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Abstract. When dating marine samples witHC, the  has to be taken into account in the conversion from radiocar-
reservoir-age effect is usually assumed to be constant, albon age to calendar age.
though atmospheri¢*C production rate and ocean circula-  Present-day (PD) reservoir ages average globally at about
tion changes cause temporal and spatial reservoir-age var#00 years Bard 1988 Hughen et al. 20043. Regional
ations. These lead to dating errors, which can limit the in-reservoir-age anomalies for the time before nuclear weapon
terpretation of cause and effect in paleoclimate data. Weests are mainly known from sites along coastlirgsiner
used a global ocean circulation model forced by transientand Reimer2001). Accordingly 14C dates are mostly cor-
atmosphericA4C variations to calculate reservoir ages for rected for a local but constant PD reservoir age instead of the
the last 45000 years for a present day-like and a last glaciaglobal mean. Temporal reservoir-age variations in contrast
maximume-like ocean circulation. A30% reduced Atlantic are hardly considered when marine samples are dated, be-
meridonal overturning circulation leads to increased resercause they could only be scarcely reconstructed for limited
voir ages by up te~500 years in high latitudes. Temporal time periods and at a few locationSduthon et a).199Q
variations are proportional to the absolute value of the reserBard et al, 1994 Austin et al, 1995 Burr et al, 1998 Sikes
voir age; regions with large reservoir age also show largeet al, 200Q Siani et al, 200% Waelbroeck et a]2001; Keig-
variation. Temporal variations range betweeB00years win and Schlegel2002 Kovanen and EasterbropR002
in parts of the subtropics and1000 years in the Southern Eiriksson et al. 2004 Bard and Rostek2005 Fairbanks
Ocean. For tropical regions, which are generally assumed tet al, 2005 Bondevik et al. 2006 Schimmelmann et al.
have nearly stable reservoir ages, the model suggests vari2006 Hughen et a].200§. These reconstructions suggest
tions of several hundred years. that reservoir-age changes of several hundred years occurred
in the late Quaternary. Errors of such a magnitude might
lead to a misinterpretations of cause and effect in paleocli-
mate time series.

Changes in the geomagnetic field, which directly influ-

Late Quaternary sediments are frequently dated by means (ﬁncﬁs the gtmospheriéc product'lon rate ar efc;;g;ldte r?d o
their radiocarbonC) content.1C originates in the atmo- g 9 el\;na(\]llnl reason ortreservow-tet[grj]e t\f{i”a't J Eeh Ztl‘ i
sphere, where cosmic rays generate free neutrons that can e 9. Model experiments suggest that the streng antic

act with nitrogen to produc¥C (Masarik and Beer1999. meridional overturning circulation (AMOC) also signifi-

i w14 14 .
After exchange with the other carbon reservoirs most of theCantly influences atmospheris™C (A™Caim) and subse

radiocarbon is stored in the ocean, where it decays. The ﬁnit(gue?tlgorgser\éow ages, toD(aIg;;lgue etl_aJ_.2003 Mu;cthe.r
exchange flux between the reservoirs causes the radiocarbSi "’(‘j’ 5 9. q bunn;}ng a sp_atla y exphlg:;gceﬁan cw;:u ation
age of marine sample always to be higher than that of a colmoael forced by changes in atmosp oners the op-
eval atmospheric samplBérd, 1988 Stuiver and Braziunas portunity to assess a major part of reservoirs age variability,

. . 4 .
1993. This age difference is known as “reservoir age” and thatis induced byC production rate changes.
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Fig. 1. (a)Atlantic Ocean meridional streamfunction [Sv] of the model simulation with PD forcing arfio) iwith LGM forcing. With
LGM:-like boundary conditions the AMOC is reduced by approximately one third and shallower such that AABW can reach further north at
the bottom of the ocean.

2 Model setup data {alley et al, 2003. Finally a circumpolar current of
around 100 Sv is comparable with observations compiled by

The reservoir-age calculation was done using a global modeOrsi et al.(1995.

of intermediate complexity, the University of Victoria Earth  In the ocean part of the model, radiocarbon was included

System Climate Model (UVic ESCM) in version 2\MW/¢aver  as a passive tracer following the guidelines of the Ocean Car-

et al, 200)). It consists of a three-dimensional ocean gen-bon Modeling Intercomparison Project (OCMIPEXr et al,

eral circulation model (Modular Ocean Model, version 2, 2000:

Pacanowsk{1995), coupled to a two-dimensional energy-

moisture balance model of the atmosphefarhing and  Fair-sea= Kuw (14Csat—l4csurf> (1)

Weaver 1996 and a dynamic-thermodynamic sea-ice model

(Bitz et al, 2001). The horizontal resolution of all compo- with

nents is 3.6?n longitude and_l.“Bin Ia_titude. The ocean has 14CsaFOlC' pCOy - (P/Po) - Retah @
19levels of irregular depth, increasing from 50 m at the sur-

face to 500 m at the deepest levalggaver et al.200]). Itis Ko =(1— fco) (a ) uz) (Sc/660)% 7 3

driven by variations in solar insolation over a year at the top

of the atmosphere. The wind stress at the ocean surface igng

prescribed from a monthly climatologi{alnay et al, 1996.

