010a,
b; C. Veidt, unpublished), covering a period of time from the preindustrial era to date.
The model setup is a two-dimensional box-model of the global atmosphere. Since main
atmospheric processes which influence the '9Be air concentration show major varia-
tions on the latitudinal scale (e.g. production, stratosphere-troposphere-exchange and
precipitation), the 2-D setup is a reasonable first order approach. Model boxes rep-
resent the main features of the global atmosphere: a vertical division into Planetary
Boundary Layer (PBL), Free Troposphere (FT) and three stratospheric subdivisions
Low Stratosphere (LS), Middle Stratosphere (MS) and High Stratosphere (HS). The
horizontal breakdown of the model is 30° in the free troposphere and stratospheric lay-
ers which represents the three main atmospheric circulation cells (Hadley, Ferrel and
Polar cell). The resolution of the boundary layer boxes has been enlarged to 10° per
box within this study. Air mass transport is calibrated using extensive global observa-
tions of bomb radiocarbon and SFg (see Supplement of Levin et al., 2010b). In the
Southern Hemisphere extra-tropics, the observed seasonal cycle of the 10Be/7Be ra-
tio is used to calibrate seasonal variations of the stratosphere—troposphere exchange.
Three basic transport processes are involved in the model setup: diffusive air mass
exchange, Brewer—Dobson circulation and Tropopause height variations. Given the cli-
matological approach, the air mass transport is not varied inter-annually but considers
seasonal variations. A basic sketch of the model as well as further details are shown in
the Supplement Sect. S.1.

2.1.2 Modifications of the GRACE model

Implementation of the aerosol-borne radionuclides 10Be, 7Be, 137Cs, 0gr and 2'%pp

into GRACE required essential modifications of the model. At first, the model was up-

graded with atmospheric sources of the different nuclides (see Sect. S.1 for further

details): in case of cosmogenic "Be and '°Be recent studies on production rates reveal

significant differences and we therefore use two different production rate calculations:
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Usoskin and Kovaltsov (2008) (i.e. Kovaltsov and Usoskin, 2010) as well as Masarik
and Beer (2009). Sources of the anthropogenic bomb fission nuclides 137Cs and 0sr
are based on the data given in UNSCEAR (2000) while the 21%pp source is calculated
online from %?Rn decay in the atmosphere. For the latter purpose 222Rn is imple-
mented using a global source adapted from Conen and Robertson (2002). Subse-
quently, the model setup was upgraded with an aerosol gravitational settling module
based on aerosol physics calculations (see Sect. S.1 for details). Being the only atmo-
spheric sink for aerosol-borne radionuclides in addition to radioactive decay, the atmo-
spheric boundary layer required major modifications. We increased the horizontal res-
olution of the boundary layer to 10° since the global distribution of aerosol sinks mainly
correlates with the global distribution of precipitation (e.g. Heikkila and Smith, 2013).
In case of Antarctica, this boundary layer resolution broadly captures the three main
climatological realms: the high Antarctic plateau (80-90° S), coastal areas (70-80° S)
and the Antarctic Peninsula with the surrounding ocean (60-70°S). In contrast, the
Greenland Ice Sheet represents a minor part of the Arctic, only. We thus implemented
a separate box for the Greenland ice sheet boundary layer, coupled to the polar free
troposphere and the surrounding Arctic basin boxes. This results in an atmospheric
model setup with a total of 41 boxes. Wet and dry deposition was integrated into every
boundary layer box using (i) the dry deposition velocity, (ii) precipitation rates (Global
Precipitation Climatology Project, Adler et al., 2003) and (iii) the radionuclide air to rain
concentration ratio (scavenging ratio). Eventually, we tuned the model to quantitatively
reproduce measured 187Gs and *°Sr air concentrations (Feely et al., 1981, 1985, 1988;
Larsen and Sanderson, 1990, 1991; Larsen et al., 1995; Kolb, 1992) and 0gy depo-
sition flux measurements (UNSCEAR, 2000; Roos et al., 1994) by varying the scav-
enging ratio as well as the diffusive boundary layer-free troposphere air mass transport
for every 10° box (see details on the calibration strategy in the Supplement Sect. S.1).
Dry deposition velocity was held constant globally (except for slightly different values
in case of the ice sheet boxes, see below). Regarding the primary focus of this work
being on ice core 19Be, calibration of polar boxes required special consideration. Since
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the data basis used for global radionuclide sink calibration (*°Sr and "*"Cs measure-
ments) lacks sufficient coverage in polar areas, we alter the calibration strategy for the
Greenland and Antarctic ice sheet boxes. In brief, we use our estimation of scavenging
ratios and dry deposition velocities based on '9Be and "Be observations together with
the air firn transfer model (given in Sect. 2.2) and revised precipitation rates (Bales
et al., 2001; Archer et al., 2006; HASL, 1977; Larsen, 1985; Juzdan, 1988, see details
in Sect. S.1.6). In doing so, the remaining parameter to be specified is the diffusive
air mass exchange between the ice sheet boundary layer and the free polar tropo-
sphere. So far, we use extensively measured atmospheric concentrations of "Be (Dibb,
2007; Elsasser et al., 2011) to calibrate the PBL-FT coupling of the ice sheet boxes
(see Sect. S.1.6 for details on the parameters). Model calibration of the ice sheet ra-
dionuclide sinks is thus not independent from '°Be and “Be observations. However,
the polar radionuclide sinks contribute only marginally to the global-scale sink. There-
fore the global circulation of aerosol-bound radionuclides can still be validated with "Be
measurements (see Sect. 2.1.3). In a final step we used observations of atmospheric
219pp 1375 and %Sy for additional fine-tuning of radionuclide transport and deposition
processes. This fine-tuning accounts for different processes like the Arctic haze phe-
nomenon at northern polar latitudes or ice sheet boundary layer inversion seasonality
(see Sects. S.1.5 and S.1.6).

