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Abstract

A previously developed two-dimensional-basin model of the global thermohaline circulation has been
asynchronously coupled to an atmospheric energy balance model in support of analyses of the low frequency
variability of the climate system. The coupled model, which has previously delivered successful simulations
of the Dansgaard-Oeschger oscillations revealed in deep ice-core isotopic data from Summit, Greenland, is
herein applied to the last deglaciation event of the current ice age in order to investigate the response of
the climate system to transient meltwater forcing. The model employs hydrological forcing functions that
consist of two components, one that is related to sea level and constrained by coral-based records of LGM
to present sea level history, and a second that is unrelated to sea level and is assumed to exist because
of the existence of the continental ice sheets that bounded the region of the North Atlantic basin where
deep water is today. Our results show that the model successfully explains the occurrence of a Younger-
Dryas-like cool period regardless of the detailed properties of the sea level-related meltwater event that is
observed to have followed this millennium-long return to glacial conditions. In order to successfully explain
the occurrence of the Bplling/Allergd warm period that occurred prior to the Y-D, however, the model
requires the action of the additional “background” anomaly that is unrelated to sea level. We explore the
impact on climate response of the properties of these two components of the anomalous forcing.

1. Introduction period, consist of ice-core derived oxygen isotopic
data from Summit, Greenland. These records con-
stitute a primary output from the GRIP (GReen-
land Ice-core Project; e.g., GRIP, 1993) and GISP2
(Greenland Ice-Sheet Project 2; e.g., GISP2, 1993)
collaborations. Such oxygen isotope records are a
primary proxy for air temperature over the ice-sheet
and these data suggest that temperature dropped
during the Y-D to values as low as those obtained
during full glacial conditions, with the amplitude of
the temperature excursion reaching half that of the
full glacial-interglacial change itself. The influence
Corresponding author: K. Sakai, Inst. for Hydrospheric has been observed even far from the North Atlantic

and Atmospheric Sciences, Nagoya University, Furo-  jp mid-latitude, deep-sea cores from the Eastern Pa-
cho, Chikusa-ku, Nagoya, Japan. E-mail: kotaro@ihas. .

nagoya-u.ac.jp cific (Kennett and Ingram, 1995).

Present affiriation: Frontier Research System for Global Just prior to the Y-D, the proxy temperature
Change, Seavans N., 1-2-1 Shibaura, Minato-ku, Tokyo, record from Greenland shows that the climate in this

g?ggsl(l)\?{j?glolog'cal Society of J sector was much closer to modern than to full glacial.
y eor 1 1 o] apan

It is now well-established that the rapid deglacia-
tion process that followed the last glacial maximum
(LGM, considered to correspond to 21 kyrBP =
21,000 sidereal years before present) of the current
ice age and which transformed the climate of the
ice-age Earth into its present Holocene state was in-
terrupted by a cool period that is referred to as the
Younger-Dryas (Y-D). Perhaps the most highly re-
solved records of North Atlantic sector climate his-
tory during the last deglaciation, including the Y-D
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At LGM, average surface temperature was of course
the lowest realized during the ice age cycle. Thus,
there exists a sharp transition in the climate record
from LGM conditions to the warm period that pre-
ceded the onset of the Y-D. This warm period is re-
ferred to as the Bolling/Allergd (B/A), and accord-
ing to the Summit isotopic data it began at approx-
imately 15 kyrBP and lasted until the onset of the
Y-D, near 13 kyrBP. Although this B/A warm pe-
riod may appear to exhibit a gradual cooling within,
the most salient aspect of this precursor to the Y-D
is that the warming that commenced with the onset
of deglaciation at LGM occurred very slowly until
the very abrupt onset of the Bplling/Allergd.

Figure 1 illustrates this sequence of events based
upon a superposition of four different data sets:
the GRIP oxygen isotopic record (Dansgaard et al.,
1993; Taylor et al.,1993), the GISP2 oxygen iso-
topic record (Grootes ef al., 1993; Meese et al.,
1994) as temperature records of the region, a Vos-
tok (Antarctica) temperature record (Jouzel et al.,
1987), and the record of sea level change at Barba-
dos (Fairbanks, 1990). Concerning the coral-based
records of sea level change since the last glacial
maximum, it is not only the record from Barbados
(Fairbanks, 1989, Bard et al., 1990), but also those
more recently obtained from the Huon Peninsula of
Papua New Guinea (Edwards et al., 1993), and from
Tahiti (Bard et al., 1996), that support the existence
of two-episodes of rapid deglaciation interrupted by
the Y-D cool period.

