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Model simulations targeting the ocean circulation response to changes in sur-

face salinity in the high latitudes of both Northern and Southern Hemispheres
demonstrate that meltwater impacts in one hemisphere may lead to a strengthen-
ing of the thermohaline conveyor driven by the source in the opposite hemi-
sphere. This, in turn, leads to significant changes in poleward heat transport. Fur- -
ther, meltwater events caused largely by sea ice melting can lead to deep-sea
warming and thermal expansion of abyssal water, that in turn can cause a sub-
stantial sea level change even without a major ice sheet melting. Experiments
with a glacial ocean circulation regime prone to northern and southern meltwater
events imply that glacial cycles may have been influenced by both northern and
southern deepwater sources. Importantly, the experiments suggest that the south-
ern source can be a more powerfiil modulator of the meridional deep—ocean con-
veyor that the northern source, which challenges our current vision of the North
Atlantic Deep Water as an ultimate driver of deep—ocean circulation. Our ex-
periments show that the southern impact can overpower northern ones. Even in
the experiment in which the amplitude of the perturbation in the North Atlantic
was as high as -3 psu, and the amplitude in the Southern Ocean was only -1 psu,
the deep—water regime was qualitatively the same as in the pure Southern Ocean
scenario, with somewhat less deep-ocean warming, yet still global and substan-

tial.

INTRODUCTION

One of the most noticeable attributes of present-day cli-
mate is its hemispheric asymmetry, with a warm ocean sur-
face in the northern North Atlantic, a moderately cool north-
ern North Pacific and a much colder Southern Ocean (e.g.,
Weyl [1968]; see also a discussion in Weaver et al. [1999]).
This prominent hemispheric asymmetry of the thermal state
of the ocean surface is determined by three major factors: (i)
the freshwater regime of the subtropical Atlantic with evapo-
rated water transferred to the Pacific Ocean over the Panama
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Isthmus; (ii) the North Atlantic ocean geometry that facili-
tates delivery of this warm and saline subfropical water far
to the porth to form deep convection that drives the global
thermohaline circulation (THC), also known as a thermoha-
line ocean ‘conveyor; and (iii) the Southern Ocean circum-
current system that causes extreme cooling of the surface
water, resulting in the formation of the densest deep—ocean
water around Antarctica. Nonlinear interactions of these
three factors result in an overfurning regime prone to insta-
bility and rebounds. The idea of a so—called bi—polar ocean
seesaw [Broecker, 1998; Stocker, 1998; Broecker, 2000]
(see also a discussion in this volume [Stocker et al., 2001])
serves to explain:-these rebounds. The bi—polar seesaw .is an
oscillating meridional overturning regime driven by two
deepwater sources — the North Atlantic Deep Water
(NADW) in the north, and Antarctic Bottom Water
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Fig. 223 Schematic flow lines for abyssal circusation. The cioss-haiched areas indicate regions of production of bottom water.
Efadaptod from Stommed, H., Deap Sea Research (1958))

Figure 1. Stommel—-Arons scheme of the deep ocean currents.

(AABW) in the south. Broecker [2001] argues that the ther-
mohaline circulation flip—flops may be responsible for the
1500 year cycles in ice-rafted debris in.the northern North
Atlantic, which has been found by Bond et al. [1997]. Model
results by Ganopolski and Rahmstorf [2001] indicate that the
climate dynamics in this range of cyclicity is essentlally
nonlinear, and some caveats are needed in the discussion.
However, although it is yet not clear whether the flip-flops
might have been somehow linked to major glacial rebounds
and whether they follow the same periodicity, as the cycles
found by Bond et al. [1997], there is a little doubt that the
flip-flops can have a substantial 1mpact on' the long-term
climate dynamics.

The results of numerical experiments presented here are
intended not only to better understand the bi-polar seesaw
and its role in the ocean climate dynamics on the millennium
time—scale, but also to assess the role of the Southern Ocean
in driving the THC. This work is an extension of the efforts
of Seidov et al. [2001b]. The major new element of this cited
work and the results described here is the focus on the
Southein Ocean response to different mektwater scenarios.
Additions to the experiments presented in Seidov et al
[2001b] include new meltwater scenarios using present-day
sea surface climatology and new scenarios for the post-
glac1al meltwater episodes.

This paper is structured as follows: The section “Melt-
water events and THC” which follows gives an (incomplete)
overview of the meltwater episodes that can be used as pro-
totype for numerical simulations targeting the THC changes
induced by such episodes, as well as some ideas that in-
spired our work. This section also contains an. overview of
numerical modeling efforts by many researchers that provide
a starting point for our study. In the section “Scenarios of

meltwater events” we describe how the basic knowledge of -

meltwater episodes in the past are translated into specific
boundary conditions employed in the numerical. experi-
ments. The section entitled “Numerical experiments” deals

with the specifics of the completed experiments including
the numerical model and data utilized, and explains how to
interpret the boundary conditions and the model output. In
the next section “Present-day experiments”, the results of the
experiments with perturbations of the present-day surface
climatology arc discussed and illustrated (including scalcvel
change caused- by thermal expansion). The results in the
post-glacial meltwater scenarios are analyzed in the section
“I.GM experiments”. These latter two sections have subsec-
tions representing the northern meltwater impacts, and vari-
ous scenarios of southern impacts. The concluding section,
“Discussion and Conclusions”, contains our interpretation of
the results as a whole, with some caveats added to empha-
size the limitations associated with the preliminary character
of our conclusions, and which serve to direct fiture efforts
with more complete models.

1. MELTWATER EVENTS AND THC

During the last two decades, many researchers have con-
tributed substantially to understanding the conveyor dynam-
ics on decadal, centennial and millennial time scales (many
studies are cited below). However, the role of the deepwater
source in the Southern Ocean is still unclear, especially if
compared to the far better understood role of the North At-
lantic Deep Water formation. The goal of our work is to
investigate further this issue of the competitive role of these
two deepwater sources. To narrow our goals we focus on the
high-latitudinal freshwater impacts as one of the most potent
modulators of the THC dynamics.

The concept of meridional deep—ocean circulation con-
trolled by high-latitudinal deepwater sources in two hemi-
spheres is the foundation of the Stommel-Arons theory
[Stommel et al., 1958; Stommel and Arons, 1960]. Figure 1
reviews their theory emphasizing that the deep ocean equa-
torward flows arc western boundary currents driven by
deepwater sources in the high latimdes of the two hemi-
spheres. The present—day deepwater regime largely depends
on the strong NADW source, which was not necessarily
always as today. High—latitudinal cooling causes convection
and isopycnal outcropping in winter seasons. The strength of
the deep western boundary currents (and therefore THC as a
whole; see Figure 1) decisively depends on the volume of
water either descending along these outcropping density
surfaces, or mixing in the “convective chimneys”, or both.
The geologié record indicates that these volumes might have
varied widely in the past climates, which in turn might have
affected the climate on the centennial to millennial time
scale. For example, these variations might have had a sub-
stantial impact on the glacial cycles of the late Quaternary
(e.g., Sarnthein et al. [1995], Broecker [1998); Broecker
[20007).



A new twist of the Stommel-Arons vision of meridional
overturning is given by the above-mentioned idea of the bi-
polar seesaw [Broecker, 1998; Broecker, 2000] combined
with the data from two ice cores, one in Greenland and one
in Antarctica (see also Blunier et al. [1998] and: Stocker
[1998]). These two cores suggest [Blunier et-al., 1998} that
some of the millennial glacial cycles of the Pleistocene in
the Northern Hemisphere might have been out of phase with
and preceded by those in the Southern Hemisphere. .

