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Abstract. Paleocirculation of the North Atlantic Ocean at the last glacial maximum (LGM) is
simulated using a large—scale ocean general circulation model (OGCM). The model is driven
by glacial sea surface thermohaline conditions and wind stress. For comparison of past and
present circulation patterns, a separate run provides the Holocene/modern circulation patterns
based on the present day sea surface climatology. The output of the OGCM is then used in a
sedimentation model and in a model to trace water parcel trajectories. The sedimentation
model reveals the differences in sediment deposition in the North Atlantic linked to past and
present circulation regimes. The trajectory—tracing model facilitates a better understanding of
the thermocline and deep ocean ventilation, the actual three—dimensional conveying of water,
and the role of convection in maintaining the meridional thermohaline overturning. The re-
sults of the trajectory—tracing technique indicate stronger subtropical thermocline ventilation
during the LGM. For the deep ocean currents, we find severe alteration- of three—dimensional
water motion in response to weakening of the LGM convection and its retreat to the south-
west from its present locations. Ocean circulation models can provide sedimentation studies
with information on the circulation regime that proxy data used alone cannot. These is be-
cause such models furnish both circulation patterns and the ventilating convection depths.

Introduction

The modern paradigm of world ocean thermohaline circu-
lation is that the system is driven by the production of North
Atlantic Deep Water (NADW) at several tiny sites in the
northern North Atlantic and the Norwegian—Greenland Seas
(NGS) initiating the global thermohaline conveyor {Gordon,
1986; Broecker, 1991; Schmitz, 1995]; (see also the review by
Gordon et al., [1992]). Isopycnal surfaces outcrop in the ven-
tilation regions causing water to descend along the isopycnals
into the deep ocean. This descending water forms a southward
deep ocean outflow from the NADW formation areas. A
compensating northward flow develops in the upper layers to
replace the newly formed deepwater outflow. We refer to this
major cell of the North Atlantic meridional circulation as a
““forward conveyor.”” In the absence of an opposing abyssal
current, NADW would fill the entire deep ocean. Such com-
plete dominance of the NADW is, however, prevented by the
northward incursion of the Antarctic Bottom Water (AABW).
This secondary yet very important gyre comprising the
AABW northward incursion is referred to as a ‘‘deep ocean
reverse conveyor.”” At the surface the Ekman drift currents
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form the divergence in the middle to high latitudes and con-
vergence in the subtropics. This leads to an ‘‘upper ocean re-
verse conveyor,”” a shallow upper ocean gyre with wind-
induced equatorward transport in the uppermost layers. The
interplay and delicate balance of these three gyres determines
the modern ocean climate as reflected in observed thermo-
haline patterns [Levitus, 1982; Levitus and Boyer, 1994;
Levitus et al., 1994]. Today, the strong forward conveyor is a
dominant feature of meridional overturning pattern.

Proxy data analysis indicates that the glacial North Atlantic
conveyor operated differently from the present one, causing
different modes of circulation [Boyle and Keigwin, 1987;
Broecker and Denton, 1989; Broecker, 1991; Keigwin et al.,
1991; Bond et al., 1992; Lehman and Keigwin, 1992; Sarn-
thein et al., 1994, 1995; Maslin et al., 1995; Oppo et al,
1995]; (see also the review by Bond [1995]). After pioneer
work by Bryan [1986], many recent numerical simulations of
widely different complexity confirmed that multiple stable
modes of a buoyancy-driven conveyor may indeed occur
[Manabe and Stouffer, 1988, 1995; Marotzke and Willebrand,
1991; Weaver and Sarachik, 1991; Wright and Stocker, 1991,
Fichefet and Hovine, 1993; Fichefet et al., 1994; Maier—
Reimer et al., 1993; Weaver et al., 1993; Rahmstorf, 1994,
1995; Stocker, 1994; Weaver and Hughes, 1994; Sakai and
Peltier, 1995].

We use ocean surface data to simulate the past and present
North Atlantic circulation pattern by means of an ocean gen-
eral circulation model (OGCM). The model is driven by wind
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stress, and by the heat and freshwater fluxes calculated from
specified sea surface temperature (SST) and sea surface salin-
ity (SSS). The OGCM runs yield three—dimensional (3-D)
temperature, salinity, and velocity fields relevant to the Holo-
cene/modern (HM) and the sea surface conditions at the last
glacial maximum (LGM) at 18.000 ka. The LGM time slice
has the largest data set of SSS and SST available of any gla-
cial period and has been updated recently in the nosthern
North Atlantic [Sarnthein et al., 1995]. These data define the
surface boundary conditions needed to address a critical
question concerning operation of the salinity conveyor belt in
the high—latitude North Atlantic at the LGM.

We formulate our task as a modeling attempt that recruits a
major simulation technique, the OGCM, and two comple-
mentary models that quantify the sediment.transport and the
three—dimensional water motion with ventilation in high lati-
tudes. We show that such a threefold modeling approach will
enhance past ocean circulation studies employing ocean gen-
eral circulation models. These two additional components, a
sediment transport model and a trajectory—tracing model, help
to reduce ambiguities in proxy data and simulation analysis.
We demonstrate how these additional computations help con-
strain the interpretation of circulation patterns which emerge
in simulations of ancient oceans. In particular, we show how
these calculations can be used to understand ventilation of the
ocean and to validate the circulation changes by interpretation
of the sedimentation patterns linked to those changes. This
type of constraint may be especially useful for simulating
ocean currents for time periods with poorly documented hy-
drophysical conditions. Using this threefold approach, even a
limited knowledge of historical sediment patterns in some key
areas would be instrumental in reducing the ambiguity due to
lack of ocean paleoclimatic data for those times.

The flow velocity vectors from OGCMs are computed on a
numerical grid at fixed points in space. This traditional Eule-
rian representation of a flow has some disadvantages when
the actual 3—-D water transport is of particular interest. Firstly,
horizontal velocity maps fail to show the horizontal and verti-
cal motion of the water masses simultaneously. Secondly,
even if a 3-D velocity pattern is plotted, or if horizontal vec-
tors’ maps are analyzed in parallel with scalar maps of the
vertical velocity components, one would nonetheless miss the
important part of convection due to hydrostatic instability.
Ventilation of the deep ocean would be missed in a traditional
Eulerian visualization of ocean circulation. We apply a model
that traces the trajectories of Lagrangian particles (i.e., neu-
trally buoyant particles therefore moving together with the
water parcels) in order to visualize 3-D water transport. To
our knowledge this approach has not been used in paleocean-
ographic studies except for the first attempt by Haupt et al.
[1994]. Here the method is updated to include the impact of
convection, and it is applied to the interpretation of changes
in the thermocline and deep ocean ventilation at the LGM.

Another problem inherently linked to modeling of past
ocean circulation is the simulation of sedimentation and
sediment transport. Typically, sedimentation is employed to
reconstruct ocean currents that have enabled an observed
sediment drift. Provided that the glacial circulation patterns

differed from the modern velocity distribution, the glacial -

sedimentation and particle transport also inevitably had to be
different. Many attempts have been made to infer the circula-
tion pattern from sediment structure and especially from ice—
rafted debris [Goldschmidt et al., 1992; Honjo, 1990; Pfir-
mann et al., 1990; Seibold and Berger, 1993, Goldschmidt,
1995].

Theoretically, if one knew the historical circulation pat-
terns for certain consecutive time periods, then there would be
no fundamental difficulty in solving the inverse problem: re-
construction of historical distributions of the sediment
throughout the basin. In practice, however, this task is not as
straightforward as one might expect. Yet recently, some
authors have addressed the issue showing that the approach
may be useful [Siindermann, 1983; Siindermann and Klocker,
1983; Tetzlaff and Harbaugh, 1989; Bitzer and Pflug, 1990;
Syvitski and Hughes, 1992].

We try to solve a reverse problem by applying a 3-D sedi-
mentation model to complement the circulation study using
the OGCM and calculate sedimentation patterns that would
correspond to the simulated glacial North Atlantic Ocean cir-
culation. On the basis of the sediment patterns calculated us-
ing the HM and the LGM velocity fields, one may arrive at
more definite conclusions about the near-bottom currents
than would arise from studying the velocity patterns alone.
The new feature here is a simulation of the eolian sediment
rates relevant to the circulation in the entire glacial North At-
lantic. These calculations show the changes in the routes of
the near-bottom currents and provide sedimentation rates and
sediment distribution patterns that can be compared to obser-
vations. Previously, the 3-D sediment transport model has
been applied to the northern North Atlantic Ocean only
[Haupt et al., 1994], and therefore could not shed light on one
of the most discussed paleoceanographic problems concern-
ing the glacial conveyor dynamics.