2.1.3 Model validation

Validation of the global atmospheric model is performed using extensive observations
of short-lived atmospheric "Be on the global scale (Feely et al.,, 1981, 1985, 1988;
Larsen and Sanderson, 1990, 1991; Larsen et al., 1995; Feely et al., 1967; Leifer and
Juzdan, 1986; Leifer, 1992; Kolb, 1992; Durana et al., 1996; Megumi et al., 2000; loan-
nidou et al., 2005; Wershofen and Arnold, 2005; Kulan et al., 2006; Kulan, 2007; Chae
etal.,2011; Elsasser et al., 2011; Leppéanen et al., 2012; Doering, 2007, and references
therein). In case of the US Environmental Surface Air Sampling Program data (EML

769

CPD
10, 761-808, 2014

Simulating ice core
°Be on the
glacial-interglacial
timescale

C. Elsasser et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO

il


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/761/2014/cpd-10-761-2014-print.pdf
http://www.clim-past-discuss.net/10/761/2014/cpd-10-761-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

SASP - Feely et al., 1981, 1985, 1988; Larsen and Sanderson, 1990, 1991; Larsen
et al., 1995) data, measurements used for model calibration (13703 and gOSr) and
model validation (7Be) have origin at the same sampling sites. We therefore addition-
ally compare our model results to observations of "Be within the CTBTO International
Monitoring System (IMS). This global monitoring program provides so far unpublished
measurements from 62 globally distributed sites (different from the EML program sites)
covering up to ten years. The model results for model validation cover the observational
period (1950-2000 AD). The production variability of "Be is driven by reconstructions
of solar activity based on neutron monitor records (Usoskin et al., 2011).

Figure 1 shows the comparison of mean "Be air activity concentration model results
and measurements in latitudinal and vertical resolution. In case of boundary layer ob-
servations (Fig. 1, left), the measured reference values are mean values from long-term
time-series, while high altitude ’Be observations rely on punctual measurements within
aircraft or balloon surveys and thus show stronger scattering (Fig. 1, right). Model-
measurements comparison reveals that the model quantitatively reproduces mean "Be
air activity concentrations in the global boundary layer if the production rates from
Usoskin and Kovaltsov (2008) are used. Model results based on Masarik and Beer
(2009) production rates clearly underestimate the observations by a factor of 2.4 on
average. Having a look at the global distribution of atmospheric "Be, the model repro-
duces its main observed features: (i) a strong decrease from subtropical to mid and
high latitudes up to a factor of five, (ii) a small "Be concentration in the tropics com-
parable to high (extra-polar) latitudes and finally (iii) a significant vertical gradient with
’Be air concentrations decreasing over two orders of magnitude from mid stratospheric
to atmospheric boundary layers. The model underestimates "Be air concentrations in
the northern mid latitudes which could be related to deficient boundary layer (BL) —
free troposphere (FT) coupling. Indeed the "Be model results for the southern free
troposphere (not shown) are only 35 and 23 % (in case of polar and mid latitudes) of
the simulated concentrations in the respective northern free troposphere boxes. Dif-
ferent to the Southern Hemisphere, the model could thus have deficits in simulating
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the FT-BL vertical transport in the Northern Hemisphere. In case of Antarctica, the
"Be air activity concentration is significantly higher than in extra-polar high-latitudes.
Here, these model results of the ice sheets are tuned to the mean observed "Be air
activity concentration (see Sect. 2.1.2) which precludes model validation. Compar-
ing our model results of the '%Be air concentration to long-term observations from
coastal Antarctic Neumayer Station (Elséasser et al., 2011), the model underestimates
the measurements by 8 %, only. In case of the Greenland ice sheet, '9Be air concentra-
tion observations are restricted to 10 measurements covering the period June 1997—-
March 1998 (Stanzick, 2001). Here, model results exceed measurements by 30 % on
average. However, due to the strong seasonal cycle (measured summer-winter ratio
larger than four) and the low data basis, '9Be Greenland Summit model-measurements
comparison is not very meaningful.

In addition to spatial characteristics of mean radionuclide air concentrations, model
validation has to address their temporal variability. Given our climatological approach,
evaluation of model performance has to address two features of "Beinthe atmosphere:
the dominant seasonal cycle and the 11 yr solar production signal (see Koch and Mann
(1996) for a global climatology of "Be measurements). Figure 2 shows long-term time
series of 'Be monitoring (i) at the Physikalisch-Technische Bundesanstalt (PTB) Braun-
schweig (Wershofen and Arnold, 2005) (ii) at the coastal Antarctic Neumayer station
(Elsasser et al., 2011) and (iii) at Greenland Summit Station (near the GISP2 drilling
site; Dibb et al., 2007) compared to respective model results. Regarding the annual cy-
cle, the model closely reproduces measured seasonal cycles in amplitude and phase
at all three sites. However, in case of the Greenland plateau, the model frequently
underestimates the summer peak in the boundary layer "Be air activity concentra-
tion. Since the seasonal cycle of diffusive vertical air mass exchange of the Greenland
boundary layer with the polar free troposphere is calibrated using Greenland Summit
219y air concentration measurements (see Sect. S.1.6), this difference may point to
an underestimated STE seasonality (21°Pb not effected by STE). Moreover a signifi-
cant fraction of 2'°Pb transport from the Arctic basin boundary layer to the Greenland
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air mass may contribute to the observed seasonal cycle but is not considered in the
model simulations. Further model measurements comparison of seasonal cycles at
globally distributed sites (see Supplement Sect. S.1, Fig. S.2) reveals that the model
performance is very good in mid- and polar latitudes whereas the model overestimates
seasonal cycle amplitudes in low latitudes. Regarding the latter, measurements in the
tropics may be less representative for 10° boxes due to large spatial differences in
tropical precipitations patterns (and thus local aerosol sinks, e.g. following monsoon
patterns). On the multi-annual timescale, model-measurements comparison is difficult
due to the overall low signal-to-noise ratio of the 11 yr production signal. Indeed, the
extraction of this production signal from measured time series is quite challenging (e.g.
Koch and Mann, 1996; Aldahan et al., 2008; Elsasser et al., 2011). So far we eliminate
the seasonal cycle of measurements and model results by using a simple Gaussian
smoothing filter to investigate the model’s ability to reproduce the production signal.
Figure 2 reveals that the model clearly reproduces the cosmogenic production sig-
nal inherent to the time series even if the shape of the solar cycle somewhat differs.
In case of the nearly 50yr time series at the PTB Braunschweig, the measurements
show an increasing trend which is missing in the model data (see Fig. 2a). Excluding
measurement artifacts, possible explanations for this inconsistency comprise a failure
in the production module of the model, or long-term climate effects (e.g. precipitation
changes) which bias the atmospheric activity concentration and which are not consid-
ered in the observational-period model simulation.

In summary, the model validation shows that the model well reproduces the clima-
tology of "Be in the global atmosphere. The model is thus also capable of simulating
atmospheric 19Beg, since the atmospheric concentration of both (cosmogenic) radionu-
clides are governed by similar atmospheric production and sinks.