Broecker et al. [1999] and Broecker [2000] argue that the
deepwater production in the Southcrn Occan has reducced
from 15 Sv (1 Sv = 10° m*/s) to 5 Sv over the last 800 years.
They also suggest that the Little Ice Age (approximately
1350 — 1850 AD) might have been caused by far stronger
deep ocean ventilation in.the Southern Ocean. One of the
reasons for the speed up of the Southern Ocean ventilation
could: be an increase in Atlantic Ocean salinity [Broecker et
al., 1999}, whereas the slowdown could be caused by re-
duced surface salinity associated with warming and sea ice,
icebergs, or ice sheet melting in the Southern Ocean after the
Little fce Age [Broecker, 2000). Seidov and Maslin [2001]
argue that the “heat piracy” of the North Atlantic might have
been replaced by heat piracy of the Southern Hemisphere.
Heat piracy means that the cross—equatorial heat transport is
non—zero and can cause warming of one hemisphere by
cooling another. Changing the ‘sign of the cross-equatorial
heat transport causes the hemispheres to trade places. For
example, positive northward cross—equatorial oceanic heat
transport, characteristic of the present—day Atlantic overturn-
ing regime, is thought to be replaced by southward cross—
cquatorial hcat transport, charactcristic of mcltwater cvents
in the North Aflantic [Seidov and Maslin, 2001]. Thus,
meltwater events might have caused cooling of the North
Atlantic and might have contributed to further cooling of the
northern hemisphere because of the conveyor reduction or
reversal. :

Millennium time-scale climatic variations in recent geo-
logical history may also give a clue .to possible future
changes. The most obvious future example is a “green—
house” climate that would be accompanied by major ice
melting in either, or in both hemispheres. One of the most
important implications of recent modeling and proxy. data
analyses is that ice melting may cause cooling of the hemi-
sphere where the melting occurs, and warming of the oppo-
site hemisphere (e.g., Schiller et al. [1997], Broecker
[2000]). Therefore our study targets both past and. future
THC change caused by meltwater (or equivalent thermal
changes that would cause similar de—densitication ot the sea
surface) events in either, or both hemispheres. Moreover, we
question whether melting of the ice around Antarctica, or the
ice in the Antarctic Circumpolar Current (ACC) is the cru-
cial factor. We also explore sea level change caused by
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ocean density restructuring in the course of meltwater im-
pacts.

Substantial evidence exists for variations in THC and in
freshwater fluxes that can modify the character of deepwater
currents. For example, the thermohaline meridional circula-
tion of the present—day type was reduced during glacial pe-
riods due to alterations in atmospheric circulation as well as
due to input of freshwater from melting icebergs in the
North Atlantic (e.g., Duplessy et al. [1988, 1991]; Sarnthein
et al. [1994, 1995); Seidov et al. [1996]), and colfapsed dur-
ing meltwater episodes (e.g., Manabe ard Stouffer [1988,
19951; Maslin et al. [1995); Rahmstorf [1995a]; Rosell-Melé
et al. [19973; Zahn et al. [1997]). However, further compli-
cating the problem, Wang and Mysak [2000] show in their
climate model that the THC could have been stronger prior
to massive iceberg melting, especially during major ice sheet-
build-up (~114 ka BP).

A combination of paleoceanographic proxy data and
ocean general circulation models can help to assess the cir-
culation effects and origins of the quasi—periodic ice rafting
pulses called Heinrich events (e.g., Heinrich [1988]; Bond et
al. [1992); Andrews [1998); Bradley [1999]). Heinrich
events occur every 7 to 13 k.y. and have duration of between
100 and 500 vr [Dowdeswell et al., 1995a] and are thought
to be an essential element of millennial-scale climate vari-
ability (see a review in this volume [Maslin et al., 2001)).
The ice—rafted debris found in deep—sea sediment during the
Heinrich events may have originated from either the Lauren-
tide or the European ice sheets (e.g., Grousset et al. [1993];
Robinson et al. [1995]; Gwiazda et al. [1996}; Rasmussen et
al. [1997]; sce Figure 2). At present it is debated whether the
Heinrich events are caused by internal ice—sheet dynamics
(e.g, MacAyeal [1992]), external climate changes
[Broecker. 1994a; Hulbe, 1997]. or ice sheet — THC interac-
tions [Wang and Mysak, 2001]. The above-mentioned flip-
flops of THC in the Atlantic Ocean might have been an im-
portant element in climatic changes caused by these melt-
water events. )

Substantial concern has been recently expressed about the
stability of the West Antarctic Ice Sheet (WAIS) (see review
ref. Oppenheimer [1998]). Uncertainties about Antarctic ice
sheet mass balance and its contribution to global sea level
rise is a major issue of debate [Vaughan et al., 1999] even
without a large—scale collapse of the WAIS. Hence, the po-
tential for changes in freshwater fluxes or salinity variations
to influence the Southern Ocean is also clearly evident.
Moreover, Schmittner and Stocker [1999] give another rea-
son. for dilution of the sea surface during global warming,
invoked by an ‘increased equator—to—pole freshwater trans-
port'in a warmer atmosphere. The increased poleward mois-
ture flux results in increased precipitation in the high lati-
tudes, which, in concert with cryosphere melting due to a
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Figure 2. Reconstruction of the last glacial maximum circulation
based on paleoceanographic proxy data (from Seidov and Maslin,
1999). Two possiblc source regions of iccbergs, Laurcntide ice
sheet (Hy) and the Barents shelf (HB), are indicated; (MWENS =
meltwater event in Nordic Seas).

warmer atmosphere, could enhance the meltwater impact on
the ocean circulation. :

Although sea surface- salinity controls both NADW and
AABW, the source and character of the meltwater in the
Southern Hemisphere is noticeably different from the North-
ern Hemisphere. The meltwater episodes of the Pleistocene
are usually associated with meltdown of iceberg flotillas that
surged from the major glacial ice sheets or shelves (Lauren-
tide ice sheet, or Barents ice shelf; see, e.g., Sarnthein et al.
[1994]; Dowdeswell ot al. [1995a}; Maslin ot al. [1995]) in
-deglaciation cycles. As many believe, the Nordic Seas were
at least seasonally ice—free even during the LGM [Sarnthein
et al., 1995; Seidov and Maslin, 1996]. In any case,
cryosphere resources in the north are smatier than those sur-
rounding Antarctica (e.g., Cronin [1999]). Although much
less is known about meltwater events in the south, the shear
volume of sea ice suggests that the Southern Hemisphere has
a far greater potential. '

Early studies [Toggweiler and Samuels, 1980] and more
recent modeling results from Goosse and Fichefet [1999)]
confirm the importance of brine rejection during the forma-
tion of the sea ice, or equivalently, of increasing sea surface
salinity caused by trapping the freshwater part of any freez-
ing water volume in the sea ice. Moreover, AABW is not the
only water mass that may be affected by diluting the surface
water. Sea surface salinity controls both AABW and Antarc-
tic Intermediate Water [England, 1992; Stocker et al., 1992],
which makes the southern impact via surface water freez-
ing/melting cycles even more plausible. Brine rejection

"alone could have a substantial impact over the global ther-

mohaline circulation, if it decreases due to reduced freezing
around Antarctica caused by global warming or some other
factors. »

The key is that the northern North -Atlantic and Nordic
Seas as well as the Southern Ocean are marginally stable,
and therefore are prone to destabilizing effects of even mod-
erate de—densification of the sea surface, either due to its
warming, or:dilution. Howeyver, the brine rejection, ice melt-
ing, and water freezing all happen without a sea surface
temperature rise because of the latent heat of melting, i.e.
surface water temperature stays at the freezing/melting point
as the phase change continues. (Only the near—surface tem-
perature of water in direct contact with ice will not rise; the
water below the ice can be warmed by warmer and saltier
underlying water).

New research [Seidov et al., 2001] substantially extends a
preliminary study [Seidov and Maslin, 2001] by adding new
northern and southern meltwater simulations. Seidov and
Maslin [2001], following a large number of authors (e.g.,
Gordon [1986]; Manabe and Stouffer [1988); Broecker and
Denton [1989]; Broecker [1991]; Gordon et al. [1992];
Maier-Reimer et al. [1993); Broecker [1994b}; Weaver and
Hughes [1994); Manabe and Stouffer [1995); Rahmstorf
[1995a); Sarnthein et al. {1995); Schmitz [1995]; Weaver
[1995); Seidov and Haupt {1997, 1999a]), believed that the
ocean conveyor is most affected by the NADW production.
Seidov and Maslin [2001], following Broecker {1998, 2000],
debate the role of the southern source, but it was not directly
modeled. Seidov et al. |2001] simulated both the southern
and northern meltwater events and indicate that the southern
source can be far more powerful in controlling the ocean
thermohaline circulation than was previously thought. This
new vision is in agreement with the arguments of [Broecker,
2000]. The work by Seidov et al. [2001] is also in line with
model study of Goosse and Fichefet [1999], although sub-
stantial additional simulations and new views on the impli-
cations for sea level change are added. These recent works
challenge the current paradigm of the global thermohaline
conveyor being controlled largely by NADW formation
(e.g., Gordon et al. [1992}).