Our purpose in this paper will be to focus upon
these two questions, namely possible mechanisms
underlying the occurrence and abrupt onset of the
B/A warm period. For the purpose of the anal-
yses we shall present, the same reduced model of
low frequency climate system variability will be em-
ployed as that recently described in detail in Sakai
and Peltier (1997). As we will demonstrate, the re-
sults of these analyses do appear to provide explana-
tions both as to why the B/A warm period occurred
and why it onset as abrupt as is recorded in the pa-
leoclimate record. Our results for this event will be
shown to compare very favorably with the ice-core
derived temperature record from Greenland.

2. Model overview

The climate model to be employed in this paper
is essentially identical to that developed and em-
ployed in the context of our most recent discussion of
Dansgaard-Oeschger oscillations (Sakai and Peltier,
1997). It originally consists of three primary compo-
nents: a cryospheric component that describes the
accumulation and flow of land ice stimulated by or-
bital insolation variations that will not be directly
invoked in the present work; an atmospheric compo-
nent consisting of a one-layer energy-balance model
(EBM) that includes nonlinear seasonal ice (snow)-
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Fig. 1. Proxy records of climate vari-
ability between 8 kyr BP and 18 kyr
BP. The Greenland temperature prox-
ies, 7.e., oxygen isotope records from the
GRIP and GISP2 deep ice cores are nor-
malized by their maximum deviation be-
tween 0 and 122 kyr BP. The tempera-
ture record from Vostok, Antarctica is
also normalized by its range between 0
and 122 kyr BP. See the original refer-
ences referred to in the text for details.

albedo feedback in the presence of orbital forcing;
and finally an oceanic component that consists of
two-dimensional (the vertical and one horizontal di-
mensions) coupled hydrodynamic slab representa-
tions of the major ocean basins.

The first two components of this model have been
developed for the purpose of simulating the 100 kyr
ice-age cycle itself. Detailed descriptions and ap-
plications of these elements of the coupled struc-
ture will be found, for example, in Deblonde and
Peltier (1993) and references cited therein. Tarasov
and Peltier (1997) have recently described the first
fully successful application of this structure to the
explanation of the 100 kyr cycle. The main prognos-
tic variable of the atmospheric EBM is the surface
temperature field, which is controlled by space-time
variations of surface albedo (the default spatial dis-
tribution of the surface albedo may be determined
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by seasonal snow cover, seasonal sea ice extent, or
ice-sheet cover), topography, insolation, and addi-
tional forcing associated with variations in the con-
centration of greenhouse gases. Horizontal energy
transport in the EBM is represented diffusively with
a diffusion coefficient selected so as to enable the
model to fit the observed latitudinal temperature
variation in the modern system. The model con-
tains neither an explicit hydrological cycle nor, of
course, explicit fluid dynamics.

The final component of the model, and the one
most important for the present application, is the
oceanic component that was first coupled to the
climate model in the analyses of Sakai and Peltier
(1997) in order to investigate the role of the oceans
on very long timescales (millennia). This element
of the model began life as a stand-alone module,
the initial formulation of which, along with paleo-
ceanographic applications, was described in Sakai
and Peltier (1995). In Sakai and Peltier (1996),
this single-basin version of the model was extended
to a multi-basin configuration and further paleo-
ceanographic experiments described. Each of the
four model basins in this extended model is two-
dimensional, and three are meridionally oriented,
i.e., the Atlantic, Indian, Pacific; the Southern
Ocean through which these three meridionally ori-
ented basins are connected is oriented zonally. The
velocity field in each of the model basins consists of
two components, one of which is governed by a vor-
ticity equation in which viscous dissipation of vor-
ticity is balanced by density forcing, while the other
derives from a parameterization of the wind-driven
circulation.

The only interaction between the atmospheric
and oceanic components of the model that is ex-
plicitly incorporated is a thermal interaction: the
EBM determines the sea surface air temperature
(SSAT) provided oceanic heat flux is known, and the
oceanic component returns oceanic heat flux, pro-
vided SSAT is known. Since the atmospheric EBM
does not have an internal hydrological cycle, the sea
surface freshwater flux required by the ocean compo-
nent of the model is externally specified. The over-
all structure of this field is fixed to that at present
(annually averaged) forcing, a form perturbed so
as to mimic the influence of freshwater runoff from
the continents due to ice-sheet disintegration, which
may or may not influence sea level depending upon
the relationship of the magnitude of ablation to that
of accumulation. The surface wind-stress that is re-
quired to drive the parameterized wind-driven cir-
culation is fixed to the present annually averaged
zonal wind stress. More detailed discussion of these
boundary conditions and of the coupling scheme em-
ployed to link the individual model components is
found in Sakai and Peltier (1996, 1997).
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3. Deglaciation experiments: Hydrological

