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Abstract.
A latitude-depth, coupled global ocean-ice-atmosphere model is extended to include
a simple biosphere component. A physically reasonable adjustment of runoff into

the North Atlantic is invoked to achieve a transient response to glacial meltwater
perturbations, which closely resembles the Younger Dryas climate event. We then
investigate the evolution of the isotopic ratio of atmospheric radiocarbon, AC,
due to the rapid changes of deep ocean circulation. When the North Atlantic branch
of the conveyor belt circulation is interrupted, the oceanic uptake of radiocarbon
is reduced, resulting in an increase of atmospheric AC by about 35%. The
reduction of ventilation in the North Atlantic is partly compensated by an increase
of the 4C ratios of the biosphere, the Southern Ocean, and the upper ocean above
1000 m depth. A plateau of the C year/calendar year relation can be generated at
the time of the rapid reinitiation of deep ocean ventilation which begins coincident
with the major temperature increase and lasts for about 60 years. It is hence
significantly shorter than that found by analyzing tree rings during the termination

of Younger Dryas (longer than 400 years). A sensitivity study reveals that the
duration of the plateau depends strongly on the transient evolution of the gas
exchange rate and can increase to 150-300 years if changes of pCO2 or sea ice

coverage are taken into account.

Introduction

The activity of radiocarbon is a powerful means to as-
sign a timescale to paleoclimatic records obtained from
the analysis of a multitude of sources, such as tree
rings, coral reefs, and sea and lake sediments. How-
ever, the accuracy of this technique may be seriously
affected by changes of the atmospheric concentration
of radiocarbon, *C®™, There are two processes which
significantly influence the temporal evolution of 14C2tm,
First, variability in the flux of cosmic rays and changes
in the Earth’s magnetic field can change the production
rate of radiocarbon in the atmosphere. The observed
general decrease of 14C*™ in the late Holocene until
about 1500 yr B.P. is thought to be the result of a de-
crease in the production rate by about 30% [Damon

Copyright 1996 by the American Geophysical Union.

Paper number 96PA02640.
0883-8305/96 /96PA-02640$12.00

et al., 1978; Siegenthaler et al., 1980; Peng, 1989; Stu-
wer and Braziunas, 1993]. Beer et al. [1988] used vari-
ations in production rates derived from °Be concentra-
tions in ice cores to show that C?™ changes of about
20 %0 can occur on timescales of about 200 years. After
about 5000 yr B.P., a large fraction of the *C variabil-
ity based on tree rings can be explained by production
variations estimated from the Be record. Owing to in-
sufficient resolution of the Be data before 5000 yr B.P.,
reconstruction of such fluctuations is not possible. A
second mechanism for short-term variability of 14Catm
involves variability in the sizes of and exchange rates
between the radiocarbon reservoirs. These are strongly
affected by the ventilation rate of the world ocean by
the thermohaline circulation (THC) because the ocean
contains more than 90% of the global “C inventory. If
this circulation changes, uptake rates of radiocarbon by
the ocean are modified and can result in variations in
14Catm which are recorded in high-resolution paleocli-
matic archives.
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If 1C*™ diminishes at the rate of the natural de-
cay, accurate age determination is impossible during
that period because all organic material whose '*C con-
tent was set during that time has the same apparent
age. This is evident as an “age plateau” when calen-
dar age (absolute timescale) is plotted against *C age.
Such plateaus have been found in European peat bogs
[Oeschger et al., 1980], lake sediments [Zbinden et al.,
1989; Lotter, 1991; Hajdas et al., 1993; Goslar et al.,
1995], in tree rings [Becker et al., 1991; Kromer and
Becker, 1995], and in corals [Bard et al., 1990; Ed-
wards et al., 1993]. The most accurate record at present
is the German oak/pine master choronology by Kromer
and Becker [1993], whose oldest part was updated re-
cently (S. Bjorck et al., Synchronised Younger Dryas-
Preboreal records give new insights about climate re-
lated ocean ventilation changes, submitted to Science,
1996 (hereinafter referred to as S. Bjérck et al., submit-
ted manuscript, 1996); B. Kromer, personal communi-
cation, 1996). The longest time of reduced increase of
radiocarbon age relative to calendar age occurs close to
the Younger Dryas/Preboreal boundary, a rapid transi-
tion from a cold to a warm phase, and is referred to as
the 10,000 4C year plateau (Figure 1, grey box). This
phase lasts for at least 400 years and consists of two
subplateaus separated by a time of slow increase of the
radiocarbon age.

The main purpose of this paper is to investigate to
what extent changes in the THC can influence 4Cat™
in order to give bounds on changes that are caused by
the transient deep ocean circulation. To this end, the
physical-geochemical model of Stocker et al. [1994] is
supplemented with a biosphere component. Although
the ocean has simplified dynamics which focus on the
zonally averaged part of the THC [Wright and Stocker,
1991; Wright et al., 1995], the steady state solutions
and the transient behavior of this model are consis-
tent with results from three-dimensional ocean mod-
els (OGCM) [Bryan, 1986; Maier-Reimer and Miko-
lajewicz, 1989; Mikolajewicz and Maier-Reimer, 1994]
and coupled atmosphere-ocean general circulation mod-
els (A/OGCM) [Manabe and Stouffer, 1988; Manabe
and Stouffer, 1995]. A recent study by U. Mikolajew-
icz (A meltwater-induced collapse of the ’conveyor belt’
thermohaline circulation and its influence on the dis-
tribution of A'C and §'80 in the oceans, submitted
to Journal of Geophysical Research, 1996 (hereinafter
referred to as U. Mikolajewicz, submitted manuscript,
1996) also addresses the impact of ventilation changes
on 14catm_

There is compelling observational evidence that the
ocean has the potential to change rapidly between dif-
ferent flow regimes and so influences climate on a re-

gional to hemispheric scale [Broecker and Denton, 1989).

The last major example of these abrupt events is the
Younger Dryas cold event (hereinafter referred to as
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Figure 1. Oldest part of the radiocarbon calibra-

tion curve derived from the combined oak/pine Ger-
man master chronology by Kromer and Becker [1993]
and recently corrected by B. Kromer (personal commu-
nication, 1996) showing a short age plateau at 9,600
14C years and the extended period of strongly reduced
radiocarbon age increase referred to as the 10,000 14C
year plateau (grey box). The beginning of the pine
chronology (8,800 4C years) is tied to the oak chronol-
ogy through the long-term *C trend. Recent estimates
of the termination of the Younger Dryas (YD) event
are indicated by the horizontal bars. The 10,000 *C
year plateau ends about 300 years after the termina-
tion of the YD based on the pine tree ring width (S.
Bjorck, submitted manuscript, 1996) or 300-450 years
after the termination according to the dating of the two
Greenland ice cores [Johnsen et al., 1992; Alley et al.,
1993]. Data from Polish lake Goéciaz show that the
10,000 4C year plateau ends 250 years after the ter-
mination of Younger Dryas [Goslar et al., 1995]. All
estimates are in close agreement and indicate that the
10,000 **C year plateau extended a few hundred years
beyond the cold-warm transition at the end of YD (cal-
ibration curve supplied by B. Kromer (personal com-
munication, 1996)).

YD). According to the analyses of the dust content
in ice cores [Dansgaard et al., 1989; Taylor et al.,
1993], YD initiated over a period of order a few decades
to 100 years, lasted for about 1300 years, and termi-
nated in a few decades or less. It has been suggested
[Oeschger et al., 1984; Broecker et al., 1985a; Broecker
et al., 1988; Lehman and Keigwin, 1992] that this event
was due to a temporary weakening or cessation of the
overturning circulation in the Atlantic basin, and pre-
vious modeling work supports this hypothesis [Maier-
Reimer and Mikolajewicz, 1989; Wright and Stocker,
1993; Lehman et al., 1993; Sakai and Peltier, 1996).
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The paleoceanographic data, mainly based on iso-
tope concentrations (6180, §'3C) as well as abundances
determined from planktonic and benthic foraminifera
species, are controversial at present. Jansen and Veum
[1990] and Veum et al. [1992] do not find reduced §'3C
values of benthic foraminifera in two cores from the
North Atlantic and the Norwegian Sea, as would be ex-
pected if the supply of nutrient-depleted North Atlantic
Deep Water (NADW) were interrupted during the YD.
On the basis of data from 95 deep-sea cores, Sarnthein
et al. [1994] produced latitude-depth maps of §'3C of
benthic foraminifera for different times during the last
30 kyr. Generally, they confirm earlier findings that
NADW formation was greatly reduced during the last
glacial maximum [Duplessy et al., 1988]. The time slice
closest to or within YD (12,300-12,800 yr B.P.) exhibits
values of 6'3C> 1.2%o0 at depths down to about 2 km
north of 40°N. Sarnthein et al. [1994] interpret this
as a circulation mode with NADW formation, perhaps
somewhat weaker than in the early Holocene. Kog et al.
[1993] find that the coastal area of Norway was ice free
during the YD, suggesting continued inflow of Atlantic
waters.

On the other hand, numerous paleoclimatic recon-
structions confirm a direct link between high-latitude
temperatures derived from ice cores and conditions in
the surface and deep ocean [Broecker and Denton, 1989;
Bond et al., 1993; Keigwin and Lehman, 1994; Bard
et al., 1994]. Coupled ocean circulation-biogeochemical
models are a quantitative means to assess the transient
behavior of §'3C during rapid changes of the ocean cir-
culation.