We used the option of a rotated grid to avoid convergenceSc=20731-12562- SST+ 3.63- SSTP—0.043. SST> (4)

:Jnftrzg ::gltﬂlgg?;ﬁgﬁifs IE(;\;?]?ZE dOII\(il.c\Sl\zl?ifr:S(i%agg mix where Fyjr-seals the flux of14C from the atmosphere to the
9 9 oceank,, is CO, gas transfer velocity:*Csarand*Csy it are

parametrization for mixing associated with mesoscale ed-, " "1, ; .
dies. Vertical diffusion is increasing from 0.3 &sr? in the **C concentrations in the atmosphere and surface ocean

the thermocline to 1.3 cAs-L in the deep ocearBfyan and respectivelypC is the carbon solubility for water-vapor sat-

Lewis, 1979. urated air[ ms'_‘;'toa'“m], pCO; is partial pressure of CQn the

To evaluate if the model simulates PD ocean circulationatmospherep is local sea level air pressurgy is the mean
right, a control experiment was set up, using PD paramesea-level air pressure of 1013.25 hRay is the normalized
ters as a solar radiation and land-ice distribution of the yearratio of % fice is the modeled fraction of sea-ice cover-
1950 Common Era (CE), monthly mean winds from reanal-age (height1 cm),a is a constant to adjust the global flux,
ysis data of the 20th centuriKélnay et al, 1996 and a pre-  u? is windspeed W[”—s“] and Sc is sea-surface temperature
industrial atmospheric C£xontent of 280 ppmv. In this con- (SST[K]) dependend Schmidt number.
figuration the model shows a maximum North Atlantic over- The gas exchange with the atmosphere depends on the at-
turning of 20 Sv and a southward export of North Atlantic mosphere to surface-oce#C gradient, windspeed, sea-ice
Deep Water (NADW) at 30S of 14 Sv (Fig.1a). Antartic ~ cover and sea-surface temperature. In the ocean the radio-
Bottom Water (AABW) reaches up to 30. All these val-  carbon tracer is transported via diffusion and advection like
ues agree fairly well with calculations based on observationahll the other tracer (e.g. temperature, salinity). A sink has
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been added to account for the radiocarbon decay with therable 1. Forcing of different reservoir-age simulations.
true half-life of 5730 years.

The atmosphere is treated as one well-mixed box with re- PD LGM

spect to*C because the atmospheric mixing time t6€ :

is on the order of some years, which is much shorter than  Insolation 1950 CE 21kyrBP

the timescale of interest. Splitting the atmosphere into tropo-  Land ice 1950 CE 21kyrBP

sphere and stratosphere is not necessary, because this would 280 ppmy IZCOEO-ES?nv

only have an |_nfluence on variations at t|mescal_es s_horter Windfields  recent NCEP/NCAR  recent NCEP/NCAR

than 20 yearsSiegenthaler et 311980. The terrestrial bio- . .
Reanalysi8 Reanalysi8

sphere has an effect if forcing variations are on timescales
from a few decades to some centuri€eg@enthaler et al. , .

. Peltier(20049
1980. As we concentrated on even longer variations, they, Kalnay et al(1996
terrestrial biosphere is also not taken into account, to make '
the model more efficient.

became weaker by roughly one third and it became shal-
lower, such that AABW could penetrate further northward in

3 Experiments and model forcing the deep Atlantic (Figl). This weaker and shallower over-
_ turning cell is consistent with the glacial nutrient distribution,
3.1 Control run and model evaluation Pa/Th and most other circulation trace8chmittner et aJ.