perturbations

In Sakai and Peltier (1997), we assumed that the
surface of the North Atlantic continuously recetved
considerable anomalous freshwater forcing during
the glacial epoch due to surface runoff (iceberg calv-
ing) from the large ice-sheets that covered North
America and Northwestern Europe, a forcing that
has the effect of reducing the surface salinity at high-
latitudes. This hypothesis was based upon the sea
surface salinity reconstruction for LGM by Duplessy
et al. (1991) which clearly shows a sharp diminution
of sea surface salinity (SSS). In all that follows we
will continue to explore the implication of this sce-
nario. It is important to understand that even if
ice-sheet volumes were constant (so that sea level
was also constant) we would still expect this hy-
drological perturbation to have been non-zero and
equal in magnitude to the fraction of the precip-
itation falling on the ice-sheets that drained into
the North Atlantic basin. In the work of Sakai and
Peltier (1997), this first component of the anomalous
flux was assumed to be constant in order to simplify
interpretation of the results of the simulations con-
cerning the mechanism underlying the D-O oscilla-
tions. Since continental ice-sheet extent decreases to
zero during deglaciation, the magnitude of this com-
ponent of the anomalous flux (which is unrelated to
sea level) will certainly not be constant during this
period but rather will also decrease to zero. It seems
reasonable to assume, in a first approximation, that
this background flux might have been proportional
to the extent in continental ice cover. In what fol-
lows we will refer to this contribution to freshwater
forcing as the North Atlantic background anomaly in
order to distinguish it from the additional element
of the forcing that is associated with a change in
mean sea level. Detail of such a hydrological cy-
cle, however, is beyond the purpose of this paper.
We will instead investigate the model climate sys-
tem through sensitivity experiments under various
scenarios of anomalous freshwater forcing.

Figure 2 illustrates the assumed history of to-
tal anomalous freshwater forcing, to which we shall
hereafter refer as the default deglaciation history.
With the exception of two caveats, this deglaciation
history has a sea-level related element that is iden-
tical to that employed in Sakai and Peltier (1996),
which is constrained to fit the ICE-4G history of
Peltier (1994, 1996). The first caveat is that 25 per-
cent of the (sea-level related) first meltwater pulse
from the Laurentide ice-sheet is assumed to flow
through the Mississippi outlet while the remain-
der is assumed to flow through the St. Lawrence
River outlet (in Sakai and Peltier (1996). All of
the Laurentide ice-sheet derived meltwater was as-
sumed to be discharged through the St. Lawrence
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Fig. 2. Model of the components of anomalous freshwater loading applied to the oceanic component of
the climate model. The thin solid line represents the background freshwater flux anomaly due to the
existence of large continental ice sheets over North America and Europe which is unrelated to the
changing sea level. The remaining curves represents the component of the anomalous flux that is
directly connected to changing sea level and this is disaggregated into the contributions from various
geographical regions. This component is based upon the results described in Fairbanks (1989) and
Peltier (1994).
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outlet). Because the ocean model is two dimen-
sional, its response to an applied freshwater anomaly
turned out to be insensitive to the latitude at which
the anomaly is applied under the employed deglacia-
tion meltwater history, and we will not comment fur-
ther on this property of our experiments. The sec-
ond caveat concerns the component of the anoma-
lous forcing that was referred to as the background
anomaly. This is the component of the anoma-
lous forcing that is assumed to be persistently pro-
vided from the continental ice-sheets surrounding
the high-latitude regions of the North Atlantic even
when ice volume, and thus sea level, is constant. -
This contribution to the total anomalous forcing was 0
discussed previously and, as we will see, it plays a 0
crucial role in our ability to explain the rapid onset Time [kyrBP]
of the B/A warm period.

Based upon this default representation of the
anomalous freshwater forcing, the results from three
different series of sensitivity experiments will be pre-
sented in the following section of this paper. The
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Fig. 3. Model deglaciation histories in terms
of meltwater flux in the interval between
0 and 24 kyr BP for the first set of
deglaciation experiments. In this set of
experiments the sea level related contri-

first two series concern the sensitivity of the climate bution to the meltwater flux is fixed to
model to the amplitude and timing of the back- the default history but the amplitude of
ground anomaly (unrelated to sea level), whereas the initial background anomaly is varied.

the final set of sensitivity experiments addresses the
influence upon the variation of surface temperature
due to the change of continental ice cover that oc-
curs as deglaciation proceeds.

Figure 3 shows the model deglaciation histories
to be employed in the first set of sensitivity exper-

iments. In this series, only the initial amplitude of
the background anomaly (hereafter referred as IBA)
is varied, whereas the contributions from deglacia-
tion related meltwater are held fixed to those of the
default history shown on Fig. 2. The purpose of this
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series of sensitivity experiments is to determine the
magnitude of the IBA (if any) required to cause an
abrupt warming sometime prior to the Y-D cold pe-
riod that would enable us to accurately model the
B/A warm period. This set of experiments is here-
after referred to as exp. L.