In summary, our task is to evaluate the circulation pattern,
the sediment transport, and the actual 3-D water motion on
the basis of the HM and LGM sea surface conditions. The
goal is to compute, visualize, and comprehend glacial-to—
interglacial clianges in the ocean circulation of the North At-
lantic by means of three numerical models: (1) a large-scale
ocean general circulation model; (2) a sedimentation and
sediment transport model, and (3) a model for tracing neu-
trally buoyant particles. The sediment transport model facili-
tates a better understanding of the deep ocean circulation. The
trajectory—tracing model computes the actual 3-D trajectories
of water volumes and is instrumental in comprehending ven-
tilation of the thermocline and the deep ocean.

In a sense, the sedimentation model and the trajectory-
tracing model are the ‘add-ons’ to the OGCM. Hirst the cir-
culation has been simulated using an OGCM on the basis of
sea surface conditions relevant to the LGM and, for compari-
son, to the HM time slice. Next, the sediment transport model
has been initialized and driven by the OGCM output
(temperature, salinity, velocity, and convection depths) to cal-
culate the sedimentation rates linked to the two corresponding
circulation patterns. Subsequently, the velocities and convec-
tion depths calculated in the OGCM have been applied in the
trajectory—tracing model to track down the 3-D transport
pathways of water parcels at these two time slices.
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Numerical Models

Ocean circulation medel. We employ a planetary
geostrophic ocean circulation model especially designed for
coarse—resolution, large-scale ocean circulation studies de-
scribed by Seidov [1996] and Seidov and Prien [1996]. This
model belongs to the “intermediate” or “planetary
geostrophic” class of models [Hasselmann, 1982; Seidov,
1986, 1996; Colin de Verdiére , 1988; Maier-Reimer et al.,
1991, 1993; Zhang et al., 1992]. Except for the linear dy-
namics inherent to planetary geostrophic models, such models
retain all features of the most advanced primitive equation
models (PEM) that are the present—day standards in physical
oceanography {e.g., Bryan, 1969, Cox, 1984, Semtner, 1986].
The planetary geostrophic models are based on the idea that
the momentum balance away from the equator is predomi-
nantly geostrophic. Different closure hypotheses are used to
satisfy side boundary conditions, with Laplacian friction the
most often employed. When lateral friction is included or

parameterized, planetary geostrophic models converge to a

primitive equation formulation with linear dynamics [Colin de
Verdiere, 1988; Maier—Reimer et al., 1993]. Planetary
geostrophic formalism allows some simplifications of the
momentum and vorticity balance equations, and a longer time
step, and consequently becomes computationally more effec-
tive. Parallel runs have been made on a coarse-resolution grid
using this model and the Geophysical Fluid Dynamics Labo-
ratory (GFDL) modular ocean model [Bryan, 1969; Cox,
1984; Pacanowski et al., 1993)], a PEM. Seidov and Prien
[1996] have shown that results of this planetary geostrophic
model match well with the performance of the GFDL model.

Any OGCM contains a procedure to allow convective
mixing that develops due to hydrostatic instability if denser
water is formed (or advected) over lighter water. This is the
key process for deep water production and transport. As done
commonly in an OGCM, this instability is accommodated by
mixing water vertically until it regains complete hydrostatic
stability [Cox, 1984]. This vertical adjustment takes place as a
step process with several successive mixings of adjacent lay-
ers until complete hydrostatic stability is restored. As the wa-
ter convects, the particles associated with the mixing volumes
exchange their positions vertically, and hence the convection
facilitates deep ventilation. We argue below that it is the con-
vection that makes the results of a numerical circulation
model a unique source of data for any study requiring the ve-
locity field. For instance, convection is central to a study of
deep ocean ventilation inferred from ocean hydrography. In-
deed, hydrostatic instability is usually removed from clima-
tological data sets [e.g., Levitus, 1982; Levitus and Boyer,
1994; Levitus et al., 1994]. When available, direct velocity
measurements are not commonly supplemented by informa-
tion on the occurrence of deep convection in situ and on the
depth of its penetration. It is clear, however, that particles
drifting (and settling, if not neutrally buoyant, as sediment) in
a water parcel would be carried abruptly to different depths if
convection does occur.

Ocean sedimentation model. The sedimentation model
employed here was designed by Haupt [1995] and tested in
Haupt et al: [1994, 1995]. Tt is a large-scale sedimentation

model consisting of two components: (1) a 3-D sediment
transport model in the ocean interior, and (2) a 2-D sediment
transport model in a thin near-botiom layer following
smoothed bottom topography. The 3-D component models
the advection—diffusion of sediment similar to the equations
of advection—diffusion of heat and salt in the OGCM, and in-
cludes an added term to compute the settling of sediment in
the water column.

Since the box method of Bryan [1969] is used to construct
the 3-D numerical grid in the OGCM employed, the bottom
topography in the OGCM is of a staircase type (Figure 1). A
technique for smoothing this staircase bathymetry for use in
the 2-D sediment transport submodel is discussed by Haupt et
al. [1994). In our experiments (see below), the bottom slope
replacing the staircase-type topography never exceeds 5°, and
therefore the near-bottom flow never detaches from the sea-
bed. Hence the staircase—type approximation of bottom topog-
raphy is legitimate for our both OGCM and 3-D sediment
transport computations [Puls, 1981]. The 3-D and 2-D sub-
models are coupled by vertical exchange of suspended sedi-
ment. This exchange is important for redistribution of sedi-
ments. If erosion takes place, or if there is already some sus-
pended sediment in the 2-D bottom layer, sediment can reen-
ter the three—dimensional ocean circulation. This technique
enables redistribution of sediment by reduced bottom currents
[Siindermann, 1983] depending on the amount of sediment
available in the bottom layer.

The sediment transport model has been proven capable of
simulating sediment dynamics incorporating the processes of
resuspension and redeposition of both terrigenous and bio-
genic sediments. The 3-D component of the sedimentation
mode] simulates the lateral transport and the entry of sediment
particles at the sea surface, including the enter of ice-rafted
sedimentary material. The mass of sediment covering the
seafloor depends only on the balance of sources and sinks,
whereas the spatial variation of the sediment rates depends on
the circulation pattern and the particle grain size. The 2-D
model is initialized at every time step by the exchange of
sediment between the ocean body and the ocean floor. The
sediment in the bottom layer is transported by a corrected
benthic flow which is largely a projection of the OGCM ve-
locity field onto the smoothed bottom layer (1 cm thick). Ad-
ditionally, the near—bottom velocities are reduced to take
bottom friction into account [Miller et al., 1977; Zanke, 1978;
Siindermann, 1983].

We have noted above that the equation for 3-D sediment
concentration is principally similar (except for the settling
term) to the OGCM equations for 3-D advection-diffusion of
heat and salt. We solve this equation numerically. in exactly
the same manner as we do it in the OGCM. If this concentra-
tion equation were to be solved as a passive tracer equation in
the OGCM, the convection due to hydrostatic instability
would be applied to this concentration as to any other tracer
[Cox, 1984; Pacanowski et al., 1993]. When the velocity
fields are used in the concentration equation of the sediment
transport model, the information about convection must be
included to make concentration evolution compatible with
that for other tracers in the OGCM. The impact of convection
was not included in the previous version of the sedimentation



284

o) A
<, [ o
Z % &8

SEIDOV AND HAUPT: SIMULATED OCEAN PALEOCIRCULATION

28
§ =
1

350

(93]
o
L]

700
depth Im}

1000 2000 3000

Figure 1. Model bottom topography of the North Atlantic on a 2°x2° grid. Iceland and the Caribbean are presented as
seamounts to enable coarse resolution in a single—connected domain.

model [Haupt et al., 1994]. Here vertical mixing, similar to
that employed in the OGCM, is applied to concentration when
necessary. The sediment transport model ‘knows’ when to
mix water because we have encoded the convection depths in
the velocity field as an additional parameter. When used in
the sedimentation model, this information is decoded to en-
able vertical mixing in the grid points where convection oc-
curs (see below in the discussion of the convection patterns).
Particle—tracing model. The water volume trajectory—
tracing model was developed by Haupt [1995] and was em-
ployed to trace particle drifts in the northern North Atlantic
[Haupt et al., 1994, 1995]. This model exercises a hybrid
Eulerian—Lagrangian (or semi-Lagrangian) approach; the ve-
locity components are interpolated to the current positions of
the Lagrangian particles from the nearby grid points of an
Eulerian numerical grid. As in the sediment transport model
described above, the Eulerian velocity field is provided by the
OGCM, whereas the coordinates of Lagrangian particles are
calculated straightforwardly, using the Lagrangian velocity
along the trajectory. More details about the design and use of

both models are given by Haupt [1995] and Haupt et al.
[1994, 1995].

