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Abstract. Reconstruction of solar irradiance has only beenthan 20 % at mid- to high latitudes, but by up to 50 % in the
possible for the Holocene so far. During the last deglacia-tropics. We conclude that on “long” time scales (a year to
tion, two solar proxies!fBe and!“C) deviate strongly, both a few years), climatic influences dfiBe deposition remain

of them being influenced by climatic changes in a differentsmall (less than 50 %) even though atmospheric concentra-
way. This work addresses the climate influence'%e de-  tions can vary significantly. Averaged over a longer period,
position by means of ECHAM5-HAM atmospheric aerosol- all 19Be produced has to be deposited by mass conservation.
climate model simulations, forced by sea surface temperaThis dominates over any climatic influences ¥Be depo-
tures and sea ice extent created by the CSIRO Mk3L coupledition. Snow concentrations, however, do not follow mass
climate system model. Three time slice simulations wereconservation and can potentially be impacted more by cli-
performed during the last deglaciation: 10000 BP (“10k”), mate due to precipitation changes. Quantifying the impact of
11000 BP (“11k”) and 12000 BP (“12k"), each 30yr long. deglacial climate modulation of¥Be in terms of preserving
The same, theoreticd®Be production rate was used in each the solar signal locally is analysed in an accompanying pa-
simulation to isolate the impact of climate fBe depo-  per (Heikkila et al. 19Be in late deglacial climate simulated
sition. The changes are found to follow roughly the reduc-by ECHAM5-HAM — Part 2: Isolating the solar signal from
tion in the greenhouse gas concentrations within the simulal®Be deposition).

tions. The 10k and 11k simulations produce a surface cool-
ing which is symmetrically amplified in the 12k simulation.
The precipitation rate is only slightly reduced at high lati-
tudes, but there is a northward shift in the polar jet in the
Northern Hemisphere, and the stratospheric westerly wind
are significantly weakened. These changes occur where th

sea ice change is largest in the deglaciation simulations. Thi§he atmosphere responds to changes in cosmic ray intensity

leads to a longer residence time’8Be in the stratosphere i - .

by 30 (10k and 11k) to 80 (12K) days, increasing the atmo-Wh'Ch again is mo_du_lated by _solar activity and the strength
spheric concentrations (25-30% in 10k and 11k and 100 %Of the geomf’agne_tlc f|e|.d. Their _transporF from the source to
in 12k). Furthermore the shift of westerlies inthetropospherenatural arch|yes 'S.SUbleCt to cl!matc_)log!cal modulation: at-
leads to an increase of troposphéeiiBe concentrations, es- mospheric c'|rculat|on anq prec!pltatlon in the casée
pecially at high latitudes. The contribution of dry deposition gnd reservoir exchange times in the casé“@l. Compar-

. ; ison of both radionuclides allows for the separation of the
generally increases, but decreases where sea ice changes ar 0 X

I duction, or solar, signal from the climate mod-
largest. In total, thé®Be deposition rate changes by no more common pro ’ ' .
g P 9 y ulation. Recent results show that during the Holocene the

1 Introduction

osmogenic radionuclides, such’@8e and'“C, are com-
monly used proxies for solar activity. Their production rate in

Published by Copernicus Publications on behalf of the European Geosciences Union.



2642 U. Heikkila et al.: 1°Be in deglaciation — Part 1: Climatological influence

climate impact remains relatively small and that the solar sig-Table 1. Global mean greenhouse gas concentrations (used as forc-
nal can be retrieved (e.gRoth and Jogs2013 Steinhilber ing for the simulations), surface temperature and precipitation rate
et al, 2012. However, extending the solar forcing function (model results from the simulations).

to the last deglaciation becomes challenging, as large dis-

crepancies arise betwe&tC and!®Be (e.gMuscheler et a). crl 10k 11k 12k
2004. The reason for these differences has to be understood Greenhouse gas concentrations

before the solar forcing function can reliably be extended to CHja (ppb) 760.0 7029 7013 479.3
this period. CO, (ppm) 280.0 265.0 263.0 240.6