2002 Meissner et a).2003 McManus et al.2004 Lynch-
In the control experiment\**Cam is held constant at 0%, ~ stieglitz et al, 2007. Reconstructions of dust and pollen
which is defined as the pre-industrifiC/12C-ratio of the transport (e.gStuut et al, 2002 Shi et al, 2003 as well as
year 1850CE. To evaluate the model, we compared th|imate models (e.gBraconnot et a).2007) suggest an in-
oceanic*C distribution with the global carbon climatology creased wind speed during the last glacial maximum. In the
(Key etal, 2004. This dataset includes the radiocarbon mea-yyvic ESCM a higher wind speed leads to an intensification
surements at the time of sampling as well as calculated estigf NADW formation because the model cannot resolve the
mates for natural background and bomb-produt¥&i The  increased sea-ice/fresh-water transport with the East Green-
gas exchange of the model was reduced4@0% compared  |and and Labrador Current to the North Atlantic that can be
to OCMIP recommendationsfr et al, 2000, which is in gpserved in models of higher spatial resolution such as the

agreement with recent calculatiorxeeney et al2007). Community Climate System Model (CCSM) in the PMIP-2
14 o 4 . project Braconnot et a).2007). To assess the influence of
3.2 AMC variations in a bomB*C experiment a reduced circulation which is in agreement with most re-

constructions on the reservoir ages the PD wind fields are

Since our main interest is to simulate temporal reservoirs-;;so used for the LGM simulations followirdeissner et al.
age variations, the model responsef€ production rate (2003.

changes needs to be verified. This can be achieved in an

experiment, which is forced by the well-known radiocarbon 3.4  Atmospherica14C forcing

production due to the test of nuclear weapons during the

second half of the 20th century. Estimates for the nuclearTo study past changes in oceahf€ content, we prescribed
bomb strength were taken froiesshaimer et al(1994. the temporalA'4C evolution based on reconstructions. For
The model was started from the the Suess-effect correctethis we used the INTCALO4 dataseR€imer et al. 2004

PD equilibrium state described in the last section and wasup to 25 kyr BP. Between 25 and 50 kyr BP we used the re-
run for 40 years.AC measurements used for comparison constructions byFairbanks et al(2009 and Hughen et al.

are in the atmosphere spatially weighted global means base@006 because they could remove some of the uncertain-
on regional data dflua and Barbet{2004 and in the ocean ties that caused disagreement in earlier reconstructions (e.g.

shallow-water coral datdDuffel, 1989. Voelker et al, 1998 Bard et al, 1998 Goslar et al.200Q
Kitagawa and Plicht200Q Beck et al, 2001 Hughen et al.
3.3 Influence of different ocean circulation states 20048. Remaining uncertainties in the reconstructions such

as the assumption of a constant low latitude reservoir age
To study the influence of different ocean circulation statesto estimateA*Cam from marine reconstructions between
on the!*C distribution, the model was forced by LGM-like 12.4 and 50 kyr BP are discussed in S&L The A“Cqm
boundary conditions: Insolation and land ice distribution model-forcing dataset was constructed by interpolating an er-
were set to 21 kyr BP and the atmosphericx@0ncentration  ror weighted splineWilliams and Kelley 2007 through the
was reduced to 200 ppmv (Table 1). Using these parameterselected reconstructions which leads to a slightly smoothed
the Atlantic Meridional Overturning Circulation (AMOC) 4C production rate (FicR).

www.clim-past.net/4/125/2008/ Clim. Past, 4, 1286, 2008



128 J. Franke et al.: Modeling marine reservoir-ages variations

12000 w ‘ ‘ T — surements up te-50%o over large regions of the deep north-
Lo E\Lﬁg‘kﬁ’;‘et al. (2005) ] ern Pacific and deviations ranging from +80-td0%o in the
10001 - Hughen et al. (2006) t . Southern Oceardr, 2002.
= so0h veighted spline Pl ] | Forced by the'“C production rate changes due to nu-
£ , clear weapon testing, the model is able to predict tempo-
S 600 ral ACym variations in good agreement with observations
s r (Fig. 4).
“ 400, The uptake of bomb radiocarbon by the ocean can be an-
200 alyzed by comparing the model's temporal response with a
0* time series of reconstructed surface-oceafiC based on
o iobo0 " zovoo 3000 40500 50000 corals QDruffel, 1989. Near Bermuda the model slightly un-

derestimates thal4C measured in corals (Fi§. One rea-

son could be that the UVic ESCM is too diffusive. Thus, the
radiocarbon is transported into the subsurface ocean faster
Fig. 2. INTCALO4 A14Caim and its 1o error estimate Reimer than in reality. An alternative explanation is that the well-
et al, 2004 orange), coral dataFairbanks et a).2005 red) and  stratified region, where the corals were actually sampled, is
Cariaco Basin sediment datdighen et al.2006 blue). A spline  not resolved by the too coarse resolution of the model or that
function (black) was interpolated through the data weighted by thethis region is the spatially shifted by a few degrees. This is
1.0 error of all the reconstructed values. supported by the fact that at a locatior? Bduth and 2 east

the observed\“C is also predicted by the model (FE).