Convection is recognized to be an important component of
thermohaline circulation in spite of the small percentage of
the world ocean it affects directly [Killworth, 1983]. Physi-
cally, convection does not transport water in the same manner
as advection. It mixes water vertically in water columns or
‘‘chimneys’’ [Send and Marshall, 1995]. As we have empha-
sized above, ventilating convection induced by hydrostatic in-
stability is included in all three components of our simula-
tions. The semi-Lagrangian trajectory—tracing model calls,
however, for a different convective procedure to exercise ver-
tical ventilation. Here the velocity field is supplemented by
the convection depths showing where and to what depth the
vertically mixing volume should be propelled in the turbulent
chimney. The convection depths indicatc how many pairs of
layers participate in mixing, i.e. to which layer the particle
entering the chimney must be transported. The rule is that
particles entering the convective chimney at the top are pro-
pelled downward to the base of the chimney and, conversely,
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particles are propelled upward to the uppermost layer if they
enter the chimney at its base. The mixing volumes change po-
sition vertically as many times as prescribed by convection
depths (showing how many layers are affected by convection).
However, for every mixing parcel, the mixing occurs only
once, that is, when the parcel enters the convection site. This
mechanism is consistent with the convection scheme em-
ployed in the OGCM. Moreover, such an interpretation of the
convective mixing follows the concept of the so—called tran-
silient turbulence [Stull, 1984] introduced in order to simulate
distant turbulent mixing produced by large eddies.

Experimental Design and Surface Boundary
Conditions for the Ocean Circulation Modeling

Circulation model. As we want to model the ocean circu-
lation based on proxy data rather than perform another sensi-
tivity study, only the domain comprising a basin from 10°N to
80°N is adopted for simulations. These latitudinal limits are
used because reliable SSS, arranged on a regular grid cover-
ing an extended area and suitable for numerical modeling, is
currently available only in the region north of 40°N. However,
the North Atlantic branch of the conveyor cannot be modeled
without at least including the subtropical region. The salinity
conveyor belt is driven by convection and newly formed deep
water outflow at high latitude, but convection itself occurs
due to the cooling of warm salty water brought by the con-
veyor from the subtropics.

In order to study the present—day conveyor dynamics, it is
more advisable to employ a whole Atlantic model, or better a
global ocean model, rather than the regional North Atlantic
model as we do here. In fact, all large-scale sensitivity studies
of the conveyor are run globally. On the other hand, if one
extends the domain too far to the south, a study of any past
ocean circulation would meet great uncertainties because of
problems with paleo-SSS in the Southern Ocean (that is, we
cannot currently assemble reliable SSS conditions over a
regular grid in the southern hemisphere). Instead, we have
extended the domain to 10°N and introduced a sponge layer at
the southern boundary to restore the numerical solution to
modern climatology in a narrow latitudinal belt near this lati-
tude. This is equivalent to assuming that the impact of the
Antarctic Intermediate Water (AIW) and AABW was the
same at the LGM as it is today.

We do not advocate regional modeling in }1)3rinciple. For ex-
ample, the distribution of tracers, such as § "C, and ages of
water cannot be modeled regionally. Circulation patterns,
however, can be inferred in a regional model with a large de-
gree of certainty. This has been proven by many authors, in-
cluding those who have addressed mesoscale dynamics of the
North Atlantic [Sarmiento, 1986; Bryan and Holland, 1989;
Boning et al., 1991]. We note, however, that in the those
studies the sponge layer was placed at 30°S. Nevertheless, the
trade winds and equatorial upwelling provide a well-defined
physical boundary at 10°-15°N. The planetary geostrophic
model converges to a primitive equation model everywhere
except near the equator. Hence we believe that 10°N is proba-
bly the best compromise to overcome the lack of proxy data
and still produce meaningful resuits. Since we try to justify
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our results using the existing evidence, we put forth these res-
ervations due to principal shortcomings in regional modeling.
In the end, only comparison to observations can justify or re-
fute the approach. D. Seidov and A. Paul [Modelling the gla-
cial and meltwater Atlantic circulation, submitted to Paleo-
ceanography, 1996] have compared paleocirculation patterns
in the North Atlantic using one global and two regional North
Atlantic models. It has been found that the regionally modeled
conveyor dynamics, though somewhat deteriorated because of
a sponge layer surrogate of the real water exchange, still rep-
resent the major glacial-to-interglacial changes quite rea-
sonably. This comparison is not entirely reliable because SSS
data in the southern hemisphere are incomplete and very
sparse. Nevertheless, we can at least argue that one would not
arrive at decisively better results concerning the overturning
and 3-D circulation pattern in the North Atlantic if global cir-
culation were used with the existing data.

Numerical solutions to the OGCM equations are obtained
on a regular numerical grid with 2°x2° horizontal resolution
and 12 vertical levels unevenly spaced from the surface to the
bottom depth at 4.6 km. The middle depths of the layers occur
at 50, 150, 250, 350, 450, 550, 697, 965, 1400, 2050, 2943,
and 4020 m, a resolution that seems to be sufficient for the
case studies under consideration. The horizontal resolution is
twice as coarse as that of Seidov et al. [1996]. Nonetheless,
the quality of the thermohaline circulation computed on the
2°x2° grid does not differ greatly from that obtained on the
1°x1° grid [Seidov and Prien, 1996]. Many more experiments
can be performed because of the coarser horizontal resolution,
resulting in better model tuning. We note also that many de-
tails of geometry can be adequately resolved only in a fine-
resolution, or eddy-resolving, numerical model. For instance,
although the Denmark Strait is resolved by a 1°x1° grid, there
are very few velocity grid points there. Moreover, variances of
the glacial geometry and ice—covered glacial conditions in the
channel are not precisely known.

Coarse resolution inevitably calls for a substantial simplifi-
cation of the basin geometry and its morphology (Figure 1).
As we employ the sedimentation model on a coarse grid,
some additional consideration was necessary to assemble
model bottom topography. For instance, the sediment trans-
port may become largely distorted in the key area of the Den-
mark Strait on a 2°x2° grid and the suspended particles may
become trapped in the Greenland-Iceland—Norwegian Seas as
a result of the poor resolution. Therefore Iceland is treated as
an undersea mountain. If one also treats the Caribbean islands
as seamounts, a single—connected North Atlantic basin may
be used, which noticeably speeds up calculation of the
barotropic mode of the currents.

The ocean circulation model is driven by the momentum,
heat, and freshwater fluxes specified or calculated at the sea
surface. Wind stress supplies the momentum, whereas sea
surface water characteristics (in the uppermost layer) are re-
stored to the specified SST and SSS values. In the HM refer-
ence run (Table 1), the surface climatology was extracted
from Levitus {1982]. The sea surface conditions for the LGM
were assembled from different sources cited in Table 1. SST
from Climate: Long Range Investigation Mapping and Pre-
diction (CLIMAP) Project Members [1981] (hereafter re-
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Table 1. Surface Data Sources for Numerical Experiments
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Time

DATA HM

LGM

Wind stress T42 wind stress
Sea surface tem-  Levitus [1982]
perature (SST)
Sea surface sa-
linity (SSS)

Levitus [1982]

T42 wind stress calculated using CLIMAP [1981] surface conditions

CLIMAP [1981] LGM data, and data of Schulz [1994], and data of Sarnthein et al.
[1992;1995] in the northern North Atlantic and NGS

Levztus [1982] data south of 40°N increased by 0.8 psu and the recalculated SSS using
8'%0 from Duplessy ¢t al. [1991] north of 40°N, and Sarnthein et al. [1995] north of

50°N in the northern North Atlantic and NGS for LGM

HM is Holocene/modern; LGM is last glacial maximum (18,000-15,000 el years B.P.); NGS is Norwegian—Greenland Seas. T42
wind stress is an output from an atmospheric general circulation model provided by the Max Planck Institute for Meteorology, Ham-

burg and Bremen University [Lorenz et al., 1996] (see text).

ferred to as CLIMAP [1981]) reconstructions was merged to
the north of 50°N and east of 40°W with the most recent data
from Schulz [1994].