2.1.4 The °Be production signal in polar areas

Having a well-calibrated and validated model of the global atmospheric 198g transport
at hand, we investigate the effect of atmospheric mixing on the °Be production signal
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inherent to polar '°Be. To do so, we run the model under constant conditions of present
atmospheric transport and mean solar activity (® =550MV following Masarik and
Beer, 1999) but modulate the geomagnetic dipole field. Figure 3 shows the simulated
effect of geomagnetic changes on '%Be in the polar atmosphere and on the global
mean atmospheric 19Be concentration (i.e. the global atmospheric °Be inventory). Itis
obvious that the '°Be air concentration in case of the Greenland and Antarctic ice sheet
is less sensitive to geomagnetic activity than the global mean '9Be air concentration.
However, this polar damping effect depends on the production calculations applied: in
case of the Kovaltsov and Usoskin (2010) production rate data, the geomagnetic signal
in Greenland is up to 50 % lower than the global mean signal. Usage of Masarik and
Beer (2009) calculations results in up to 22 % lower modulation of Greenland 1%Bg,
only. Certainly, this discrepancy is based on geomagnetic modulation of the global
mean '°Be inventory which differs between the two production rate calculations applied
(see black lines in Fig. 3). Indeed, our model results show that the geomagnetic mod-
ulation of polar 19Be s similar in case of Masarik and Beer (2009) and Kovaltsov and
Usoskin (2010) production rates. Polar ice core 19Be-based reconstructions of past ge-
omagnetic activity are therefore not very sensitive to the choice of 19Be production rate
calculations. This does however not hold for solar activity based production changes.
Here, our model results show larger solar modulation of the polar 1%Be air concentra-
tion compared to the global mean (not shown). However, in comparison to the polar
damping in case of geomagnetic variations, this polar enhancement effect is less pro-
nounced (9—16 and 12—-17 % in case of Kovaltsov and Usoksin (2010) and Masarik and
Beer (2009) production rates). In summary, our results reveal that polar latitudes do not
receive a globally well-mixed atmospheric 9Be production signal. This finding contra-
dicts to GCM results from Heikkila et al. (2009) (based on ECHAM5-HAM) but is in
line with Field et al. (2006) (using the GISS ModelE). The latter authors report on 20 %
reduction of the geomagnetic modulation of polar 1%Be (based on Masarik and Beer
(1999) production rates). Using Masarik and Beer (2009) production rate calculations
our Greenland model simulations quantitatively confirm this result.
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2.2 Local air—firn transfer

Different and complex processes contribute to the hand-over of atmospheric °Be
into polar firn (see e.g. Slinn, 1977), which still lack proper understanding. We there-
fore refrain from deploying a full physical process model but use a rather basic,
measurements-calibrated air—firn-transfer model approach to simulate the transfer of
19Be from polar boundary layer air into firn. In doing so, the basic idea is to use spatial
trends in polar 1%9Be ice concentration to investigate its climate modulation. Across both
the Greenland and the Antarctica ice sheet, climate conditions show large spatial gra-
dients essentially between coastal areas and the remote interior. The ice sheets rise
closely to the coast and mount up to 4 km (in case of Antarctica) entailing colder and
dryer conditions at the polar plateaus. The observed difference in mean snow accumu-
lation rates between coastal sites and the interior of the ice sheet amounts up to a factor
> 25 (Law Dome: > 60 cmyr'1 (Smith et al., 2000); Vostok: 2.3 cmyr'1 (Pourchet et al.,
2003)). These different climate conditions coincide with major differences in the mean
'9Be ice concentration of more than a factor of 8 (see Fig. 4). On the other hand, mean
radionuclide air concentrations above the snowpack do not show large differences (e.g.
Elsasser et al., 2011). The spatial gradient in the '°Be ice concentration is thus gov-
erned by the processes delivering 19Be from air to firn. Investigating this modulation
of the '°Be ice concentration by spatial change in local climate conditions therefore
allows for investigation of the airfirn transfer and its climate variability.

2.2.1 Formulation of the basic air—firn transfer model

The model approach follows the basic idea that the total °Be deposition flux (J) can
be separated into a wet and a dry deposition fraction. Using the net snow accumula-
tion rate (A), the 19Be ice concentration (cice) representative for a certain time interval
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(At =ty — ty) may be expressed as

t
CM _ t; [Jdry + Jwet]dt (1)
T [ adt
to

The °Be dry deposition flux depends on the '°Be air concentration and the dry deposi-
tion velocity (v4,,). The wet deposition is the concentration of '%Be in fresh snow times
the precipitation rate (P). Assuming that both, the dry and wet deposition fraction are
controlled by the same air mass, we may substitute the snow concentration using the
scavenging ratio (¢ — volume based ratio between radionuclide concentration in snow
and air) and get

t t
Al /t; [Vary - Cair + P - Conowldt t(‘) [Vary + P+ €] Codit o
c__ = =
Ice t t
[1, Adt [} Adt

On a well-chosen, climatological timescale we may assume the dry deposition velocity,
the precipitation rate and the scavenging ratio as being a characteristic constant and
get a first order approximation of “climatologically averaged” terms

Cice= | ——=— | Cair (3)

The relation between precipitation rate and net accumulation rate depends on wind
drift and evapo-sublimation. In polar areas, it is reasonable to assume the relation
as being constant on a climatological timescale. The precipitation and net accumula-
tion ratio may then be included into a modified scavenging ratio parameter £*. Since
this parameter eludes a straightforward physical interpretation we refrain from explicitly
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discriminating between ¢ and & and get

— Vdry —_ —
Cice = < z +8> ‘Cair (4)

Following this basic air—firn transfer model, three main parameters govern the hand-
over of '°Be from air to firn: the accumulation rate (A), the dry deposition velocity (vyy)
and the scavenging ratio (€). While vy, and &£ cannot be measured directly, the relation

between the measured mean '°Be ice concentration and mean observed snow accu-
mulation rates can be investigated in a straightforward way. To do so, we compile pub-
lished mean '°Be ice concentrations from different Antarctic sampling sites in addition
to eight unpublished 19Be firn core time series (Neumayer Hinterland, Kohnen Station,
Berkner Island and Dome C). Figure 4a shows the compiled '°Be ice concentration
plotted against inverse mean snow accumulation rates at respective sites. Due to the
involvement of different AMS laboratories in the '°Be measurements we recalibrated
the different data using results from Nishiizumi et al. (2007) and Kubik and Christl
(2010). Furthermore we correct the effect of different temporal coverage and thus pro-
duction variability of the °Be measurements (Fig. 4b, see Supplement Sect. S.2 for
details). The latter correction imposes revisions between —4.1 % and 12.6 % to single
data points. Eventually, Fig. 4b reveals that the mean '°Be ice concentration at different
Antarctic sites is well correlated to the inverse accumulation rate (correlation coefficient:
0.97). Hence, we conclude that spatial variation in the mean '%Be ice concentration is
driven by accumulation changes at first order, while spatial (and thus climate) differ-
ences in wet and dry deposition processes are less decisive. This finding allows for
estimating the two missing parameters (v4,, and ¢) of the basic model (Eq. 4) by in-

vestigating the relation between measured '°Be ice concentration and corresponding
snow accumulation rates.
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2.2.2 Determination of model parameters