Figure 4 presents the model deglaciation histo-
ries to be employed in the second set of sensitiv-
ity experiments. In this sequence, the contributions
from deglaciation-related meltwater are held fixed
to those of the default history on Fig. 2. The IBA is
also held fixed in amplitude but in this set of experi-
ments the timing of the applied background anomaly
is varied. The curve labeled “std” on the figure cor-
responds to the timing of the default deglaciation
history. This set of experiments is clearly comple-
mentary to the first, and will enable us to examine
the sensitivity of the systems’ response to changes
induced by the timing of the background anomaly.
This set of experiments is hereafter referred as exp.
II. An additional experiment is briefly described in
the Appendix, in which we investigate the magni-
tude of the contribution to the temperature varia-
tion from the presence of the ice sheets themselves.

Throughout this series of experiments, the con-
tributions to deglaciation-related meltwater produc-
tion from Eurasia and Antarctica will be held fixed.
Table 1 provides a summary of the experiments,
which are to be discussed in what follows. In all
of these experiments, the ocean component of the
climate model is initialized in the state of strong
pole-to-pole overturning that is characteristic of the
modern circulation. Under the application of a small
constant IBA, the thermohaline circulation in the
Atlantic basin of the model converges to a new
quasi-steady state within a few centuries of inte-
gration. Even under the considerably larger IBA
applied herein, the model settles down to a new sta-
tistically steady state in less than a thousand years.
All the experiments presented herein comprise in-
tegrations initialized at 24 kyrBP and terminated
at 0 kyrBP, and include the full impact of the Mi-
lankovitch forcing over this time period.

4. Results and discussion

In this section we will discuss in sequence the re-
sult obtained in exp. I-II. Additional results and
discussions on a further experiment (III), in which
we will present the results obtained through ex-
periments that incorporate the combined impact of
freshwater flux induced changes in the strength of
the THC and surface albedo variations associated
with the changing surface area of the continental ice
sheets, is presented in the Appendix.

4.1 Amplitude of the background freshwater flux
anomaly: exp. I
In this set of experiments, the influence of the
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Fig. 4. Model deglaciation histories in terms
of meltwater flux in the interval between
0 and 24 kyr BP for the second set of
deglaciation experiments. In this set of
experiments the sea level related contri-
bution to the meltwater flux is held con-
stant but the timing of reduction of the
background anomaly is varied.

changes in the magnitude of the applied background
anomaly is investigated as previously discussed. In
Fig. 5 we plot the simulated meridional heat trans-
port in the Atlantic basin of the model {difference
between at 80°N and at 30°N). These time series
reflect the intensity of NADW formation. The more
intense the NADW formation, the larger the magni-
tude of the northward heat transport (due to choice
of the coordinate system, northward heat transport
is shown as a negative value).

In this Figure, data from 6 different cases is shown
from the time interval between 20 kyrBP and 4
kyrBP. Without any background anomaly, which is
the case presented on the top plate of Fig. 5, NADW
formation is suppressed only during an overly brief
Y-D period. Although this result appears to be very
similar to the result obtained in the Y-D experiment
described in Sakai and Peltier {1996), it should be
noted that the duration of the model Y-D period ob-
tained herein is significantly shorter than that pro-
duced in the previous analysis in which only the
ocean component of the climate model was employed
under a prescribed annual cycle of temperature. In
the present experiment, the ocean component of the
model is fully coupled to an atmospheric EBM that
self-consistently determines SSAT and this coupling
is important to the details of the Y-D event that
the model simulates. The physical effect that re-
duces the duration of the low-NADW production
state is therefore the negative feedback between the
atmosphere and the ocean. The low-NADW produc-
tion state that develops near 13 kyrBP is caused by
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Table 1. List of deglaciation experiments
Experiment description and notes
I The response to variations of the amplitude of the initial background anomaly in freshwater

flux applied to the North Atlantic is‘investigated. Deglaciation related meltwater that
drives an increase of sea level is held fixed to the default history.

1I The response to variations in the timing of reduction of the background anomaly in fresh-
water flux applied to the North Atlantic is investigated. The amplitude of the initial
background anomaly is held constant and the history of deglaciation related meltwater is

held fixed to the default history.