Switches of the North Atlantic THC are at present
the only viable explanation for the amplitudes and
rapidity of climate change evident in the numerous
paleoarchives. This suggestion is supported by the
fact that abrupt climate changes appear most pro-
nounced in the North Atlantic region. Numerous ocean
and climate models have demonstrated this quantita-
tively [Maier-Reimer and Mikolajewicz, 1989; Stocker
et al., 1992; Wright and Stocker, 1993; Lehman et al.,
1993; Sakai and Peltier, 1996]. However, it should
be noted that there is evidence that YD and simi-
lar abrupt climatic events (Heinrich events and Dans-
gaard/Oeschger oscillations) may be of hemispheric or
even global extent [Chappellaz et al., 1993; Denton and
Hendy, 1994; Broecker, 1994], although the exact phase
relation between northern and southern hemispheric
changes remains to be determined.

The phase relation between climatic variables (e.g.,
North Atlantic sea surface temperature, atmospheric
temperatures) and changes in 4C2™ provides impor-
tant constraints for a possible mechanism of YD. In
Figure 1 we summarize the datings of the YD termina-
tion and compare them with the temporal location of
the 14C age plateau. These newest dates suggest that
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the plateau started near the end of YD and ended a few
hundred years after YD. This is central to the discussion
on the mechanism responsible for this abrupt climatic
event. The resumption of the THC in the North At-
lantic and enhanced ventilation of the deep ocean at
the termination of YD could account for the amplitude
and rapidity of temperature increases and would imply
that the plateau starts near the end of YD as shown in
this paper.

Ocean Influence on the Radiocarbon
Clock

The age estimated by radiocarbon dating is deter-
mined under the assumption that the initial concentra-
tion of radiocarbon in the atmosphere is a known value,
14catm - corresponding to a known global inventory, I,
determined by the rate of production of radiocarbon in
the stratosphere. In reality, the atmosphere, biosphere,
and ocean inventories also vary as a result of exchanges
between these reservoirs. To focus on the effect of such
reservoir exchanges, the global rate of production of ra-
diocarbon is kept constant in all experiments discussed
here. Hence the global inventory of radiocarbon is time
independent, and any age anomalies are due solely to
reservoir exchanges.

Before discussing model results, it is instructive to
illustrate the anticipated effects. Let 7 represent the
actual time at which radiocarbon is sequestered from
the atmosphere, and let 7, be the apparent time based
on the assumption that the atmospheric inventory is
time independent. Here 7 and 7, are related by

19 e~ At —Ta) — Ia(r) % e AE—T7) (1)

where I9 is the constant atmospheric inventory that
would obtain in the absence of changes in reservoir in-
ventories, I4(7) is the actual inventory at time 7, t is
the time at which measurements are made, and A~! is
the e-folding time for the decay of radiocarbon (8267

years). Hence
_ 1 I4(7)
Ta—T+/\ln( I ) (2)

Differentiating with respect to 7 gives the speed at
which the radiocarbon clock advances:
o1, 1 1 3ls(7)

o UL or

®3)

For an ideal representation of age, the second term on
the right side of equation (2) must either vanish or be
known. Defining the “slowdown” of the radiocarbon

clock as 5
-
a 4
), @

a full age plateau has Qs = 100%; we will use the time

Qs = 100% x (1 —
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period for which Qs > 70% as a measure for the dura-
tion of a plateau.

The effect of time-dependent reservoir sizes is often
assumed to be negligible, but it is clear from equation
(3) that if the atmospheric inventory is increased (de-
creased) by exchange with the ocean or the biosphere,
then the clock speed is increased (decreased). In fact,
since the ocean inventory is approximately 60 times that
of the atmosphere, a 0.1% change in ocean inventory
over 500 years could change the speed of the radiocar-
bon clock by 100%! (Note that this estimation is per-
mitted for 1*C because to first order in the fractionation
factors, the buffer factor of sea surface carbon chemistry
does not influence isotopic atmosphere-ocean exchange
of carbon). Even if the effect of the biosphere is taken
into account, the change in ocean inventory required to
create a 100% change in the speed of the radiocarbon
clock is still only a few tenths of a percent. A useful
clock thus requires a very stable ocean inventory. In-
deed, based on this simple estimate, one might suggest
that the ocean circulation could not have changed very
significantly, or changes in the speed of the radiocarbon
clock would have been much greater than recent esti-
mates suggest. Such arguments turn out to be wrong.
Our quantitative estimates based on YD model simula-
tions show that very substantial changes in ocean cir-
culation are accompanied by rather modest changes in
total ocean inventory, and the magnitude of the result-
ing changes in the speed of the radiocarbon clock are
consistent with observational estimates.

Model Spin-Up and Steady State

The ocean component is a modified version of the
zonally averaged ocean circulation model of Wright and
Stocker [1992]). Pacific, Atlantic, and Indian Ocean
basins are each represented by zonally averaged equa-
tions of motion and coupled through the Southern Ocean
(Figure 2). The model is coupled to an energy bal-
ance model of the atmosphere and a tracer compo-
nent [Stocker et al., 1994]. Modeling radiocarbon also
requires biospheric reservoirs. We have included the
simple four-box biosphere of Siegenthaler and Oeschger
[1987] with constant carbon exchange fluxes. The model
and some modifications to earlier versions are described
in the appendix.

For the spin-up, surface values of temperature and
salinity are restored to the 30-m estimates of Lewvi-
tus [1982], zonal wind stress is taken from Han and
Lee [1983], and the atmospheric radiocarbon concentra-
tion 4C*™ is held constant at the value correspond-
ing to the standard '*C/'2C ratio, i.e., at A**C=0%po.
Temperature, salinity, stream function, and A™C are
broadly consistent with observations (Figure 3). These
results are similar to previous results obtained with
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Figure 2. Geometry and resolution of the oceanic com-
ponent of the climate model. Each ocean basin has area
and volume that is within 5% of the observed estimates.
The latitudinal resolution is shown to the left, and the
vertical resolution is given in Table Al.

this model using a simpler velocity parameterization,
constant vertical diffusivity, and no explicit representa-
tion of deep water formation by plumes in the Southern
Ocean (see the appendix).

After 4000 years of integration under modern-day
surface forcing, the surface flux of freshwater was di-
agnosed and held constant during the remainder of the
integration. At this time, the salinity at all locations
was also increased by a constant multiplicative factor
such that the global mean salinity was increased to 35.7,
roughly consistent with conditions prior to YD. The cir-
culation was slightly perturbed by this change but soon
returned very near to the initial state, with the only
significant difference being the increased mean salinity.

Because of the large oceanic inventory of *C com-
pared with the corresponding atmospheric inventory, it
is desirable to obtain a very steady oceanic 4C field
before coupling to the atmosphere. A suitable estimate
is obtained by integrating the model for an additional
14,000 years with the atmospheric radiocarbon held at
l4Catm (the subscript 0 denotes steady state values). At
the end of this integration, the ratio of decay to uptake
for the ocean differs from unity by order 10~5. The re-
sulting steady state distributions of A'*C in the Pacific
and Atlantic basins are shown in Figure 3 (bottom).
The most notable differences from previous results oc-
cur in the deep Pacific, where the model now shows a
well-defined age maximum at middepth, consistent with
observations. The new velocity parameterization favors
the return of deep water at middepth rather than up-
welling to the surface, and this enhances the middepth
age maximum consistent with the study of Toggweiler
and Samuels [1993].

After steady state ocean conditions are established,
the ocean is coupled to interactive atmosphere and bio-
sphere components. To follow the subsequent evolution
of radiocarbon in the atmosphere, 1C*™ we use the
balance
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Figure 3. The steady state fields of temperature, salinity (global mean salinity of 35.7, consistent

with the value prior to large ice sheet melting), stream function, and A'*C corresponding to
the model estimates of present-day conditions for the Pacific (left column) and Atlantic (right

column).
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al4catm

__\14atm
5 A0

1
paha

(5)

+

(Fcosm _ FAO _ FAB)

where p4 and ha surface air density and atmosphere
sclae height, respectively, (see the appendix) and F¢°s™,
FAO and FAB are the cosmic production flux and
the exchange fluxes from atmosphere to ocean and bio-
sphere, respectively. F°*™ is diagnosed at steady state
according to

Freosm FOAO + FOAB + /\pAhA x 14Cgtm, (6)

which accounts for our present-day estimates of the de-
cay in the ocean, biosphere, and atmosphere, and is
held constant. FA° and FAP are time dependent due
to the transient changes of both air and surface ocean
14C concentrations as well as changes in pCO3 or sea
ice cover for some experiments. Since F°°™ js held
constant, the global inventory of *C is conserved. It
should be noted that the model variable is 14C?'™ but
since the present version does not include an organic
carbon cycle, absolute inventories are not considered
and only A C changes are investigated. We therefore
keep the standard '*C/12C ratio, Rsiq constant. In this
case, 14C?*™ and atmospheric A'*C are related by a
constant linear relationship (see the appendix).

