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ABSTRACT. Using the modcl of Stockcr and Wright (1996), wc invcstigatc thc cffcct of a succcssion of occan vcntilation
changes on the atmospheric conccntration of radiocarbon, Äl1C'ra, thc surfac? rcscrvoir ages, thc lopto-bottom agc diffcr-
ences, and thc calendar-laC agc relationships in differcnt rcgions of thc occaa. Thc model includes a reprcsentation of the

cycling of laC through the atmosphere, thc occan and the land biosphere. Ocean ventilation changes are triggered by incrcas-

ing rates of freshwaler discharge into the North Atlantic, which are determined according to a simple feedback mechanism

bcnrcen thc mclting rates and the climatic statc of the North Atlantic region, thc results demonsEate that vcntilation changes

can cause A14Gü fluctuations of 25llo, surface reservoir age fluctuations of 1ü) yr in the Pacific (2fi) yr in the Atlantic) and

topto-bottom agc variations of 500 yr in tho Pacific (10ü) yr in the Atlantic). Wc also show that l{C agc cstimates based on

marine organisms that livo in tho ncar-surface region of thc ocean and take up thc signal of surface 1€ can result in apparent

agc reversals if the assumption of a constrrnt rcscrvoir agc is madc.

INTR.oDUcrroN

High-resolution radiocarbon dating has been recognized as an important tool in the investigation of
climatic change. Its primary use is in the estimation of chronologies for past events, but laC dates

also contain information on changes in the production rate of atmospheric laC, the globally inte-
grated ventilation rate ofthe ocean, atmosphere-ocean exchange rates and land biomass. 1aC chro-
nologies (Becker, Kromer and Trimborn 1991; Björck et aL.7996; Hughen a al. t998) are particu-
larly suitable for the reconstruction of such changes as they allow us to construct time series of

^14C8tm 

in the relevant reservoir. Climate reconstructions based on dynamic models that include laC

as a tracer can use this information to provide a quantitative test of the validity of these reconstruc-
tions and the assumptions on which they are based (e.9., reservoir ages). In addition, such models
can provide estimates of anomalous variations in laC age associated with climatic variations.

The purpose of this paper is to estimate the effect of a succession of ocean ventilation changes on
A14C't', and to show how quantities that are derived from high-resolution 1aC dating can be affected
by such events. The quantities considered are surface reservoir ages, almost always assumed con-
stant in paleoceanographic reconstructions, top-to-bottom agc differences and chronologies. It
should be noted that our discussion pedains primarily to marine or lacustrine paleoclinatic archives
that are subject to a reservoir age effect. This problem does not arise in tree rings, since in this case

^l4Catm 
can be accurately reconstructcd by taking into account changes of ö13C.

High-resolution laC records contain numerous phases of faster and slower advance of the laC

"clock" indicating increasing and decreasing atmospheric concentrations of laC. Part of these fluc-
tuations can be associated with cyclic changes in the production rate of laC due to changes in the
Earth's magnetic field or cosmic radiation @amon, I-erman and I-ong 1978; Stuiver and Braziunas
1993). However, some of these variations are particularly rapid or occur in association with contem-
poraneous climatic changes recorded in these same archives, suggesting that additional processes
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influence the laC variations. Recently documented examples include the changes of tree ring width
in the German cbronology @jörck et al. L996) and a phase of slower increase of the 1aC "clock" at
the end of Younger Dryas (YD), and changes of the color scale and a contemporaneous stong
speedup of the laC "clock" during the beginning of Younger Dryas as found in the vawed marine
sediments of Cariaco Basin (flughen et al. 1998). Such results suggest a climatic origin for some
part of these 

^14C8tm 

fluctuations.

Stocker and Wrigbt (1996) and Mikolajewicz (1998) have investigated the effect of a collapse of the
Atlantic thermohaline circulation on A14C8tm and found fluctuations of up to 3W'oo and, if extended

changes in the sea ice cover o@ur, up to 6O%. When the circulation is strongly reduced or shut
down, Ar4C"m increases because the laC that is continually produced in the atmosphere is less effi-
ciently taken up by tle ocean, and hence a greater fraction of it remains in the atmospheric and bio-
spheric reservoirs. When the circulation resumes, the deep o@an, that is by now depleted in 14C, is
ventilated again and efficiently takes up the excess laC from the atmosphere. This leads to a period
of reduced laC age variation in both the atmosphere and the upper trcean (a so-called age plateau).

