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Abstract. Operation modes of the globa ocean thermohdine
conveyor & present, a the last glacid maximum, and a a
subsequent metwater event (MWE) are revisted using a
combination of a globa ocean circulation mode and a semi—
Lagrangian trgjectory tracing mode. The trgectory tracing model
helps to visudize the true three-dimensional water transport that is
not accessible within traditional ocean circulation modeling. Our
smulaions confirm that the glacid mode of the conveyor was
substantialy wesker as compared to the present day mode.
However, the smulations indicate that mgjor changes of the deep
global ocean conveyor occurred only a the MWE. These changes
led to reversd of the Indian-Atlantic branch of the deep conveyor
due to complete cessation of North Atlantic Deep Water production
caused by avery locaized meltwater impact.

I ntroduction

The present—day paradigm of ocean climate dynamics implies
[Gordon et d., 1992] that the global ocean thermohaline circulation
system, aso known as the sdinity conveyor belt [Broecker and
Denton, 1989; Broecker, 1991], is srongly controlled by the
production of North Atlantic Deep Water (NADW). Proxy data
andysis indicates that this circulation system has undergone drastic
changes [eg., Broecker and Denton, 1989]. Moreover, various
evidence shows that the ocean circulaion has varied between two
or three main states, or "modes," strongly controlled by a freshwater
impact in the hign-atitudinal NA (the reference list is limited here;
see extended references in [Seidov et d.,1996] and [Seidov and
Haupt, 1997]).

We present the numerical simulation of aresponse that the ocean
conveyor might have had to different sea surface conditions, such as
those characterigtic of the last glacid maximum (LGM) and a
subsequent meltweter event. The term metwater event (MWE)
designates a strong freshening of the northern NA (NNA) near 13,5
k B.P. [Santhein et d., 1995]. The core of our approach is a
combination of the traditiona smulations of the globa ocean
circulation usng an Ocean Generd Circulaion Mode (OGCM)
and a Lagrangian technique of tracing the water volume transport
[Seidov and Haupt, 1997]. An andogous approach has been
recently advanced by Drijfhout et d. [1996], who traced the present
day globa conveyor. A nove feature of the present work is a
comparative study of three mgjor glacia—to-interglaciad modes of
the conveyor employing the combined Eulerian-Lagrangian
approach.

The Setup of Numerical Experiments

The numerica experiments have been carried out in two steps.
First, the OGCM has been run using the appropriate boundary
conditions. In this study we use the GFDL ocean genera circulation
mode [Bryan, 1969; Cox, 1984; Pacanowski et d., 1993]. To reach
a steady gtate in modern and LGM runs, we integrated OGCM for
10,000 years of mode time. The duration of the meltwater event is
thought to be several hundreds to one thousand years [Sarnthein et
a., 1995]. Therefore, the MWE veocity fidd is the result of
integration over only 500 years beginning from the LGM steady
sate and with the LGM sea surface condition replaced by those
appropriate for the MWE. This duration is a the edge of the ocean
turnover time, and probably the deep ocean was not totdly adjusted
to the surface meltwater impact. Although it may take hundreds of
years to circulate water globdly, the change to the NA overturning
occurs amost ingtantly on the geological time scae (within first 10
years) once the NA convection is capped. This MWE sgnd is that
strong it can easily be traced by an OGCM [Seidov et d., 1996].

In order to facilitate multiple long runs, a coarse resolution (6°
longitude by 4° latitude) with 12 levels in vertica is used. It has
been noticed that the GFDL mode is capable of reproducing the
rates of deepwater production and thermohaine overturning fairly
well using arather coarse resolution [Toggweiler et d., 1989]. We
have found this to be true with the resolution even coarser than in
the cited study. Most of mgjor surface currents, though clearly seen
on the vector maps, are substantialy (sometimes 2—3 times) weaker
than the observed ones, except for Antarctic Circumpolar Current
(ACC). However, the meridiona thermohdine overturning, which
largely depends on the deep convection and isopycna outcrop, is
modeled far better than the horizontd flows. Our present—day
convection pattern (not shown) agrees well with that of Toggweller
et d. [1989], and looks rather reasonable. Convection is deep
enough to sat forth the deep NA conveyor of reasonable intensity.
The overturning in the NA is 23 Sv (1 Sv=10° m%s), and the
Antarctic Bottom Water (AABW) inflow into the Atlantic Ocean is
about 9 Sv.