Calendar Age [years BP]

The long time period needed to reach an equilibrium be-
tween atmospheric and oceadftC concentrations requires
a model spin-up time of several thousand ye&isgenthaler
et al, 1980. As only very few A¥Cym reconstructions
exist prior to 50 kyr BP ilughen et al.2006 van Kreveld
et al, 200Q Voelker et al, 2000, we spun up the model

4.2 Time slices

We ran two simulations for the different circulation states
of the ocean, both with the same time-depend&HtCqim
forcing. Three time slices of this simulation are plotted in

from 75 kyr BP using &4C production rate, calculated af- F19- 6. One for the “Laschamp” event 41kyr BP, which is

ter (afterMasarik and BeerL999 from a global paleomag- important in relgtiqnship to the radiocarbon history becau;e
netic intensity stack (GLOPISaj et al, 2004. At 50 kyr BP Fhe ggomﬁgnetlc flelq collapsed almost completely, resulting
the forcing was switched to the interpolated“C spline. in a high™*C productlo_n (aj ?t al, 2000. Th(_a LGM was
This change of forcings adds some uncertainty to the initial_Chosen as a second time slice because of its paleoclimatic

oceanictC level, beside the possibility of a different ocean IMPortance, and finally PD for comparison.
circulation state. The PD reservoir ages, reached at the end of the tran-

sient experiment for a modern ocean circulation (&), are
slightly smaller than in the equilibrium experiment because

4 Results ACymhad a decreasing trend over the last centuries before
this snapshot was taken. Nevertheless the reservoir-age esti-
4.1 Control run and bomb experiment mates agree with present day observation of 400-500 years

in the northern North Atlantic, 300—-400 years in the subtrop-

The modeledAC distribution agrees with the pre-nuclear ical oceans and up to 1000 years close to Antarctica. For an
GLobal Ocean Data Analysis Project (GLODARey etal, ~ AMOC reduced by~30%, the model suggests larger reser-
2004 estimate mostly withint10%o (Fig.3). Only in up-  VOIr ages than W|th_a modern circulation, reaching values of
welling areas and in the deep northern Pacific Ocean thé00-1400years (Figb).

model predicts too negatival4C values (up to 30%o dif- The LGM falls in a time period of decreasimg**Catm. If
ference). This is the result of too strong tropical upwelling, the circulation would have been like today the model predicts
which is a prevalent feature of most coarse resolution oceafieservoir ages to be below present day values, ranging from
models with high vertical diffusivityToggweiler etal.1989 ~ 200years in the subtropical ocean up to 900 years close to
Orr, 2002. In the equilibrium experiment the global mean Antarctica (Fig.6c). The reduced AMOC leads to increased
surface oceam\1“C is —61%o close to the bomb?*C cor-  reservoir ages reaching from 300 to 1200 years (&dg.

rected GLODAP estimate 0f65%.. Therewith, the UVic During the Laschamp event and its hi4tC production
ESCM is able to simulate the oceanié*C distribution more  rate the model suggests globally increased reservoir ages of
accurately than most OCMIP-2 models, many of which have400-1400 years if the circulation would have been like to-
problems simulating NADW reaching depths below 3000 m day (Fig.6e) and of 500—-1800 years in case of the reduced
and which showed 14C deviations in comparison with mea- AMOC (Fig. 6f).

Clim. Past, 4, 125136, 2008 www.clim-past.net/4/125/2008/
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Fig. 3. Model/data comparisor(a) Surface ocean backgroundC (measured value minus calculated bomb fraction) from the GLODAP
carbon data compilatiorkey et al, 2004. (b) Surface oceam\14C in the UVic ESCM PD control run with constast4C=0%o. (c)
Interpolated zonal mean Atlantis14C depth profile from the GLODAP datasét) modeled Atlantic{e) GLODAP zonal mean profile for
the Pacific andf) the modeled Pacific.