Table 1. Summary of Experiments

STOCKER AND WRIGHT: OCEAN CIRCULATION AND RADIOCARBON

Transient Changes of Ocean Circulation
and Atmospheric Radiocarbon

The particular set of transient experiments that we
consider here is based on our previous studies of YD
[ Wright and Stocker, 1993] and is summarized in Table
1. The steady state is perturbed by freshwater input
into the North Atlantic (NA) between 20°N and 32.5°N
at the rates reconstructed by Fairbanks [1989)], taking
into account some discharge in the Southern Ocean (see
caption of Figure 4). The transient evolution of the
global THC depends on the strength of the hydrological
cycle in the NA. For a fixed hydrological cycle consistent
with present-day conditions, deep water formation stops
once the melting rate exceeds about 0.2 Sv (1 Sv
10°m3 s~!) and never recovers.

In a sensitivity study, Wright and Stocker [1993] show
that a slight decrease in the strength of the hydrological
cycle suffices to produce a response to meltwater input
that is qualitatively consistent with the paleoclimatic
record. While this gave a reasonable simulation of YD,
the required modification of the background hydrolog-
ical cycle is undesirable. Further, it was not immedi-
ately apparent whether or not the required modification
of the hydrological cycle was realistic. Here we take an
alternative approach that avoids these problems. We
still modify the hydrological cycle, as we believe is rea-
sonable, but the initial and final states see present-day
conditions, and the physical interpretation of the mod-
ification is both evident and credible.

Experi- r Cold Phase co Artificial Ice Maximum Plateau

ment Length, years P2, ppml at Box # AMCE™ %o Length, years
C1 0.0 980 280 - 35.6 43
C2 0.25 1530 280 - 35.6 60
C2a 0.25 1530 195 - 36.5 60
C3 0.5 5570 280 - 36.6 v
T1 0.25 1530 235-280 ? - 32.6 65420
T2 0.25 1530 235-280 © - 32.3 153
T3 ©0.25 1530 235-280 © - 29.7 67
In 0.25 1530 280 13 36.3 62
12 0.25 1530 280 13, 12 38.2 62
I3 0.25 1530 280 13, 1 43.5 7+131
4 0.25 1530 280 13,1, 2 50.5 266 ¢
I5 0.25 1530 280 13, 1-3 58.7 290 °©

The duration of the cold phase is the time sea ice is present in box 14, and the length of the age plateau is the time
during which Qs > 70%. The time dependence of pCO, during the glacial-interglacial transition as reconstructed from ice
cores is shown in Figure 10, and the prescribed pCOsz is plotted in Figure 11.

2Linear increase of pCO2 through YD with step after YD (Figure 11).
bLinear increase of pCO2 through YD with step at YD (Figure 11).

Linear increase of pCO2 through YD, no step (Figure 11).

dTwo nearby plateaus of 17 and 160 years, appearing as one long plateau of 266 years.
eTwo nearby plateaus of 31 and 182 years, appearing as one long plateau of 290 years (Figure 12d).
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Figure 4. Evolution of the Atlantic meridional heat
flux across 32.5°N in petawatts (1 PW=10'> W). Shown
are cases in which the runoff into the North Atlantic at
high latitudes is reduced to (a) 0.00 (experiment C1),
(b) 0.25 (experiment C2) and (c) 0.50 (experiment C3)
of present-day values as the heat flux is reduced to zero.
The meltwater discharges into the North Atlantic and
Southern Ocean are indicated by the long- and short-
dashed lines, respectively, on a scale of 0-0.5 Sv. The
second, weaker meltwater peak appears to be due to
a reduction of the ice volume of Antarctica [Peltier,
1994)]. This is taken into account by linearly increasing
the fraction of Southern Ocean meltwater input from
0% to 50% at the expense of the North Atlantic input
over the 3000 years following the first meltwater peak.

After the initial spin-up, we calculate the net air-sea
freshwater flux, which implicitly includes precipitation
(P) minus evaporation (E) plus runoff (R). We deter-
mine E following Stocker et al. [1992] and R based on
estimates of Baumgartner and Reichel [1975]. P is then
given as the residual. The values of P — E are fixed
in each model grid cell for the subsequent integrations.
Thus changes in E can affect the air-sea heat exchange
but not the net exchange of water. The only changes in
water fluxes seen by the ocean in this model are those
associated with runoff.

We argue that during a cold event, the hydrological
cycle in the North Atlantic region is reduced [Alley
et al., 1993]. This is taken into account by reducing the
R in the Atlantic north of 40°N during this period by a
fraction that depends on the meridional heat flux in the
North Atlantic. Let RYA be the estimated present-day
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runoff into the NA [from Baumgartner and Reichel,
1975] and let F)'A be the steady state heat flux of the
North Atlantic across 20°N. Temporal variations of the
runoff into the NA, RNA | are determined by

CRyA '
[(CER + (1= D)FNA)/FY] RYA
Ry

(7)

where FNA is the instantaneous meridional heat flux at
20°N in the Atlantic and I' is an adjustable parameter,
and the three cases in equation (7) refer to FNA < 0,
0 < FNA < FNA and FNA > FNA | respectively. Any
runoff that is subtracted from the NA is redistributed
uniformly over the remainder of the global ocean. This
compensating water flux does not significantly affect the
stability of the THC. It is included to insure that our
background water budget remains balanced so that the
Fairbanks [1989] meltwater curve corresponds to the net
addition of water to the ocean. For I' = 0, runoff into
the NA is completely eliminated north of 40°N if the
heat flux across 20°N is zero or negative, and for I' = 1,
the runoff is fixed at the present-day estimate, indepen-
dent of the heat flux.

Behavior of the Circulation

Figure 4 shows the evolution of the NA heat flux dur-
ing meltwater input for three values of I, Figure 5 gives
the evolution of several model quantities for the partic-
ular case of I' = 0.25, and Figure 6 displays the Atlantic
stream functions and A'C near the end of the collapsed
circulation state. The meltwater inputs to both the NA
and the Southern Ocean are shown on the lower panel
of Figure 4, and just the northern hemisphere input is
given in Figure 5, on a scale of 0 to 0.5 Sv. Results are
not substantially changed if all of the meltwater enters
the ocean in the northern hemisphere. Note that the
heat flux is controlled by the strength of the overturn-
ing circulation, so plots of these two quantities look very
similar (compare Figure 4b and Figure 5b).

In spite of several model modifications, our results
are quite similar to those of Wright and Stocker [1993].
For all values of I', the Atlantic overturning circulation
“collapses” when the meltwater input exceeds about 0.2
Sv. If runoff into the NA is not reduced, the circulation
never recovers. On the other hand, if the meltwater in-
put is reduced by about 0.15 Sv (I" = 0.25, Figure 5g),
then the overturning abruptly recovers to near its initial
state after about 1500 years, in reasonable agreement
with the timing indicated by observations. It should
be noted that the exact value of I' required to obtain
a realistic timescale for the YD event depends on un-
certain details of the meltwater curve. For example, if
the meltwater input to the NA is reduced to zero at
all times when the melting rate according to Fairbanks
[1989] drops below 0.1 Sv, then the results correspond-
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ing to I' = 0.5 (not shown) are very similar to the re-
sults with T" = 0.25 shown here. The results of Edwards
et al. [1993] indicate that such changes are well within
the uncertainty in the observational estimates.

The primary, dynamically important influence of melt-
water input is that the surface salinity of the NA is
reduced. Because of this, the water column reaches a
point where surface cooling is not sufficient to cause
deep convection, and the cold surface waters are effec-
tively isolated from the deep ocean. The density of
the high-latitude NA is decreased at all depths, owing
to reduced salinity near the surface and to increased
temperature at depth. Consequently, the NA overturn-
ing circulation weakens and the meridional heat flux is
strongly reduced (Figure 4b). Cooling of the surface
waters results in the formation of sea ice (Figure 5h),
but this does not appear to play a crucial role in the
model evolution, since removing sea ice altogether does
little other than cause unrealistically low high-latitude
ocean surface temperatures (perhaps this lack of sen-
sitivity would be modified if seasonal cycles were in-
cluded). However, sea ice strongly influences the air-sea
exchange of 14C and therefore the characteristics of the
radiocarbon clock during YD. The occurrence of sea ice
is also a convenient indicator for the length of YD (Fig-
ure 5h); we will use the time when sea ice is present in
the northernmost cell of the Atlantic (north of 65°N)
as a quantitative measure of the duration of YD in this
model.

Surface air temperatures in the North Atlantic region
cool substantially during YD (Figure 5e), and reduced
runoff into the NA is a presumed consequence of this
cooling. The reduced runoff plays a critical role since
it causes a gradual increase in the high-latitude sur-
face salinity. Eventually (after about 1500 years for
I' = 0.25), the surface salinity is increased to the point
that the stabilizing effect of the salinity stratification
is no longer adequate to compensate for the destabi-
lizing effect of the temperature stratification. At this
time, the surface layer mixes with the water below, and
both the surface temperature and salinity are increased.
Heat loss to the atmosphere quickly reduces the temper-

Figure 5. Evolution of selected quantities for ex-
periment C2 (Figure 4b): (a) maximum (solid line)
and minimum (dashed line) of the Pacific stream func-
tion below 1000 m; (b) maximum (solid) and minimum
(dashed line) of the Atlantic stream function below 1000
m; (c) shallow (solid line) and deep (dashed line) tem-
perature in the northernmost cell of the Atlantic; (d)
shallow (solid line) and deep (dashed line) salinity in
the northernmost cell of the Atlantic; (e) surface air
temperature over the northernmost cell; (f) convection
depth in the northernmost cell; (g) fraction of initial
runoff north of 40°N in the Atlantic basin; and (h) sea
ice thickness in the northernmost cell.
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Figure 6. Stream function and A™C in the Atlantic
during the Younger Dryas event, a few hundred years
before the circulation recovers (year 26,000).

ature of the surface layer, which leaves an even more un-
stable situation because of the increased surface salin-
ity. This positive feedback efficiently cools the water
column, and the Atlantic branch of the conveyor belt
is reinitiated as a consequence. It is this local, con-
vective feedback that is responsible for the very rapid
termination of YD in our model.