Seidov et al. [2001] emphasize the role of the Southern
Occan and favor the southern source as having a more pow-
erful influence in future changes if the global warming con-
tinues. This is in line with a growing modeling effort de-
signed to investigate the climatic role of the Southern Hemi-
sphere [Goodman, 1998; Stoessel et al., 1998; Hirschi et al.,
1999; Scott et al, 1999; Wang et al, 1999a, 1999b;
Kamenkovich and Goodman, 2001)]. These studies describe
the potential importance of feedbacks between northern and
southern sources of deepwater. They suggest that freshwater
forcing in the Southern Hemisphere may influence the



NADW formation and examine the importance of brine re-
lease rates on AABW formation.
To conclude the overview of THC response to meltwater

events, a sketch in Figure 3 illustrates the idea of the bi—'

polar seesaw (see also Broecker [2000]) in the light of recent
numerical experiments by Seidov et al. [2001] and Seidov
and Maslin [2001]. The upper panel (Figure 3a) represents
the present—day, or interglacial mode of the conveyor,
whereas two other panels show the northern meltwater mode
with AABW dominance (Figure 3b) and the warm—house
mode of the conveyor with complete NADW dominance
(Figure 3c) in the Atlantic Ocean. The cross—equatorial heat
transport follows the conveyor rebounds. The role of the
cross—equatorial heat transport seems to be a very powerful
climate feedback element and throughout the text we revisit
its possible role in climate change caused by meltwater
events. However, although our experiments give some clue
to how the flip-flops of the conveyor and corresponding flip-
flops of the cross-equatorial heat transport can affect the
climate, a coupled cryosphere-ocean-atmosphere model is
the only alternative that can fully address the climate system
dynamics. Therefore, we consider the results and conclu-
sions outlined in the next sections as a preliminary. estimate
of a possible behavior.of THC if southern meltwater events
occur, and of the differences between northern and southern
meltwater events based on the same model.

2. SCENARIOS OF MELTWATER EVENTS

The numerical experiments discussed in the next sections
describe idealized meltwater impacts that model either
southern, northern, or combined southern and northern
meltwater events. Scenarios of changes of the sea surface
climatology are simplé and straightforward. There are two
large groups of sensitivity experiments that simulate de-
densification of sea surface in the high—latitudes: (1) scenar-
ios of possible future meltwater events that might happen
due to major climate change (e.g., due to ongoing global
warming, or yet unknown large—scale climate fluctuations
on century time scales), and (2) idealized scenarios of melt-
water events derived from the glacial cycles of the Pleisto-
cene, with the LGM as a model for a glacial state. Two con-
trol runs in each group have been completed. Two major
present—day sub—groups and one LGM sub—group are shown
in Figure 4 (see detailed description of the experiments be-
low and in Tables 1 and 2). ‘

In the scenarios of possible future change of the THC, the
upper layer temperature and salinity are restored to the pre-
sent—day annual mean sea surface temperature (SST) and
sea surface salinity (SSS) [Levitus and Boyer, 1994; Levitus
et al., 1994). The Hellerman and Rosenstein [1983] annual
mean wind stress is used in present-day simulations.
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Figure 3. Schemes of water mass layering and overturning struc-
ture: (a) present—day; (b) present—day northern meltwater event;
(c) present—day southern meltwater event. Direction of cross—
equatorial oceanic heat transport is shown by arrows above each
scheme.

In idealized scenarios of impacts of the meliwater events
of the Pleistocene, basically falling in to either Heinrich

Events, or Dansgaard—Oeschger Evenis categories (see
above), the upper layer temperature was restored to recon-

structed -annual mean sea surface temperature (SST) during
the ‘Last Glacial Maximum (LGM). The LGM SST are
modified- CLIMAP [1981] SST, which are systematically
reduced in the tropics to reflect new results indicating a
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Figure 4. Idealized meltwater events. Present—day and LGM NA

and SO meltwater events (dotted) and LGM NNA meltwater
event (double—hatched).

cooler glacial tropical sea surface. The CLIMAP SST were
reduced between 20°S to 20°N by 4°C and this perturbation
was zeroed exponentially poleward. bctwccn 20°S and 60°S
and 20°N and 60°N.

The annual LGM see surface sahmty (SSS) was con-
structed as described in Seidov et al: [1996] and Seidov and
Haupt [1997). Surface salinity in meltwater scenarios is the
present-day and LGM SSS modified in key areas as shown
in Figure 4 and Tables 1 and 2.

Wind stress fields were extracted from the output of the
T42 Hamburg atmospheric circulation model, which was
forced by present—day and glacial sea—surface climatologies
[Lorenz er ai., 1996]. In the Southern Ocean, a low—salinity
signal is superimposed on the LGM SSS, retaining un-
changed the LGM SST and wind stress, in the very same
manner as in the present—day runs (see above): In the North
Atlantic, however, experiments that model a low—salinity
signal in the central part of the northern North Atlantic were
carried out in addition to those identical to the present—day
runs (double-hatched area in Figure 4). As the runs with the
low—salinity impact confined in the Nordic Seas simulate
Dansgaard-Oeschger Events (e.g., Oeschger [1984],

Table 1. Amplitudes of sea surface salinity anomalies (in psu).

Dowdeswell et al. [1995b]; see also discussion in Seidov and
Maslin [1999]), the scenarios with the southward shifted
low-salinity signal simulate impacts of the Heinrich Events.
Heinrich events are thought to be caused by melting of ice-
berg armadas from the Laurentide Ice Sheet [Ruddiman and
Mcintyre, 1981] (and possibly from the Barents Shelf, e.g.,
Sarnthein et-al. [1995]). The essential difference from the
Dansgaard—QOeschger events is that meltwater in Heinrich
events caps the southward—shifted convection and therefore
are associated with complete shut—off or even reversal of the
Atlantic thermohaline conveyor.

The rebound of ocean conveyor depends crucially on. the
SSS anomalies. The perturbations we apply in our idealized
scenarios do not exceed those found in paleoreconstructions
(e.g., Duplessy et al. [1991]; Sarnthein et al, [1995]). How-
ever, there may be significant uncertainties in the SSS re-

-constructions. To test the effect of these uncertainties on the

global circulation, Seidov. and Haupt [1999a] have per-
formed a number of numerical experiments in which the
SSS in the meliwater pools was altered by as much as 1 psu.
In none of these runs did the SSS modification prevent the
capping of convection and the depression of the conveyor
(see also Seidov and Maslin [1999]). Thus, despite the un-
certainties, the SSS reconstructions by Duplessy et al. [1991]
and Sarnthein et al. [1994] give a very solid foundation for
numerical simulations based on these data [Seidov et al,
1996]. The thermohaline circulation collapse due to freshwa-
ter impact in Seidov et al. [1996] compares well with the
paleoreconstructions in Sarnthein et al. [1995]. It has been
confirmed that the results of the regional NA model by
Seidov et al. [1996] are still valid in global circulation ex-
periments [Seidov and Haupt, 1997, 1999b; Seidov and
Maslin, 1999). Moreover, it has been shown in these studies
that the meltwater signal in the Nordic Seas during the
MWE is so strong that the circulation response is a robust
feature in all numerical experiments. These results from
previous realistic and idealized simulations, as well as the
implications based on proxy analyses, provide more confi-
dence in the results of the idealized study presented here.

Exp. NA SO WED ANT ACC CRPDC - Control Case (annual mean present—day sea surface climatology); NA — North

CRPDC
@)y
#2 -20 -~ - - -
# - 10 - - -
#  30-10 - - -
#$ - - 30 - -
#6 - - - -10

¥ - - - -

Atlantic; SO — Southern Ocean; WED — the Weddell Sea; ANT- Antarctica coastline;
ACC- ACC bound signal.