In order to address the sensitivity ¥iBe deposition onto N20 (ppb) 2700 269.9 2678 242.3
. . . . Surface temperaturéQ) 15.2 14.4 14.1 12.5

p_olar ice shee_ts_to climate ch_ange_s, we perform tw_ne slice Precipitation rate (mmdag))  3.06 298 296  2.85
simulations within the deglacial climate at three different
stages: 12 000BP (years before 1950 CE), 11000 BP and
10000 BP. A preindustrial control simulation is also per-
formed for comparison. These simulations are referred to as Comparison of:°Be and'“C during the Younger Dryas
“ctrl”, “12k”, “11k” and “10k” throughout the manuscript. has previously been used to detect changes in North At-
The model employed is the ECHAM5-HAM aerosol—climate lantic deep-water formation and the carbon cydeigcheler
model. This incorporates the aerosol module HAM, which €t al, 200Q 2004; however, both'°Be and‘C are influ-
describes aerosol emission, physical and chemical as wefnced differently by changes in climatic conditions, which
as deposition processes. This model only describes the ahampers the detection of the common solar signal. A re-
mosphere and hence requires the sea surface temperaturegnt study byRoth and Joog2013, employing a three-
and sea ice cover to be prescribed. In this study these varidimensional dynamical carbon cycle model, showed that
ables were generated using the CSIRO Mk3L climate systen¢limate-related changes in the carbon cycle lead to signif-
model, which comprises components describing the atmoicant deviations from previous estimates6€ production
sphere, land, sea ice and oce®hipps et al.2011, 2012). rate in the early Holocene. To the best of our knowledge, this
ECHAMS5-HAM resolves aerosol processes explicitly. This is the first model study to addre$®Be deposition changes
is important in order to obtain a realistic picture of aerosol due to climate changes beyond the Holocene.
deposition and its climate modulation, but at the same time
it increases the runtime of the model. Such a time-slice ap-
proach focusing on periods of special interest, such as th@ Description of the simulations
Last Glacial Maximum or the mid-Holocene, is commonly
used in model intercomparison experiments (&tacon-  Boundary conditions for the ECHAM5-HAM simulations
not et al, 2012, or when addressing questions such as at-were obtained from simulations of the pre-industrial ctrl,
mospheric particle transport under a changing climate (e.g10k, 11k and 12k climates, conducted using the CSIRO
Krinner et al, 2010 Mahowald et al.2008. MK3L climate system model. The model was integrated for

The focus of this study is to investigate the impact of the 5000 yr in each case to let the system reach thermal equi-
deglacial climate od°Be deposition. The reconstructing of librium, and the last 35 yr were then used to provide bound-
the solar signal from thé°Be deposition rate during this ary conditions for the ECHAM5-HAM simulations of the at-
period is addressed in an accompanying papleikkila et mosphere. For each time slice simulation, the CSIRO Mk3L
al.,, 2013h. In order to be able to distinguish the imprint of simulations used constant orbital parameters and GHGs (ob-
climate only, and also because the actual solar activity andained fromLiu et al, 2009 see Tablel). Land ice extents
therefore thé®Be production rate are unknown, we use the were prescribed according to ICE-5G reconstruction v1.2
same (theoretical) production rate in all simulations. This (Peltier 2004. No changes were made to the global sea level
means that even if the model climate in each time slice simu-or to the positions of the coastlines.
lation is quite different, the global meaPBe deposition rate The ECHAM5-HAM atmospheric model used sea sur-
will be equal due to mass conservation. Because of this dace temperatures (SST) and sea ice cover generated by the
direct comparison with measuré®Be concentrations is not CSIRO Mk3L model as ocean boundary conditions. The
possible. In terms of climate these time slice simulations pro-GHGs, orbital parameters, orography and land sea mask
duce typical climatic conditions given the boundary condi- were set to the same values as in the CSIRO Mk3L sim-
tions determined by greenhouse gas concentrations (GHGslations. The SSTs and sea ice were updated monthly.
orbital parameters and aerosol load. The internal climateAerosol load was set to preindustrial values for the simu-
variability produced by the model will be representative in lations and was taken from the AEROCOM aerosol model-
a statistical sense under these boundary conditions, althoughtercomparison experiment B, available fatp://nansen.
the actual timing and magnitude of individual weather eventsipsl.jussieu.ffAEROCOMThe ECHAM5-HAM model was
will not be reproduced. run for 35yr, of which the first 5 yr were used to spin up the