We restore the upper layer thermohaine fields to the specified
sea surface temperature (SST) and sea surface sdinity (SSS).
Modern annua mean SST and SSS are specified from new ocean
climatological data sets [Levitus and Boyer, 1994; Levitus ¢ d.,
1994], except for the Norwegian-Greenland Seas (NGS) and for the
area south of Greenland where some additional cooling of up to 2°C
was needed to obtain present—day annua NADW production. The
LGM SST and SSS were specified as follows: (1) everywhere,
except for the NA to the north of 10°N, the CLIMAP [1981] SST
were used; (2) everywhere, except for the same areain the NA, the
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present day SSS was increased by 1 psu to reflect a consequence of
a120 msealeve drop during the LGM [Duplessy et d., 1991]; (3)
in the NA, to the north of 10°N, the data set compiled by Seidov et
a. [1996] on the badis of the proxies from Duplessy et d. [1991]
and Sarnthein et d. [1995], replaced the CLIMAP SST and
modified SSS; (4) present—day and glacid wind stress was extracted
from the output of the Hamburg atmospheric circulation modd
[Lorenz et d., 1996]. The MWE sea surface conditions differ from
the LGM ones only in a smdl area in the NA to the north of
approximately 50°N and east of gpproximately 40°N Further details
of the data processing may be found in Seidov et d. [1996].

The horizontal velocity vectors from the OGCM, even if
ingpected a each level, may be mideading because they do not
show vertical motion and do not reflect mixing in the convection
chimneys. Hence, the true water motion cannot be appraised from
such maps in principle. To visudize true 3-D weater motion, we
cdculae the trgectories of particles that move with the water
volumes.

Results

Figure 1 depicts the present day and MWE water volume
trangport in the upper (Figures 1a and 1¢) and in the deep (Figures
1b and 1d) ocean. To get vectors of water trangports, the velocity
components were multiplied by the side surfaces of the grid cels,
and summed vertically from the sea surface to 1.5 km (upper ocean)
and from 1.5 km to the bottom (deep ocean). To better illustrate the
deep conveyor branch, Figure 2 shows the velocity vectors a 2.5
km depth for the present day (Figure 28) and MWE (Figure 2b). In
our Lagrangian cdculaions we “deployed” the paticles in many
areas where the particles can trace the degp conveyor legs. The
shaded area in the present—day NNA (at the surface) in Figure 1a
and in the MWE deep Indian Ocean (IO0) in Figure 1c show the
deployment sites chosen for illustration.

Figures 1a, 1b, and 2a picture the present—day conveyor mode
with a strong deep ocean flow of NADW which penetrates the
ACC, which can be seen to spread farther into the Indian and
Pecific oceans. The three—dimensiond distribution of the horizontal
currents are far more complex than shown in Figure 1. For example,
the deep inflow of AABW into the centra and North Atlantic is
masked in this figure. However, the figure till gives an impression
of how different the deep and upper ocean flows are. The deep
flows emerge as a truly globa coherent feature, judtifying, to a
certain extent, the term ‘conveyor’. The upper ocean circulation
system, however, does not gppear as a continuous flow system.
Instead, the surface basin—scde gyres in different oceans form a
chain of gyres that might be hardly viewed as a coherent upper
ocean conveyor. Moreover, when considering whether the surface
branch of the conveyor is tracegble, the time scales of the mixing
processes are important. In the deep ocean mixing is weak, and
therefore water parcels properties are preserved for along time. On
the contrary, the characterigtics of water traveling in the uppermost
(mixing) level are strongly modified by air—sea interactions on a
time scale of about two to three months. Therefore, these properties
are not necessarily indicative of the conveyor flow.

Some of the particles deployed in the present-day NGS and
NNA penetrated into the deep ocean and traveled southward in the
western boundary current. Few passed into the South Atlantic,
while many remained trgpped in the NA subtropical gyre. Many of
those which managed to reach the South Atlantic turned back and

moved toward NA. About only 10% to 20% of dl particles
deployed in the shaded areain Figure 1areached the ACC and were
trangported farther eastward in this current. Only 2% to 5% of these
particles ever emerged in the northern Pacific (one of those particles
isshown in Figure 3a). Hence, our study indicates that only a small
part of newly formed NADW can physicaly travel aong the whole
leg of the deep conveyor. It does not mean that the NADW water
cannot reach the Peacific in dgnificant amounts. Note that the
operation time of a stable modern-ike conveyor can be of severd
thousand years.

The LGM conveyor (to save space we do not show the LGM
maps here) is characterized by a noticeable (more than 40%)
decresse in intendty, and deep flows, especidly in the NA, take
different routes. In comparison to the present day, the NA branch of
the glacia conveyor became shallower than at present. However, as
in [Seidov et &.,1996], the NA branch of the conveyor ill existed
a theLGM.