It has been argued that the atmospheric heat capac-
ity is influential in determining the stability of the THC
because decreasing sea surface temperatures, which ac-
company a THC collapse, would cause lower surface air
temperatures and so maintain the ocean-to-atmosphere
heat fluxes [Zhang et al., 1993; Rahmstorf, 1994]. How-
ever, this has not been tested using realistic amplitudes
of glacial freshwater flux perturbations as considered
here. We have rerun these experiments with h4 = 832
m and hy = 416 m with no significant differences to
our results. In none of the cases was a stabilization of
the THC observed.

It is important to discuss how the transient behav-
ior of the present model compares with models that
include more complete dynamics. Mikolajewicz and
Maier-Reimer [1994] investigate the transient evolution
of their OGCM to increasing freshwater flux perturba-
tions into the North Atlantic. The meltwater causes an
abrupt and complete collapse of the THC in the At-
lantic after an initial gradual decrease. The present

results (Figure 4 and Figure 6) are consistent with
both features. A switch-on of the THC was achieved
by introducing negative meltwater fluxes. After some
smaller initial changes, the circulation was reestab-
lished very rapidly, showing “overshoots” of heat fluxes.
This OGCM was recently coupled to an energy bal-
ance model of the atmosphere with very similar tran-
sient behavior (U. Mikolajewicz, submitted manuscript,
1996). The model also shows a significant warming in
the southern hemisphere (up to 6°C) during YD. We
find again remarkably similar transient behavior in the
zonally averaged, coupled model.

Manabe and Stouffer [1995] have applied perturba-
tion fluxes of very short duration (10 years) to their
A/OGCM and also find rapid reduction and, after the
perturbation is switched off, rapid reinitiation of the At-
lantic THC. A full collapse was not observed, but the
model would most probably settle to such a circulation
state if the perturbation had been applied over a longer
period [Manabe and Stouffer, 1993]. A full collapse of
the Atlantic circulation was simulated in the A/OGCM
of A. Schiller (The stability of the thermohaline circula-
tion in a coupled ocean-atmosphere general circulation
model, submitted to Climate Dynamics, 1996). They
also identified a new stabilizing feedback mechanism
associated with the formation of a cyclonic circulation
anomaly in the northern North Atlantic which leads to
a destabilization of the collapsed state in their model.
This mechanism may be important in that it could re-
sult in a THC recovery with a reduced modification of
the hydrological cycle.

In summary, the simplified dynamics do not appear
to distort the transient behavior of the ocean in any
way significant for the present experiments. However,
the changes in the hydrological cycle that are required
to reinitiate the THC may be overestimated by our
model. It is common to all models that the freshwater
pulse applied in the North Atlantic causes a collapse
of the THC without significant delay. The latest sea
level reconstruction indicates that the first meltwater
peak occured about 1000 years prior to the beginning
of YD [Bard et al., 1996]. Comparison with the ice
core 0'80 record suggests that this triggered a series of
cold spells with growing amplitude that eventually led
to the YD. Before this delay can be successfully mod-
eled, however, the location of the meltwater discharge
needs to be better established. It may well be that part
of the first meltwater peak occurred around Antarctica
[Clark et al., 1996] and only a later portion was actually
discharged into the North Atlantic.

Variability of A4C2*™ in the Model

We now consider the effect of transient changes of
the ocean ventilation on the major radiocarbon reser-
voirs. For the standard experiment, C2 (Table 1), A*C
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increases by about 35%o in the atmosphere, the bio-
sphere, and the upper ocean, as a result of the reduced
ventilation which causes a substantial decrease of AC
in the deep ocean (Figure 7a). This is in good agree-
ment with the results of Goslar et al. [1995] but a factor
of 2 to 3 higher than the values found by U. Mikolajew-
icz (submitted manuscript, 1996). The reason for this
discrepancy might lie in the fact that convection in the
Southern Ocean increases by about 40% in their model
during the cold event.

The increase of AMC starts as soon as the Atlantic
overturning slows down, but the major changes occur
when deep water formation in the North Atlantic col-
lapses (at about model year 24,600). It is important
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Figure 7. (a) Evolution of mean AC in the ma-

jor reservoirs for the standard experiment C2 (Figure
4b). The radiocarbon inventory increases in atmosphere
(curve 1), biosphere (curve 2), and the upper 1000 m of
the ocean (curve 3), while it decreases in the deep ocean
(curve 4) due to reduced ventilation. (b) Evolution of
mean A'C in the major reservoirs for experiment C3
(Figure 4c), where the thermohaline circulation stays
collapsed for more than 5500 years. The radiocarbon
inventory increase in the atmosphere is not significantly
larger than in Figure 7a.
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Figure 8. Evolution of the slowdown of the radiocar-
bon clock, Qgs, for experiment C2. The rise of 14C3t™
causes an “acceleration” of the clock, while reinitiation
of the ventilation produces a slowdown. The meltwa-
ter discharge into the North Atlantic is shown by the
dashed line on a scale of 0-0.5 Sv.

to note that a major part of the deep ocean A*C de-
crease is compensated for by the surface ocean and the
biosphere, which will have implications for the surface
reservoir ages and the top-to-bottom age differences at
various locations of the ocean. A much longer shutdown
of the THC (5000 years, Figure 4c) does not result in
significantly higher A4C values in the atmosphere (Fig-
ure 7b). This indicates that after roughly 1000 years,
the remaining ventilation by Antarctic Bottom Water
(AABW) and vertical diffusion balance the natural de-
cay of the reduced 4C inventory in the deep ocean.
Changing oceanic 4C uptake influences the “accu-
racy” of the radiocarbon clock. Figure 8 shows Qg, the
percentage slowdown of the radiocarbon clock accord-
ing to equation (4) for the base experiment, C2. Inter-
mittent convection causes some very abrupt short-lived
variations, but the basic picture is quite simple. When
the meltwater input exceeds about 0.2 Sv, the forma-
tion of deep water in the NA is terminated, causing an
increase of A'*C which makes ages appear younger. For
the particular case shown in Figure 8, the clock speeds
up by 30 to 40% over a period of a few hundred years.
The formation of deepwater in the NA is not reiniti-
ated until just before year 26,470, but the radiocarbon
clock is already running slightly slow at least 500 years
earlier. This is a consequence of the continued flushing
of the deep basins by AABW. When the Atlantic over-
turning circulation first collapses, the northward flow
of AABW (represented by the minimum overturning
transport) is slightly reduced in both the Atlantic and
Pacific basins (see Figures 5a and 5b). These changes
contribute to the increased speed of the clock during
this period. The slightly increased strength of the over-
turning in the North Pacific acts in the opposite direc-
tion but is too small to counter the speedup associated
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with the other changes. During the next few hundred
years, higher 14C2'™ causes an increase in radiocarbon
in the entire surface ocean through gas exchange. Ow-
ing to continuing deep water formation in the Southern
Ocean, AABW gradually brings more radiocarbon into
all deep basins except the Atlantic, where the loss of
ventilation associated with North Atlantic Deep Water
formation is not completely compensated, even though
the penetration of AABW into the Atlantic basin is in-
creased. The clock starts to slow down well before deep
water formation in the NA is reinitiated, emphasizing
the importance of the Southern Ocean in determining
the ocean inventory, and hence 4C?®™  during YD.

The overturning in the NA is reinitiated very abruptly
near year 26,470 (sea ice has disappeared completely
by year 26,330). The initial input of surface water as-
sociated with the positive convection feedback process
discussed earlier causes the clock to stop for a brief pe-
riod. Subsequently, the flushing of the deep Atlantic by
the advection of new NADW into the abyssal ocean is
sufficient to slow the clock by over 70% for about 60
years.
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The definition of an age plateau is somewhat arbi-
trary. Inspection of Figure 9a suggests that Qg > 70%
is a sensible criterion consistent with an identification
of the plateau solely on the basis of the age-age rela-
tion. Using this criterion, the age plateau has a length
of about 60 years and occurs at the time of the fastest
rates of climate change in the atmosphere (Figure 9b)
but about 140 years after the disappearance of sea ice
north of 65°N (Figure 9c). We note that the duration
of the modeled plateau is considerably shorter than ob-
served (Figure 1).