model and discarded. The following 30 yr were used for the
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analysis. The horizontal resolution used was the T42 spectrataple 2. Global mean budgets éfBe.
resolution, corresponding to ca. 2.8 degrees or ca. 300 km.

The model top was at ca. 30km, including 31 vertical lev- ctrl 10k 11k 12k
els. The model output_was analysed monthly. In order to -~ ~. " production in stratosphere (%) 69 70 70 71
analyse the atmospheric transport patiQe from source Wet to total deposition (%) 88 88 88 87
to archive, the source regions #Be were divided into 6 Residence time stratosphere (d) 358 386 390 432
compartments: polar, mid-latitude and tropical in both the Residence time troposphere (d) 2 24 23 25
stratosphere and the troposphere, followkigikkila et al. Content stratosphere (g) 58 63 64 71
P posp i Content troposphere (g) 52 54 55 57

(2009 and Heikkila and Smith(2012. 1°Be produced in
these source regions was treated as a separate tracer, and
therefore the exact location and timing of deposition could be Global mean surface temperature vs. precipitation
followed. Scavenging parameters were adjusted to allowfora 351 x
more realistic particle transport towards the poles, following
Bourgeois and Bey2011). 11k . 7

The %Be production rate on the monthly scale was con- 4l 2 o ﬁz
structed using a low-frequency solar activity parameber o
based on a reconstruction of tf&C production rate, and a
modern 11-year cycle was added on top. This leads f8a
production rate which is ca. 70 % larger than the known pro-
duction rate during the last ca. 30yr (see digikkila and
Smith, 2012.
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3.1 Global means and budgets Fig. 1. Simulated global and annual mean precipitation (circles) re-
sponse to surface temperature change between the simulations. Sim-

Table 1 summarises the global mean temperatures and preulated global and annual meaPBe deposition (crosses) response
cipitation rates over each 30yr period. It is clear from the to temperature change. Each marker presents an individual year.
results that the global mean temperature closely follows the
GHGs. The GHGs during 10k and 11k are fairly similar,
leading to a cooling of ca. 1 degree from ctrl. The 12k sim-and the troposphere in these simulations is slightly larger
ulation is cooler, 2.7C degrees relative to ctrl, due to a than modern values due to the higher production rate.
larger reduction in the GHGs. These differences are some- During the deglaciation the stratospheric fraction of
what larger than the 038 global cooling during the Younger production is slightly increased (1-2%) due to a lower
Dryas (12.9 to 11.7 ka BP) reported Byrakun and Carlson tropopause height. Again, this change is larger during 12k
(2010. An explicit comparison is hard because the modelthan 10k and 11k. Moreover, the fraction of wet to total de-
simulations present two 30yr snapshots during this periodposition is decreased to 87-88 % in all simulations, which
Shakun and Carlsof2010 analysed all available proxy data is a reduction relative to the typical simulated present-day
worldwide, but large areas, especially oceans, are still unvalue of 91-92 % produced by this modeéleikkila et al,
covered. Because of this their global mean change would b@009. The stratospheric and tropospheric residence times
milder if ocean temperatures were given more weight. How-are both increased (from 358 to 386—-432 days in the strato-
ever, the model simulations presented here have been fullgphere, from 22 to 23-25 days in the troposphere), leading to
equilibriated, and hence the magnitude of the cooling mighthigher atmospheriEOBe content by 22 % in the stratosphere
exceed the transient response of the climate system. and 10% in the troposphere; see TaBleThis is likely to