%Be measurements within Greenland and Antarctic traverse surveys allow for more
detailed investigations of the air—firn transfer processes. In comparison to the com-
pilation of '°Be literature data (Fig. 4), this approach allows to further reduce some
uncertainty: (i) measurements within each survey are conducted by one AMS labora-
tory, only (see e.g. Merchel et al. (2012) for comparability of different AMS facilities),
(i) all samples analyzed for the mean '%Be ice concentrations broadly cover the same
period of time, and (iii) especially in case of Antarctica, the spatial scale of single tra-
verses is comparatively small (i.e. a few 100 km). The latter reduces spatial trends of
atmospheric transport conditions between the different sampling sites.

Surveys in Greenland and Antarctica were accomplished in cooperation with the
Alfred-Wegener Institute during 1990/92 (EGIG), 1993/95 (North Greenland Traverse)
and 2006 (EDML upstream traverse). In addition, further snow pit samples from the
Antarctic Japanese-Swedish JASE traverse in 2007/2008 were analyzed for mean 1%Be
ice concentrations. Details on the traverses and the '°Be measurements are given in
the Supplement (Sects. S.2.3 and S.2.4). Figure 5 presents the results separated into
Greenland and Antarctic measurements and compared to the linear trend of (mostly
published) Antarctic-wide data (as shown in Fig. 4). Our measurements clearly confirm
the finding of a linear relation between '9Be ice concentration and the inverse accumu-
lation rate. However, in both cases, the linear trend differs from the compilation of °Be
measurements from entire Antarctica: in case of Greenland traverses, the slope of the
linear fit falls below the Antarctic literature by a factor of 2.3. The '°Be measurements
within the Antarctic traverses reveal a factor of 1.9 stronger trend.

For the interpretation of these results, we use measured 98¢ air concentrations
and apply Eq. (4) to the observed '°Be ice concentration — accumulation rate re-
lation. In case of Antarctica, Elsasser et al. (2011) report on 25yr of atmospheric
°Be measurements at the coastal Neumayer station and find a mean air concen-
tration of 4.6 x 10* atoms SCM ™" (Standard Cubic Meter). In case of Greenland, %Be
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air concentrations have to be deduced from 16 yr of "Be measurements at Greenland
Summit station (see Fig. 2) using a constant 10Be/7Be ratio. The latter is based on 10
months of '°Be measurements at Greenland Summit Station (Stanzick, 2001) resulting
in a mean Greenland Summit '°Be air concentration of (2.4+£0.4) x10% atoms SCM™"
guncertainty from “Be and 10Be/7Be based estimation). The difference in the mean
%Be air concentration at Antarctic Neumayer and Greenland Summit is in line with the
"Be measurements at both sites which differ by a factor of 1.8 on average. Inserting
these '°Be air concentrations, our observed 98¢ ice concentrations and correspond-
ing snow accumulation rates (Fig. 5) in our air-firn transfer model (Eq. 4) allows for
estimating the missing model parameters (dry deposition and scavenging ratio) from
a linear fit. In doing so we obtain '°Be dry deposition velocities of (0.10 + 0.02) cms™"
and (0.22+0.03)cm s~ for Greenland and Antarctica, respectively. Thus, at first glance,
our '°Be measurements point to a stronger dry deposition velocity in Antarctica which
may be caused, among other factors, by dryer conditions (less wet deposition). How-
ever, using the trend from the compilation of 1Be measurements over entire Antarctica
(Fig. 4) within the model, the resulting dry deposition of (0.116 + 0.003) cm s~ meets
the Greenland results surprisingly well. Different reasons may account for the mismatch
between the local Antarctic traverses around Kohnen Station and the entire Antarctic
data compilation. At first the assumption of a constant '9Be air concentration over en-
tire Antarctica is a rough oversimplification and regional trends in atmospheric °Be
could affect the results of the large-scale data compilation. On the other hand, the de-
termination of mean accumulation rates in dry Antarctic conditions is challenging (see
Sect. S.2.4) and the Antarctic-wide data compilation thus allows for a more robust es-
timation of accumulation rate trends. Within this study we focus on Greenland model
results and use an overall dry deposition velocity of 0.1 cm s~'. In case of model results
for Antarctica, both, ongoing measurements of atmospheric '9Be at the high Antarctic
plateau and ongoing expansion of '°Be ice concentration measurements to very low
accumulation sites will provide further constraints on the model parameters. The sec-
ond decisive parameter for the '9Be air firn transfer is the volume-based ratio between
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'9Be air and firn concentration (scavenging ratio). Applying Eq. (4) to the spatial °Be
trends gives a ratio of (3.1+0.6) x 1 0° [atoms m;if (atoms ms'r?ow)'1] for Greenland which

corresponds to a '9Be concentration of (7.5+£0.7) x10° [atomsg‘1] in fresh fallen snow.
Here, the model applied to Antarctic literature data gives a factor of 2.8 lower scaveng-
ing ratio. Again dryer climate conditions may hold for this mismatch.