Salinity anomalies are added to the present—day annual mean sea surface salinity in the
bands between 60°N and 80°N in NA, and/or 50°S and the coast of the Antarctica (SO).
The modified salinity was merged using a cosine filter to the unchanged field within two
latitudinal grid points (8°). In the SO the anomalies are circumglobal. The WED low
salinity is confined to the Weddell Sea only. The ANT signal is in the band of 4° thickness
around Antarctica; ACC is the signal in the band between around 50°S, approximate
-1.0 position of the ACC axes.
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Table 2. Meridional overturning in the Atlantic Ocean (north of 30°S)in Sv (1 Sv= 108 mfs).

Convection

NADW : NADW .AABW
Exp. . depthin NA  outflow inflow at
production = 1 at30°s  30°

#1 (CRPDC) 16 34 10 6
|#2 (NA-2 psu) 10 2 4 4

1 #3 (SO-1 psu) 25  boitom (>4km) 20 ' 0
#4 (NA-3 +80-1) 20  bottom (>4km) 14 4
#5 (WED-3 psu) 15  Dbottom(>4km) 10 4
#6 (ANT-1 psu) 20 bottom (>4 km) 12 4
#7 (ACC-1 psu) 20  bottom (>4km) 12 4

3. NUMERICAL EXPERIMENTS

All experiments are completed using the GFDL MOM
version 2, a well documented and extensively utilized ocean
circulation model [Pacanowski, 1996]. A newer version 3 is
now the current version. Howewer, to our knowledge, no
changes that are critical to a scenario-type coarse resolution
modeling have been reported soifar. A rather coarse resolu-
tion of 6°x4° with 12 levels is employed, as is appropriate for
a pilot comparison between several low—salinity regimes in
which the focal point is the large-scale thermohaline circula-
tion. This resolution is comparable with other coarse resolu-
tion studies [Toggweiler et al., 1989; Weaver et al., 1994;
Manabe and Stouffer, 1995; Rahmstorf, 1995b; Seidov and
Haupt, 1999a; Seidov and Maslin, 1999] addressing similar
problems, and has proven to be sufficicnt for studying the
response of ocean meridional overturning to freshwater sig-
nals. For example, Seidov and Haupt [1999a] demonstrate
that water transports. convection depths, and inter—basin
water exchanges are reasonably well-simulated in a study
with a similar spatial resolution using similar boundary con-
ditions.

The world ocean is bounded| by Antarctica in the south
and 80°N in the north. Barents shelf area is included, and the
eastern boundary in the North 'Atlantic Ocean sector is at
40°E. The Mediterranean Sea and the Arctic region are ex-
cluded.

In our experiments we use isopycnal mixing [Gent and
MeWilliams, 1990] as it is implemented in MOM-2 [1996].
Inclusion of isopycnal mixing is crucial because, as it has
been shown (see discussion iniMcWilliams [1998]), ocean
circulation models without isopycnal mixing suffer from
exaggerated convection, especially in the Southern Ocean
region. Hirst et al. [2000] indicate that using of Gent-
McWilliams mixing scheme substantially improved per-
formance of a coupled ocean atmosphere model as well.

A great number of idealized numerical experiments have
been completed in our study of northern and southern melt-

water events. There is no way to arrange them all in one
observable table. However, they can be classified into two
major groups, with 5 subsets in the first group comprising
the present—day runs, and 3 subgroups in the second group,
comprising the .GM runs.

First subsets in cach group consists of just one experi-
ment, that is, the control run: The control run in the present—
day climate (PDC) scenario (CRPDC), and the control run in
the LGM scenario (CRLGM). Other runs in any group rep-
resent different meltwater scenarios. In the experiments,
either the present-day or LGM sea—surface climatology are
used for the surface boundary conditions (see above). Every
run is compared to the corresponding control runs within its
main groups, i.e., either to CRPDC, or CRLGM. All runs are
2000 model years long, with 5—fold acceleration in the deep
layers (in MOM, this means that the decp occan is cffec-
tively run for 10000 years). A complete steady state is
reached in all numerical experiments (with global tempera-
ture and salinity trends in the end of experiments smaller
than 10 °C and 107 psu per century respectively).

Within the PDC main group of 7 experiments, there are
following subsets (Tables 1 and 2): (1) Three experiments
(Exp. 2-4) that target the northern versus southern meltwater
impacts; this is the core of our study; (2) two experiments
(Exp. 5 and 6) that quantify the difference between local
sources in the Southern Ocean around Antarctica (for exam-
ple, the role of the Weddell Sea, Ross Sea and the Antarctica
continental shelf; and (3) one experiment (Exp. 7) exploring
whether melting of the ice around Antarctica, or the ice in
the Antarctic Circumpolar Current (ACC) is the crucial fac-
tor. Exp. 1 is the control run, CRPDC (see above), with un-
changed present-day climatology.

In the LGM group there are three major sub-groups: (1)
LGM runs with southern and northern meltwater impacts
that have the same character as in the subgroups 1 of the
present-day runs, and (2) experiments with the northern
impact shifted southward, as in Seidov and Masiin [1999,
2001].
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All steady states of THC in sensitivity runs with perturbed
surface salinity are compared to the steady states in the con-
trol runs. Solving this system simulates evolution of the
ocean from an initial state to a steady state of the ocean cur-
rents and thermohaline structure that are fully adjusted to the
sea—surface boundary conditions.

In the cold climates of the Pleistocene low salinity signals
in the high latitudes are mainly due to melting of sea ice or
icebergs, with poleward water vapor transport from the trop-
ics and THC feedbacks being important but as a secondary
factor (e.g., Bradley [1999]. High salinity signals are due to
brine rejection process that accompanies seawater freezing
(e.g., Gill [1982]). In warm ice—free climates, poleward wa-
ter vapor transport or river run—off can be the only cause of a
low salinity signal, whercas increased cvaporation (unlikely
in high latitudes) might be a cause of an increased surface
salinity elsewhere. However, in our approach, temperature
changes could be modeled by changing salinity, as our con-
cern is sea surface density rather than temperature or salinity
specifically. A useful rule—of-thumb is that the same density
increases can be achieved by either increase of salinity by
approximately 1 psu, or by decrease of temperature by about
-5°C [Pond and Pickard, 1986]. Hence, meltwater is a con-
venient means by which to control density changes that ac-
tually drive the convection.

Regarding the strength of the low—salinity signal, even 1
psu is a rather moderate estimate of the possible dilution of
sea surface water during a southern post-LGM meltwater
event. For instance, Goosse and Fichefet [1999] argue that
even the reduction of brine rejection alone can cause a 1 psu
decrease in sea surface salinity. Duplessy et al. [1996] show
that the low salinity anomalies in the Southern Ocean could
be up to -1.8 psu during the LGM. Thus, much stronger
anomalies might be expected in a southern meltwater epi-
sode. Labeyrie el ul. [1986] arguc that the periphery of (he
Antarctic ice sheet was eroded during some of the glacial
cycles of Pleistocene, and that only 10,000 km® of meltwater
could have reduced the sea surface §'°0 by 1 %o (which
translates to approximately 2 psu in sea surface salinity
[Duplessy et al., 1996}). Anderson and Andrews [1999] re-
visited the problem of the late Quaternary Antarctic melt-
down, and argue that significant deglaciation of the Weddell
Sea continental shelf could have taken place prior to the last
glaciation. Birchfield and Broecker [1990] point out that a
relatively siall fieshwater lux converted 0 a low—salinity
signal will hamper the conveyor operation. For instance,
they show that a freshwater flux of 0.1 to 0.3 Sv in the North
Atlantic can cause 0.3 to almost 1 psu reduction of salinity
in 1000 years. The 0.3 Sv flux during a thousand years
would convert to 10,000 km® a year, a value that is only
about 4 times greater than the present-day annual meltwater

production in Antarctica of about 2,500 km’/year (e.g.,
Vaughan et al. [1999]).