111 This simulation includes the impact upon the variation of surface temperature due to the
variation of surface albedo associated with the presence of ICE-4G ice-sheets.

over-freshening of the high-latitude North Atlantic.
In our previous analysis using the ocean-only ver-
sion of the model (Sakai and Peltier, 1996), the an-
nual cycle of SSAT was fixed so that surface cool-
ing did not occur even when heat release from the
ocean to the atmospher was reduced. In the cou-
pled version of the model, the cooling caused by the
atmosphere-ocean interaction changes the region of
intense NADW formation by shifting it southward
where the salinity is higher. This process tends to
keep the rate of NADW production high, thus re-
ducing the duration of the low-NADW production
event (the simulated Y-D).

On the basis of this result we are led to make
two important inferences. One is that in the ab-
sence of a background component of the freshwater
forcing there should be no transition in the inten-
sity of NADW production following LGM but prior
to the Y-D. Based upon Fig. 1 which reveals an in-
tense B/A event, the results of this simulation are
therefore in conflict with the observations.

The rather poor reproduction of the Y-D event re-
vealed on the top plate of Fig. 5 is clearly improved
by increasing the initial background anomaly (which
is unrelated to sea level) from zero. This is especially
evident in the third plate of Fig. 5. For this balance
of contributions to the net freshwater forcing, we ob-
tain both low-NADW-formation and high-NADW-
formation states that precede the simulated Y-D. In
the 1 kyr period prior to the Y-D, a state of high-
NADW-formation develops for background forcing
amplitude between 8.33 and 9.52x 102 m3 /yr. This
feature is very similar to the B/A warm period re-
vealed by the isotopic data shown on Fig. 1. The
first of the time series in this sequence reveals a
further interesting feature, namely a state of in-
creased simulated NADW production that occurs
at the beginning of the record. This feature corre-
sponds to one of the D-O oscillations that we have
investigated in our previous work (Sakai and Peltier,
1997): within a certain range of persistent back-
ground anomalous forcing, such as that employed
in the present study, D-O oscillations are expected

to appear. Although this feature is interesting in it-
self, the Greenland climate record does not exhibit
prominent D-O-like oscillations near LGM. Accord-
ing to our simple model, then, the actual anoma-
lous freshwater forcing during deglaciation may have
been closer to those assumed in the fourth and fifth
plates from the top in Fig. 5. In these two cases,
NADW formation is turned off until approximately
14 kyrBP when, following its sudden onset, a state
of high-NADW-formation is simulated to persist un-
til onset of the low-NADW-formation state, which
constitutes the Y-D, a highly similar sequence to the
data shown on Fig. 1. This theory therefore provides
the first successful simulation of the B/A event.

The bottom plate of Fig. 5 shows that, with this
strength of applied background forcing, a state of
negligible NADW activity persists until approxi-
mately 12 kyrBP, the time of termination of the
actual Y-D. In this extreme case, application of an
overly large background anomaly does not allow the
NADW formation process to recover at all prior to
the Y-D. Again, according to analyses of a variety of
paleorecords it is well established that NADW for-
mation did recover to its present intensity sometime
between LGM and the Y-D, so that the range of pa-
rameter values employed in this simulation is also
excluded observationally.

An equally important and more diagnostically di-
rect quantity delivered by the ocean component of
the model is the heat flux across the ocean surface,
especially near the region where deep convection oc-
curs. Figure 6 shows a corresponding time series
from the same set of experiments. In this figure, we
show time series of the heat exchange across the sur-
face of the North Atlantic integrated between 30°N
and 80°N. Clearly, there exists a very good correla-
tion between the previously discussed proxy for the
intensity of NADW formation and the magnitude
of heat exchange across the air-sea interface. More
intense NADW formation generally results in more
intense atmospheric heating.

The influence of such surface heat exchange
should also be reflected in the temperature field over
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Meridional Heat Transport [diff. 30°N-80°N, 10"W]
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Fig. 5. Results from experiment I. The individual plates present the difference of the meridional heat
transport between 30°N and 80°N in the Atlantic Basin for the values of the initial background
anomaly depicted on Fig. 3 (since the transport is taken as positive for southward direction, northward
heat transport corresponds to the negative sign). The amplitude of this heat transport is proxy for

the intensity of NADW.

the Atlantic, and this direct influence is in fact re-
vealed in Fig. 7, in which we have plotted time se-
ries of the surface air temperature averaged over the
North Atlantic basin of the model between 50°N
and 70°N. Since the meridional heat transport is
well correlated with the heat exchange across the
surface, and the surface heat exchange is well cor-
related to the temperature field, NADW activity is

also well correlated to the temperature field in the
same geographical region.