It has been shown by many authors [e.g., Bryan, 1986;
Manabe and Stouffer, 1988, 1995; Maier—Reimer et al., 1991;
Marotzke and Willebrand, 1991; Fichefet et al, 1994;
Rahmstorf, 1994, 1995; Sakai and Peltier, 1995; Mikola-
Jewicz, 1996] that conveyor dynamics are most sensitive to
high-latitude freshwater discharge. Although thermal and
wind impact over the sea surface are both immensely impor-
tant, even more concern should be given to the SSS compila-
tion from different sources.

Seidov et al. [1996] modified modern SSS values for the
LGM time period as following: North of about 40°N, SSS
was combined from the Levitus [1982] data and the recon-
structions of Duplessy et al. [1991] for the central part of the
basin. In the region north of 40°N and west of 30°W, and also
to the south of 40°N, the Levitus [1982] SSS data were first
increased by 0.8 psu to fit them to the values given by Du-
plessy et al. [1991]. The data were merged and smoothed us-
ing a low—pass filter suggested by Shapiro [1971]. In high
latltudes salinity was calculated from SST and the planktonic
8 O reconstructions by Schulz [1994], Weinelt [1993], and
Sarnthein et al. [1995]. The CLIMAP [1981] SST was used
everywhere except for the northeastern North Atlantic and the
Nordic Seas, where it was updated from Schulz [1994] and
Sarnthein et al. [1995].

Wind stress for the LGM is the newest release from the
ECHAM-3/T42 atmospheric model, generated for paleocli-
matic studies by the groups at Max Planck Institute in Ham-
burg and at Bremen University (Lorenz et al. [1996]; the
setup of the T42 runs is of the type discussed by Lau-
tenschlager and Herterich [1990] using the CLIMAP SST as
surface condition). Seidov et al. [1996] interpolated July and
January wind stresses from the T42 model onto a 1°x1° de-
gree grid and smoothed them with a low—pass filter to sup-
press high—frequency noise (see above). For our study we
have transferred these wind stress to the 2°x2° grid.

All surface data are specified as annual means of the July
and January values. This definition of annual values helps to
retain the same level of generality for both the HM and LGM
runs. The LGM SST fields are reconstructed for the summer
and winter seasons [CLIMAP, 1981; Schulz, 1994], whereas
SSS is only available for the summer. Using only summer sur-
face conditions for both SST and SSS would have jeopardized
the calculations. Indeed, the conveyor dynamics could have
been seriously deteriorated because of lighter NADW due to

an abnormally warm sea surface in the high latitudes. Hence a
compromise was adopted to treat the summer paleo—SSS to
the north of 40°N as annual, whereas SST, wind stress, and
SSS to the south of 40°N are annual mean fields.

Temperature and salinity of the uppermost layer (at 50 m)
are restored to the specified SST and SSS with a relaxation
time of 50 days [Bryan, 1987]. At the southermn boundary a
relaxation time of 1 year was chosen for restoring temperature
and salinity to their modern values. This restoration period in-
creases rapidly inward with no further restoration applied
north of 16°N. Since the time relaxation toward ocean clima-
tological data inside the sponge layer is much longer than the
time relaxation at the sea surface, the SST and SSS anomalies
affect not only the sea surface near the southern boundary but
the deeper layers there as well. Therefore near the southern
wall there is a mixture of the modem and the glacial hydrol-
ogy which tends toward modemn values only in the deepest
layers.

Many control runs were performed using modern surface
climatology to find the parameter set giving the best fit, in a
coarse—resolution simulation, with present—day circulation of
the North Atlantic. The task was to keep the thermocline
structure, meridional overturning, and northward heat trans-
port all in reasonable qualitative agreement with observations.
Several sensitivity runs of increasing complexity were carried
out to determine the relative importance of different factors
owing to the new combination of the circulation, trajectory—
tracing, and sediment transport models. Additional sensitivity
runs were performed using the GFDL OGCM to ascertain that
similarity of the model solutions would apply equally to all
three components of our modeling effort. These parallel runs

. gave us the confidence that our study is at least free from a

“‘model—dependent’’ bias.

The two major HM and LGM experiments, on the 2°x2°
grid with 12 levels, real geometry, and boitom topography,
were both extended well over 1000 years. Simulations in a
domain the size of the North Atlantic under the restoring
boundary condition do not call for such a long integration
time to obtain a steady state (almost complete steady state was
reached after approximately 300 years). However, the com-
putations were continued over at least two or three turnover
times passed to ensure complete formation of all water masses
in the domain (turnover time for the North Atlantic only is
estimated at 300-400 years). The results of the HM run serve
two purposes: as the basis for comparison with the LGM run,
and as a means of validating the model. Table 2 contains

some aggregated parameters indicating that the model per-
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Table 2. Ocean Circulation Parameters in the HM and LGM
Numerical Experiments

Time

Parameters HM LGM
[T}, °C 169 (17.8) 13.0
[S], psu 35.50 (35.07) 3597
{T},°C 7.0(5.9) 5.7

{S}, psu 35.12 (35.08) 35.42
{KE}, erg cm™ 1.84 1.36
{NHFL}, PW 0.29 0.13
{NHFL }ax, PW 0.53 0.49
{NADW}, Sv 13.3 8.2

HM is Holocene/modern; LGM is last glacial maximum, [T] and
[S] are temperature (degreees Celsius) and salinity (practical salin-
ity units) of the uppermost layer (at 50 m) averaged over the sea sur-
face; {T} and {S} are temperature and salinity averaged over the
entire basin; {NHFL} is the northward heat flux (1 PW=10" Watt)
averaged over the latitude; {NHFL}ms is the maximal value of
{NHFL}. {KE) is kinetic energy averaged over the entire basin,
{NADW} is the value of North Atlantic Deep Water (NADW) pro-
duction (see Figure 2; 1 Sv=10° m’s™"). Modern values of modern
[T1, [S], {T}, and {S} based on Levitus [1982] data set for the cho-
sen geometry are shown in parentheses.

formed reasonably in the HM case and that the system be-
haved as generally expected under glacial conditions. The per-
formance indicators, e.g., kinetic energy, meridional over-
turning, northward heat flux and its maximum positions, and
temperature and salinity averaged over the surface and over
the entire ocean volume, all fall in reasonable ranges common
to most coarse-resolution and some low-order models of
modemn and glacial ocean circulation [e.g., Bryan, 1987;
Fichefet et al., 1994; Maier-Reimer et al., 1993; Rahmstorf,
1994, 1995; Weaver and Hughes, 1994].

Note that the maps showing the results of the OGCM runs
look similar to that presented by Seidov et al. [1996], al-
though they are different in minor details. In principle, we
could have just mentioned the maps presented in the cited
work in view of this similarities. Yet since there are still some
differences, and to maintain readable structure of the discus-
sion of the sediment transport and particle tracing computa-
tions, we present some of the OGCM results to provide such a
background.

Sediment transport meodel. All experiments with the
sediment transport model are initialized with the same sedi-
ment 1prope:rties (se(_iliment sources, sinking velocity of 0.05
cm s =432 m d [Shanks and Trent, 1980], density of
sediment, grain size, and sedimentological grain diameter,
form factor of sediment particles, and sediment porosity). The
simulations were run over 1000 years. It 1s not possible to run
the model to a steady state condition because of the forward
integration (e.g., the bottom slope changes in time affect the
critical velocities, critical erosion and suspension velocity,
and, consequently the sediment transport itself). To take into
account the eolian sediment input_fgom t_he_latmospherc, a
re}ati_\lzely small flux of about 1.0x10 "gcm s~ (= 0.0864 mg
m “d ") is prescribed at the uppermost layer following Haupt
et al. [1994]. After settling, the eolian sediment is also avail-
able at the seafloor (the sediment particles can reenter the
sediment flow because of turbulence). The settling velocities
are higher than vertical water velocity by at least a factor of
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10 everywhere except for the bottom slope, where they can be
of the same magnitude. This implies that in the open ocean
the sediment drifts reflect mainly the near~bottom (contour)
currents. Hence they cannot help to visualize 3-D water
transport or to interpret ventilation of the deep ocean; the tra-
jectory~tracing model is our primary tool for this purpose.