In contrast to many studies aimed at sensitivity of the cir-
culation to freshwater fluxes (e.g., Maier-Reimer et al.
[1993; Weaver and Hughes [1994]; Rahkmstorf [1995a]; Ma-
nabe and Stouffer [19971) we use a restoring boundary con-
dition on salinity (e.g., Bryan [1987]). Normally, a restoring
boundary condition on salinity is considered as inferior to a
flux formulation. A compromise could be the use of implied
freshwater flax (e.g., see a discussion in Weaver [1999] and
Ezer [2001] in this volume). However, in a numerical model,
it is difficult to control a salinity change to match observa-
tions using a flux formulation. In order to assess compatibil-
ity issue, we have calculated apparent freshwater volumes
that would be needed to dilute the surface layer to achieve a
respective salinity change in the imposition domain. These
volumes can be thought of as virtual freshwater volumes that
would have to be added to a thin surface layer, where the
SSS is specified, to dilute the water in this layer to a pre-
scribed SSS reduction. (In the runs with increased SSS, this
would be the freshwater to be removed to achieve the re-
spective increase in SSS caused by brine rejection).

Following Manabe and Stouffer [1995], we estimate the
rates by which these virtual freshwater fluxes would have to
be added within 10 years. The total amount of freshwater
added at those rates is fairly realistic. For instance, to dilute a
10 m Iayer of water with salinity of 35 psu by 1 psu in 10
years in one of the Southern Ocean experiments (Exp. 8 in
Table 1), a freshwater (or equivalent sea ice) layer of about
only 0.3 m thickness would be needed. The freshwater
fluxes to maintain the low salinity signals employed in this
study are comparable to those in Manabe and Stouffer
[1995]. For example, to maintain — 1 psu anomaly in the SO
experiment (Table 1), a freshwater flux of 0.06 Sv is needed.

3.1 Present—day Experiments

Table 1 includes the control run and examples from the
first of the two major groups (see also Figure 4): Exp.1 is the
CRPDC. Exp. 2 (NA) has a low—salinity perturbation in the
high-latitudinal North Atlantic; Exp. 3 (SO) has a low—
salinity signal in the Southern Ocean, Exp. 4 (NA and SO
combined) has low-salinity signals in both these two re-
gions, Exp. 5 (WED) has a low-salinity signal confined to
the Weddell Sea only (we have also run an experiment with
low—salinity signals in the Ross Sea; as the results do not
substantially differ from those in WED, these runs are not
present here), Exp. 6 (ANT) has only the area within one
grid step thickness around Antarctica (repeating the shore-
line) affected by meltwater, and Exp.7 (ACC) has a freshwa-
ter band between 40°S and 50°S, i.e. in a water band ap-
proximating the ACC. The experiments shown in Table 1



are the runs that have been done with varying the amplitude
of the salinity perturbations.

The low-salinity signal is applied as a negative salinity
anomaly with different amplitudes, from 0.5 to 3 psu in the
North Atlantic, from 0.2 to 1 psu in the Southern Ocean, and
from 1 to 3 in the combined cases. The low salinity in the
Weddell Sea is lower than in CRPDC, with maximum dif-
ferences from 0.5 to 3 psu. In the experiments exploring the
relative importance of Antarctic coastal meltwater impacts
versus ACC impacts the low—salinity signals are 1 psu.

We discuss the resulis of experiments in the same se-
quence as they are shown in Table 1. Six major sub—groups
of events are selected, as listed above, in Exp. 2 through 7.
However, only three major cases of NA, SO and the com-
bined NA+SO cases (see notations in Table 1) are illus-
trated, with others only briefly discussed in the text.

North Atlantic events. An important characteristic of the -

thermohaline circulation is the meridional overturning
streamfunction. Notably, the most important is the overturn-
ing in the Atlantic Ocean because this occan is the most ac-
tive element of the THC. Moreover, the largest component
of meridional heat transport is determined by the meridional
overturning,.

The results of the experiments simulating low—salinity
impact in the North Atlantic conform to what is already well
known from previous work (see “Meltwater events and
THC” section above). The conveyor is weaker and shallower
and convection is shifted southward. For comparison with
all sensitivity tests, the overturning in the CRPDC is shown
in Figure 5a and Figure 6a. Figure Sa depicts overturning in
the Atlantic Ocean, whereas Figure 6a shows the World
Ocean. Figure 7a illustrates present—day model temperature
sections in the Atlantic and Figure 8a illustrates the section
in the Pacific Oceans in CRPDC, along meridians 32°E and
170°W respectively. Figure 9 depicts northward oceanic heat
transport in the Atlantic Ocean, whereas Figure 10 shows
global northward oceanic heat fransport. Similarly, each of
the above fields is given in Figures 5-10, part b, for a low—
salinity signal in the North Atlantic. Figures 5-10, part c,
showing the results with a low salinity signal in the Southern
Ocean, represents southern impacts.

Northward cross—equatorial heat transport in the North At-
lantic, which is a characteristic of the present-day climate, is
dramatically reduced in the scenario with a strong northern
freshwater impact (Figures 9 and 10). This result conforms
to Manabe and Stouffer [1995, 1997] resulis showing the
possibility of a northern cold episode following a northern
meltwater event. However, the impact of freshwater on the
conveyor depends crucially on the location of the freshwater
lid. In our simulations even an excessive northern low—
salinity signal of -2 psu did not cause a complete termination
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Figure 5. Meridional ovcrturning in the Atlantic Occan; (a)
CRPDC; (b) NA event; (c) SO event (see Table 1). Streamfunc-
tion is shown in Sv (1 Sv = 10° m%/s).

of the conveyor (in contrast to the runs in Seidov and Haupt
[1997] and Seidov and Maslin [1999], where more south-
ward spread of meltwater caused complete cessation or even
reversal of the conveyor). Importantly, during meltwater
events in the North Atlantic, only the North Atlantic is af-
fected by southward cross-equatorial heat transport, whereas
during meltwater events in the Southern Ocean the whole
Northern Hemisphere gains heat at expense of heat loss in
the Southern Hemisphere (Figure 9).

Temperature differences between this low—salinity sce-
nario (Exp. 2) and the control case CRPDC (Exp. 1) at 3000
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Plate 1. Temperature differences at 3000 m depth between (a) NA and CRPDC experiments and (b) SO and CRPDC
experiments (see Table 1).
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Figure 6. As in Figure 5 for the World Ocean.

m depth are shown in the color plate in Plate 1a. Northern
events indicate cooling in high latitudes of the Atlantic
Ocean. This occurs because the reduced NADW production
led to a shallow conveyor, with deep water characterized by
cooler and fresher water than foday in these latitudes. The
reduced NADW outflow, coincident with reduced replace-
ment water crossing the equator in the North Atlantic, has an
evident imprint on the oceanic heat transport.

Southern Ocean events. In contrast to the predictable and
understandable results of the northern low-salinity impact,
the results of the Southern Ocean surface freshening are less
intuitive. Two aspects are particularly noteworthy. First, the
circulation changes driven by the low—salinity signal were
much stronger, and second, they led to a very strong warm-
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Figure 7. Temperature sections in the Atlantic Ocean at 32°W:
(a) CRPDC; (b) NA event; (c) SO event.

ing of the deep ocean. Figures 5-10, part ¢, shows results of
sea surface de—densification in the Southern Ocean in Exp.
3. Increased overturning and northward heat transport are
the signatures of the southern low-salinity impacts. Tem-
perature sections in the Atlantic Ocean (Figure 7¢) and in the
western Pacific Ocean (Figure 8c) and temperature differ-
ences between the SO and CRPDC cases at 3000 m depth
(Plate 1b) show the dramatic worldwide warming caused by
the retreat of AABW and increase of NADW.

It has long been recognized that the increase of NADW
production can cause cooling of the upper waters of the
Southern Atlantic as the poleward heat flux increases (e.g.,
Manabe and Stouffer [1988]; Crowley [1992]). However, we
emphasize that the deep ocean thermal trend in the southern
meltwater impact scenario can be of opposite sign to those in
the upper layers. In contrast to the North Atlantic meltwater
scenario, there is a substantial warming of the deep ocean
everywhere. The warming takes place over the entire deep
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ocean and its maximum shifts to the southem edges. This
deep-sea warming is caused not only by a substantially in-
creased (by 40 to 60 %) NADW production, but also largely
because the meridional overturning takes over the entire
deep ocean, pushing away the lesseied AABW. In the North
Atlantic scenario, the meltwater impact on the conveyor
caused thermal effects only in the deep Atlantic Ocean,
whereas in the Southern Ocean, the meltwater scenario im-
pact is global. The increased NADW outflow in the deep
layers leads to increased, compensating northward surface
water flow, which might further increase NADW production
until the atmosphere warms up to reduce the cooling of the
sea surface and subsequently reduce deep convection.