After the Atlantic overturning has recovered, the only
significant perturbation of the radiocarbon clock is the
increase in speed near year 27,500. This increase is as-
sociated with the second meltwater pulse and is similar
to that due to the first pulse. However, the second
pulse does not cause a collapse of the NA circulation,
so the effect is weaker. Also, the subsequent slowing of
the radiocarbon clock as the system adjusts to its final
equilibrium is gradual, extending over a couple of thou-
sand years rather than occuring abruptly in response to
a rapid flushing event as occurs at the end of YD.
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Figure 9. (a) Detailed view of the age plateau (solid
line) and Qs (dash-dotted line) at the termination of
YD of experiment C2. Using the Qs > 70% crite-
rion, the plateau lasts for about 60 years (shaded area).
(b) The plateau occurs at the location of most rapid
change in surface air temperature. (c) The plateau oc-
curs about 150 years after the complete disappearence
of sea ice north of 65°N in the Atlantic. Note that
26,000 years have been subtracted from the timescale
and that the time axis is reversed in comparison to Fig-
ure 1.
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Duration of the Age Plateau

The strength and duration of the age plateau due to
changes in ocean circulation depends on (1), the de-
pletion of the oceanic radiocarbon inventory during the
period of reduced circulation, (2) the efficiency of the
reestablishment of NADW formation, and (3) the evo-
lution of the gas exchange rate (including sea ice cover)
during the climate transition. During the time of the
collapse of the THC in the North Atlantic, the deep
ocean is still weakly ventilated via the Southern Ocean
(Figure 6) and vertical diffusion. As long as sea ice is
not modifed during YD, a natural limit of the depletion
of radiocarbon in the deep ocean exists in this model,
with the result that A C does not exceed about 35 %0
(Table 1).

Experiments show that the characteristics of the ter-
mination are relatively insensitive to the length of the
preceding cold period. Even if YD lasts for over 5500
years (experiment C3), this causes only a somewhat
longer-lasting slowdown of the clock for 150-300 years
after the termination but one too weak to be recognized
as an age plateau. Also, experiment C2a, which differs
from C2 only through the use of a reduced gas exchange
rate based on p = 195 ppm throughout the experiment
instead of p = 280 ppm, shows very little difference in
the duration of the age plateau (Table 1).

Another mechanism that could influence the length of
a plateau is associated with varying gas exchange rates
(perhaps due to transient changes of pCQO»; see equation
(A5)). Although we will change pCQOz in the model, the
12( inventory will not be changed, as we are only inter-
ested in the effect of changes of the gas exchange rate
on the radiocarbon clock. Effects related to 2C inven-
tory changes cannot be studied with the present model
due to the lack of a marine carbon cycle model compo-
nent. Figure 10 shows the evolution of CH4 and CO,
for the last 20,000 years as reconstructed from polar
ice cores. The timescale of the Byrd core from Antarc-
tica, on which CO- is measured, is connected to the
timescale of the GRIP (Greenland Ice Sheet Project)
core via methane measurements on both cores. Dis-
tinctly reduced methane concentrations during the pe-
riod from about 12,700 yr B.P. to about 11,500 yr B.P.
allows the location of YD in the Antarctic core which
cannot be clearly recognized in other variables. From
the warm Bglling/Allergd through YD to the warm Pre-
boreal, there is a significant increase of pCO2 from 235
ppm to 280 ppm, and hence the gas exchange rate in-
creases by about 20%. Moreover, shortly after the start
of the CHy4 increase which marks the YD termination,
there is an almost step increase in pCO5 from 260 ppm
to 280 ppm. The secular as well as the step increase con-
tribute additionally to an enhanced uptake of 4C into
the ocean at the termination; this tends to increase the
duration of the plateau.
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Figure 10. Evolution of pCOy and CH4 during the
last 20,000 years as reconstructed from measurements
of air enclosed in bubbles in the Byrd ice core (data
from Neftel et al. [1988] and Staffelbach et al. [1991]
with the new timescale by Hammer et al. [1994]) and in
the GRIP ice core (data from Chappellaz et al. [1993]
and Blunier et al. [1995]). The YD event falls into
a time of increase of pCOs from 235 ppm to 280 ppm
within about 2000 years. This implies an increase of the
gas exchange rate by about 20% according to equation
(A5).

We have run several experiments, summarized in Ta-
ble 1, each of which has a different prescribed evolution
of the gas exchange rate g but transient changes of the
circulation identical to experiment C2. The value of g is
calculated according to equation (A5) by approximating
the pCO5 record by linear segments, as shown in Figure
11 (time axis consistent with model experiments). For
T1, two short plateaus of 60 and 20 years, separated
by 300 years, are present (Figure 12a), whereas in T2 a
coherent age plateau of over 150 years is formed (Fig-
ure 12b). It is evident that the exact location of the
abrupt increase of gas exchange influences whether or
not an extended plateau is formed. Finally, experiment
T3 demonstrates that a rapid increase of pCOs is neces-
sary to extend the plateau and a simple linear increase
is not sufficient.

The next set of experiments investigates the depen-
dence of the plateau duration on ice cover. The present
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Figure 11. Prescribed pCO- for experiments T1-T3.
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model contains a simple thermodynamic ice component.
For all experiments of Table 1 the only location with
permanent sea ice during YD is grid box 14 (Atlantic
north of 60°N; see Figure 2). Thus, while our sea ice
model gives qualitatively reasonable results and serves
to prevent unrealistically low surface temperatures, it
is likely that it underestimates the sea ice extent dur-
ing YD. Rather than changing the transient behavior
by modifying various model parameters, we choose ex-
periment C2 as our base configuration and prescribe
“artificial” sea ice at various locations during YD (de-
fined as the time when sea ice is present in box 14). The
only effect of this artificial sea ice is to reduce the air-
sea exchange of radiocarbon by 95% in the respective
surface box.

In experiment I1, box 13 was prescribed to be cov-
ered with sea ice during YD. The effect on maximum
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Figure 12. Age plateau (shaded area) and slowdown of the radiocarbon clock (dash-dotted line)
for a prescribed evolution of the gas exchange coefficient (Figure 12a, experiment T1; Figure 12b,
experiment T2) or a prescribed “artificial” sea ice cover (Figure 12c, experiment 12; Figure 12d,
experiment I5). Note that 26,000 years have been subtracted from the timescale and that the

time axis is reversed in comparison to Figure 1.
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atmospheric A4C and plateau length is negligible, but
surface reservoir ages are significantly increased (see be-
low). For experiment 12, sea ice is prescribed down to
45°N in both the Pacific and Atlantic. The length of
the plateau is increased only slightly, and a very short
precursor to the plateau occurs (Figure 12c). This is
caused by the increased gas exchange due to the rapid
removal of sea ice cover, while the main plateau is at-
tributed to the switch-on of deep water formation.

There is evidence that YD was a global event and that
the southern hemisphere might also have experienced a
cooling [Denton and Hendy, 1994], although this has
been disputed [Mabin, 1996]. At present, the mech-
anisms responsible for a possible transmission of the
climate signal to the south or the generation of a global
signal independent of the Atlantic region can only be
speculated about. All climate models, with which YD-
type experiments have been performed up to now, show
either no significant temperature changes [Manabe and
Stouffer, 1995] or a warming (U. Mikolajewicz, submit-
ted manuscript, 1996) in the southern hemisphere. In
the present model, sea surface temperature (SST) at
65°S warms by about 2°C during YD, consistent with
the latter study. While the models exclude any increase
of sea ice cover in the southern hemisphere, the obser-
vations apparently suggest otherwise. Here we estimate
the influence on 4C2™ and the duration of the subse-
quent age plateau of a gradual closure of the Southern
Ocean sea surface by an ice cover. However, it must
be kept in mind that such experiments are inconsis-
tent with the Southern Ocean warming simulated by
our model.

As shown in Table 1 (experiments 13-15), closure of
the Southern Ocean reduces the amount of 4C that is
sequestered by the ocean and hence increases the max-
imum 'C*™ during YD. The larger reduction in the
ocean inventory also has a strong influence on the length
of the subsequent age plateaus. The sudden removal of
the southern ice cover (south of 48°S at year 26,330)
contributes to increased uptake of *C and produces a
very strong first plateau (Figure 12d). Qs then falls be-
low 70% for a few decades until increased convection in
the North Atlantic produces the second longer plateau
not unlike Figure 1. The entire evolution may be inter-
preted as one single, longer plateau of about 300 years
duration.

It is clear from these experiments that changing sea
ice cover, especially in the large areas of the Southern
Ocean, can have a profound impact on 4C?™  There
are still inconsistencies regarding the mechanisms of
YD. Long plateaus and indications of climate change
in the southern hemisphere tell us that YD might have
been a global event, probably enhanced in the North
Atlantic region. Models, on the other hand, still simu-
late cooling mostly around the North Atlantic and even
warming in the southern hemisphere.
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Figure 13. Evolution of the surface reservoir age in the
Atlantic at 60°N for a constant gas exchange rate (ex-
periment C2). If sea ice is present, the age increases by
200-300 years (experiments I1 and I5), in good agree-
ment with observational estimates [Bard et al., 1994].

Surface Reservoir Ages and Top-to-Bottom
Age Differences

Bard et al. [1994] estimate that the surface reser-
voir age in the North Atlantic was about 200-300 years
higher during YD due to reduced advection and the
presence of sea ice. Our results show that the surface
reservoir age is primarily determined by gas exchange
and convection (Figure 13). A few hundred years prior
to YD, the age drops abruptly due to the shallowing of
convection and the reduced upward mixing of older wa-
ters. Once the circulation is shut down after the onset
of YD, the surface equilibrates again with the atmo-
sphere to an age of about 500 years. At the partic-
ular location (grid box 13), no ice is being formed in
experiment C2, which is the reason why there is prac-
tically no age increase during YD relative to the time
before. A few hundred years before termination, the
age decreases again due to shallower convection dur-
ing that phase. Reinitiation of deep convection mixes
up old Atlantic deep waters, increasing surface reser-
voir age considerably and allowing the rapid uptake of
14catm  The model then settles to lower reservoir ages
for a few thousand years before full reestablishment of
convection to previous levels. It is interesting to note
that the increase of reservoir age by about 150 years
at t = 30,800 years is associated with increased con-
vection in the northernmost cell of the NA (Figure 5f)
and a slight decrease in surface ocean temperature in
the same region. It is almost unnoticed in the climatic
variables such as surface air temperature (Figure 5e).