Fluctuations of Al4Catu as reconstructed by Hughen et aL (1998) during the beginning of YD and by
Björck et al. (1996) at the end of YD are consistent with rapid turning off and on of the thermohaline
circulation. The situation, however, appears to be more complicated during the intervening years.

Hughen et aI. (L998) found that ÄlaC'h began to decrease soon after the onset of YD. This suggests

that a new ventilation source must have become active during YD; possibilities are intermediate
water formation at mid-latitudes in the North Atlantic or the Southern Ocean. Detailed simulations
of the YD event that reflect such changes have not yet been achieved by dynamic models. Apart
from model shortcomings, we urgently need to know where, when and how much meltwater was
discharged into the ocean during deglaciation (Clark et al. L996).

METtroDs

We use a zonally averaged ocean-atmosphere climate model including a simple representation of the

land biosphere. The ocean component includes a representation of the dynamics (Wrigbt Vreugden-
hil and Hughes 1995) of the thermohaline circulation in tkee basins (Pacifig Atlantig Indian) inter-
connected by a circumpolar Southern Ocean. The atmosphere is represented by a linear energy bal-
ance formulation (Stocker, Wright and Mysak 1992) and the biosphere is described by a simple four-
box model (Siegenthaler and Oeschger L9871. ug is included as a tracer that is produced in the

atmosphere and exchanged between all three reservoirs. The production rate is determined from the
steady-state conditions at the end of a run in which atmospheric laC is held fixed at Lt4C,,6 = g%o.

Subsequently, the rate ofproduction is held constant so that the changes in laC considered here are

entirely due to changes of the ventilation rate of the ocean. Stocker and Wright (1996) describe the
model in detail, and the parameter values used here are identical to those used in our earlier study.

In our previous experiments we treated the freshwater flux perturbation as an externally specified
forcing: feedback mechanisms, e.9., between the Northern Hemisphere temperatures and melting
rates, were ignored. Here we consider a crude feedback mechanism defined as follows:

FG)={
R. (t- ts), ifFn(32"N)= 0.1 PW

0, otherwise,

where F(r) is the perturbation freshwater flux that we assume to be discharged at 50"N in the Atlan-
tic basin. When the meridional heat flux in the Atlantig .Er, is small or absent (collapsed circulation)
there is no melting, Le., F(t) = 0. When the Atlantic heat flux at 32oN, i1u(32'f9, first exceeds 0.1
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PW (1 PW = lgtsyy; at t = tu melting begins and increases at the constant rate R (in mrs-z; as long
as the heat flux remains above 0.1 PW. This represents the simplest possible feedback mechanism

between a climatic variable simulated by the model and the freshwater perturbation. Although we
cannot give a quantitative justification for this choice, we note that a binge-purge mechanism was
proposed for partly disintegrating ice sheets (MacAyeal 1993a,b) with the effect that ice discharge
rates increase progressively with time. For the present experiments we select R = 2.4 . L0am3s-2 =
0.075 Sv ka{ (1 Sv = 10{m3s-r ;. Note that the continually increasing rate of input of freshwater
will eventually cause the Atlantic overturning circulation to collapse. At this time, the supply of heat
to the high northern latitudes will be strongly reduced, and melting will be stopped.

It is not immediately clearwhat the long-term effect of this feedback mechanism on the deep circu-
lation will be; there are several possibilities that migbt be consistent with the model dynamics. First,
a quasi-steady state could develop in which the freshwater perturbation keeps the overturning circu-
lation fluctuating around small values with meridional heat fluxes on the order of 0.1 PW. A second
possibility is that the circulation might break down completely and a new steady state establish with
little or no Atlantic overturning. In this scenario, the heat flux would never again exceed the critical
value of 0.1 PW and there would be no further melting. The third possibility is that the circulation
might collapse but recover. As the circulation recovers and the heat flux exceeds 0.1 PW, the melt-
water input might have little effect until it grows to a critical value at which the circulation collapses
again, and the cycle repeats.