2.2.3 Dry vs. wet deposition at Greenland Summit

The site-specific ratio of dry vs. wet deposition of '°Be is a valuable parameter for
the interpretation of '%Be ice core records. In case of dominating wet deposition pro-
cesses, the 98¢ ice concentration is less influenced by accumulation rate changes
making the 19Be ice concentration a primary reference for atmospheric '9Be (and re-
lated production changes). On the other hand, dominating dry deposition implicates
larger influence of snow accumulation variability. Here, the interpretation of the 1%Be
deposition flux (derived from '°Be ice core records) in terms of cosmogenic production
changes is common practice (e.g. Muscheler et al., 2004, 2005). Our air—firn transfer
model results indicate that wet deposition processes dominate the Greenland Sum-
mit '°Be ice concentration under present conditions (mean snow accumulation rate at
GRIP drilling site: 0.21 myr‘1 water equivalent (Johnsen et al., 1992)) and dry depo-
sition accounts for 32 % of the total '°Be deposition, only. Assuming an overall mean
Greenland precipitation rate of 0.3 myr_1 (Bales et al., 2001), this value is slightly lower
for entire Greenland (24 %) and the '9Be sink in the Greenland ice sheet model box
(see Sect. 2.1). Using 219pp) instead of °Be measurements results in a similar Green-
land ice sheet dry to total deposition ratio of 30 % (Stanzick, 2001). Global circulation
model results from Heikkilé et al. (2008a) report on a larger impact of wet deposition in
case of Greenland (i.e. dry deposition less than 10 %). So far, this mismatch remains
unexplained. However, regarding the GCM results from Heikkila et al. (2008a), overes-
timated wet deposition might contribute to their significantly underestimated Antarctic
"Be activity air concentration. Finally, in terms of interpreting %8¢ ice core records,
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the ratio of dry to total deposition is most likely not constant under climate change. As-
suming linear scaling of wet deposition with accumulation rates we apply reconstructed
variations of the GRIP snow accumulation rate (see also Fig. 7a in Sect. 3) to estimate
this effect. In doing so, the model indicates that during the last glacial stadial periods
the '°Be air firn transfer at Greenland Summit is dominated by dry deposition (ratio of
dry to total deposition up to 65 %).

2.3 Looking into the past: model simulations on the glacial-interglacial
timescale

Coupling the model of the global atmosphere (Sect. 2.1) to the air—firn transfer model
(Sect. 2.2) allows for quantitative simulations of the '%Be ice concentration in polar ar-
eas. Model-based investigations of '°Be ice core records additionally require adequate
input data driving the time dependency of the model results. Both, variations of %Be
production and changes in climate conditions have to be taken into account and will be
addressed subsequently. The final model setup for the investigation of '°Be ice core
records is summarized in a basic sketch shown in Fig. 6.

2.3.1 Production variability

A fundamental process influencing the temporal variability of ice core '%Be is its at-
mospheric production rate. Basically, solar activity, changes in the geomagnetic field
strength as well as variations in the galactic cosmic ray flux modulate the atmospheric
production of 19Be. However, only geomagnetic variations have been clearly proven
to impose multi-millennial variations on the production rate of cosmogenic radionu-
clides. Therefore, focusing on the glacial-interglacial timescale, we restrict changes of
the "°Be production to variations in the geomagnetic dipole field. We choose the high-
resolution geomagnetic reconstruction from Laj et al. (2004) which is based on a selec-
tion of 24 high-accumulation marine sediment records (GLOPIS-75). The record is con-
verted from the GISP2 timescale to the most up-to-date Greenland ice-core chronology
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(GICCO5modelext timescale), by using partly unpublished match points between the
NGRIP, GRIP and GISP2 ice cores (Seierstad et al., 2014) (see Fig. 7b and Supple-
ment Sect. S.3.1). Solar activity is kept constant at a mean value of 550MV (Masarik
and Beer, 1999). Indeed, solar activity might show variation on time-scales longer than
the well known multi-centennial period, too. However, (1OBe-independent) 4C-based
reconstructions are so far restricted to the Holocene period. Here, differences in 10ge.-
and '*C-based reconstructions leave the magnitude of multi-millennial variations of so-
lar activity subject to debate (Vonmoos et al., 2006).

2.3.2 Climate variability

It is important to highlight that our model approach essentially differs from global cli-
mate model attempts and does not allow for implicit climate modulation of atmospheric
%Be by e.g. varying the atmospheric concentration of greenhouse gases. However, we
may explicitly vary processes which have been proven to (i) influence the 19Be ice con-
centration and (ii) vary on the glacial-interglacial timescale. So far, we restrict climate
modulation to precipitation/snow accumulation changes which govern both, the atmo-
spheric residence time of '°Be (i.e. the '°Be deposition (Heikkila and Smith, 2013)) and
the local '°Be airfirn transfer (Stanzick, 2001). Recent GCM model results by Heikkila
et al. (2013) indicate that changes in the °Be deposition are consistent with precipi-
tation changes under different climate conditions, too. However, the authors find addi-
tional atmospheric circulation changes influencing the 19Be air concentration (mainly in
higher atmospheric layers). Future applications of the model setup presented here may
easily include further processes of climate variability (as e.g. modulation of atmospheric
air mass transport). However, for this study, changes in the atmospheric circulation or
air—firn parameterization (i.e. dry deposition velocity and aerosol scavenging) are not
taken into account. We are well aware that this simplistic approach is a rough over-
simplification. However, sensitivity studies on atmospheric transport and deposition in-
dicate that polar boundary layer %Be is quite robust against global scale circulation
changes (Elsasser, 2013). On the contrary, these studies indicate that polar boundary
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layer °Be is very sensitive to local polar air mass transport (i.e. boundary-layer—free
troposphere coupling). This is reasonable given the radionuclide concentration in the
(polar) free troposphere exceeding common (polar) boundary layer concentrations by
an order of magnitude (see Fig. 1 for 7Be). Still, processes of ice sheet boundary layer
atmospheric transport are not understood sufficiently and we are thus not sure if usage
of complex climate models would significantly improve simulations of local conditions
on the ice sheets.

For our model study, model input records of past precipitation changes are pred-
icated on ice core based reconstructions of snow accumulation, which clearly show
that glacial precipitation and snow accumulation rates (in polar areas) have been sig-
nificantly lower than today (e.g. Dahl-Jensen et al., 1993). However, these investiga-
tions concern local conditions while estimation of regional or global scale changes in
precipitation patterns are difficult. Paleoclimate models differ in their results on glacial—
interglacial changes in amount and latitudinal distribution of precipitation. However,
summarizing common findings, model inter-comparison projects report on glacial dry-
ing being largest over the ice sheets and sea ice (Braconnot et al., 2007). Ice core
based reconstructions of precipitation rates may thus give an upper limit to glacial—
interglacial differences. For our model study, we use a revised version of the GRIP snow
accumulation rate (Fig. 7a) based on the GICC0O5modelext timescale (see Sect. S.3.1).
We use two different scenarios for adopting the ice core based precipitation changes
to the hemispheric precipitation pattern: (i) Precipitation in the Greenland ice sheet box
modulated by relative changes of the GRIP accumulation rate, but constant precipita-
tion rates in the residual northern hemispheric boxes. (ii) Precipitation in the entire high
latitudes boxes (60-90° N) modulated by relative changes of the GRIP accumulation
rate but constant precipitation rates in mid and low latitudinal boxes (0—60° N). How-
ever, '°Be model results of both scenarios do not differ by more than 2 %. This finding
is expectable given the model setup for the Greenland ice sheet: the diffusive air mass
transport between the Greenland boundary-layer air mass and the surrounding Arc-
tic basin boundary layer is inhibited (see Sect. S.1.6). Radionuclides in the Greenland
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boundary layer air are supplied by the free polar troposphere. Since the inventory of
radionuclides in the free polar troposphere is hardly modulated by polar boundary layer
sink strength, ice sheet boundary layer '%Be is not very sensitive to hemispheric pre-
cipitation changes.