The precipitation rate varies less between the simulationsbe due to circulation changes which will be discussed in the
however, a linear response to cooling, albeit a weak one, igollowing section.
evident (Fig.1). Table2 summarises the global meafBe
budgets over each 30 yr period. The ctrl simulation produces3.2 Changes in atmospheric circulation
results consistent with other model studies for the present-
day climate: ca. 2/3 o¥%Be is produced in the stratosphere, We first investigate the general state of climate in the
and the residence time is of the order of one year in thedeglaciation simulations compared with the control climate.
stratosphere and ca. three weeks in the troposphere (e.gigure2 shows the zonal mean temperature change relative
Heikkila and Smith2012 Koch et al, 2006 Land and Fe- to ctrlin all simulations. The 10k and 11k simulations show a
ichter, 2003. The total content of%Be in the stratosphere moderate cooling (1-XC) in the tropical upper troposphere
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Fig. 3. Top left: Zonal wind in the control simulation (nT3$).
The remaining: Difference from control (r$). The zonal mean
tropopause height in the control simulation is indicated with the
black dashed line.

Fig. 2. Top left: zonal mean temperature in the control simulation
(°C). The remaining: difference from contrgI). The zonal mean
tropopause height in the control simulation is indicated with the
black dashed line.

control 10k - control

50
and a warming (1-2C) in the stratosphere. The cooling is

slightly increased in the 11k simulation, including a cooler
region in the northern high-latitude lower levels. This pattern
is intensified in the 12k results, with the 50<%0lower level
cooling becoming stronger. A surface cooling and strato-
spheric warming in response to reduced atmospheric GHGs
is consistent with the nature of the observed response to
increased GHGs during the 20th centuiiygnberth et aJ.
2007. Zonal mean westerly winds (Fi®) show a simi-

lar response: a slight weakening (ca. 2m)sof the South-

ern Hemisphere (SH) mid-latitude and Northern Hemisphere
(NH) low-latitude stratospheric winds and a slight intensifi-
cation (ca. 1 m3?t) in the troposphere (10k and 11k). In the
12k results, again, these changes are intensified. The NH po-
lar jet is shifted by ca. Stowards the north. A similar shift, Fig. 4. Top left: Precipitation rate in the control simulation
although weaker, is observed in the SH mid-latitude jet. The(mm day1). The remaining: difference from control (%).
weakening of the stratospheric winds leads to a slower cir-

culation and hence less efficient particle transport, causing

the stratospheric residence time'8Be to increase by up to  Atlantic Oscillation (NAO) in the North Atlantic sector and
ca. 80days (Tabl#). the Southern Annular Mode (SAM) south of 2 the SH,

The shift found in the NH tropospheric westerlies can pos-Fig. 5) does not exhibit significantly larger variability in the
sibly be connected to the position of storm tracks and theredeglaciation simulations than in the control, suggesting that
fore to precipitation patterns. However, no such shift is obvi- the internal climate variability described by these modes did
ous in the precipitation rate (Fig), nor in the sea level pres- not change significantly.
sure (not shown). There is a general decrease (up to 50 %) in The differences between the simulations seem fairly sym-
the simulated precipitation rate in the mid- and high latitudesmetrical except for the shift of the zonal wind in the NH tro-
(both NH and SH), in agreement with the cooling caused byposphere poleward of 80 The reason for this asymmetry
the lower GHG concentrations (see Fl. At low latitudes, = might be the larger sea ice content in the deglaciation sim-
however, there is an increase in precipitation of up to 50 %,ulations, especially in the NH (Fid). Sea ice conditions
mostly in dry areas (Sahara, west of the South American andéhfluence atmospheric circulation patterns, such as sea level
African continents). In order to study the intensity of inter- pressure, strength of the westerlies and position of the storm
nal climate variability we performed an empirical orthogonal tracks, in the northern mid- and low latitudes and even glob-
functions (EOF) analysis for the sea level pressure. The firsally via teleconnections affecting large-scale circulation pat-
EOF of the sea level pressure (SLP, associated with the Nortkerns such as ENSO (e.g4lexander et al.2004 Bluthgen
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Control 10k 1k 12 Control 10k 1k 12 Fig. 6. Fractional sea ice cover in the deglaciation simulations as

| prescribed by the CSIRO Mk3L model (fraction): top left: control

Fig. 5. Empirical orthogonal function (EOF) analysis of sea leve simulation and the remaining: difference from control (fraction).