4.3 Temporal reservoir-age variations tions were modeled for the Southern Ocean where they could
exceed 1000years. Reservoir-age increases coincide with

The amplitude of the modeled temporal reservoir-age varia A *Cam increases and the other way around.

tions over the last 45 kyr varies spatially. This is shown for

the simulation with PD boundary conditions (Fi. The 4.4 Reduced Atlantic meridional overturning circulation
amplitude of temporal variations with LGM boundary condi-

tions are very similar, only shifted to higher reservoir-ages.To analyze the influence of circulation changes induced
The smallest changes occur in some subtropical regions bueservoir-age differences separated from the temporal
even there the range of temporal variation is rarely belowA*Cym variations, the control experiment with the PD
300years. In the northern North Atlantic these variation arecirculation is compared with an experiment of constant
larger and reach up to 700 years. Largest reservoir-age variaA%Cym and LGM-like boundary conditions. In the LGM-

www.clim-past.net/4/125/2008/ Clim. Past, 4, 1286, 2008
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Fig. 4. Observed and modeled**Cam due to nuclear weapon  Fig. 5. Modeled and reconstructesi4C close to Bermuda (33,
tests. The blue bars represent #i€ production which was caused 65° W). The black circles represent shallow-water coral measure-
by nuclear weapon testsi¢sshaimer et al1994. The red curve  ments Druffel, 1989, the black curves is modeled4C at the
shows the observed and globally averagddCarm (Hua and Bar-  same location and the red curve is the model output at the ocean
betti, 2004, while the black curve is the response of the model to surface at 23N, 61° W.

the production rate forcing.

like simulationAY*Caim was set to zero instead of the recon- models used in other studies before and only simulates up
structed LGM value to allow for a direct comparison of the t0 ~300%. (Supplementary Materiahttp://www.clim-past.
results. net/4/125/2008/cp-4-125-2008-supplemenfpdfio reach
In an equilibrium state, reservoir ages increase globallythe observed\*Cay values, which are approximately twice
with the LGM forcing (Fig.8). The circulation induced dif- ~ as large, major changes in the carbon cycle are required. One
ferences stay small at around 100-200 years in the subtrogrossible explanation would be a glacial deep-ocean carbon
ical and tropical regions with strong stratification and slow reservoir that is well isolated from the atmosphere and stores
diffusive mixing of deep water into the surface. Largest radiocarbon depleted watefdrchitto et al, 2007).
anomalies of 250-400years could be seen in the Southern Generally the absoluté\1*Cym value is irrelevant for
Ocean and even up to 500 years in the Arctic Ocean, probathe reservoir age, as it can be seen in Fig.in which
bly a result of increased sea-ice coverage that limits the gaglacial reservoir ages vary around the same level as ages in
exchange. the Holocene, although4C,m was a few hundred permil
higher. Instead, the rate @'“Cym change is the essential
. . factor. Hence, modeled reservoir age variation do not have
5 Discussion to differ in magnitude between tHéC production rate and
the A¥Caim forcing, as long as production-rate increase and
AMOC reduction do not occur at the same time. Still major
In principal there exist two possibilities to model atmo- feéservoir age changes would stay unconsidered because the
spheric'4C variations. One approach would be the forcing production rate can only explain half of the overall variabil-
of the model with a*C production rate, the other option is 'ty-
AYCam reconstructions. ThE'C production rate variations ~ The A4C forcing has the advantage that the variations,
can be calculated based on reconstructions of geomagnetighich were not caused by atmospher€ production rate
intensity (e.g.Valet et al, 2005 Laj et al, 2004 or 1%Be changes also appear in the simulated reservoir ages. Mea-
(Muscheler et a).2004 using the method oMasarik and  surement uncertainties in tHéC reconstructions could be
Beer(1999. reduced, so the large scatter between different datasets de-
So far, no model has been able to reproduce the recreased over the last years. Nevertheless the reconstructions
constructedA*C values of far above 500%. in the atmo- before 12.4 kyr BP still do not agree with each other com-
sphere during the last glacial, usifC production rates pletely Fairbanks et al.2005 Hughen et al. 200, e.g.
alone Beck et al, 200 Laj et al, 200Q 2002 Hughen  because the calibration to an age scale is often associated
et al, 2004h Muscheler et a).2004). More complex models  with some uncertainties or because an unknown reservoir
showed even loweA“C values in the atmosphere than sim- age has to be assumed for marine samples. To convert the
ple models as it could be seen in the difference between a 17marine A*C values from corals and sediments to an atmo-
box and a 4-box modeL§j et al, 2002. Forced with thé*C spheric value, constant reservoir ages have been applied, as
production rate, based on the global paleointensity stagk (  no reservoir-age variation estimates exist for the low latitudes
et al, 2009, the UVic ESCM confirms the results of the box in the last glacial or the deglaciation.

5.1 Atmospherid“C forcing

Clim. Past, 4, 125136, 2008 www.clim-past.net/4/125/2008/
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Fig. 6. Modeled reservoir ages for selected time slices, for RRr(db), the LGM 21 kyrBP ¢ andd) and for the “Laschamp” event

41 kyr BP g andf), when the geomagnetic field broke down nearly completely, resulting in alf@lproduction. The figures a, ¢c and e on

the left hand site were generated from the simulation with PD forcing, (b), (d) and (f) on the right hand site with the reduced AMOC under
LGM boundary conditions.