Trajectory—tracing model. The trajectory—tracing model
has been run over 500 years of model time using the steady
state velocity field provided by the OGCM. The water parcels
have no inherent sinking velocity (that is, they are neutrally
buoyant), and therefore they move together with the water
flow. The neutrally buoyant parcels have long been recog-
nized as an ideal tool for tracking specific water volumes
[e.g., Cox and Bryan, 1984; Béning and Cox, 1988]. For in-
stance, they have been successfully used to address some as-
pects of thermocline ventilation {Cox and Bryan, 1984]. To
validate the accuracy of the Lagrangian calculations, 2-D
trajectories were calculated using a barotropic (essentially
two—dimensional) velocity field. In this additional validating
experiment, most trajectories stayed on closed streamlines,
coinciding with isolines of the total stream function for a very
long time (over 1000 years). Only in the central part of the
subtropical gyre did some trajectories show a tendency to di-
verge from a closed streamline and to crowd in the center of
the gyre after about 500-600 years of running along the
streamlines. This happens because rounding errors limit the
accuracy with which the vertically averaged velocity can sat-
isfy the continuity equation. This flaw cannot be cured by a
shorter time step. However, this deviation from completely
nondivergent behavior of the barotropic flow is much smaller
than true divergence of the baroclinic currents in this area and
may therefore be neglected in 3-D runs. In another test run,
more dense clouds of 100 particles have been launched in
several areas to observe how the clouds’ density can influence
interpretations. We find that about 20 to 30 particles easily fa-
cilitate tracing of water parcels from areas of about
1000x1000 km® (deep water formation usually occupies areas
of this size or smaller).

Results of Numerical Experiments

Thermohaline conveyor, convection and circulation
patterns from OGCM. To highlight the changes in volume
transport and the buoyancy-induced alteration of circulation,
a meridional “overturning” stream function is usually com-
puted. This stream function delineates total transport from
coast to coast in a vertical profile. It quantifies the total water
transport and is especially useful in a comparison of the ther-
mohaline conveyor intensity. At present the northward surface
currents carry warm and salty subtropical water far to the
north, where it sinks due to surface cooling. The southward
currents in the deep ocean deliver cold water to the low lati-
tudes, where it upwells. This meridional motion forms a loop
that induces the net northward oceanic heat transport.

Sometimes the overturning stream function itself is re-
ferred to as the “conveyor” [e.g., Boyle and Weaver, 1994].
However, it is relevant only in describing the zonally aver-
aged circulation. The actual 3-D conveyor is far more com-
plex, as maps of velocity vectors and, especially, the trajec-
tory maps reveal (see below). Nevertheless, the overturning
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stream function is critical for our understanding of net mass
transport and the salinity conveyor belt operation. First, it
shows clearly whether the thermohaline circulation is strong
or weak, and second, it readily gives the volume exchange
between the low and high latitudes, as well as the deepwater
production, the most important climatic indicators.

The overturning stream function in our study appeared to
be very similar to that of Seidov et al {1996, Figure 5]. There-
fore we only briefly describe major features of the overturning
pattern without displaying the drawing. The overturning pat-
tern conforms to a simple scheme that closely resembles the
general picture of modern meridional overturning which has
emerged from numerous computer simulations of different
complexity [e.g., England, 1993; Toggweiler et al., 1989;
Maier—Reimer et al., 1991; Wright and Stocker, 1991; Fiche-
fet et al., 1994; Rahmstorf, 1994; Sakai and Peltier, 1995;
Manabe and Stouffer, 1995]. Today’s forward or clockwise
(as seen from the eastern boundary looking west through a
vertical plane) gyre of the salinity conveyor occupies most of
the ocean from the surface-subsurface layers to a depth of 3
km. This gyre conveys NADW and is thought of as the main
wheel of the modern ocean climate. A much weaker abyssal
reverse (counterclockwise) gyre conveys AABW (largely in
the deepest layer, i.e., below 3 km). Its return (southward)
flow joins the southward flow of NADW between 3 and 4
km. In addition, there is a weak, shallow, wind—driven reverse
(counterclockwise) gyre in the mid to high latitudes, induced
by Ekman convergence in the subtropics.

Note that although glacial NADW production is 8 Sv,
much lower than today's value of 13 Sv, the intensity of the
glacial conveyor is comparable to that of modern times. If we
quantify the southward transport at 30°N, the Upper NADW
outflow (see the inventory of the glacial water masses given
by, e.g., Oppo and Lehman [1993] and Oppo et al. [1995]), or
forward conveyor branch, does indeed rise to only 8 Sv (1
Sv=10°m* s'). However, if we take into account the deep re-
verse branch comprising AABW and its mixture with Lower
NADW still produced in the central northern Atlantic (see
below in the discussion of the convection patterns), the total
transport amounts to 12 Sv, which gives almost the same in-
tensity of the deep water outflow as the present—day North
Atlantic combined deep outflow. The intensity of this de-
pleted of NADW conveyor, similar to present-day conveyor’s
intensity, is in agreement with the most recent finding based
on proxy data analysis [Yu et al., 1996].

As we have already noted, the 3—-D conveyor is essentially
more complex than its 2-D image given by the total meridi-
onal overturning. Figure 2 depicts modemn velocity vectors at
50 m and 2000 m. Figure 3 shows the same sequence of maps
for the LGM. These maps look similar to those shown by Sei-
dov et al. {1996]. For convenience, these maps are also shown
here because they are essential for a comparison of the Eule-
rian and Lagrangian visualization of the simulated currents.
One may infer from these figures that the modem and paleo—
circulation patterns are indeed very distinct both in the upper
and deep ocean. The most noticeable feature is the deviation
of the paleo—North Atlantic Drift from its modern northeast-
ern path. Strong zonality of the subpolar front indicates a re-
duced supply of water that can be downwelled as NADW in
the northern North Atlantic and the NGS. Moreover, the route
of the return southward flow in the deep ocean changed radi-
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cally, a robust feature emerging in all our glacial experiments
regardless of complexity (compare Figure 2b and Figure 3b).
In the eastern part of the basin, the incursion of AABW, seen
even in Figure 3b, dominates the near-bed transport up to the
Faeroe—Shetland Ridge, in agreement with the water mass
contouring by Sarnthein et al. [1994]. Hence the redeposited
sediment in the eastern mid to high latitudes might be of dif-
ferent origin. Today, the drifts there transport material largely
from northeast to west and southwest. In contrast, during the
LGM some drifts could change direction of transport to rede-
posit the grains from south to north and northwest.

Today’s southward deep return current is a deep ocean
western boundary flow forming a strong countercurrent under
the Gulf Stream. This western boundary current is well recog-
nized as the most prominent feature of the thermohaline cir-
culation [Stommel and Arons, 1960]. Though a noticeably
weaker western boundary current still existed at the LGM, the
descending branch returned to the southwestern basin largely
as a broad zonal westward flow in the middle latitudes. The
glacial countercurrent under the paleo—Gulf Stream was
weaker, deeper, and farther eastward. At the LGM a south-
ward deep ocean flow originated near the Rockall Plateau at
depth of about 2 km, occurring in the eastern part of the basin,
rather than in the western part as today. This particular feature
of the computer model in the eastern North Atlantic is again
in good agreement with the contouring by Sarnthein et al.
[1994]. Using the trajectory-tracing model below, we demon-
strate that the simulated glacial deep water indeed moved
along the eastern flank of the Mid—Atlantic Ridge. Therefore
as water in the western deep Atlantic contained more AABW
at the LGM, the deep and abyssal water during the glacial
time was older than at present.