pressure for the North Atlantic region (North Atlantic Oscillation,
NAO) and the Southern Hemisphere latitude§ 8690 S (South-
ern Annular Mode, SAM). The top subplots show the first EOF of control 10k - control
the sea level pressure (SLP, in Pa), and the bottom subplots the first == T = o
principal component (PC, in Pa) and the variability it explains for
the respective areas. The standard deviation (“std”) is shown for
each 30yr period.

et al, 2012 Budikovg 2009 Screen and Simmongd2010.
However, we find a decrease in geopotential height at the sur-
face, where the sea ice increase is largest both in the NH and
the SH, although the anomaly is visible at 500 hPa only in
the NH. Thus the 1000-500 hPa thickness is reduced in the
deglaciation simulations due to increased sea ice. The reduc-
tion is largest near the Hudson Bay area, where sea ice differ- -
ences are the most pronounced (up to 30 %). This is consis-
tent with Overland and Wan¢§2010, who found the thick-
ness to increase due to sea ice loss in the Arctic. Furthermoresig. 7. Top left: 19Be deposition in the control simulation
a shift in the tropopause height is seen &@t/85This suggests  (atoms 2 s~1). The remaining: difference from control (%).
that the anomalous NH temperature, shift in the westerlies
and longer atmospheric residence time'®Be result from
the increased sea ice in the deglaciation simulations. shows the global and annual me&?Be deposition flux
(crosses) as a function of mean surface temperature for each
3.3 Circulation influence on atmospheric distribution of ~ year of each simulation. No relationship between global
10ge mean temperature andBe deposition is obvious because
the amplitude of the 11yr cycle dominates the changes in
The changes found in climatic conditions of the deglacia-temperature or precipitation rate. If averaged over the entire
tion simulations, the weakening of the stratospheric jets,30yr period, thel®Be deposition change is zero, as deter-
the northward shift in the westerlies and the changes inmined by the fact that the production rate is the same. Hence,
tropopause height all have the potential to affect particlea simple linear relationship between mean climate g
transport and deposition and hent®e. In the following  deposition cannot be assumed.
we investigate the modelled changes!fiBe between the Figure 7 illustrates the mean change ¥Be deposition
deglaciation simulations and the control climate. Firstly we flux. Because the production rate’88e was the same in all
investigate whether the general relationship between GHGssimulations, the global mean change equals 28Re depo-
surface temperature and precipitation rate could be used teition is not significantly changed at mid- to high latitudes in
predict thel®Be deposition under different climatic condi- the 10k and 11k simulations. It is increased by up to 10 %
tions. In addition to temperature and precipitation, Fig. in the NH over Siberia and Greenland, with the exception of
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Fig. 8. Top left: wet fraction in the control simulation (i.e. wet de- Fig. 9. Top left: sum of dry deposition and sedimentation in the con-
position divided by total deposition dBe (-)). The remaining:  trol simulation (atoms m?s~1). The remaining: Difference from
difference from control (%). control (%).