Comparing Fig. 5 with Fig. 7 demonstrates that
low-NADW-formation in the North Atlantic results
in the creation of a cold climate state over the North
Atlantic, and that high-NADW-formation corre-
sponds to a warm state. As mentioned in connection
with the model overview, Milankovitch-insolation
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Fig. 6. Results from experiment I. The individual plates present time series of surface heat exchange
integrated from 30°N and 80°N over the Atlantic Basin for the same sequence of initial background
anomalies as in Fig. 5 (a positive value implies that the ocean is supplying heat to the atmosphere).

forcing has been included in all of the experiments
presented herein, but the direct effect of the influ-
ence of insolation variations due to the changing ge-
ometry of the Earth’s orbit (precession, obliquity,
eccentricity) is insignificant compared with the in-
fluence of the NADW formation process. This is
made clear by inspection of the temperature change
simulated to occur in connection with the Y-D pe-
riod. The duration of this cold period is only about
1 kyr, but the insolation change caused by orbital

forcing over this period is very small (the shortest
of the timescales in the orbital forcing is that of pre-
cession, which has a dominant period near 21 kyr).
The direct influence of insolation variations may be
inferred by comparing temperature near the begin-
ning (near 20 kyrBP) with that near the end (near
4 kyrBP) of the integration, for which results are
shown on the top plate of Fig. 7. This yields a vari-
ation of approximately 1°C, so that the contribution
to the temperature change during deglaciation over
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Fig. 7. Results from experiment I. The individual plates present time series of sea surface air temperature
averaged between 50°N and 70°N over the Atlantic for the same sequence of initial background
components of the freshwater forcing anomaly for which results are shown on Fig. 5.

the high-latitude North Atlantic due to the direct in-
fluence of the change in insolation is less than 1°C.
On the other hand, the temperature increases that
mark the beginning and the end of the Y-D period
on Fig. 7 are generally on the order of 6°C. This 6°C
amplitude is on the same order as that predicted in
our model to occur in conjunction with individual
phases of the Dansgaard-Oeschger oscillation (Sakai
and Peltier, 1997). It is also in close accord with
the observed amplitude of the temperature signal
that accompanies both the Y-D and D-O oscillation

based upon ice-core derived histories of temperature
variations from the Summit, Greenland site.

There is one aspect of these simulated climate his-
tories that shows a slight negative correlation most
clearly seen on the top plates of Fig. 5 and Fig.
7. Between 16 kyrBP and 14 kyrBP, NADW for-
mation is still high (slightly higher than that be-
tween 18 kyrBP and 16 kyrBP), but the tempera-
ture during this period is slightly lower than that
between 18 kyrBP and 16 kyrBP. This may be ex-
plained as a consequence of the southward migra-
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tion of the region of intense NADW formation when
temperature decreases over the region. Migration
of the position of most intense NADW formation is
not necessarily related to the intensity itself. Such
migration is, however, inevitable under certain cir-
cumstances, namely when the sea surface salinity
over the main region of NADW formation decreases
for some reason, with sea surface salinity increasing
equatorwards. In this circumstance the region will
no longer produce NADW and thus cooling will oc-
cur. In our EBM-based model, in which horizontal
heat transport is diffusive, this cooling propagates
quasi-isotropically and this may enable neighboring
regions to the south to develop into a new NADW
source. In time series generated by averaging over
50°N-70°N, this may simply appear as a decrease in
the mean temperature of the region.

The sequence of events that occurs when NADW
formation weakens is totally different. Under such
conditions, there is no way to release the heat that is
stored in North Atlantic deep water (or intermediate
water). Although the transport of warm saline water
from middle latitudes and summer surface heating
in the middle-high latitudes increase the thermal en-
ergy of the intermediate layer in the North Atlantic,
the low salinity and thus density of the surface water
prevents the occurrence of deep convection through
which stored thermal energy is released to the at-
mosphere.

The mechanism that controls the occurrence of
the Y-D is, therefore, essentially the same in the
coupled model as in the ocean-only model. The
new element that is revealed in the simulations that
include a background component of the forcing is
that the climate model successfully simulates both
a Bglling/Allerpd warm period and a Younger-Dryas
cool period. In Fig. 7, the third to fifth plates sug-
gest cold climate to persist over the North Atlantic
prior to the onset of abrupt warming after 15 kyrBP.
The cold state otherwise persists essentially from the
beginning of the model integration. This structure
is in very close accord with the sequence of events
that is observed to have occurred between LGM and
the onset of the B/A. At the onset of this warm pe-
riod, the temperature increases abruptly by approx-
imately 4°C as is observed to be characteristic of
the onset of B/A. The warm period simulated herein
ends near 13.5 kyrBP, which makes the beginning of
Younger-Dryas cool period in the simulated climate
history. This cold state persists in the model until
approximately 12 kyrBP, and is the model simulated
Y-D. It should be recognized that in this simulation
the Y-D occurs somewhat earlier than what is re-
vealed in the observational data shown in Fig. 1.