If we assume reservoir-age variation in (sub)tropics, atem- Based on the bomb experiment we think that M¥éCagm
porally increased reservoir age implies that the reconstructefbrcing can be treated as th&C production rate forcing in
AYCqm is underestimated compared to the value calculatedhe model. Simulating long-term variations, there will al-
with a constant reservoir age. If the real reservoir age isways be enough time for the ocean to equilibrate with the
smaller than the constant on&Cam is overestimated. atmosphere within the gas exchange rate limitations.

This together mlght cause modeled reservoir-age varlatlon_s The disadvantage of the\34Coyn forcing is that any
to be underestimated because reservoir-age increases coin-4 . . .
X . U A*Cqmincrease acts as if it was caused by a production rate
cide with A*“C increases and the other way around (see, : ; .
increase. This may lead to artefacts in deep water formation
Sect.4.3). L . .
areas during times of reduced deep water production, since

the coupling of the surface layer to the deep ocean remains

www.clim-past.net/4/125/2008/ Clim. Past, 4, 1286, 2008
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Fig. 7. Modeled range of reservoir-age variations over the time period from 45 kyr BP to RL). it (b) the regional mean reservoir-age
variations are plotted for the areas indicated by equally colored rectangles in (a).

500 reservoir-age variations, like the Southern Ocean with more
450 than 1000 years of PD surfa¢éC age and also variations

400 of more than 1000years (Fig. and7). In a period of a

350 ACymincrease the radiocarbon content of the atmosphere
300 increases while radiocarbon depleted water wells up from the
250 deep ocean, which was once at the sea surface, when atmo-
200 sphericA4C was much lower. This causes tH&€ gradient

150 between atmosphere and ocean to be larger than caused by
the limited gas exchange alone. In the opposite case of a
AMCam decrease, upwelling water was in contact with an

. o atmosphere of highes“C which leads to smaller reservoir
180° [years] ages.

In case of reservoir age changes that are not caus&tby
production rate variation, the simulated reservoir age change

Fig. 8. Anomaly map of the equilibrium reservoir age modeled is correct, but not the level, at which the reservoir ages re-

with reduced AMOC minus reservoir age simulated with presentm":lin after that first qhang_e. Box models sugge;ted that more
day AMOC. deep water production will transport more radiocarbon into

the deep ocean and finally decreases atmosphefi€. In
contrast, a reduced AMOC will lead to a lowtC trans-

unchanged. In these cases our modeled reservoir-age vari@Ort into the deep ocean and to increased atmosphefic
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tions will be slightly underestimated again. (Beck et al, 2007, Laj et al, 2002 Hughen et a].20041).
The observed global reservoir-age increase in our simulation

porally stable reservoir-age shifts can be initiated by changes

The comparably large oceanic carbon reservoir responds th the carbon reservoirs. AMCam increase in the model
atmospheriaA24C changes with a time lag due to limited gas forcing, increases the atmosphere-ocEshdifference in the
exchange. AMI4C,m increase leads to a larger atmosphere-firSt moment as well, but because of the constant deep water
ocean'dC difference and accordingly to a reservoir age in- formation, the ocean starts to take up méf€, too. This
crease, because the ocean cannot react fast enough, edgcreases the reservoir ages again in the model, while they
around 41 kyr BP (Fig7). As soon asA4Cam stops rising would remain larger in reality as long as the carbon reser-
oris reduced, the reservoir ages decrease again. The opposM@irS stay in a different state, like in the simulation with LGM

is true whenA4Cqm declines, e.g. around 15 kyr BP, boundary conditions.

Changes in reservoir ages occur globally nearly simul- Reservoir ages of 700—-800 years were reconstructed in the
taneously because the fast varying and well mixed atmosorthern North Atlantic Bard et al, 1994 Sarnthein et al.
sphere is the key driver (Fid@). In contrast, the amplitude 2001, Waelbroeck et a].2001) and even 2000 years close to
of the reservoir-age variations differs at any location. Re-New Zealand $ikes et al.2000. Further evidence for large
gions of large reservoir ages are as well as areas of largeeservoir-age variations comes froffC-plateau matching,
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which suggest North Atlantic reservoir ages of 2000years  jpor ;7 ———1~
and more during Heinrich event B#rnthein et al.2007). 10001 5 B s Kol ]
If we add up the modeled temporal variations of up to  seol- = Weiins e oot T T .
1000 years, variations subsequent to the reduced AMOC of ,; o — ™™
up to 500years or even more in case of a complete deep-2
water formation shutdown and including the underestimated 4
effects mentioned in sectidnl, reservoir-ages variations of
above 2000 years, appear to be reasonable in some region:= 40
From the model simulation we would expect such large vari-
ations only in the Southern Ocean but not in the northern
North Atlantic. O N B T O A
Modeled reservoir-age variation are not limited to high e e e 12(5;(;(I)endarf;):([)yeam:33p5]00 R
latitudes, they reach up to a few hundred years in tropical_ .
oceans, which were believed to be nearly stablaghen Fig. 9. Reconstructed and modeled reservoir ages from the