To understand the mechanism of deep water formation, we
investigate changes in the convection regime. The modern
deep convection sites are found mainly in the NGS, east and
south of Iceland, and in the Labrador Sea. Figure 4a depicts
the maximal depths to which convection, induced by hydro-
static instability in the uppermost layer, penetrates. The HM
convection pattern is consistent with the patterns given by
Maier—Reimer et al. [1993], Toggweiler et al. [1989], and
Rahmstorf [1995]. Shallow convection starts in the Gulf
Stream area and marks a further progression of subtropical
water at high latitudes carried by the North Atlantic Current.

A substantial change in the glacial convection regime is
obvious from Figure 4b. The major feature of glacial convec-
tion, as compared to its modem state, was the far weaker gla-
cial convection in the NGS and the southward shift of the
main convection sites. The maximum ventilation at the LGM
occurred in the mid-North Atlantic between 50° and 60°N.
This result is well supported by proxy data [Duplessy et al.,
1988; Sarnthein et al., 1995]. A southward shift of both the
convection sites and the polar front led to a decrease in the
northward transport of warm and salty water. Hence a positive
feedback worked to establish the glacial mode of circulation.
An even farther southward shift of the convection was limited
by Ekman pumping in the subtropics which protected the
major anticyclonic gyre from shrinking even more, i.e., pro-
viding the negative feedback to balance the positive one.

Sediment accumulation rates and sediment transport.
Total accumulation is governed by the requirement that
sources and sinks balance at the sea surface and be the same
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40'W

Figure 4. Diagrams of convection: (a) the HM and (b) the LGM. The heights of the bars are equal to the depth of convection.

for both time periods. The spatial distribution of sediment is,
however, different and reveals two distinctly different circu-
lation modes between present and the LGM. A very high ac-
cumulation rate associated with the Holocene/modern mode
of circulation is found in the vicinity of Iceland in the
Irminger Basin, along the Reykjanes Ridge at both the south
and north sides of Iceland, at the Rockall Plateau, and in the
NGS (Figure 5a). This is in agreement with the present—day

concept of sediment trapping in these areas [McCave and Tu-
cholke, 1986; Bohrmann et al., 1990; Wold, 1992]. We find
that the modeled sediment accumulation rates are smaller than
those which have been measured. This is because of the low
eolian sediment inpyt from the top and also because of the
missing lateral input {Haupt, 1995]. The sediment is trans-
ported by the deep western southward boundary current with
local maxima near Newfoundland and farther to the south in
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Figure 4. (continued)

and near the Caribbean [McCave and Tucholke, 1986]. We
note that Iceland and the Caribbean are represented by
seamounts in the model bottom topography; hence the nonz-
ero accumulation rates are artifacts at the exact positions of
these islands.

As the glacial North Atlantic Current diverged from to-
day’s north—eastern path, the accumulation rate in the Iceland
and Irminger Basins dropped, and most of the sediment mass
was spread over the abyssal valley in the Canary Basin

(Figure 5b). Note that although the sedimentation rate is far
lower there than in the Iceland Basin, the sediment mass is
roughly the same because bottom area in the latitude—
longitude grid cells increases rapidly to the south. A relatively
high glacial accumulation rate is found in the Newfoundland
Basin. However, we do not see continuous southward sedi-
ment transport along the American coast, a signature of all
our experiments based on the modern ocean surface climatol-
ogy. Instead, a noticeable southward sediment transport is
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found at the eastern flank of the Mid—Atlantic Ridge, which
can be explained by a comparison of Figures 5a and 5b with
Figures 2b and 3b.

Though an increased northward incursion of AABW at the
LGM in the eastern North Atlantic is consistent with the
contouring by Sarnthein et al. [1994], the conclusions about
an increased reverse abyssal gyre cannot be attributed like-
wise to the western part of the basin. Indeed, the southward
transport, though noticeably curtailed, still existed in the
western deep ocean. Velocity maps suggest (and trajectory
analysis confirms; see below) that the northward flow of
AABW was probably the same as or weaker than today’s
(Figures 2b and 3b). Simultaneously, the eastern flank of the
glacial AABW intrusion (initially through the Vema Fracture
Zone) was enhanced considerably. The exchange between the
eastern and northern parts of the deep North Atlantic was
stronger at the LGM than today.

Trajectory tracing. Although most of the features com-
mon to the two sediment transport patterns (the modern and
the LGM) can be explained by comparing them with the cir-
culation patterns, fundamental differences between glacial
and interglacial ventilation and sedimentation regimes are not
revealed using solely the velocity maps. The transport in a
transit area of intense ventilation can differ principally de-
pending on whether convection is taken into account or ig-
nored. Let us hypothesize that a velocity field is not computed
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using a prognostic circulation model, but is instead diagnosti-
cally calculated from the ocean climatology, e.g., using Levi-
tus [1982] data. These climatological fields were formed by
all processes including convection. However, the convection
is not present in the data directly. Moreover, the convection
pattern cannot be.reconstructed using this data without run-
ning a prognostic model. Hence direct impact of convection
on the water motion, it is missed from diagnostic calculations
based on these climatological data. In other words, diagnostic
velocity would contain no information about convection be-
cause hydrostatic instability was removed from the processed
climatological data. This means that the Lagrangian particles
whose trajectories were calculated on the basis of the ob-
served ocean climatology instead of a prognostic model
would drift along the trajectories undisturbed by convection,
and therefore these simulated trajectories would be wrong.
Toggweiler et al. [1989] show that ‘‘robust diagnostic’’
calculations, in which computed temperature and salinity are
restored to observations, fail to reproduce geochemical tracer
distributions. On the basis of these results, Cox [1989]
pointed out that although diagnostic or robust diagnostic
thermohaline fields ‘‘look’” better, the circulation patterns are
far superior in prognostic simulations. This may be in part a
consequence of radical changes in the circulation patterns in-
duced by convection. The end result for water transport may
become rather serious. Indeed, when particles drift into the
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Figure 6. Locations of launching of the Lagrangian particles for the 3-D water motion tracing. The particle spaghetti for the
particles starting from the shaded areas are shown in Plates 1 and 2.
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area where water vigorously mixes vertically, the vertical
component of the particle motion may change abruptly. That
means the particles may enter a new layer (higher or lower
than before mixing) where the currents have a different, pos-
sibly even opposite direction.

In our experiments, the particles illustrating the flow were
- deployed in the areas shown by rectangles in Figure 6. In each
of the areas, about 30 particles started to travel through the
Eulerian velocity fields, once each in the modern and in the
LGM cases. In the following maps (Plates 1 and 2, Figure 7)
we employ two different techniques to show the trajectories.
In Plates 1 and 2 the trajectories are colored to show the depth
of a particle. Plates 1a and 1b are shown to emphasize the role
of convection. They delineate the trajectories without the im-
pact of convection over the paths, whereas Plates 1c and 1d
illustrate the same time slices but with the impact of convec-
tion included (convection sites are depicted by different
shades of gray: the deeper the convection, the darker the
shade).-We use the sunlight spectrum colors, from dark red in
the uppermost layer (< 100 m) to violet and black in the two
deepest layers, to visualize vertical migration of the water
parcels. In contrast, Figure 7 shows the particles’ pathways
with both depth and elapsed time shown in small rectangles
attached to the trajectories (only two pairs of the trajectories
are repeated in the black and white Figure 7, namely, those
from Plates 1c and 1d, and Plates 2c and 2d). Although the
model time in the trajectory—tracing calculations was over 500
years, only the tracks for the first 100-200 years of the
elapsed time are shown in the maps to avoid confusion.

A striking feature of the trajectory map is the change in the
glacial deep ocean circulation regime which is not so obvious
from the velocity maps. This change is far more complex than
a simple increase in the zonality of the surface current, a
well-known feature of the LGM surface circulation
[CLIMAP, 1981; Ruddiman and Mcintyre, 1981; Kellogg,
1980]. Though the velocity maps at 2000 m have already dis-
played rather complicated routes for the deep ocean LGM cur-
rents, in contrast to the fairly simple stracture of the modern
deep flow, only the water volume trajectories reveal the true
three~dimensionality of the intermediate to deep flows.