The third possibility discussed above depends critically on the recovery phase, which might, for
example, result from the significant cooling of high northern latitudes that would accompany the
collapse of the overturning circulation, or it might be induced by increased highJatitude surface
salinity after the meltwater input is terminated. In this regard, it should be noted that recovery is
encouraged by the fact that the meltwater input is terminated as soon as the circulation collapses.
This is a significant difference from previous e:rperiments in which the meltwater input was speci-
fied independently of the model's climatic state.

Model Reslnnse

Figure 1 illushates a typical model response, which is clearly of the third type. Meltwater input is
initiated at t = 1000 ka and increases linearly at the specified rate of 0.075 Sv ka-l. After ca.2katbe
Atlantic circulation decreases abruptly (Fig. 1a), then recovers temporarily and completes its col-
lapse by the time the meltwater input reaches ca. 0.26 Sv. At this poing the meltwater input is
reduced to zero, and soon afterwards the circulation recovers rapidly to maximum strength. Subse-
quently, the cycle is repeated almost identically. Thus, the model responds with a succession of grad-
ual coolings and abrupt warmings that are strongest in the Northern Hemisphere. The time scale of
the oscillation is determined by R, but the qualitative nature of the variability is not sensitive to the
value of R.

The model atmospheric temperature at 72"N gradually decreases as the meltwater input increases
until the circulation collapses, at which point the temperature decreases abruptly, increases again as

the circulation reoovers and then decreases to near zero as the circulation completes its collapse
(Frg. 1b). Once the Atlantic thermohaline circulation shuts down and the meridional heat flux drops
below 0.1 PW, the meltwater input stops. A few hundred years later, the circulation resumes again,
resulting in an abrupt warming. It is remarkable that time scales of cooling and warming much like
those seen in Figure 1b are found to be a oommon feature of the Dansgaard/Oeschger cycles found
in marine sediments (Bond er aL 1993) and Greenland ice cores (GRIP 1993). In particular, our



40

35

30

25

20

15

10

5

0

362 T. F, Stockcr andD. G.Wright

MAX OVERTURNING NORTH ATLANTIC
3.0

2.5

2.0

r.5

1.0

0.5

0.0

SURFACE AIR TEMPERATURE AT 72'N

024681012t416
TIME[kyr]

Fig. 1. (a) Evolution of thc maximum ovcrturning in the
North Atlantic as a result of thc melfirater flux pcrturbations
(-- -). Whcn thcmcltwataflux incrcascs atarate of 0.O75 Sv
k8-r, the wcakcning of the thermohalinc circulation occurs
on thc same timc scale and is gradual, but punciuated by
somc shorter cold cvcnts. Thc mexim'm mcltwater dis-
charge is 0.26 Sv. A fcw hundrcd yoars aftcr thc mcltwater
öschargc is stoppcd thc thcrmohalinc circulation switchcs
on abruptly. (b) Bvolution ofsurfacc air tempcraturc at 72"N
as a result 6f 6fuanging mcridional hcat flux associated $.ith
thc thcrmohalinc circulation. (c) Bvolution ofAl{Clü, thc at-
mospheric conccntation of raC. Durin! the coolings 6ragrto
iocrcases by ca. Eloo andthcn decreases quickly during the
abrupt warmings. The lattcr dccrcaso leads to agc platcaus.
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model results suggest that warming events follow times of maximum discharge with a lag a sce-
nario not unlike that indicated by the paleoclimatic record of Heinrich events.

The abrupt changes in ocean circulation are reflected in associated changes in the content of atmo-
spheric toC (Fig. 1c); the signal is low-pass filtered with respect to high-latitude temperature (Fig.
1b) due to the damping effects of exchanges of 14C between the surfac€ reservoir and both the atmo-
sphere and the deep ocean. Al4Catn increases during the time of gradual cooling in the North Atlan-
tic and continues to increase after the collapse until the circulation recovers. The maximrrm increase
of 

^14Cah 
is ca.25/u. The abrupt warming is due to the rcinitiation of the overturning circulation,

which also initiates a rapid decrease of Al4Crtn and leads to a period of reduced speed of the laC

"clock" (a plateau).