Scandinavia and the Hudson Bay area (10 to 30 %), where h blished ion betwd®e and
changes in sea ice extent are largest. In the SH%Be de- Due to the established connection betw and pre-

position is decreased by up to 20 % over the Southern Oceaﬁipitation variability, it can be assumed that precipitation

but generally increased over Antarctica (up to ca. 10 %). Thechanges in a deglacial climate drfiBe deposition changes.

change in deposition is larges 30 %) in the tropical region The changes iA%Be deposition partly follow the precipita-

and its sign varies. Then the difference in deposition in thetion change, especially in the tropics (Figsand?7). Also,

12k simulation is similarly distributed but more pronounced the p?ﬁ't'vpf chaggre] overdGreenIand and the negfatlve on_ehO\;]er
than in the 10k and 11k simulations, especially at low lati- Scandinavia and the Hudson Bay area are consistent with the

tudes. However, the simulated change at 12k becomes negg_recipitation change. However, the precipitation changes at

tive over North America, whereas it is slightly positive at 10k %ggea;i;%ggg;hgﬁaizilgr?; h?le( S";’gﬁgl;‘c’ nneogtasti(\egnplpef:ri];

and 11k. Over Greenland the deposition increases less at 12k~ ;
than at 10k or 11k. itation change at 12k over North America does not corre-

spond to the'®Be deposition increase there. Talllshows

The spatial variability of°Be deposition follows precipi-
P y P precip that the global mean fraction of wet to tof@Be deposition

tation variability, as Figs4 and7 also show. Itis aninterplay <", iiar in all simulations: h it is reduced f h
of precipitation rate and atmospheric concentration¥Bé. Is similar in all simulations; however, it is reduced from the

Due to the highef%Be concentrations in the stratosphere, present-day value O.f 91._9.2 O/H.Qikk"a et al, 2009' Fig-
the location of the stratosphere—troposphere exchange domy_reS shows the spatial distribution of the change in wet frac-

nates the spatial variability. The maximunifiBe deposition tion relative to ctrl. The change is small but roughly follows
is found in the mid-latitudes (30-50! and S), where the the precipitation change. In Scandinavia and the Hudson Bay

precipitation rate is high and the stratosphere—tropospher@rea the wet Braction isi_n_cregsed (10%) instead of Qecrea_sed,
exchange is also strongest. There is a secondary maximun’?llthough theé%Be deposition is decreased, Sl}ggestmg a d||g-
in the tropics due to the maximum precipitation rate; how- tion effect. In Greenla_nd, where the deposmon change_ dif-
ever, thel%Be air concentrations are low due to the convec- €S from the surrounding areas, no change is apparent in the
tive uplifting of air from the surface, whef@Be production wet fraction. In total the wet fraction chgnge remains small
is minimal. The temporal variability of°Be deposition has (up to 159%), but locally the dry deposition and sedimenta-

been studied in detail bifeikkila and Smith(20133. They ~ ton increase by over 30 % (Fi). However, wet deposition
show that!®Be deposition strongly correlates with precipi- remalnshthe dominant m_ethoifg re(:jmova_ll_BBedf;fom the
tation rate on short time scales (monthly). On annual time2tMosphere. To summarise, tfde deposition differences

scales the correlation is reduced and the temporal variabiIity(-’lohb":ll_Iy are o:ug to ahcombmat!on of %r(;uprl;cat!on and a.tmo—
is mostly driven by the production variability. The tempo- SPNeric circulation changes, triggered by the increase in sea

ral variability of 1°Be deposition in this study is addressed ice extent. . . .
in more detail in the accompanying papetefkkila et al, The circulation changes at mid- and high latitudes largely
20131, affect particle transport and dry deposition, which cause the

air concentration of%Be to increase (Figl0). The largest
increase in concentrations is found in the tropical tropopause

Clim. Past, 9, 26412649 2013 www.clim-past.net/9/2641/2013/
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Fig. 10.Top left: zonal meart9Be air concentration in the control ~ Fig. 11. Top left: zonal mean age of air derived from tHBe/'Be
simulation (atoms kgl). The remaining: Difference from control in air in the control simulation (days). The remaining: difference
(%). The zonal mean tropopause height in the control simulation isfrom control (days). The zonal mean tropopause height in the con-
indicated with the black dashed line. trol simulation is indicated with the black dashed line.