. . L - Bglling/Allergd over the Younger Dryas to the Preboreal: The sym-
etal, 20043. This has implications for the dating of atmo- bols represent the reconstructed reservoir ages for three regions in

Sphericisamples, becayse it adds some uncertainty]ti‘fgll the northern North Atlantic, SwedeBjorck et al, 1998, Norway
calibration curves, which assume a constant reservoir ag@sondevik et al, 1999 2006 and Orphans KnollGao et al, 2007.

eservoir

prior to 12.4 kyr BP. The modeled mean reservoir ages at the sample locations are plotted
for the PD circulation (straight curve) and for the reduced AMOC
5.3 Potential of modeled reservoir ages simulation (dashed curve).

In constrast to reservoir-age reconstructions, estimates frormaterial Bjorck et al, 1998 Bondevik et al. 1999 2006,
an ocean circulation model are available at every locationfrom volcanic ash layersBard et al, 1994 Austin et al,
time and also at different depth levels. The depth is im-1995 and from coralsCao et al. 2007). The presented re-
portant factor because reconstructions are often based oepnstructions oBondevik et al(200§ andCao et al(2007)
foraminifera that calcified between sea surface and 250 nare based on the tree-riffC series oKromer et al.(2004).
depth Simstich et al.2003 Schiebel and HemlebeB005. It should be noted that a new positioning of the tree-ring data
The reservoir age of a species living in 250 m depth can sevhas recently been suggestéduscheler et a).2008 which
erly differ from the surface reservoir age. This occurs es-would decrease the reconstructed reservoir ages in the early
pecially in the North Pacific where reservoir ages in 250 mYounger Dryas.
depth are up to 500years larger than at the ocean surface. The reconstructions show large scatter and have large er-
Model results suggest that it is also important to consider theor bars, which nearly cover the whole range of variations,
living depth of a species before correcting for the reservoire.g. reservoir ages from Norway at nearly the same time
age in other regions. between 13.7 and 13.8 kyr BP showA00 years difference
Nevertheless the modeled reservoir ages should not be diFig. 9). Nevertheless there is a trend from PD-like reser-
rectly applied to correct marin¥C ages because only two Vvoir ages around 400 years in the Bglling, over an increase
constant ocean circulation states have been studied and ba the Allerad to the Younger Dryas reservoir ages of circa
cause the UVic ESCM is not able to resolve all circulation 600 years and finally a decrease towards a PD value in the
features on a regional scale accurately. Thus, the model reéPreboreal again. The model predicts the Bglling reservoir
sults indicate the possible reservoir-age variability for theage, the increase in the Allergd and the PD-like values in the
specific region and time period of interest. The reliability of Preboreal very well in the run with the PD circulation. Only
the model at the site and differences to the simulated oceaduring the Younger Dryas<12.9-11.6 kyr BP) the modeled
circulation need to be interpreted, before the modeled resereservoir ages remain below the reconstructed values and
voir ages can be used for th&C age correction or to assess they start to decrease too quickly after reaching a maximum
the error in the apparent age that is caused by reservoir-agat the beginning of the Younger Dryas. It is thought that
variations. the cause of this reservoir age increase was a slowdown of
the AMOC during the Younger Dryas (eglcManus et al.
5.4 Comparison of modeled and reconstructed reservoi2004. In the model simulation with reduced AMOC, the
ages for the Younger Dryas predictions for Younger Dryas reach or even exceed the re-
constructions. The fact that reservoir-ages decrease too early
Finally the reliability of modeled reservoir ages should be with the PD forcing demonstrates thand*Cqm model forc-
checked by a comparison with reconstructions. For this puring changes reservoir ages temporally like an atmospheric
pose the North Atlantic is the best covered region. For the'*C production rate variations, but it can only generate the
time period from the Bglling to the Preboreal reservoir agesinitial peak of an carbon reservoir change induced reservoir-
were reconstructed from co-existing marine and terrestrialage variation. The correct interpretation and consideration of
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ocean circulation changes is therefore essential, when simuBard, E.: Correction of accelerator mass spectrom&ty ages
lated reservoir ages should be applied for an age correction measured in planktonic foraminifera: paleoceanographic impli-
of marine samples. cations, Paleoceanography, 3, 635-645, 1988.