Rrswrs

TVe now discuss quantities related to laC that can be measured in marine paleoclimatic archives. We
select tbree "coring sites" in the model 39"N in both Pacific and Atlantic and 60oN in the latter. The
maximum depth across each of these sections is 4000 m, but we assume that the cores are taken at a
local water depth of 2250 m, and we consider time series of surface resenroir ages and top-to-bottom
age differences that would be recorded at these sites.

Figure 2 shows time series of the surface reservoir age at the three "coring sites". It is evident that
these ages do not remain constant but vary by 10f200 yr depending on the location. Reduced deep
ventilation results in higher r4C content of the ahosphere. This signal is rapidly transmitted to the

b)
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Fig. 2. Evolution of the surfacc rescrvoir age in the Pa-

cific at 39'N (a) and the Atlantic at 39'N (b), and 60oN
(c). The age decrcases during thc cooling bccausc of the

reduccd ventilation of the dccp occan. At thc timc of
abrupt warning, deep watcrs that arc deplctcd in l{C arc

rapidly mixed to the surface, incrcasing the surface res-

crvoir agc in the Pacific and mid-latitudc Atlantic. Thcrc
is a slight incrcase of the surfacc reservoir age in the At-
lantic at 60oN during thc cooling pcriod. Remotc rcgions
may also bc influcnced by local convection changes, but
the changes in thc North Atlantic arc rapidly communi-
catcd to all regions througb thc atEosphcrc. Note the
scales for thc rcscrvoir agcs at difrcrent locations.
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surface waters, lowering the apparent age and consequently spseding up the l4C "clock" during the
adjustment period @ig. 2a, b). Reinitiation of the ventilation increases the surface reservoir ages

again. The increase is very rapid in the Atlantic, where the shongest circulation changes occur. At
high latitudes in the Atlantic, this increase occurs already during the cold phase because ofthe large

changes in the vertical mixing (Frg. 2c). this is oonsistent with the findings of Bard et al. (L994)
who report an increase of the surface reservoir age during the cooling phase of YD. However, the

increase is much smaller than in earlier experiments (Stocker and Wright 1996: Fig. 13) because
here the maximum increase of Al4Cah is smaller (c/ standard experiment C2 of Stocker and Wright
(1ee6)).

Although the Pacific experiences only small circulation changes, Figure 2a shows that the laC signal
is still substantial there. This is primarily due to the fact that the changes in atmospheric laC associ-
ated with the reduced ventilation are efficiently transmitted to the ocean surface reservoir all around
the globe. This again suggests that YD-type signals, which originate in the North Atlantic, are also
to be expected in remote areas, since they can be efficiently transmitted through the atmosphere
(Stocker and Wright 1996; Mkolajewicz a al. L997).

The temporal evolution of top-to-bottom ag€ differences is presented in Figure 3. In the Pacifig the

age difference increases by ca. 400 yr during the cooling. Ca. 100 yr can be explained by a decrease

of the surface reservoir age; the rest is due to the cessation of the inflow of younger Atlantic water
into the deep Pacific. The two Atlantic sites exhibit more dramatic variations: age differences
increase by ca. 1000 yr, most of which is due to the aging of the deep Atlantic associated with the

reduced exchange with the surface reservoir when the Atlantic overturning circulation is sluggish
(Fig. 3b, c). It must be noted, however, that this increase during the cooling period, and the subse-

4
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Fig. 3. Evolution ofthc laC agc difrcrcncc bcnrccn 2250

m depth aod thc surfacc in the Pacific at 39'N (a) and thc
Atlantic at 39oN (b) and at 60'N (c). Both dccreasing
surfacc rcservoir agcs and incrcasing bottom agcs coD-

tibuto to an ovcrall incrcasc ofthc agc diffcrcncc during
thc cooling. Changcs in thc Ätlantic arc sharp, so that
high tcmponl rcsolution would be rcquircd to rcsolvc
such signals in marinc rccords. Note thc scales for thc
agc difrcrcncc at diffcrcnt locations.

6810
TIMElkyrl

L2 L4 16

quent rapid decrease following the warming happen within a relatively short time interval. There-
fore, high-resolution raC dating (resolution of a century or better) will be required in order to resolve
this signal. Changes in regions away from the North Atlantic occur on somewhat slower Fme scales

but are significantly reduced in magnitude (Frg. 3a).