L . . mainly transported into the troposphere via the mid-latitudes
region, indicating a weaker stratospheric transport. Outside,,q deposited equally between the C=2®id 3060 lat-

of these_regions there is a rat_her hgmogeneous incre_ase flide bands in each hemisphere. The tropospheric produc-
ca. 5% in the 10k and 11k simulations. In the 12k simu- o of 198¢ is mostly deposited locally, and the neighbour-
lation, however, the increase in the tropical tropopause rejq |atitude bands and rarely makes it to the opposite hemi-
gion is much I?rg_er at up to 80%, and a significant in- gnhere The figure shows that the differences between the
crease (ca. 40%) is also apparent in the upper tropospheigynirol simulation and the deglaciation simulations are fairly
at high latitudes. Thé%Be concentrations are also increased small. In the SH the production and deposition distribution
throughout the stratosphere. These changes follow the pale practically unaffected by climatic changes in these simu-

tern of change of age of air between the siml%lations, de1ations. The circulation change can be seen in latitude bands
rived from the modelled°Be/'Be ratios (Fig11). 1Be and  3q_gg3 N and 6096 N, where the fraction of locally pro-

_7Be are produced in anear-constant ratio (gradually decreagyced tropospherit®Be in deposition is reduced by up to
ing from 0.3 at ca. 30km altitude to 0.8 near the surfaceg o, and exchanged within the next latitude band (more of the
(Heikkila et al, 2008) which increases becauéBe decays 108e produced at 30—6N is deposited at 60—9M and vice
with its half-life of 53.2 days. The largely increased age of airversa). The reduced deposition and longer residence time al-
in the stratosphere is consistent with the reduced strength qf, s for more longer-range transport within the troposphere.
stratospheric ;onal winds (Fig). The diff(_arences are small-  The stratospheric production 8%Be (ca. 2/3 of the total),
est at high latitudes where the production of néBe and  \yhich is also the most heavily modulated, is unaffected by
Be decreases the mean ratio. , _ the deglacial climate. The fairly large differences in atmo-
These changes in atmospheric circulatiéhBe air con- spheric circulation found within the 10k, 11k and 12k simu-
centration and the transport path $iBe from source 10 |ations do not influencd®Be transport as much as between
archive can potentially influence the mixture ¥8e from  yhe control and any of the deglaciation simulations. These

different atmospheric source regions in deposit?8_Be Pro-  differences are comparable in amplitude with those caused
duction varies by orders of magnitude across latitude and alpy gitferent model resolutions or realisationsHeikkila and
titude. Furthermore, the production is more strongly mOdu'Smith(2012).

lated by varying solar activity at high latitudes and altitudes,

where it is highest to begin with. Therefore, a change in the

source-to-archive atmospheric transport patd%fe could 4 Summary and conclusions

lead to a catchment dfBe from a production area reflect-

ing solar activity with a different amplitude from the global This study investigates climatic influences HiBe deposi-
mean production. Figurg? illustrates the source-to-archive tion during the last deglacial climate. Three time slice sim-
distribution of19Be for each of the simulations. The general ulations were performed, each of 30 yr duration: 10 000 BP
distribution in these simulations is very similar to the pre- (10k), 11000 BP (11k) and 12 000 BP (12k). These simula-
viously studied present-day situatiortdefkkila and Smith  tions were compared with a control (ctrl) simulation repre-
2012 their Fig. 12):19Be produced in the stratosphere is senting the preindustrial climate. The model employed was
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W 50-505 I 55-605 I 0-505 | o-on I 500N Me0-501] crease in sea ice extent in the deglaciation simulations, lead-
ing to anomalies in geopotential height and shifts in the po-
sition of the polar jet. In the Southern Hemisphere (SH) the
7 disturbances due to increased sea ice are only evident near
7 the surface.