Local ice cover increases the surface reservoir ages
considerably: For experiments I1-15, gas exchange in
box 13 is reduced by 95% during YD. This increases the
reservoir ages by 230-300 years, a value that is in good
agreement with the estimates of Bard et al. [1994]. The
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larger increase of I5 is caused by higher *C2*™ during
YD (see Table 1).

A final indicator is the top-to-bottom age difference
at various locations of the ocean. Figure 14 shows time
series of the age difference for three typical locations
for experiment T2. As one may anticipate from Figure
6, the deep ocean age increases in the Atlantic because
the supply of young deep water is interrupted. Higher
14Cam  and hence surface concentrations add to the
increase of the age difference to give a total change of
about 1500 years. In the Pacific (Figure 14b), the age
difference increases by about 550 years, mainly due to
the latter effect, and changes in the deep ocean are of
secondary importance except for the second increase at
t = 28,500 years.
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Figure 14. Evolution of the surface-to-bottom age dif-
ference at 40°N for experiment T2. (a) In the deep At-
lantic, the age difference increases by 1600 years due to
the natural decay of the poorly ventilated deep water.
(b) In the deep Pacific, the age difference increases by
about 500 years primarily due to the increase of 14C2t™,
(c) At shallow depth, there is a decrease of the age dif-
ference (in agreement with paleoclimatic data) because
cooler air temperatures during YD increase the convec-
tion depth slightly. The period of YD is shaded.
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Between shallower depths in the Pacific, there is ac-,
tually a reduction of the age difference which can be re-
lated to an increase of convection at that location due to
cooler surface air temperatures during the YD (Figure
14c). Although possibly fortuitous, it is remarkable that
the data show exactly this effect. Kennet and Ingram
[1995] analyze a sea sediment core of the Santa Barbara
Basin (600 m depth) and find a reduction of the surface-
to-bottom age difference by about 300 years, argeeing
well with the model estimate of a 200-year reduction.
The sea surface temperature decrease during YD in the
Pacific is moderate compared with that in the Atlantic,
and no major circulation change is observed. Neverthe-
less, the lower SST changes the stability of the water
column slightly and increases the convection depth at
that latitude. This vertical mixing reduces the suface-
to-deep age difference and leaves a pronounced signal
characteristic of YD. It should be emphasized that it
would be incorrect to conclude from this finding alone
that YD was also an important climatic event in the Pa-
cific region or that the ocean circulation had changed
significantly there. At least for our model simulations,
this is not the case.

Observational Evidence of *C Plateaus and
Age Differences

The correspondence between climate change and age
plateaus was first noticed in a peat bog and varved
lake sediments where different paleoclimate indicators
are determined at the same depth and hence are co-
eval [Oeschger et al., 1980; Zbinden et al., 1989]. Lot-
ter [1991] analyzed a lake sediment core of the Swiss
Rotsee and found two age plateaus in the radiocar-
bon stratigraphy. A first, shorter and weaker plateau
is located around the Older Dryas/Bglling boundary
(cold-to-warm transition) and extends into Bglling for
a few centuries. The second, more pronounced plateau
is found within YD and ends after the first step of 6180
and the first notable vegetation changes. From these
cores, it appears that plateaus occur toward or at the
end of cooler periods (Older and Younger Dryas). How-
ever, the end of YD is not very well defined in these
cores.

Recent datings of the YD termination and their tem-
poral relation with the radiocarbon chronology derived
from tree rings are collected in Figure 1. The end of the
Younger Dryas in the GRIP and GISPII (Greenland Ice
Sheet Project Two) ice cores is dated at 11,500+70 [
Johnsen et al., 1992, S. Johnsen, personal communica-
tion, 1996] or 11,640+250 calendar years yr B.P. [Alley
et al., 1993]. A statistically equally compatible estimate
for GISPII is 11,520+200 calendar years yr B.P. [ Jouzel
et al., 1995, R. Alley, personal communication, 1996],
i.e., about 300 years before the end of the plateau found
and dated in the tree rings. This result is in agreement
with our model simulations.
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Becker et al. [1991] found that the plateau lies en-
tirely within YD if the isotopic concentrations in the
tree ring cellulose (§'3C and §2H) are taken as indi-
cators of warming at the termination of YD. However,
813C and é2H are more influenced by local humidity
changes, and it appears that the tree ring widths are
better indicators of the warming at the end of YD (S.
Bjorck et al., submitted manuscript, 1996; B. Kromer,
personal communication, 1996). The termination then
occurs 11,480 calendar years yr B.P., which is a few
hundred years before the end of the plateaa (see Fig-
ure 1), in agreement with our model results. In addi-
tion, the chronology [Kromer and Becker, 1993] shows
a sequence of plateaus in the early Holocene. It seems
unlikely that all of these plateaus are due to changes
of the ocean ventilation rate, since abrupt climatic
events of YD amplitude are evidently absent in the
Holocene. More likely mechanisms involve production
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period of reduced *C age increase is located near the
end of YD, and it would be a fortuitous coincidence if
it were of entirely nonoceanic origin.

Detailed. isotopic and pollen analyses of Polish lake
Goéciaz show a 10,000 1*C year plateau with a duration
of about 250 years (based on their spline analysis). The
plateau ends 100-200 years after the termination of YD
identified using 6'80 [Goslar et al., 1995). The YD ter-
mination is varve-dated at 11,440+120 calendar years yr
B.P. supporting the case of a plateau that extends be-
yond the YD/Preboreal boundary, as suggested by the
present model simulations. Goslar et al. [1995] also find
that atmospheric AC was about 40 %o higher during
YD. Our results strongly support their suggestion that
this is consistent with significantly reduced ocean ven-
tilation during YD.

The model results also suggest that ice cover may
have played an important role during YD. A substantial
increase of the surface reservoir ages, consistent with
the observation of Bard et al. [1994], requires that the
extent of sea ice during YD was more southward in the
Atlantic than simulated in the model. Ice cover also
tends to increase the duration of the age plateau, and
a sufficient length is only obtained in the model if sea
ice is also present in the Southern Ocean during YD.
Isotopic analysis of high-resolution cores from that area
may give further clues.

The data make a strong case for the fact that a
large portion of the 10,000 *C year plateau is of oce-
anic origin. Clearly, the search for “faithful” paleocli-
matic archives from which both radiocarbon and cli-
matic indicators are available must continue. Further
progress depends critically on the availability of excel-
lent timescales for these archives.

Indications from the Meltwater Curve

In this subsection, we examine alternative evidence
for an oceanic influence on the radiocarbon clock which
is based on our model results and the Fairbanks [1989]
meltwater curve. For the model simulations, we have
used the Fairbanks [1989] estimates of meltwater input
based on radiocarbon dating of coral colonies and have
chosen the parameter values of experiment C2. How-
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enced by variations of 1C?™induced by cha,nges in the
ocean circulation. It is of interest to investigate the
magnitude of the errors expected in the meltwater esti-
mates due to errors in-the age estimates. In the follow-
ing discussion, we will use the fact that corals live near
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If we assume that the timing errors in the meltwa-
ter estimates based on C dating simply cause tim-
ing errors in our model response, then we can use the
model results to estimate what the actual meltwater
rates were. We first determine the corrected time axis.
Then, to determine the corrected meltwater input rates,
we use the fact that the estimated meltwater input rates
are inversely proportional to the time interval between
two sea level measurements.

Figure 15a shows the Fairbanks [1989] meltwater curve
based on *C dating as a solid line and our estimate of
the actual meltwater curve as a function of the corrected
time as a broken line. While we certainly should not be-
lieve the details of this plot, the nature of the expected
errors is evident. Near each of the meltwater peaks,
the uptake of 4C3™ by the ocean is reduced and the
radiocarbon clock runs too fast. As a result of the ex-
panded time axis, the meltwater input, rate appears to
be slowed. According to our model, the Atlantic over-
turning is revitalized near year 26,470. At this time,
the radiocarbon clock is slowed down to less than half
speed, and consequently, the meltwater input rate ap-
pears to be more than double its actual value. The
percentage changes in meltwater estimates are actually
large during this latter period, but the small absolute
meltwater rates cause this event to be overshadowed by
the events associated with the meltwater peaks.

In Figure 15b, we make a direct comparison between
the results of Fairbanks [1989] based on radiocarbon
dating and those of Fairbanks [1990] based on U/Th
dating of the same coral colonies. Comparison of Fig-
ure 15a and Figure 15b is encouraging since it shows
that the timing and magnitude of changes in the speed
of the radiocarbon clock are reasonably estimated, at
least during the periods when the clock speed is in-
creased. Results are not as encouraging for the period
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Figure 15. (a) The Fairbanks [1989] meltwater esti-
mates based on *C dating of coral colonies (solid line),
together with an estimate of the actual rate of melt-
water input based on the 14C curve and model results.
(b) The Fairbanks [1989] meltwater estimates based on
1 dating, together with the Fairbanks [1990] estimates
based on U/Th dating. The long-term shift between the

14C and the U/Th timescale is not included.

when the clock is slowed down. However, the findings
of Edwards et al. [1993] and Bard et al. [1996] strongly
indicate that the observational estimates of meltwater
input are very uncertain during this period. Note that
we do not take into account changes in F¢*™  which
are certainly important on timescales exceeding those
of the meltwater peaks ( <500 years).