3 Results for Greenland Summit

Finally, we present forward model results for the Greenland Summit '°Be ice concen-
tration covering the last 75 kyr. Since the GRIP and GISP2 '°Be ice core profiles are
widely used in different studies (e.g. Muscheler et al., 2004, 2005; Kdhler et al., 2006)
model-measurements comparison of the two Greenland Summit ice core records is
especially informative. However, for future investigations, model results can be easily
expanded for different sampling sites in Greenland and Antarctica.

3.1 Results

Modeled Greenland Summit '°Be ice concentration time series is shown in Fig. 7 to-
gether with the measured profiles from the GRIP and GISP2 ice cores (Finkel and
Nishiizumi, 1997; Yiou et al., 1997; Wagner et al., 2001a; Muscheler et al., 2004)
and the time-dependent model input data. The measurements have been corrected
for 1°Be decay (3.8 % at most for the last 75 kyr), revised AMS calibration (Nishiizumi
et al., 2007) and sample processing effects (see Supplement Sect. S.3.2 for details).
Neither the GRIP nor the GISP2 °Be measurements cover the observational period.
However, comparing our model results to firn core '°Be measurements from the GRIP
drilling site, we find that the model underestimates the recent %8¢ ice concentration
by 4 % (Heikkild et al., 2008b) and 6 % (Stanzick, 1996), only (firn core accumulation
rates taken from respective studies and solar activity taken from Usoskin et al., 2011).
In both cases, this divergence is dominated by the air—firn transfer model (4 % and 5 %)
which points to a good overall performance of the atmospheric model in reproducing
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the '°Be air concentration in Greenland. In case of the entire Holocene period, ab-
solute model-measurements differences are larger (see Fig. 7c) with the model un-
derestimating observed 19B¢ ice concentrations by 27 % (mean GRIP; median: 27 %;
inter-quartile range: 12 %) and 24 % (mean GISP2; median: 24 %; inter-quartile range:
14 %). Here the oversimplification of constant solar activity in the model simulations
may significantly contribute to the model measurements difference.

Focusing on glacial-interglacial changes of the '9Be ice concentration we compare
our model results to the observed ice core records on a normalized scale. In doing so
we use the major part of the Holocene period where GRIP '°Be measurements are
available (9361-355 yr b2k) as reference and divide the time series by this “Holocene”
mean. In case of the GISP2 record, measurements do not cover this whole period
and we use the GRIP Holocene '°Be ice concentration for normalization. Figure 7d
reveals that the model captures both dominant features of the measured '°Be ice core
records: (i) A factor of 2—3 rise in the '9Be ice concentration from Holocene to glacial
periods and (ii) the millennial-scale variability during the last glacial period related to
Dansgaard—-Oeschger events. During the glacial period, the model (normalized to the
Holocene) overestimates the GRIP and GISP2 by 19 % (mean: 22 %, inter-quartile
range: 39 %) on average. However, model-measurements residuals are not randomly
distributed around a constant offset but show some significant low-frequency oscilla-
tions (see Fig. 7e). The most prominent model-measurement difference occurs during
the (62—75kyr) b2k period, where the model (normalized to the Holocene) overes-
timates measured “Be ice concentrations by 65% on average (median: 74 %, iqr:
61 %). Here, smoothed model-measurements differences come up to 87 % of the ob-
served mean Holocene '°Be ice concentration. Moreover, the model significantly over-
estimates the observations in 12-37 kyr b2k (average: 31 % GRIP, 20 % GISP2) and
43-52 kyr b2k (average: 15% GRIP). On the other hand, the mean measurements-
model-differences are low during 37-43 kyr b2k and 52—-62 kyr b2k.
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3.2 Discussion

Given the large variations inherent to the '°Be ice concentration our basic model re-
produces the largest part of the observed '%9Be ice core records. It is of major interest
that the measurements-model differences do not show a constant offset over the en-
tire glacial period. In addition, correlation analysis with the GRIP 620 record (primary
reference for climate variability; Johnsen et al., 1997) reveals that the model accounts
for the major part of climate modulation: while the measured 19Be ice concentration
shows a significant negative correlation (GRIP: r = -0.75; GISP2: r = —0.90), model-
measurements differences (as shown in Fig. 7e) are less correlated to the stable iso-
topes record (GRIP: r = —0.38; GISP2: r = —0.43). This finding does also hold for the
glacial period, only, indicating that the model explains a major fraction of fast glacial cli-
mate variations (related to Dansgaard—Oeschger events). However, the multi-millennial
trends in the model-measurements differences (up to 87 % of the Holocene mean) call
for a detailed discussion of their likely origin. Deficient model input records as well as
unconsidered climate variations could basically account for this model-measurements
mismatch.