North Atlantic versus Southern Ocean. Although in Exp. 4
(Table 1; not shown in figures) the amplitude in the North
Atlantic (-3 psu) perturbation was three times the Southern
Ocean (-1 psu) event, the deep—water regime is qualitatively
similar to the experiment with a Southern Ocean—only per-
turbation. There is somewhat less deep—ocean warming, but
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Figure 8. As in Figure 7 for the Pacific Ocean at 170°W.

Northward heat transport in the Atlantic Ocean (present-day)
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Figure 9. Northward heat transport (in PW; 1 PW = 10 W) in
the Atlantic Occan in CRPDC (solid line), MA (dotted line) and
SO (dash line) runs.

it remains global and substantial. Basically, the results of the
runs with perturbations to two sources, in the North Atlantic
and Southern Ocean, demonstrates a more powerful re-
sponse to a meltwater event in the Southern Ocean than for
those in the North Atlantic. However, much of this power
stems from increased NADW production, adding to the evi-
dence of the impartance of the North Atlantic region. Most
importantly, the problem of deep—ocean teleconnections is
now seen from a very different angle.

Weddell Sea, Antarctica—bound, and ACC-bound sce-
narios.
~ Importantly, neither the Weddell Sea ice melting (Exp. 5
in Table 1), nor the Antarctica near—shore-ice melting alone
(Exp. 6), or the ACC-bound alone (Exp. 7) have impacts
that are nearly as strong as those caused by the whole South-
ern Ocedn events. Surprisingly, the Weddell Sea scenario
did not give as noticeable a warming as was found in the
whole Southern Ocean scenario. This contrasts with the be-
lief that the Weddell Sea is the key point for the THC. Even
with the amplitude of the freshwater signal in the Weddell
Sea of -3 psu, the impact was far less than in the Southern
Qcean scenario with only -0.2 psu. This model result implies
that AABW formed around Antarctica may be more impor-
tant for the conveyor dynamics than the major portion origi-
nating in the Weddell Sea. It is not clear, however, whether
this would be the case in a coupled ocean-atmosphere
model, with the low-salinity signal spreading from the
Weddell Sea circumpolarly. In this case, the results would
conform more to the SO cases, rather than to experiments
with the Weddell Sea as the center of action. Our grid reso-
lution is not sufficient to resolve the Weddell Sea in detail;
therefore, we can indicate only that a local impact tied to this
area would be far less powerful than a distributed impact of
the whole Southern Ocean, or a large part of it.
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Figure 10. As in Figure 9 for the World Ocean.

In the case of a meltwater confined to either the Antarctica
coastline, or the ACC bound scenario, far weaker.impact is
recorded in the numerical runs (Exp. 6 and 7 in Table 1).

Table 2 shows NADW production rates, the depths to
which the convection reaches at the NADW convection
sites, the meridional overturning at the critical latitude of
30°, and the outflow of NADW and inflow of AABW. The
balance of these two flows determines the state and intensity
of the conveyor.

Implications for changes in sea level. Sea level rise caused
by melting of major ice sheets is a central issue of global
warming forecasts (see references in Karl [1993}; Warrick et
al. [1993]; Houghton [1997]). However, there is also an in-
direct sea level effect of meltwater events caused by thermal
restructuring of the world ocean. Therefore, the impact of
de—densification of the sea surface is not limited to changes
in oceanic circulation. As the deep ocean warms up, the sea
elevation will change because of the thermal expansion of
sea water. Historic hydrographic data suggest that thermat
expansion of the-ocean can contribute tens of centimeters to
the observed sea level risé over the last century [Godfrey
and Love, 1992]. Ocean circulation models predict ocean
level rise caused by thermal expansion due to THC changes
(e.g., Church et al. [1991]; Weaver and Wiebe [1999]; Jack-
ett et al. [2000]; Knutti and Stocker [2000]). Some simula-
tions (e.g., Church et al. [1991)}) indicate that the thermal
expansion of the ocean associated with a global warming of
3°C temperature rise by the year 2050 will result in up to a
30 cm sea level rise. On the other hand, cooling of large

segments of the world ocean would compensate for the land
ice sheet melting and reduce the sea level rise caused by

such melting. _

The difference of the sea elevation relative to.the sea floor.
was calculated for each of the sensitivity experiments. Sea
level change in Exp. 3 relative to CRPDC is shown in Figure
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11. These differences in sea surface height are due to the
differences in the 3-D density field caused by different T
and S distribution in the world ocean. Significant sea level
rise (up to 2-3 m in the SO case, Figure 11b) is evident. At
the same time, the only region where sea level rise was sig-
nificant in the NA case (Exp. 2; Figure 11a) is the Nordic

" Seas. Lowering of sea level was found in NA experiments

(Figure 11a); interestingly, this lowering is far away from

- ~ the northern source. Strong uprise of sea level in the SO or

combined cases are largely due to deep—ocean warming. As
the deep ocean is warmed up in respunse (0 (he southern
meltwater scenario, the water column expands and sea level
rises. Notably, in many sensitive coastal areas the sea level
rise can be over 1 m. Hence, it is possible that a meltwater
episode, especially in the Southern Ocean (with a substantial
global deep ocean warming and salinity redistribution),
could strongly impact: island nations and coastal regions
through a noticeable sea-level change. Importantly, this sea—
level rise could occur without significant melting of the ice

‘sheets; including WAIS, which is considered the most vul-

nerable to climate change. If some melting of WAIS, or any
other ice sheet were to happen, the effect would lead to even
miore dramatic changes than those shown in Figure 11.

Evolution of sea level in Fxp. 2 and Exp. 3 relative to sea
level in CRPDC is shown in Figure 12. The thermal re-
sponse of the deep ocean and related sea level change was
remarkably fast. In an integration of the model for 1000
years (tracer time without deep-ocean acceleration) with the
low—salinity signal superimposed on the steady state of the
control run, the first 50 % of total sea level change and
warming of deep ovean was reached within first 150 years of
the 2000 years of the spin up, with-a much slower increase
followed. Note, however, that sea level rise in Exp. 2 is al-
most an order of magnitude smaller than in Exp 3. Tn fact, a
negative global sea level change could have been expected
in Exp. 2, with the deep ocean cooling. However, the deep
ocean cooling in Exp. 2 is counterbalanced by substantially
more warming of intermediate depths-in the northern melt-
water scenario (caused by shoaled NADW outflow). There-
fore, there is a net rise, rather than lowering of the global sea
level. Figure 12 implies that a southern meltwater episode
can"be -a more-dangerous environmental challenge than a
northern meltwater episode, at least within the range consid-
ered for de—densification of the present—day sea surface.

3.2 LGM Experiments

The second large group of experiments are the runs with
low salinity perturbations applied to the LGM, rather than to
the present—day sea surface conditions. Experiments from

. this group are shown in Table 3, with all notations, except

for NNA (northern North Atlantic) as in Table 1. LGM sce-
narios that we discuss in this paper are reduced to only four
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Figure 11. Sea level change in present—day NA and SO meltwater scenario (Exp. 2 and 3 in Table 1). Heights of the
bars show the level change relative to the sea level in CRPDC run (Exp. 1 in Table 1).

runs (Table 3). These runs are: Exp. 1L (NA), which is the
control run. for LGM (CRLGM) with undisturbed LGM sur-
face climatology as was described in the scenario section
(LGM surface climatology was corrected to incorporate
colder wopics; sec above); sctups of Exp. 2L and 4L are
similar to analogues NO and SO present—day runs (Exp. 2
and 3 in Table 1). Exp. 3L is also similar to NA present—day
run, except for the low—salinity signal is in the central part of
the northern North Atlantic, south of Iceland, rather than in
the Nordic Seas (see Figure 4). Exp: SL combines the signals
in Exp. 3L and Exp. 4L to produce an analogue to the pre-

sent-day run in Exp. 4. We also refer to the results in Seidov
and Maslin [1999, 2001}.