In the above discussion, we have followed previous
investigations and based our model calculations on the
original meltwater curves of Fairbanks [1989]. In doing
so, we have assumed that the errors in the time axis do
not greatly influence our results. To test this assump-
tion, we have repeated the experiment corresponding
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to Figures 4-7 but with the meltwater curve based on
U/Th dating. Our primary results on the influence of
meltwater input are not significantly changed by using
the improved estimates.

Discussion and Conclusions

Using an extended version of the physical-geochemi-
cal climate model of Stocker et al. [1994], we estimated
the evolution of the atmospheric radiocarbon concen-
tration resulting from transient changes in the global
THC. The increase in atmospheric A'*C during periods
of reduced Atlantic overturning reaches approximately
35%0. Reestablishment of deep ocean ventilation in the
NA results in a reduction of the atmospheric radiocar-
bon concentration, which is equivalent to a slowdown of
the radiocarbon clock. The amplitude of this slowdown
is a measure of the degree to which radiocarbon is de-
pleted during the period of reduced circulation and the
rapidity of the resumption of deep convection and the
associated overturning circulation.

The model experiments suggest that the uptake of
radiocarbon by the ocean was significantly slowed dur-
ing both periods of meltwater input. The first meltwa-
ter pulse caused a cap of freshwater to form over the
high-latitude NA, deep convection was shut off, and
the Atlantic overturning circulation began to shallow
and reduce in strength. As the production of deep wa-
ter in the NA decreased, *C*™ increased, and con-
sequently, near-surface ocean values also increased due
to gas exchange. Continued formation of AABW with
higher 4C concentrations and increased intrusion into
the deep Atlantic act to limit the A'C reduction in
the global ocean. In fact, in our model results, the ra-
diocarbon clock was running slightly faster than normal
even before the overturning circulation was renewed.

After about 1500 years of collapsed Atlantic overturn-
ing, convection is reinitiated at high latitudes and the
present-day overturning is very rapidly reestablished.
This process is encouraged by two effects: removal of
the cap of freshwater from the surface layer of the
NA and the gradual warming and salting of the deep
ocean associated with an increased low-latitude influ-
ence. Since the surface freshening is very strong, signif-
icant increase of the surface salinity is required in order
to reestablish the NA circulation and hence obtain a
credible simulation of YD. In our model, this increase in
surface salinity does not occur unless we reduce the net
input of freshwater at high latitudes during YD. We find
that reducing the background runoff to 25% of present-
day estimates in the region north of 40°N is sufficient
to obtain a realistic simulation. If the meltwater input
is reduced to zero when the observational estimates of
Fairbanks [1989] fall below 0.1 Sv (where the results of
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Edwards et al. [1993] show the estimates to be very un-
certain), then only a 50% decrease in the background
runoff is required to obtain a similar model simulation.
The changes in deep water properties are secondary in
reducing the large surface water to deep water density
contrast that prevents high-latitude convection during
the YD event. However, if the reduced circulation state
persists long enough for deep ocean temperatures and
salinities to increase significantly, then resumption is
fast, with deep water formation accelerated by convec-
tive transport of warm saline water into the surface
layer.

After the Atlantic overturning is reestablished, oce-
anic A'C quickly approaches the values prior to the
initiation of meltwater input. This recovery is inter-
rupted by the second meltwater pulse, but the over-
turning circulation is not greatly affected by this event.
Following the second meltwater pulse, the radiocarbon
clock is slowed by a few percent as the ocean inventory
of radiocarbon gradually returns to initial levels over
the next couple of thousand years.

To check the robustness of our results, we have done
a number of additional experiments that have not been
discussed above. First, several experiments were re-
peated with the dynamical formulation of Wright and
Stocker [1992]; differences were generally quantitative
rather than qualitative, so that none of our major con-
clusions would be changed if we had used the latter
formulation. We repeated several of our runs without
plumes in the Southern Ocean but with the Southern
Ocean surface salinity increased during the initial spin-
up in order to produce reasonable deep water proper-
ties. Again, none of our major results were affected.
Runs were also repeated with initial conditions consis-
tent with the present-day ocean rather than with the
higher initial values of salinity used in the experiments
reported here. Again, the effects were of a secondary
nature. We also performed a couple of experiments in
which the thickness of the well-mixed surface region was
not permitted to fall below 300 m in either the NA or
the Southern Ocean. This was done in order to gain
some feeling for the possible importance of mechanical
stirring by wind stress. The minimum surface salinity
obtained during the YD event in cell 15 of the NA in-
creased from 32.6 to 32.8, and the duration of the YD
event was decreased by close to 400 years. This re-
sult suggests that the inclusion of a more sophisticated
mixed-layer model might have a significant quantita-
tive influence on our results, but the qualitative nature
of the response was not changed. Finally, we reran a
few experiments with the air-sea exchange of radiocar-
bon in the Southern Ocean reduced by 50% so that the
age of deep water in the Southern Ocean would be in-
creased. This increased the initial values of AC by
about 20%0 in the Southern Ocean and resulted in ra-

diocarbon variations that were 10 to 20% larger than
in the experiments without this change, but again, our
major conclusions were not affected.

The age plateau simulated by the model begins with
the increase of NADW formation and persists for less
than 100 years. If transient changes of the gas exchange
rate or an extended ice cover (especially in the South-
ern Ocean) are taken into account, the duration of the
age plateau increases to 150-300 years. Early data from
varved lake sediments suggest that an age plateau began
about halfway through YD and ended at the YD termi-
nation; this is not consistent with our model results. On
the other hand, using the most recent date estimates of
the YD termination, the age plateau is placed after YD.
The model does not exhibit an increase of the surface
reservoir ages in the NA but rather suggests that they
were lower at the beginning of YD. This is because the
convection which mixes deeper, older waters up into the
surface layer is suppressed. However, after a few hun-
dred years, equilibration with the atmosphere is reached
and surface reservoir ages are again about 500 years. If
sea ice cover is artificially extended during YD, the sur-
face reservoir ages increase by 200-300 years, consistent
with the data.

Surface-to-bottom age differences are shown to have a
great potential to provide more observational evidence
for an oceanic origin of the YD event. An increase of
the age difference by about 1600 years during YD is ex-
pected in the Atlantic. If correct, it should be possible
to find this fingerprint in high-resolution sea sediments
by analyzing planktonic and benthic forams at the same
core. The YD event is also clearly identified in the Pa-
cific region (40°N) if one considers surface-to-bottom
age differences. Because surface air temperature de-
creases by about 1.5°C, the convection depth increases.
Therefore the age difference between the original con-
vecting surface layer and the underlying waters, which
become part of the new convecting surface layer, is re-
duced. The model demonstrates that such isolated find-
ings in paleoarchives do not allow the conclusion that
circulation or climate have changed very significantly at
that location.

Similarly, comparison of model results with the data
sets of Fairbanks [1989] shows reasonable agreement
with the timing and magnitude of changes in the ra-
diocarbon clock during periods of reduced oceanic up-
take, but the model and observational results are sub-
stantially different during the period when the ocean
circulation is being reestablished. The results of Ed-
wards et al. [1993] and Bard et al. [1996] demonstrate
that the observational estimates still contain uncertain-
ties, so all such comparisons should be interpreted cau-
tiously. Improvements in the observational database,
interpretations of these observations, and model simu-
lations are all required. However, our present results



STOCKER AND WRIGHT: OCEAN CIRCULATION AND RADIOCARBON 791

generally support the assertion that changes in ocean
circulation were sufficient to cause substantial changes
in the radiocarbon clock.

Appendix: Description of Model
Components

Atmosphere

The atmosphere component is the one-dimensional
(zonally and vertically integrated) energy balance model
of Stocker et al. [1992] and parameter values are given
in Table A1l.

Ocean

The ocean component is a three-basin zonally av-
eraged ocean circulation model [Wright and Stocker,
1991; Wright and Stocker, 1992] with the improved clo-
sure scheme for the overturning velocity developed by
Wright et al. [1995]. The new velocity closure re-
quires a modification in the way the Southern Ocean is
treated. Here we divide the Southern Ocean into three
sectors, each of angular width 120° identified with the
three basins to the north. Between the sectors, we in-
clude north-south oriented barriers that extend from
the ocean bottom to middepth (2000 m). Below the
depth of the barriers, the parameterization is imple-
mented as discussed by Wright et al. [1995]. Above the
barriers, there can be no zonally averaged geostrophi-
cally balanced meridional circulation, and we thus as-
sume that the only significant zonally averaged north-
south flow is in the surface Ekman layer. The first cell
boundary within the Southern Ocean is thus effectively
a barrier to geostrophic flow in the upper part of the
water column, and we treat it as such in implementing
the new closure scheme.