Analyzing the sensitivity of ice core '9Be to different processes, we firstly investi-
gate the share of the different model input records in the simulated 1%Be variability.
Figure 8 shows that the major part of the 19Be variations is driven by climate changes
(i.e. precipitation and snow accumulation changes) while geomagnetic modulation is
less decisive. Regarding the latter, only the Laschamp geomagnetic excursion around
42 kyr induces a prominent =1 peak up to +73 % of the overall Holocene mean °Be
ice concentration. Apart from that, the geomagnetic modulation is generally lower than
36 % which is comparable to the measurements-model differences. Indeed, focusing on
the (12-37) kyr b2k period, the geomagnetic dipole record applied in the model simula-
tions (GLOPIS75, Laj et al., 2004) would need average revision by +222 % to adapt the
model results to the measurements. This would result in a geomagnetic dipole moment
which would exceed the mean Holocene value. It is thus very unlikely that geomagnetic
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changes account for a major part of the model-measurements differences. The atmo-
spheric production of 19Be could however also hold multi-millennial modulation due to
solar activity. Though not explicitly varied in the model simulations, long-term trends
in solar activity could thus basically contribute to the model-measurements-differences
(see e.g. Vonmoos et al. (2006) for Holocene multi-millennial variations reconstructed
from 'C and 10Be). Indeed our model results show that the '°Be ice concentration is
more sensitive to solar activity than to geomagnetic changes (see also 2.1.4). How-
ever, regarding the (12-37) kyr b2k period, the (so far constant) solar activity would
require average increase by +72 % to explain the model-measurements differences.
We may thus conclude that production changes are not responsible for a large share
of the model shortcomings. This does not hold for climate modulation of the '%Be ice
concentration. Here, precipitation and snow accumulation changes modulate the simu-
lated '°Be ice concentration up to 400 % (Fig. 8a). The applied GRIP snow accumula-
tion record would require much less revision to account for the model-measurements-
differences (i.e. +30 % on average during (12—-37) kyr b2k). This larger sensitivity of the
'Be ice concentration is based on two different effects: lower accumulation rates dur-
ing the glacial period result in both, stronger (local) airfirn transfer and a lower Green-
land boundary layer atmospheric 1%Be sink (and thus higher 1%B¢ air concentration).
Investigating both effects, we find that the effect of stronger air—firn transfer falls below
the impact of a changing Greenland atmospheric sink strength (Fig. 8b). This finding
is however decisively based on the assumption that the atmospheric '%9Be sink in en-
tire Greenland resembles the local '°Be air firn transfer with respect to dry deposition,
aerosol scavenging and relative GRIP accumulation rate changes. Moreover, a major
assumption is linear scaling of the °Be deposition flux with precipitation (i.e. constant
scavenging efficiency). Assuming i.e. larger aerosol scavenging efficiency during the
glacial period would result in lower Greenland '9Be air concentration (larger sink) but
also in stronger air firn transfer. This twofold effect entails a low sensitivity of the %Be
ice concentration to changes in the dry deposition velocity and scavenging ratio. In con-
trary, unconsidered modulation of atmospheric transport could likely have additional
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share in the model-measurements-differences. Our model results predict a free polar
troposphere 19Be air concentration which is a factor of 15 higher than in the Greenland
ice sheet boundary-layer (see also Fig. 1 for "Be measurements). Vertical atmospheric
mixing is thus a decisive process influencing the '9Be air and ice concentration. Indeed
the model-measurements-differences during (12-37) kyr b2k could be explained by an
average reduction of the diffusive boundary layer-free troposphere coupling by 26 %,
only. It is thus very likely that model-measurements differences are related to climate
variability (see Table 1 for a summary of the sensitivity studies). Very precise knowl-
edge of changes in °Be atmospheric transport and deposition is thus a fundamental
requirement for '°Be ice core based reconstruction of geomagnetic and solar activity.

4 Summary and outlook

Within this study we present a climatological model approach of the '9Be ice concentra-
tion which allows for the first quantitative (subannual-resolution) simulations up to the
glacial-interglacial timescale. The model thus satisfies the demand for an easy-to-use
tool to support the interpretation of '9Be ice core measurements on long timescales. In
specifically configuring the model setup for ice core °Be, we coupled a (coarse grid)
model of the global atmosphere to a basic, measurements-supported air—firn-transfer
model. In addition to polar measurements of 10Be, comprehensive observational data
of different (cosmogenic, anthropogenic and terrigenic) short-lived aerosol-borne ra-
dionuclides on the global and polar scale have been applied for model calibration and
validation.

Investigating the production signal of '%Be in polar areas, our model results show
that °Be is not well mixed in the global atmosphere. In comparison to the global mean
atmospheric '°Be concentration, polar '°Be is less modulated by changes of the ge-
omagnetic dipole field (but more sensitive to solar activity). In case of Greenland, the
amount of this polar damping of the geomagnetic modulation of %Be comes up to
50 %, but significantly depends on the production rate calculations applied. Indeed,
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calculations based on Masarik and Beer (2009) and Kovaltsov and Usoskin (2010) pro-
duction rates reveal significantly different geomagnetic modulation of the global mean
19Be air concentration. However, model results using the different production rate cal-
culations coincide in the geomagnetic modulation of 9Be at polar latitudes. Recon-
structions of past geomagnetic activity based on ice core 19Be are therefore not very
sensitive to the production rate calculations applied. However, this does not hold for
solar activity induced changes of polar 19Be,

On the glacial-interglacial timescale, observed Greenland 'Be ice core records
show large variation of up to 400 % from the overall Holocene mean. Applying the
model to simulate the Greenland Summit (GRIP and GISP2) '°Be ice core records, we
could reproduce the major portion of these 19Be ice concentration changes. However,
multi-millennial trends in the (normalized to Holocene) model-measurements residu-
als come up to 87 % and call for further analysis. Focusing on the (12-37 kyr) b2k
(before the year 2000 AD) period, strong revision of the geomagnetic (+222 %) or so-
lar (+72 %) activity would be required to explain the measurements-model difference
of 30% on average. In contrast, the 19Be ice concentration is much more sensitive
to the Greenland snow accumulation rates or atmospheric boundary layer-free tropo-
sphere mixing (revision of +28 % or —26 % to account for the model-measurements
differences). We thus conclude that, model-measurements differences are very likely
related to climate variability. On pre-Holocene timescales, '°Be based reconstruction
of solar and geomagnetic activity thus requires detailed knowledge on climate-induced
changes of the '9Be ice concentration.

The model presented here has large potential to support interpretation of measured
'9Be ice core records within future studies. At first the handiness of the model setup
allows for further sensitivity studies on the effect of prescribed climate changes (e.qg.
atmospheric circulation) on ice core '%Be. Second, model applications on very different
timescales (sub-annual to several 100 kyr) enable direct comparison and combination
of different '°Be ice core records as well as interpolation of data gaps. Finally, the
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comparatively simple model setup allows for model inversion and thus direct recon-
struction of production- and climate related parameters from '%Be ice core records.