The deep water production at the LGM is found in the
model only in the central part of the north central North At-
lantic (Plate 1d), which is in agreement with the convection
pattern in Figure 4b. We note that water descends in the sub-
polar gyre in spite of upward motion induced by Ekman di-
vergence. Hence thermohaline currents would drive water
along isopycnals in the subsurface layers regardless of venti-
lating convection; i.e., ventilation of subsurface and interme-
diate water would occur with, or without, deep convection.
The fates of descending volumes are quite different in the
cases including convection (Plates 1c and 1d) and those where
convection is ignored (Plates 1a and 1b). The pronounced
convective chimney forms an intensive cyclonic circulation
around a homogenized column of high-density water. As
particles deployed at the surface during the L.GM became
trapped inside this column (Plate 1d), they were propelled
downward, forming most of the 8 Sv of glacial NADW (see
above). Without convection, most of the particles would be
driven out of the cyclonic subgyre and driven into the eastern
part of the basin above intermediate depths to enter the NGS,
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which would contradict the hypothesis that at an intermediate
depth there was an outflow from the Nordic Seas over the
Faeroe—Shetland Ridge.

Plate 1d indicates that there was some cold intermediate
water produced in the NGS at the LGM. This water, flowing
farther into the North Atlantic over the Greenland-Iceland
sill, was not dense enough to subduct under the intermediate
to deep water formed in the central part of the subpolar gyre.
It mixed with the subpolar water and stayed at an intermediate
depth flowing along the S—shaped route at that depth (bright
blue parts of the trajectories in Plates 1d and 2b in the north
central part of the basin). Most of the deep return flow oc-
curred along the eastern slope of the Mid-Atlantic Ridge,
though some water still contoured the American east coast. In
contrast, the water sinking in the NGS today is dense enough
to descend even deeper after spilling over the sills into the
North Atiantic. Together with the portion of NADW formed
east of Greenland and in the Labrador Sea, this water travels
southward in the western boundary current comprising most
of the 13 Sv of simulated modern NADW outflow shown in
Figure 2a. Most of the deep flow contours the American east
coast, and a smaller portion is routed along the west slope of
the Mid-Atlantic Ridge. We point out that the curtailment of
the forward conveyor in the western part of the ocean was not
complete. This implies that the conclusions based on analysis
of the glacial proxy data assembled along the eastern meridi-
onal sections probably are not valid for the western part of the
basin.

To conclude the deep circulation description, as inferred
from the Lagrangian calculations, we note that the glacial
AABW incursion strongly increased as compared to its mod-
ern analogue. The sponge layer is employed to restore the
numerical solution to the modern deep ocean climatology
(note, however, that the impact of the layer is weaker in the
upper ocean because of a far longer restoring time in this layer
than at the surface; see above). Hence the increased AABW
incursion into the abyssal North Atlantic occurs only because
of weaker NADW outflow and is not a result of a specified
increase of the AABW inflow at the side boundary condition.
Note that we do not specify the inflow; an apparent inflow is
regulated by restoration to thermohaline conditions at the
boundary; e.g., it has the intensity which satisfies the near—
climatological distribution of temperature and salinity inside
the sponge layer and the circulation in the interior, which is
fully prognostic.

We do not try justifying the use of the sponge layer, which
is a weak point of any regional study. Yet here the particular
result of increased relative importance of AABW sounds re-
alistic. As the sponge layer prescribes, this increase occurred
only because the deep western North Atlantic became vacant
due to the decreased glacial NADW outflow. Indeed, this
strengthening of the reverse abyssal conveyor with the in-
creased role of AABW is the most prominent feature of con-
toured glacial geochemical tracers in the Atlantic [e.g.,
Kroopnick, 1985; Sarnthein et al., 1994].

In addition to the particles traced from the sea surface, we
have deployed trajectories in the deep ocean (areas 7-9 in
Figure 6; the trajectory maps are not shown here). The parti-
cles illustrating the LGM abyssal flow have longer paths than
the particles showing modern flow during the same elapsed
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Plate 1. Trajectories of particles deployed at the HM in the central part of the northern North Atlantic (area 1 in Figure 6). The
top panels show the (a) HM and (b) LGM trajectories calculated without taking into account convection; the bottom panels
show the(c) HM and (d) LGM trajectories calculated with the impact of the convection included. The convection depths are
shown by different shades of gray (see also Figure 4). The first 100 years of the particles history are shown; as the particle
descends or upwells, the color of the trajectory changes.
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Plate 2. Trajectories of particles deployed at the (left) HM and (right) LGM in the Norwegian—Greenland Seas (area 2 in Fig-
ure 6) and in the north—-western part of subtropical gyre (area 3 in Figure 6). The top panels show the (a) HM and (b) LGM
trajectories originating in the NGS; the bottom panels show the (c) HM and (d) LGM trajectories of the particles deployed in
the western boundary current outflow. Only the cases with convection included are shown. The convection depths are shown
by different shades of gray as in Plate 1. The depth is indicated by colors from the color palette as in Plate 1.
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Figure 7. A 200-year history of pairs of the Lagrangian particles for (a, c) HM and (b, d) LGM from the assemblages shown in
Plates 1c, 1d, 2c, and 2d. Small rectangles show elapsed time and depth, and small circles indicate starting points; the arrows
show the direction of motion, and the bullets indicate the end points of the trajectories. One of the trajectories of each pair is

presented by a dashed line.

time. Moreover, after penetrating into the eastern basin
through the Vema Fracture Zone, glacial flow reached higher
latitudes than its modern analogue does today. At the LGM
the particles flowing northward upwelled and returned to the
western basin. These particles then flowed backward to the
eastern basin but in shallower layers. Hence the trajectory—
tracing model indicates a vigorous quasi-zonal exchange
between the western and eastern North Atlantic, i.e., strong
abyssal water mixing during the LGM. This feature is not
found in the Lagrangian calculations for the modern time
slice.

Plates 1c¢ and 1d compare present and the glacial trajecto-
ries’ ‘spaghetti’ in the subtropical anticyclonic gyre. The
modern and LGM trajectory maps conform to the Luyten—
Pedlosky—Stommel (LPS) ventilated thermocline theory
[Luyten et al., 1983] and the computer experiment of Cox and
Bryan [1984]. The thermocline in the subtropics is maintained
by Ekman pumping. Therefore as water circulates in the gyre,
it descends and ventilates the thermocline. The water is

‘brought up to subsurface layers in the western boundary along

upward sloping isopycnals (orange—colored segments of the
trajectories in the vicinity of the western boundary in Plates
2c and 2d). Flowing eastward, in the segment of westemn
boundary current outflow, the water convects because of heat
loss to the atmosphere (here because the specified SST is
colder than the outflowing subsurface water in this outflow
zone). This shallow convection is shown in light gray in Plate
2. The subsurface water parcels in this ventilation zone come
in contact with the atmosphere. Then they start to descend
again to repeat the whole ventilation cycle. Those water par-
cels which flow northeastward below the convection depth do
not contact the atmosphere again and therefore do not venti-
late. Yet, at any given time, new water parcels descend from
the surface in the ventilation zone and continue to ventilate.
However, the ventilation is restricted to the central and west-
ern parts of the gyre. In complete agreement with the LPS
theory, there is a shadow zone attached to the eastern bound-
ary, practically unreachable for ventilating volumes. Modern
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elapsed times (Plate 2) for a single ventilation cycle in the
gyre agree well with the estimates of Cox and Bryan [1984];
short loops have an advection age of no more than 3 to 5
years before the water returns to the ventilation zone, whereas
the longer paths in the subtropical gyre take more than 10 to
15 years to return to ventilation zone (Plates 2¢ and 2d, and
Figures 7c and 7d). It is obvious from the colors of the tra-
jectories in Plates 2c and 2d that the glacial thermocline is far
better (deeper) ventilated than its modern analogue. There is
evidence {Slowey and Curry, 1992, 1995] that the subtropical
thermocline was indeed better ventilated during the last gla-
cial time. As Plate 2d reveals, our Lagrangian calculations
agree well with these findings.