] Despite the changes found in atmospheric circulation and
i the regionally varying response &Be air concentrations,

8 the source-to-archive distribution is fairly similar in all sim-

8 ulations. The largest change was found in the NH polar tro-
8 posphere due to the reduc&Be deposition, leading to up

. to 8 % less deposition of locally produc¥Be, compensated

for by an increase of 0-3WN 1°Be. Most1%Be produced in

the stratosphere is deposited betweeh$and 60 N, unin-

Fig. 12.Percentage of°Be, produced in a given atmospheric com- fluenced by the deglacial climate. Generally the longer resi-
partment ¢ axis, “STR” indicates the stratosphere), which is de- dence time in the deglaciation experiments allows for slightly
posited at a given latitude band (legend) in the “ctrl”, “10k”, “11k” increased long-range tropospheric transport in the NH. Due
and “12k” simulations. to the longer stratospheric residence time, the mixing of the
large production gradients dfBe along latitude is more
thorough.
the atmospheric ECHAM5-HAM aerosol—climate model, These results indicate th&tBe deposition is mostly de-
driven by sea surface temperatures and sea ice cover préermined by mass balance. If the production rate does not
duced by the coupled CSIRO Mk3L atmosphere—ocean—seahange, the global mean deposition change will be zero. Re-
ice—land surface model. This paper, presenting the first pargjionally the changes might be significant, but our results
of this study, focuses on changes in atmospheric mean circufound only slight evidence for that. The increase in dry de-
lation and climate and their impact on the atmospheric dis-position by up to 50 % locally did not influence the spatial
tribution and deposition of°Be. The second partgikkila deposition variability much, because its total contribution re-
et al, 2013D investigates the influence of deglacial climate mains small (12-13 % in all simulations). Varying climatic
on1%Be deposition in terms of preserving the solar signal. Inconditions and atmospheric circulation mainly affect the at-
order to separate the pure climate modulatiod%fe, and  mospheric residence time (80 days at most in these exper-
also because the solar activity during the deglaciation is notments), leading to a later deposition and a more thorough
known,1%Be production was kept the same in all simulations. mixing of 1°Be. However, averaged over a few years, this
Hence the results are not suited for comparison with actuakffect is smoothed out. In fact, the longer residence time
observations. in colder climates leads to an increased mixing'Be in
Generally the results follow changes in the GHGs. Surfacethe atmosphere and therefore a more homogeneous deposi-
temperatures are colder and the precipitation rate reduced ition pattern. Combining all these changes, the total deposi-
the 10k and 11k simulations from ctrl, and these differencegion change was maximally 50 %. This is in agreement with
are amplified in the 12k simulation. Similarly, stratospheric the results ofAlley et al. (1995, who found only moderate
zonal winds are weakened in the 10k and 11k simulationschanges if°Be during the Younger Dryas.
and more so in the 12k simulation. Moreover, there is a north- Given these resultd®Be deposition flux would be the op-
ward shift of westerly winds in the Northern Hemisphere up- timal proxy for solar activity in an ideal archive because,
per troposphere. This decreases the precipitation change Idellowing mass balance, the atmospheric productiot’Be
cally in Scandinavia and the Hudson Bay area, leading to awill have to be deposited at the surface within a few years.
decreased®Be deposition in these areas, although?®e  In case of!®Be snow concentrations the mass balance does
deposition is generally decreased at mid- and high latitudesnot necessarily hold due to potential changes in precipita-
Sea ice changes increase the fraction of wet deposition tdion rate. In reality, however, th¥Be deposition flux has to
total as opposed to the surrounding areas, where dry depdse derived from the reconstructed snow accumulation rate,
sition is increased due to reduced precipitation rate. The rewhich adds some uncertainty to the record. This uncertainty
duced stratospheric winds lead to a redut¥se transport, depends on each record and one has to refer to the original
increasing the stratospheric residence time by 30 (10k angbublications to quantify it.
11Kk) to 80 (12k) days. Tropospheric residence time is also in-
creaged by.afew days, mainly at m|d- to high Iat't.Udes due toAcknowIedgementsThis work was supported by an award under
the circulation changes. Atmospheric concentrationBé  he Merit Allocation Scheme of the NCI National Facility at the
are strongly increased-(50 %) in the upper troposphere at aNU.
mid- to high latitudes and in the tropical tropopause region.
These circulation changes seem to be attributed to the inEdited by: V. Rath
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