Northern LGM events. The modeled LGM conveyor (Fig-
ure 13a), though weaker and shallower, is not as different
from thce modem conveyor as one might expect based on
strong the surface condition changes relative to the present-
day climatology. As in earlier results, the rate of overturning
is up to half of the modern rate and the shape of the over-
turning resembles those of the present-day, though convec-
tion sites and NADW outflow was shifted soutbward (to
reflect the shift of the convection sites) and is noticeably

Table 3. Amplitudes of sea surface salinity anomalies (in psu).

Exp. NA NNA SO CRLGM - Control Case (annual mean LGM sea surface climatology); NA — North

CRLGM _ _ _  Atlantic; NNA - (central) northern North Atlantic; SO — Southern Ocean
(#1L) . Salinity anomalies are added to the present—day annual mean sea surface salinity in the
#1L 20 - - bands between 60°N and 80°N in NA, in the lens at about SO°N in NNA, and band
#3L — 20 — between 50°S and the coast of the Antarctica (SO). The modified salinity was merged
#41 - —  -1.0 using a cosine filter to the unchanged field within two latitudinal grid points (8°). In the

#5L, — 20 -10 SO the anomalies are circumglobal.
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Figure 12. Evolution of the sea level change relative to the
CRPDC sea level in time: solid line in SO event, and dash line in
NA event.

shallower. This occurs despite the shift of NADW produc-
tion to thc middlc of the northern North Atlantic and
strongly reduced convection in the Nordic Seas (e.g., Seidov
and Haupt [1999a); Seidov and Maslin [2001]). This led
Seidov and Maslin [2001] to conclude that convection in the
northern North Atlantic is a key factor in maintaining the
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"normal" mode of the conveyor during glacial periods.
However, it is important that although the conveyor operates
in its “pormal” or “conveyor-on” mode, there is very little
cross—equatorial heat transport in the Atlantic Ocean (Figure
14) indicating an approximate balance between southern and
northern heat budgets in this basin. Nevertheless, the global
southward cross-equatorial heat transport does occur and
could be instrumental in maintaining the glaciation in the
north (see Figure 15).

In contrast, the meridional overturning stream function of
northern meltwater events shows a reduction of the deep—
water conveyor at Dansgaard — Oeschger (D-O) events (NA,
Exp. 2L; Figure 13b), and a complete collapse at a Heinrich
event (NA, Exp. 3L; Figure 13c). Seidov and Maslin [1999,
2001} indicate .independence of the collapse event on the
source of the meltwater based on different sources of melt-
water capping convection in the central northern North At-
lantic. In all scenarios of meltwater events the South Atlantic
gains oceanic heat from the north due to a reversed conveyor
and.a change in the sign of the cross-equatorial heat trans-
port in the Atlantic Ocean (see Figure 14 and a sketch in
Figure 3b).

Southern LGM events. Stronger southern impacts, similar
to those in the present-day runs, are registered in the LGM
runs with low-salinity signals in the Southern Ocean. The
overturning streamfunction in Exp. 4L confirms that a melt-
water event in the Southern hemisphere can reverse the con-
veyor and heat piracy signs, and therefore reverse cooling to
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Figure 13. Meridional overturning in CRLGM (a), Exp. 2L (b), Exp. 3L (c), and Exp4L (d) (see Table 3).
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Figure 14. Northward heat transport in the Atlantic Ocean during
LGM. As in Figure 9.

warming in the Northern Hemisphere (Figure 13d and Fig-
ure 14). Therefore, the rebound of the conveyor, or bi-polar
seesaw, could be the cause of glacial age terminations in the
Northern Hemisphere. ‘ '

The combined northern and southern impacts favors the
idea of stronger AABW control of the conveyor, and con-
firms that as soon as AABW production is curtailed, the
increase of NADW production converts .a cold trend to
warm trend and can reverse the cooling in the north, despite
the ongoing northern meltwater event. Aliematively, an in-
crease of AABW production would curtail NADW produc-
tion and lead to cooling in the Northern Hemisphere, in a
harmony with Broecker’s idea (e.g., Broecker [2000]) of the
ocean bi—polar seesaw.

4. DISCUSSION AND CONCLUSIONS

Bascd on their numerical cxperiments assessing Heinrich
and Dansgaard-Oeschger type events, Seidov and Maslin
[2001] presented an explanation of hemispheric asymmetry
by variations in relative amount of deepwater formation in
the two hemispheres and thus by the resulting heat piracy.
For example, present—day oceanic cross—equatorial heat
transport is northward, whereas during a Heinrich event the
cross—equatorial transport was southward. Thus, South At-
lantic Ocean post—glacial heat piracy, replacing the present—
day North Atlantic Ocean piracy, causes the Southern Hemi-
sphere oceans to warm, while the Northern Hemisphere
oceans cool. When the iceberg armada ceases, the freshwater
cap on NADW formation is removed and northward cross—
equatorial heat transport kicks in to restore a North. Atlantic
heat piracy condition. Accordingly, the North Atlantic
Ocean warms up the Northern Hemisphere while the South-
ermn Hemisphere cools down. If the glacial boundary condi-

tions re—assert themselves, the North and South Atlantic
Oceans come back to an almost perfect balance (see the
sketch in Figure 3 explaining the heat piracy idea).

An important result of the Seidov and Maslin [1999, 2001]
computer simulations is that a high-latitudinal meltwater (or
de—densification, in general) scenario, although it does not
reject the upper—ocean impact, does NOT require a substan-
tial change in the heat transported by the upper ocean cur-
rents. The imbalance between NADW and AABW produc-
tions, i.e. between the deep—ocean flows, is the primary con-
trol on cross—equatorial heat transport, and thus could be the
sole agent responsible for the observed seesaw climate oscil-
lations. This seems to be counter—intuitive, as it is usually
assumed that only changes of the upper—ocean currents can
affect the heat transport to high latitudes (see Appendix in
Seidov and Maslin {2001] for an explanation for why the
deep ocean heat transport can be of the same sign as the heat
transport in the upper ocean). It is suggested that the deep—
ocean currents could be the ultimate internal mechanism
capable of reversing cross—equatorial heat transport within
the required time scale of the oscillations (hundreds of years
or longer).

Support for. this. deep—ocean driving force hypothesis
comes from the relative timing of the north—south lead—lag
observed in the ice cores [Blunier et al., 1998]. For example,
the substantial weakening of .the conveyor would happen
within a matter of years, as soon as a sufficient number of
icebergs travel to the convection sites in the northern North
Atlantic to provide the meltwater capping of the convection.
However, the actual warming of high latitudinal waters, due
to change of overturning and the related change of the heat
transport may take hundreds of years. For instance, Broecker
[2000] argues that 200 years may be needed to reduce the

- density of the sea surface waters in one hemisphere to the
" point when the hemispheres change the role and the con-
* veyor flip—flops.

This is why, when the GRIP and Byrd ice cores are com-
pared, the peak warming in Antarctica is delayed, occurring
almost at the end of the Heinrich event [Blunier et al., 1998).
Moreover, the dramatic warming at the end of the Heinrich
event and the switching “on™ of North Atlantic heat trans-
port regime would take hundreds of years to steal enough
heat to cool down the Southern Hemisphere. Hence it can
explain the delay seen in the ice core data (Broecker [2000]

- estimated that the time needed to rebound of the conveyor

may as long as several bundred years).
Our simulations demonstrate the stronger sensitivity of the
global ocean circulation to variations in the southern than to

.northern deepwater source. A new vision of the role of the

Southern Ocean role in driving the ocean conveyor becomes
significant in view of possible consequences of the global
warming process. In this scheme, the seesaw oscillating



mechanism, prone to an AABW regime, follows a simple
rule. The rule is that when the NADW subsides, the AABW
picks up and affects the heat transport regime in the opposite
way. Alternatively, when AABW subsides, NADW spins up
and warms up the deep ocean.