A compilation of reconstructions from different location Bard, E., Amold, M., Mangerud, J., Paterne, M., Labeyrie, L.,
might create the wrong impression that reservoir ages should PuPrat. J., Mlieres, M.-A., Sgnstegaard, E., and Duplessy, J.-C..
be the same everywhere. Indeed, the existence of local differ- '€ NOrth Atlantic atmosphere-sea surfd€€ gradient during

" ! . the Y D limati t, Earth PI t. Sci. Lett., 126
ences can hardly be seen in the scatter of the data but simula- © Younger Jryas climatic event, arth Flanet. sci. Lett., ’

. . . 275-287,1994.
tion results clearly show &50 year reservoir-age difference Bard, E., Amold, M., Hamelin, B.. Tisneratlaborde, N., and

between Norway and Orphans Knoll (F@). The modeled Caboich, G.: Radiocarbon calibration by means of mass spectro-

reservoir ages for Sweden differ largely between the simu- metric239Th/234y and4C ages of corals: An updated database

lated AMOC states. That highlights that a reduction of the including samples from Barbados, Mururoa and Tahiti, Radio-

AMOC always increases the reservoir ages but by spatially carbon, 40, 1085-1092, 1998.

different amounts. Bard, E., Menot-Combes, G., and Rostek, F.: Present status of ra-
The comparison of modeling results and reconstructions diocarbon calibration and comparison records based on Poly-

shows that our model can simulate the reservoir-age variation Nesian corals and Iberian margin sediments, Radiocarbon, 46,

induced by changes in*Cam in the correct order of mag- 1189_12023 2005. i

nitude. It is difficult to determine the quality of the model Beck: J-W., Richards, D. A., Edwards, L., Silverman, B. W., Smart,

results due to the large scatter in the reconstructions P. L, Donahue, D. J., Hererra-Osterheld, S., Burr, G. S., Cal-
9 ) soyas, L., Jull, A. J. T., and Biddulph, D.: Extremly Large Varia-

. tions of AtmospheridC Concentration During the Last Glacial
6 Conclusions Period, Science, 292, 2453-2458, 2001.

) . ) Bitz, C. M., Holland, M. M., Weaver, A. J., and Eby, M.: Simulat-
Our ocean general circulation model confirms the results of jng the ice-thickness distribution in a coupled climate model, J.

previous box-model experiments that geomagnetic variations Geophys. Res., 106, 2441-2464, 2001.
alone appear to be insufficient to explain reconstructed atmoBjérck, S., Bennike, O., Possnert, G., Wohlfahrt, B., and Digerfeldt,
spherict*C variations in the last glacial and the deglaciation.  G.: A high-resolution**C dated sediment sequence from south-

Simulations of past reservoir-age variations, using a WwestSweden: age comparisons between different components of
AYCym forcing, emphasize the need to make a temporal, the sediment, J. Quaternary Sci., 13, 85-89, 1998.
spatial and depth depended reservoir-age correction wheRondevik, S., Birks, H, H., Guliksen, S., and Mangerud, J.: Late
marine samples are dated with the radiocarbon method. The Weichselian Marind“C Reservoir Ages at the Western Coast of

. - Norway, Quaternary Res., 52, 104-114, 1999.
model suggests reservoir-age variations of several hundregondevik S, Man 4.3, Birks H. H. Gullik S. and Rei
2 . . ,S., gerud, J., Birks, H. H., Gulliksen, S., and Reimer,

years W'_th'n spme centuries due'ttC production rz_ite and . P.: Changes in North Atlantic Radiocarbon Reservoir Ages Dur-
ocean circulation changes. The modeled reservoir-age vari- ing the Allerad and Younger Dryas, Science, 312, 1514-1517,
ations are not limited to high latitudes and can reach up to a 2.
few hundred years in tropical oceans. This has implicationssraconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-
for 14C calibration curves, which are mainly based on coral terschmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
data and a constant reservoir age. Fichefet, T., Hewitt, C. D., Kageyama, M., Kitoh, A., L&pA.,

For regions and time periods, where no reservoir-age vari- Loutre, M.-F.,, Marti, O., Merkel, U., Ramstein, G., Valdes, P.,
ation can be reconstructed, the model results can indicate po- Weber, S. L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled
tential reservoir-age variations. Modeled reservoir ages are Simulations of the Mid-Holocene and Last Glacial Maximum -
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