Table A1l. Ocean and Atmosphere Parameters

An additional modification made in the ocean com-
ponent of the model is that we have allowed for vertical
variations in the vertical diffusion coefficient [Weaver
and Sarachik, 1991]:

1.25
K,=K? [1 - Tatan (

V4
m + 11.25)] . (Al)

The most important effect of this modification for the
present study is that the lower near-surface diffusivity
impedes the absorption of radiocarbon into the ocean in
areas where convection does not dominate the vertical
transfer. This results in a somewhat improved model
simulation of the present-day distribution of radiocar-
bon in the ocean, especially in the Pacific. Parameters
are given in Table Al.

Sea Ice

The sea ice component is the zero-layer sea ice model
of Semtner [1976]; parameter va;lues are given in Table
A2. The implementation is not significantly different
from that discussed by Wright and Stocker [1993], ex-
cept that the method of handling brine rejection during
sea ice formation has also been modified. In reality,
brine rejection due to seasonally varying sea ice cover
plays an important role in the process of deep water
formation, particularly around Antarctica and in the
Arctic Ocean. However, in runs which do not include a
seasonal cycle (as we consider here), this process is not
modeled. Generally, in our model and in many others,
this fact is compensated for by artificially increasing
the salinity at the highest northern and southern lati-
tudes so that water of the appropriate temperature and
salinity is available to supply the deep ocean. This pro-
cedure is obviously not entirely satisfactory for several

Parameter Value
pA surface air density 1.225 kg m =3
ha atmosphere scale height 8320 m
H ocean depth 4000 m
Az bottom depths of model cells 50, 100, 150, 250, 500, 750, 1000, 1250,

ridge height in Southern Ocean

K, surface to bottom range of vertical diffusivity (see

equation (Al))
K horizontal diffusivity

Doa sensible heat exchange coefficient
T, TS relaxation time for T and S

m? ocean velocity closure parameter
Y2 ocean velocity closure parameter

1500, 2000, 2500, 3000, 3500, and 4000 m
2000 m
1.27,...,0.31 x 10~ *m? s~}

500 m? s~!

10 Wm2K™!
50 days

1.1

-0.6

2Determined by Wright et al. [1995]; 1 is associated with vorticity dissipation in the western boundary layer, and 2
is associated with the horizontal and vertical turning of the surface flow entering the northern boundary layer from the

inviscid interior region.
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Table A2. Ice Parameters
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Parameter Value
0i ice density (0.9 X px) 925 kg m™3
g latent heat of fusion 3.34 x 10° J kg™*
K; ice conductivity 2Wm™! K!
Ty freezing point of seawater S dependence from Gill [1982]
Tm melting point -0.1°C
€; ice surface longwave emissivity 0.96
Dj, ice-air sensible heat exchange coefficient 10 Wm~2 K™*

reasons. For example, £ — P must be increased in or-
der to maintain the surface salinity at the required level,
and this may cause problems on coupling to an atmos-
pheric model. Perhaps more important for the present
study, if the surface salinity of the southernmost model
cell is increased to the observed deep water value of
order 34.7, convection in the Southern Ocean is usu-
ally vigorous, which leads to heavily ventilated AABW
with radiocarbon concentrations that are significantly
too high.

A simple representation of plumes has been included
in order to account for the effect of brine rejection
around Antarctica. We assume that a fraction of the
salt ejected during sea ice formation is mixed with a
specified volume of surface water, and we slot this new
water in at its neutral stability level before calling the
usual convection scheme. On the basis of an estimated
annual mean sea ice formation rate of order 1 Sv [Hof-
fert, 1990; Budd, 1991], we take the salt from 0.5 Sv of
water to go into plumes (a conservative estimate), and
we mix it with a volume of surface water that would con-
tain 50 times this much salt (chosen to give the resulting
deep water a salinity consistent with present-day condi-
tions). We emphasize that this approach can reasonably
account for the effect of brine rejection in the present-
day ocean, but it does not model it in a dynamically
consistent manner. To do the latter, seasonal cycles
are being incorporated now. Also note that the usual
convection scheme [e.g., Wright and Stocker, 1992] is

Table A3. Radiocarbon and Biosphere Parameters

still employed after the “plume water” is slotted in at
the appropriate depth level. Thus fixed plumes are in-
cluded to allow for more realistic formation of AABW,
but if the conservative amount of salt being removed
from the surface layer via plumes is inadequate to yield
a stable water column, any instabilities that remain are
removed using the classical convective mixing scheme
as in previous versions of the model.

Biosphere

The biosphere component is as described by Siegen-
thaler and Oeschger [1987]. It consists of four well-
mixed compartments: ground vegetation and leaves,
wood, detritus, and humus, each with different over-
turning times for carbon given in Table A3. The total
carbon content of each reservoir and the fluxes of to-
tal carbon between the reservoirs and between the at-
mosphere and the reservoirs are fixed at the values of
Siegenthaler and Oeschger [1987). Fractionation factors
for 14C between atmosphere and biosphere are included
in the model formulation, but since the model does not
yet contain an organic carbon cycle model (presently
under development) and we do not carry 3C, fraction-
ation factors are all set to 1. This is correct to first
order in the fractionation factors if isotope ratios are
interpreted directly as A'C (instead of carrying §4C
and 6'3C in the model and then calculating AC).

Parameter Value
A 1@ decay constant 3.833 x 10712 571
Rstq standard 14C/12C ratio 1.176 x 1072
oM ocean reference concentration of total carbon 2250 pmol/kg
Do preindustrial pCO2 280 ppm
go reference gas exchange rate 7.131 m/yr
H4catm 1 restoring surface value 13.92 x 107 ®*mol/m? (at 280 ppm)
9.70 x 10~ 5 mol/m?® (at 195 ppm)
Feosm cosmic flux of C 1.583atoms/(cm?s) (at 280 ppm)

1.550atoms/(cm?s) (at 195 ppm)
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Radiocarbon

We have considered two different formulations for the
net air-sea exchange of radiocarbon. The first approach
calculates fluxes according to

(A2)

where H)s is the mixed-iayer depth, 7 is a specified
restoring time, and A'C*™ and AMC™* are model
variables of the atmosphere and mixed-layer A'C val-
ues, respectively. To account for the long isotopic equi-
libration time, 7 is about 5 years [Broecker and Peng,
1974; Toggweiler et al., 1989; Stocker et al., 1994].

The second method is based on the gas exchange for-
mulation [Siegenthaler, 1983]:

(43)
where a40 and apa are fractionation factors, 4Catm
and “C™* are the model variables of air and mixed-
layer isotope concentrations in moles/kilogram, and ¢ is
the buffer factor for radiocarbon (we use £ = 1, which is
a good approximation, because in contrast to total car-
bon for which ¢ is of order 9 to 14, the isotopic concen-
tration is only weakly influenced by carbon chemistry).

) B A oD o

Here g is a gas exchange rate given by

g=kxsX = (A4)

p
EM ’
where k denotes the piston velocity (in meters/second),
s denotes the solubility (in moles/(cubic meter ppm)),
p denotes the partial pressure of CO; (in ppm) and ¥
denotes the reference concentration of total carbon in
the mixed layer (in moles/cubic meter) [Broecker et al.,
1985b]. All parameters are held constant except for p,
which is allowed to vary during a deglaciation experi-
ment due to the secular rise of pCO; in the atmosphere.
We employ

9=go2, (A5)

DPo

where go = 7.313 m/yr is the gas exchange rate at the
preindustrial pCO2 concentration, and p and pg are ac-
tual and preindustrial atmospheric partial pressures of
COs,, respectively.

In all experiments presented in this paper, we have
used the second, more accurate, formulation. Transient
experiments using both formulations have shown only
minor differences for cases in which the atmospheric
partial pressure of CQOs’is held constant. However, our
experiments with p changing according to reconstruc-
tions from an Antarctic ice core show that variations in
atmospheric CO3, which are accounted for in only the
second formulation, can significantly affect results.
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We calculate A'*C according to

Rstd
)
Rstd

uo/s -

AM™C = 1000%0 x (A6)

where 4C is the radiocarbon concentration, ¥ is a

A e PRI PUPAPIS R, [,

re[elellbc (,Ull(,ellbld,l,luil Ul tOtal Carooii lll bllU lcbpeh-
tive reservoir, and Rgq is the standard 4C/!2C ratio.

Therefore we neglect the correction for isotonic Fv--;r-hnn_
AL 1ITLTIVLIU VWU 1\161\./\4‘! ULIU LUULLUUVIVLIL LVL 1oV tl A VLU VAU LL

ation. This is correct to first order (in the fractionation
factors) if the fractionation factors aso and apa are
set to 1.

Since there are uncertainties in the gas exchange rate
Jo [Wanninkhof, 1992] we have performed two addi-

blUlld.l expeumeubb Wlbll 90 - O l d.llU .l.l ul/yl. a,uu d,ll

other parameters as in experiment C2. The value of
a~ — 712 m/ur [Brosokor ot n' 1085h] givas an aco-

go = 7.13 m/yr [Broecker et al., 1985b] gives an oce
anic A'C distribution that is broadly consistent with
the modern distribution, whereas the additional two ex-
periments show generally too low or too high A*C val-
ues, respectively. The influence on the length of the
plateau is minor: It increases from 40 to 64 years when
increasing go from 3.7 m/yr to 11 m/yr. More impor-
tant are temporal changes of g due to ice cover, wind
speed, and temperature changes, as indicated by sets T
and I of the experiments in Table 1.
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