Although it is believed that there is less AABW variation
than NADW variability during the glacial cycles of the
Pleistocene, the reduction of NADW implies an increased
impact of AABW even if the lafter source does not change at
all. Therefore, the perturbation of the conveyor only at the
NADW sites could be a sufficieni mechanism for sustaining
the suggested climatic oscillations. If, however, sufficient
evidence were found that glacial AABW production had
varied substantially (e.g., Stephens and Keeling [2000]),
theoretically it alone could drive the climate seesaw.
Broecker [2000] suggests that AABW increase drove the
Little Ice Age that ended after AABW production subsided.
Hence we should anticipate a true bi—polar seesaw driven by
two hemispheric sources: The key element is that the seesaw
rebounds are driven by changes of deep—ocean currents
rather than by sea—surface circulation alterations. However,
although a southern meltwater might be a powerful near—
future climate element, the role of the southern source of
AABW in modulating variability has received much less
attention then northern-impacts, limiting-the development of
a complete understanding of decadal to millennial time—
scale climate change. Therefore, our major task was to com-
pare the roles of the hemispheric de-densification sources.

The source and character of the salinity perturbations in
the Southern Hemisphere is substantiaily different from the
Northern Hemisphere, and involves brine rejection in the
formation of sea ice, freshwater fluxes from ablation and
calving of the Antarctic Ice Sheet and the stability of the
WAIS. Hence, the potential for changes in freshwater fluxes
or salinity variations to influence the Southern Ocean is
clearly evident. Our results demonstrate that changes in sur-
face salinity of the Southern Ocean can significantly alter
deepwater structure and temperatures. In addition, the ex-
periments demonstrate that the high latitude sea surface need
not be very warm, or very salty, or both to produce signifi-
cant deep ocean warming.

In principle, an imbalance of meltwater impacts in high
latitudes may lead to warming up of the deep ocean even if
the ocean in high latitudes stays relatively cool in one of the
hemispheres. In this case, the warming is in response to in-
creased overturning in one of the hemispheres, whereas the
other hemispheric source of deepwater might become stag-
nated. In other words, a strong meltwater impact in one of
the two hemispheres may lead to a strengthening of the
thermohaline conveyor driven by the source in-another
hemisphere. This, in turn, may lead to an increased surface
poleward compensating flow in the active hemisphere. Fur-

SEIDOV ET AL. 163

Giobal northward heat transport (LGM)

80 660 40 20 ° 20 40 60 80
20 L L 20
16 : 16
1.2 — o= 3 12
08 /’ s 08
& 04 s 7 e e\ 04
Pi=
& o0 - ¥ v/l 00
§os AT 04
4 A
208 =2 ' 0.8
212 - fi— 42
5-1‘6 § \ | /i ==:8Qdpsu L 45
g1 L .
i P — controlun{
20 o /~ 20
24 B B e ::‘2 e SV
- NA-CERtr
28 : : ce 28
t T
80 60 40 20 0 20 40 80 80
tatitude 7]

Figure 15. Northward heat transport in the Atlantic Ocean during
LGM. As in Figure 9. : ’

ther, this warming can have a substantial sea level impact

even. without ice sheet melting. .

We have found that the warming of deep—ocean is caused
by NADW intensification that accompanics the reduction of
AABW, rather than by reduction of the southern source it-
self. The study presented here emphasizes the competitive
nature of the northern and southern sources and indicates the
role of the southern source as a strong modifier of NADW
on centennial and millennial time scales. Further, this study
calls attention to the important implications of changes in the
THC, both in terms of heat transport and sea level rise.

Our results on the amplitude of deep—ocean warming dur-
ing hypothesized near—future meltwater impacts can be
compared with observations. As shown by Levitus et al.
[20001, the global volume warming is 0.06°C per 40 years.
Our global warming rates vary between 4°C to 7°C per 1000
years which it ahout two to three times higher than the oh-
served present~day trend [Levitus et al., 2000}, would it con-
tinue for a thousand years. These rates could be dependent
on the fact that there are no atmospheric feedbacks that
could slow down the ocean warming induced by the south-
ern meltdown (see below). Alternatively, the warming could
speed up as the AABW weakens with the -addition of melt-
down (if is the major cause of the warming trend). Note that
the ocean warming is not linear in time (see above), even if
the low—salinity signal is kept constant.

In discussing the role of the Southern Ocean, we empha-
size that neither the Weddell or Ross Sea deepwater sources,
nor the meltwater around Antarctica are powerful enough to
overwhelm the direct impact over the NADW source. Only
the entire Southern Ocean impact has the power to confrol
the world ocean deep circulation (albeit not directly but via
modulating the NADW operation). Hence, the southern ice
sheet meltdown and sea ice melting work synergetically to
counterbalance the northern hemisphere influence.
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Finally, we employed the last glacial maximum sea sur-
face climatology to test our conclusions about the bi—polar
seesaw sensitivity to the southern de—densification impact.
All our above—formulated conclusions, as well as those pre-
sented in Seidov and Maslin [2001], stay intact in these pa-
leoceanographic experiments. Regardless of the amplitude,
origin or location of a meltwater impact in the North Atlan-
tic, a counterbalancing de—densification of sea surface water
in the Southern Ocean has a potential for again reversing the
conveyor and restoring the present—day North Atlantic heat
piracy pattern. As a restored northward cross—equatorial
oceanic heat transport might cause a recurrence of northern
cooling, the warming of the northern North Atlantic might
revoke melting. Hence the ocean seesaw can rebound again,
and the whole cycle will repeat multiple times until the
northern meliwater resources are nearly exhausted (like at
present or milder climates of the Holocene). Thus, in our
simulations, we end up with a simple scheme of millennial
scale climate oscillations driven by deep—ocean circulation,
which is controlled by two-hemispheric deepwater sources,
in the North Atlantic and in the Southern Ocean. This
scheme can also explain the apparent hemispheric asymme-
try of the glacial record. And most importantly, it implies
that the Southern ice melting impact can be a real threat in
the climate change trends.

Although a stand-alone ocean model helps to outline the
nature of the problem and enables a wealth of sensitivity
experiments it has inherent limitations as a true climate
change study. Basically, our approach is largely a first—order
analysis. As such, the more extreme scenarios provide a
higher level of sensitivity that clearly illustrate the potential
response of the ocean without atmospheric and cryospheric
feedbacks. The response of a coupled model may be differ-
ent than a stand-alone ocean model because of the potential
importance of feedbacks associated with the atmospheric
response o an altered poleward ocean heat wansport, or the
impact of wind stress changes on global thermohaline over-
turning. Hence, our work is only a first step in assessing the
climate response to changes in freshwater inputs at high
latitudes. A use of a coupled ocean-atmosphere model may
call for some corrections of the ocean seesaw dynamics as it
is seen here. However, despite all the advances in getting
supercomputers faster, scenario-type simulations of past
climates are still hardly affordabie. Palliative solution can be
sought in using either “enhanced” ocean models, with at-
mospheric part downsized to energy balance models (e.g.,
Bjornsson et al. [1997]; Weaver et al. [1998]; Weaver and
Wiebe [1999]; Bjornsson and Toggweiler {2001} (this vol-
ume), or so-called models of “intermediate complexity”,
with ocean-atmosphere and other climatic feedback included
using simplified components of the climate systems (e.g.,

Ganopolski et al. [1998); Wang and Mysak [2000, 2001];
Ganopolski arid Rahmstorf]2001] (this volume)).

There are many other caveats that may be added to under-
line the limited nature of our “ocean-only” modeling results.
Most of them are obvious and are due to absence of feed-
backs between ice, ocean and aunosphere components of the
climate system. However, we believe that the main result of
importance of the southern freshwater impacts in seesaw
behavior is valid despite of all the limitations of our ap-
proach. The Southern Ocean has the potential to overpower
the Northern Hemisphere oceans and become a major cli-
matic player in long—term climate change in some combina-
tion of climatic factors. Yet it is the NADW that is a univer-
sal driver of the conveyor. Amplified by southern meltwater
episodes or reduced by the northern meltwater impacts, it
remains the strongest player in bi-polar thermohaline con-
veyor variability. The two hemisphere sources, if reduced,
lead to principally different consequences: If the NADW is
reduced, the deep ocean cools down, whereas reduction of
AABW leads to warmer abyssal waters. Therefore, a change
of sea-ice or WAIS state tending toward less saline surface
waters in the Southern Ocean can cause unfavorable sea—
level changes, whereas the collapse of the northern source
might cause cooling of the northem climate. Both scenarios
may pose a serious threat to climate—sensitive environments.
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