An important point concerning the stability of the
simulated Y-D episode involves the extent to which
the duration of this event is modified by the magni-
tude of the background component of the anomalous
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freshwater forcing. In the top plate of Fig. 7, the Y-
D cool period lasts less than 1 kyr. On the fourth
and fifth plates, the corresponding Y-D periods are
stretched so as to reach 1.2-1.4 kyr and thus to agree
with the observed duration of the Y-D according to
the Summit ice-core isotopic data shown in Fig. 1.

4.2 Timing of the reduction of the background com-
ponent of the freshwater anomaly fluz: exp. I

Since the hypothesis that glacial conditions them-
selves resulted in the addition of an background
anomaly in freshwater flux (unrelated to sea level)
being applied to the North Atlantic has some atten-
dant uncertainty, the amplitude of the background
anomaly may not be precisely proportional to conti-
nental ice cover. This set of experiments is therefore
intended to examine the sensitivity of the simulated
climate changes during deglaciation to the timing of
this component of the anomalous forcing.

Figure 8 shows time series for the variations of
meridional heat transport (difference between 30°N
and 80°N) in the Atlantic from this set of experi-
ments. Similarly, in Fig. 9 and Fig. 10 are respec-
tively plotted the heat exchange time series across
the surface of the Atlantic integrated from 30°N to
80°N and the temperature time series averaged be-
tween 50°N and 70°N. The middle plate on each
of Figs. 8-10 corresponds to the case of the de-
fault deglaciation history of Figure 2, and the upper
plates present results obtained when the reduction of
the background anomaly proceeds earlier than in the
default history, whereas the lower plates present re-
sults obtained when the reduction of the background
anomaly proceeds later than in the default history.
The amplitude of the IBA is of course kept fixed in
all of these experiments.

Inspection of those figures demonstrates that
when the reduction of the background anomaly is
assumed to have begun earlier than in the default
case, this leads to the simulation of a longer warm
period prior to the Y-D cold period. On the other
hand, if the reduction starts later than in the default
deglaciation history, the warm period that precedes
the Y-D contracts or vanishes entirely.

According to these experiments, a deglaciation
scenario after LGM may be described as follows:
the deglaciation process at first proceeded slowly, for
according to our theory there is no reason for any
sudden warming that is caused by a sudden onset
of NADW formation to occur. Influenced primarily
by a weak change in insolation, surface tempera-
ture rises moderately. This slow phase of deglacia-
tion results in a gradual reduction of the anomalous
background hydrological perturbation applied to the
North Atlantic. Once the background anomaly
has been reduced to subcritical amplitude, a sud-
den recovery of intense NADW formation occurs,
which immediately warms the surrounding region
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Meridional Heat Transport [diff. 30°N-80°N, 10"“W]

e *_;w“%v\) ' WM ' Anomaly shift +1.5kyr
- ‘r Iy V‘\*f‘ /‘WWUWV\‘ i ) ‘ 4
Y L Al
M \L | TR,
I \\ f % \
0 1 1 1 1 k\m) ] I ! 1
-8 T T T T

r‘;\
oL .\J, W o

_—Jw\/“www\ I MWW

T
Anoma\y shift 0.0kyr

4l l J /
0 X ; . A ﬁﬂ ; st AWV
-8

T
Anoma\y shift -0.5kyr

'f M‘ A

T T
Anomaly shift -1.5kyr

i

L N TN eIIIIe

12 16 2

[en]

Time [kyr BP]

Fig. 8. Results from experiment II. Same as for Fig. 5 except that the time series of meridional heat trans-
port are shown for various assumptions of the timing of the reduction of the background component

of the freshwater flux anomaly.

as demonstrated in this and in the preceding sub-
section. This event corresponds to the onset of the
B/A warm period. The B/A period ends with the
onset of the Y-D period, which itself results from
the freshwater forcing associated with the first in-
tense meltwater pulse that is related to sea level
change, that called 1A in Fairbanks (1989). The
combination of the background anomaly in freshwa-
ter forcing and the deglaciation produced meltwater
that actually causes sea level to rise maintains the
NADW stagnant cold state in the North Atlantic
for 1.2-1.4 kyr. The second onset of abrupt warm-

ing occurs at the end of the cold period.

Although this scenario is well supported by our
analyses, there is at least one difficulty we are un-
able to resolve at this point. This concerns the tim-
ing between the first meltwater pulse (as recorded
by the coral-based sea-level record from Barbados)
and the onset of the Y-D. Broecker et al. (1989)
hypothesized a switching of the location of the ap-
plied meltwater load from the Mississippi outlet to
St. Lawrence River outlet, which could lead to a
more direct application of the meltwater onto the
region of NADW formation, and that this more di-
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Fig. 9. Results from experiment II. Same as for

Fig. 6 except that the time series of heat exchange

between the North Atlantic Ocean and the atmosphere are shown for various assumptions concerning
the timing of the reduction of the background component of the freshwater anomaly.

rect hit may have been responsible for the onset of
the Y-D. In this paper we are obliged to leave this
question open since the dimensionality of our model
does not allow us to address the issue.