Although the changesin the surface forcing during the MWE are
restricted to the NGS and the NNA, the whole deep conveyor from
the NA to the eastern Audrdian coast is affected. NADW
production was completely switched off and there was no deep
southward flow in the western Atlantic. Moreover, in the MWE
experiment there is a reversed degp ocean flow to the north of a
substantialy curtailed deep ACC in the Indian and Atlantic sectors
of the Southern Ocean. Although our cdculations do not
unambiguoudy indicate the reversal of the whole deep conveyor
branch from the Atlantic to the northern Pacific, the deep flow has
indeed an opposite direction over a long distance from the eagtern
10O to the NNA. Additionaly, a deep southward—flowing western
boundary current (common to both the LGM and the MWE) is
clearly seen in the northern Pacific (Figures 1c and 2b). This flow,
which is absent from the present day deep current system, is a
possble sgnature of a reversed Pecific branch of the globa
conveyor. However, in contrast to the NA boundary currents,
smulated changes in the LGM/MWE North Pecific western
boundary structure are very poorly constrained, because of the lack
of proxy datain thisregion.

Because deep convection was absent in the NA during the
MWE, no trgjectory was found to originatein the NNA or NGS and
continue into the deep Indian and Pecific Oceans. The reversed
deep 10 conveyor is best visudized by one of the particles deployed
in the deep eastern 1O (two are shown in Figure 3b). Another of the
shown particles traveled around the globe in the ACC and entered
South Atlantic through the Drake Passage, (asin the modern run in
Figure 3a; yet no present-day particles showed eastward deep flow
in the southern 10). Although some particles crossed the equator, no
one of them managed to passfar into the NNA. Hence, despite there
was indeed a strong incursion of AABW into the NA, it upwelled
mostly to the south of 50°N. Such a southweard-shifted dendty
outcrop isolated the NNA from the rest of the World Ocean.
Therefore, the driving of the deep ocean circulation during MWE
was regtricted to the Southern Ocean.

The trgjectory—tracing technique may be used to address the
ocean ventilation problem. For example, the NA during the MWE
is characterized by very old nonventilated intermediate-to—deep
water [Sarnthein et d., 1995]. Our Lagrangian calculations show
that the MWE deep water in the NA was a mixture of the AABW,
originating in the Wedddl Sea, and some water sinking in the
eastern Indian ocean, which may explain extreme aging of the
Atlantic water.
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Conclusions

There are severd limitations to this rather coarse—resolution
modeling. For instance, we were able only to trace the motion
within relatively wesk (except for ACC) mean flows. Mesoscade
eddies, were they resolved, would lead to a dispersion of particles
aong their paths and might have dtered some of the trgectories.
However, we have found a reasonable agreement between proxy
data and the smulated circulation patterns in a criticad region, the
North Atlantic, which judtifies these coarse—resolution results as a
fird approximation. We formulate our main conclusons as
following:

1. Within the limitations of a coarseresolution modd, we
demongtrate that the mgjor meltwater events in the NA might have
affected the degp ocean globa conveyor substantialy and that these
changes can betraced in Lagrangian caculaions.

2. Based on proxy data which provide redigtic glacid and
meltwater boundary conditions in the NNA, our combined
Eulerian-Lagrangian modeling confirms a weskening and some
shalowing of the main conveyor a the LGM and its complete
collapse after the very localized post—glacia freshweter dischargein
the NNA. The results aso show that the water transport during
MWE was dtered globally.

3. The trgectories imply that the MWE water in the NA was a
mixture not only of water originating in the Wedde | Seg, but aso of
some water sinking in the south—eastern 10. It may explain extreme
aging of the Atlantic water, stronger than it would be if only the
AABW ventilated the NA aress.
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Figure 1. Total water transport across vertical diagona sections of the grid cdlls in Sv (1Sv=10° m’s?): &) upper

(above 1.5 km) ocean trangports at present; b) deep (below 1.5 km) ocean trangport &t present; b) asin a) for MWE;
¢) asin b) for MWE. Note different scales of vectors for upper and deep ocean. Shaded areas in Figures laand 1c

show where the Lagrangian particles are deployed (see text).
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Figure2. Vdocity vectors (in cms?) at 2.5 km: &) modern; b) MWE.
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Figure 3. Pairsof trgectories (onetrgectory is shown as asolid and the other as a dashed line) visudizing the deep

ocean conveyor: 8 modern conveyor; b) MWE. The present—day trgjectories start at the surface in the NNA,
whereas the MWE trgjectories gtart in the deep eastern 10. Small rectangles show time elapsed after deployment

(upper numbers) and the depth at which the particle isfound on the trgjectory at that time.