Supplementary material related to this article is available online at
http://www.clim-past-discuss.net/10/761/2014/cpd-10-761-2014-supplement.
pdf.
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Table 1. Required revision of model input records to account for the model-measurements dif-
ferences during (12—37) kyr b2k (30 % of the Holocene observations, combined GRIP-GISP2 C. Elsasser et al.
record). Note that, different to the geomagnetic dipole strength and the Greenland snow accu-

mulation rate, the original model input parameters for solar activity and the diffusive BL-FT do

not vary on multi-annual scale. Title Page
Parameter Revision during (12-37) kyr Abstract Introduction
b2k to explain model
measurements differences Conclusions il References
Geomagnetic dipole field +222 % Tables Figures
Solar activity +72%

Snow accumulation rate  +28 %
Diffusive BL-FT coupling -26%
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Fig. 1. Model validation using global observations of the "Be activity air concentration
(SCM = Standard Cubic Meter). (left): model-measurements comparison of mean "Be activ-
ity concentrations in boundary layer air. Different sizes and colours of measurements (circles
and squares) denote different quality of long-term mean values: high quality (time series longer
than 10yr, > 10 months of data per year on average), mean quality (time series longer than
3yr, > 9months of data per year on average) and low quality (shorter time series and litera-
ture data without details on sampling time). Circles denote mean values, squares represent
median values. Note that all elevated sites (> 1000 ma.s.l.) except South Pole station at 90° S
are excluded. Blue symbols show unpublished data from the global CTBT monitoring system.
These data allow for an independent model validation since sampling sites do not coincide with
data used for model calibration. Model results are shown as black lines and grey shaded areas.
Solid (and dashed) line denotes model results based on "Be production rate calculations by
Usoskin and Kovaltsov (2008) (and Masarik and Beer, 2009). The dark grey band indicates the
model uncertainty from aerosol sink calibration. Light grey bars denote the standard deviation
of the model results dominated by the seasonal cycle of the atmospheric concentrations. Model
results encompass the mean of 1950-2000 AD whereas measurements represent various pe-
riods. (right): vertical distribution of "Be in the northern atmosphere according to EML HASP
(2010) data (symbols) and the GRACE model (lines). Different colours denote different latitu-
dinal bands according to the model resolution: polar (blue; 60-90° N), mid (red; 30—60° N) and
tropical (green; 0-30° N). Different symbols represent the three different High Altitude Sampling
programs: stars (STAR DUST), squares (AIRSTREAM) and crosses (ASHCAN).

Data: Kolb (1992), Durana et al. (1996), Megumi et al. (2000), loannidou et al. (2005), Wer-
shofen and Arnold (2005), Kulan et al. (2006), Kulan (2007), Feely et al. (1981, 1985, 1988),
Larsen and Sanderson (1990, 1991), Larsen et al. (1995), Feely et al. (1967), Leifer and Juz-
dan (1986), Leifer (1992), Chae et al. (2011), Elsasser et al. (2011), Leppénen et al. (2012),
Doering (2007), and references therein.
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Fig. 2. Comparison of measured (red circles) and modeled (black lines) 'Be air concentration
time series (a) in Braunschweig, (b) at coastal Antarctica (Neumayer Station) and (c) at Green-
land Summit Station (near GISP2 drilling site). Model results clearly match both features of the
measurement time series, seasonal variations and decadal production changes. Note that the
Greenland and Antarctic model results are tuned to the overall mean ’Be air concentration. In
case of Braunschweig (52° N) model-measurements comparison, the shown model results are
40-50°N.
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Fig. 3. Modeled influence of the geomagnetic dipole field changes on atmospheric '%Bg illus-
trating the effect of atmospheric mixing. The left and right panel differ in the production rate
calculations applied in the model simulations (Kovaltsov and Usoskin, 2010; Masarik and Beer,
2009). Different lines show the global mean '°Be air concentration (black) and local '°Be air
concentration on the Greenland (light blue) and Antarctic (deep blue) ice sheet. Solar activity is
held constant at 550 MV. Note that the uncertainty of aerosol sink calibration (shown in Fig. 1)
does not significantly influence the here shown results.
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Fig. 4. Mean '°Be ice concentrations from various sites in Antarctica plotted against corre-
sponding (inverse) snow accumulation rates (given in water equivalent). Filled dots refer to
published data while open circles represent unpublished data. (a) Originally published values
without any correction. Error bars denote the standard deviation of the respective time series.
(b) Mean '°Be concentrations corrected for different time coverage and AMS measurement
standards (see Sect. S.2.2 for details). Here, error bars show an average AMS uncertainty of
5 %. Note that, different to (a), 9Be data sets which lack from information on the AMS calibra-
tion standard used for measurements are disregarded. The straight line denotes a linear fit to
the data and the dark grey shaded area depicts the formal fitting error. Light grey shaded area
is based on 25 % higher and lower slope (and y-interception) and covers all data points (except
two outliers: 12 % of total number). Data: Steig (1996); Bard et al. (1997); Aldahan et al. (1998);
Smith et al. (2000); Nishiizumi and Finkel (2007); Horiuchi et al. (2008); Baroni et al. (2011); Pe-
dro et al. (2012); Steinhilber et al. (2012). Further accumulation rate data: Jouzel et al. (1979);
Sommer et al. (2000); Hamilton (2002); Pourchet et al. (2003); Oerter et al. (2004); Fernandoy
et al. (2010).
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Fig. 5. Spatial distribution of mean '°Be firn concentrations measured within (a) Greenland and
(b) Antarctic traverses. While solid lines denote linear fits to the here shown measurements,
dashed lines depict the linear fit to Antarctic-wide data shown in Fig. 4. In both cases, Greenland
and Antarctica, different symbols denote different traverse surveys: (a) NGT west (), NGT east
(a), EGIG east (o). (b) Kohnen upstream (), JASE (o) (see Sects. S.2.3 and S.2.4 for details).
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Fig. 6. Sketch of our basic model approach to simulate '°Be ice core records on the glacial-
interglacial timescale. The model setup of the atmosphere is presented in Sect. 2.1 whereas
the air-firn transfer model is put forward in Sect. 2.2. Model input records are discussed in
Sect. 2.8.
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Fig. 7. Model results of the '9Be ice concentration at Greenland Summit compared to respective
ice core measurements. Figures (a) and (b) show the model input data driving the temporal
variation of the model results: GRIP accumulation and geomagnetic dipole field strength (Laj
et al., 2004) both on the GICC0O5modelext timescale (see text for details). Figure (¢) shows the
'%Be model results (blue) compared to GRIP (red dots; Yiou et al. (1997), Wagner et al. (2001a),
Muscheler et al. (2004)) and GISP2 (orange dots; Finkel and Nishiizumi (1997)) measurements.
The blue band denotes the original model results including the seasonal cycle. Thick blue
lines show yearly mean model results. Figure (d) shows model results and measurements
normalized to the Holocene period. Model-measurements differences of (d) are shown in (e)
relative to measurements. Here, thick lines denote Gaussian smoothing which dampens 2000 yr
oscillations to 0.1 %.
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Fig. 8. Sensitivity of Greenland Summit '°Be ice concentration model results with respect to
different influencing processes. (a) Model results using constant geomagnetic activity (climate
forcing only, orange) compared to model results with constant precipitation/snow accumulation
rate (production forcing only, black) and full forcing (blue). (b) Breakdown of climate modulation

into air—firn-transfer (red) and atmospheric sink strength (light red).
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