Finally, we address the possibility of apparent age reveßals. These can oocur when the surface res-
ervoir ages increase rapidly at the time of commencement of the circulation. This period is associ-
ated with increasing levels of convection that mix up deep waters depleted in laC. In order to quan-
tify the maximum possible effects, we base our considerations on the phase of rapid comnencement
of the circulation in experiment 15 of Stocker and Wright (L996: Fig 12d). This experinent shows
the largest tansient changes in Al4Catn (up to +58*o), because ofenhanced sea ice cover, and hence
reduced air-sea exchange, during the time of collapsed circulation.

Figure 4 shows three chronologies of laC age ys. real time, including a climate indicator (North
Atlantic sea surface temperature at 60"1.0. The ahospheric chronology is most often discussed
because of the absolute time scales provided by tee rings and varved lake and marine sediments.
The model's ahospheric chronology is shown in Figure 4a. A plateau of. ca.290 yr is visible that
staddles the time of rapid climatic warming. If we construct a chronology based on laC dates of a

marine near-surface core in the Pacific, and assume a oonstant reservoir age of 670 yr, we obtain a
result similar to the atmospheric chronology. This is as expected from the previous discussion of the
atmospheric influence on the laC content of the surface reservoir in the Pacific. However, assuming
a consüant reservoir age of 430 yr for a marine near-surface core in the Atlantic results in an apparent
age reversal. This age reversal is a direct consequence of the exchange with the laC-depleted deep
reservoir when convection and the overturning circulation are reinitiated in the North Atlantic.
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Fig. 4. r4C chronology (thick solid line) during an evcnt

of abrupt warming. The atnospheric chronology (a) is
bascd on the cvolution of 414C6. Cbronologies can also
bc constructed Aom marinc records from thc surface Pa-

cilic (b) and thc surface Atlantic (c). Thc usual sssump
tion of constant rescrvoir agcs (670 yr and 430 yr for thc

Pacific and Atlantic, rcspcctivcly) lcads to apparcnt agc

rcvenals at locatioDs whcre thc ventilstioD chsDgcs sig-
oilicsntly (Atlantic, (c)). A chaogc in the valucs ofthe
constart rescrvoir ages simply leads to 8 vertical shift of
the curves, The sbaight thin solid line indicates the un-

disturbcd chronologr (no changcs of AlaOb); thc thin
solid curvc is thc sea surfac€ tcmpcralurc in tbc Atlantic
duriog thc tcrnination ofthc cold evcnt.200 400 600 800 1000
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However, the signal is muted by exchange with the atmosphere, so that the maximum time offset

does not exceed ca. 325 yr, and the time interval of the age reversal lasts for less than 150 yr.

Coxcr,usrox

Using a dynamic ocean-atmosphere model, including a simple land biosphere and a representation

of the cycling of 14C, we have investigated the effect of a succession of gradual Atlantic circulation
collapses (coolings) and abrupt recoveries (warmings) on the laC concentration of the atmosphere

and related quantities in the ocean. Such climatic fluctuations are characteristic ofthe last glacial:
their sigratures in ice and sediment cores are commonly referred to as Dansgaard/Oeschger and

Heinrich events.

In the experiments considered here, we found that Al4Catm changes by ca.259h.If largerpads of the

sea surface become ice-covered this value may increase to ca.607oo (Stocker and Wright 1996). The
coresponding changes seen in the ocean surface reservoir ages exhibit substantial spatial variation.
Reservoir ages increase by ca.200 yr in the North Atlantic immediately following the abrupt warm-
ing; the response in the Paci{ic is slightly delayed and less pronounced. Top-to-bottom age differ-
ences document the changes in the distribution of laC most clearly. During the cooling they may
increase by about 1 ka in the Atlantic (400 yr in tho Pacific), only to decrease again at the time of
the abrupt lvarming. Changes are particularly fast in the Atlantic, so that their detection in marine
rccords would require high temporal resolution. Predicted changes in the Pacific are somewhat less

0
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c)
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abrupt and reduced in amplitude. Finally, we showed that if age estimates are determined under the
assumption that surface reservoir ages are constant, then apparent age reversals may occur in the
marine records coincident with age plateaus in the ahospheric records. These age reversals are
removed if the correct evolution of the surface reservoir age is taken into account.
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