5. Conclusions

A previously constructed two-dimensional model
of the global thermohaline circulation, which
has already delivered a successful simulation of
Dansgaard-Oeschger oscillations (Sakai and Peltier,
1997), has been herein applied to the development
of a more complete understanding of the sequence

of climate variations that occurred during the last
deglaciation event of the current ice-age cycle. The
meltwater histories employed for the purpose of the
simulations described herein have been based upon
the assumption that such history must be composed
of two distinct (anomalous) components. One of
these is assumed to be that which has a direct ex-
pression in eustatic sea level, whereas the second is
assumed to have no impact on sea level and so to
represent a change of the global hydrological bal-
ance that characterizes the modern climate system.
Three different primary series of experiments were
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Fig. 10. Results from experiment II. Same as for Fig. 7 except that the time series of sea surface air
temperature are shown as a function of the timing of the reduction of the background component of

the freshwater flux anomaly.

performed in order to examine the sensitivity of
the system to variations in the hydrological forcing
of the oceans. Our goal in these analyses was to
demonstrate that the complete sequence of climate
events that occurred subsequent to LGM, includ-
ing both the Bolling/Allerpd warm period and the
Younger-Dryas cool period, might be explained as a
consequence of a single hydrological scenario. Inso-
far as we are aware, our results represent the first
successful simulation that has been proposed for the
Bpglling/Allergd episode.

Appendix

The influence of surface albedo variation
due to ICE-4G ice-sheets

It might be interesting to briefly describe a final
attempt to simulate the detailed sequence of climate
variations that is observed to have occurred during
the most recent episode of deglaciation. This ex-
periment may be somewhat ad hoc, but we believe
it to constitute our best effort to predict a com-
plete deglaciation history with the climate model
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Fig. 11. Results from experiment III, a “best” simulation incorporating the standard meltwater history
with the background and sea level related components as well as the influence of surface albedo
variations due to the presence of the continental ice-sheets as represented in the ICE-4G model of

Peltier (1994).

that employs only an EBM to diagnose tempera-
ture and a two-dimensional ocean model to predict
oceanic heat flux. In addition to the previously de-
scribed ingredients in the main part of the paper,
in this experiment the model will also include the
direct influence of continental ice cover, not based
upon the prognostic cryospheric component of the
model but rather based upon the ICE-4G model in-
ferred by Peltier (1994, 1996). Since this analysis
provides the distribution of surface ice cover only
with a time resolution of 1 kyr, the model ice-field
is updated only every 1 kyr in the runs of the climate
model to be described as follows.

Figure 11 shows the predictions from the climate
model, which now includes the direct effect of the
surface albedo variation due to the presence of the
decaying ice-sheets. One of the most prominent fea-
tures of the simulated history of surface temperature
change is the increased temperature difference be-
tween the pre-B/A period and the post Y-D period
from that predicted by the previous analyses in this
paper. This is apparently induced by the direct in-
fluence of the continental ice-sheets, which decreases
in area coverage monotonously with time during
deglaciation according to the ICE-4G reconstruc-
tion. Clearly the surface temperature at a given
latitude in this experiment will be much colder than
in the previous two sets of experiments. Since the
atmospheric EBM contains seasonal feedback asso-
ciated with snow/sea ice, the colder climate than
was obtained previously is caused in part by the in-
crease in surface albedo due to increase of snow/sea

ice cover.

The amplitude of the temperature differences sim-
ulated for the transition events in this more fully ar-
ticulated version of the model, i.e. the onset of B/A,
and the termination of Y-D, agree very well now
with inferences based upon the Summit proxy data.
There is, however, one clear difference between these
model results and the climate proxy records (Fig. 1).
Although temperature during the Y-D cool period in
the observed climate record is indicated to be as low
as during the pre-B/A level, the model prediction
suggests that the Y-D temperatures near Green-
land were significantly (approximately 2°C) warmer
than those characteristic of the pre-B/A level. In
the experiments described in preceding subsections,
in which no direct influence of continental ice-cover
was taken into account, the corresponding tempera-
ture difference was found to be less than 2°C. Given
the difference in the details of the experiments, this
enhancement in the general warming will be under-
stood to be associated with the slow reduction of
continental ice cover, which occurs during deglacia-
tion. In spite of the good fit to the observed history
of surface temperature variations achieved in this
experiment, however, the problem of the timing of
the Y-D and B/A events relative to the periods of
peak freshwater discharge still remains.
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