Figure 7 indicates that the speed of the particles in the up-
per and the intermediate layers was not lower at the LGM
than today. The deep and abyssal glacial flows, though routed
differently from today, were even stronger in the eastern part
of the basin. This confirms the concept that the LGM con-
veyor was at least as intense as the present one [Yu er al.,
1996; Boyle, 1996]. However, we stress that in contrast to a

similar or even higher intensity meridional conveyor at the
intermediate depths, the forward conveyor was definitely
weaker at the upper to intermediate depths. The most impor-
tant consequence and indicator of weaker meridional forward
upper ocean conveyor is the almost 2 times lower northward
heat transport (Table 2). Yet the drop in the heat transport in-
dicates only weakening of the meridional circulation and indi-
cates nothing about the zonal flows. Our analysis of the tra-
jectories provides evidence that zonal flows at the intermedi-
ate depths might have been even stronger than today’s. On the
other hand, the decreased glacial total kinetic energy (Table 2)
suggests that generally the glacial circulation was weaker.
There are at least two reasons for a decline in the glacial cir-
culation intensity as compared to the modern one. First, the
surface and subsurface glacial flows became weaker because
of the reduced outflow of the NADW (surface meridional
flow is recognized as a water transport that compensates the
NADW outflow [e.g., Schmitz, 1995]). Second, the deep
western boundary current definitely weakened during the
LGM due to a reduced shear component in the Gulf Stream
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(this reduction is largely because of a reduced temperature
gradient in the western part of a much colder subtropical gyre
and, again, reduced NADW production). The competing en-
hanced inflow of AABW was evidently not energetic enough
to compensate for this drop of the forward conveyor intensity
and to support the same level of kinetic energy at the LGM as
today (Table 2).

Discussion

A threefold modeling approachk was employed to under-
stand particular aspects of the glacial-interglacial change of
the North Atlantic circulation which are difficult to address
using single~component models. Primary among those are the
ventilation regime in the North Atlantic, including the char-
acterization of vertical mixing in convective chimneys and the
advective ages of ventilated water. The next intriguing ques-
tion is whether we can confirm existing inferences about
sediment transport and use sediment accumulation as a tool
for validation of simulated currents. Circulation studies might
focus on the NADW outflow or deep ocean circulation rout-
ing. Most of these questions are traditionally addressed using

geochemical tracers such as 80, 8"°C, and A"C. The geo-
chemical tracers are extremely useful in the ocean circulation
studies and are widely employed. However, the tracers alone
cannot provide sufficient constraints over a simulated past
circulation, as has been shown recently by LeGrand and
Wunsch [1995]. In their study they showed that there exist an
infinite number of states that would satisfy a tracer distribu-
tion aimed at constraining the circulation, at least for the cur-
rently available proxy data sets.

Another problem arising in paleoceanographic investiga-
tions is the parallel analysis of both surface and the benthic
habitats and/or sediment transport features. Commonly, as-
sumed features of a water flow thought to be suitable for ex-
plaining a particular distribution of proxy data are largely
based on speculations. There is no guarantee that this hypo-
thetical flow would satisfy hydrodynamic restrictions posed
over the ocean by the wind stress, ocean geometry, bottom
morphology, and sea surface heat and fresh water fluxes.
OGCMs may prove a useful addition to analyze the proxy
data, having a reasonable and hydrodynamically consistent
circulation pattern. Still, it would be better to validate this
pattern on the basis of data not used to constrain the condi-
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tions driving the OGCM. Here we employ a sediment trans-
port model to provide such means. Having simulated a sedi-
mentation pattern, one can validate the resulting circulation
pattern by comparison with existing interpretations of the
sediment structures. As pelagic (and to some extent
semipelagic) sediments can be used to verify computations of
the modern deep ocean current, they can also be employed to
certify paleocirculation.

Based on only partly known SSS, recently corrected SST,
and simulated glacial wind stress, our results largely conform
to current ideas about ventilation and overturn in the North
Atlantic at the height of the last glaciation. The sediment
transport model output contains features that agree well with
interpretation of sediment data in the northern North Atlantic.
Cremer et al. [1993] point to a different distribution of sedi-
ment during the LGM in spite of the fact that terrigenous
fluxes were largely the same as those during the Holocene.
They indicate that increased flux along the eastern side of the
Mid-Atlantic Ridge is found because of increased bottom
current activity in the Feni Drift area. The Feni Drift is the
only area with at least undiminished glacial flux. In contrast,

the Gardar Drift shows noticeably decreased glacial fluxes,
according to Cremer et al. [1993). McCave and Tucholke
[1986] consider surface and abyssal kinetic energy distribu-
tion and net load of suspended sediment in parallel to show
that areas of high load are coherent with the maximum of the
deep western boundary current. In our experiments, the load
along the American east coast is lower during the LGM than
today, in agreement with the interpretation given by Boyle and
Keigwin [1987] on the basis of nutrient concentration analy-
sis. The Caribbean water at depths just above 2 km was nutri-
ent depleted during the glacial period. One interpretation is
that there was a lower proportion of northern component wa-
ter, which in turn means a weaker deep western boundary cur-
rent and a stronger southern source water incursion.

In the eastern part, our sediment model agrees with data
that indicate increased flow along the eastern flank of the
Mid-Atlantic Ridge. Dowling and McCave [1993] and Rob-
inson and McCave [1994] provide evidence that the Feni
Drift was substantially enhanced at the last glacial maximum.
As in the aforementioned work of Cremer et al. [1993], these
authors interpret enhanced bottom current activity in the
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Rockall Trough region as an indicator of enhanced deep water
production there. Our results, indicating a southwest shift of
the deep water production from its modern sites (Figure 4),
are in good agreement with these findings. Generally, the gla-
cial sediment record indicates an enhanced Holocene bottom
current driven by the Iceland—Greenland overflow character-
istic of modern NADW production in the Norwegian—
Greenland Seas.

Our trajectory—tracing model reveals very different fates of
the water volumes in the HM and L.GM cases, once exposed
to the air-sea interaction and then mixed downward in the
convective chimneys. NADW production in the center of the
glacial North Atlantic is strongly supported by the proxy data
[Duplessy at al., 1988, 1991; Sarnthein et al., 1994, 1995]. In
general, the most recent studies indicate enhanced Upper
NADW production and decreased Lower NADW production
[e.g., Oppo et al., 1995]. However, there exists evidence that,
despite decreased Lower NADW production, the glacial con-
veyor in total was not weaker than today [Yu et al., 1996].
This may appear contradictory to the fact that the glacial
northward heat transport was substantially weaker at the
LGM. Our trajectory analysis explains this seemingly contro-
versial result. It shows that although the forward conveyor, re-
sponsible for meridional heat transport, became weaker, the
abyssal reversed branch of the conveyor was enhanced pro-
portionally to support the same intensity of the southward
tracer transport in the deep ocean found by Yu ez al. [1996].

Duplessy et al. [1988] argue that during glacial times most
of the deep eastern North Atlantic was filled with southern
source water which probably penetrated as high as 45°N. Our
experiments, deploying particles in the surface layers in the
subpolar gyre and in the deep and abyssal areas in the sub-
tropical gyre, are in complete agreement with this conclusion.
Moreover, Michel et al. [1995] point to a steep gradient in
8"C distribution northward of 30°N in the North Atlantic de-
lineating the border between southern and northern source
water at the LGM. We add that this border probably shifted
farther to the north in the eastern part of the basin during that
time period.

Duplessy and Shackleton [1985] and more recently
Beveridge et al. [1995] inferred that in the broad time interval
of the last 135,000 years, eastern and western parts of the
deep North Atlantic were better mixed during glacial periods
than today. During warmer times, as today, these parts are
well isolated by the Mid-Atlantic Ridge. The trajectory trac-
ing shows that the zonal flows at about 2 km were strongly
enhanced during the LGM (the S—shaped circulation devel-
oped at intermediate depths instead of the largely meridional
flows characteristic of modern circulation; see Figure 3b and
Plate 1d). Moreover, the particles deployed in the western
abyssal areas (area 8 in Figure 6) showed stronger than mod-
ern eastward penetration of the AABW water through the
Vema Fracture Zone (Note that this deep ocean channel is
somewhat wider in our calculations to allow the water ex-
change to occur between 10° and 14°N; see the simplified
bottom topography in Figure 1). The water penetrating the
eastern basin flowed quickly northward and upwelled on its
way. As water upwelled, it joined the eastward flowing

and sank to form the complete loop inside the North Atlantic.
We are not so certain about the relevance of the behavior just
near the southern border because of the sponge layer’s influ-
ence. Yet this scheme seems to agree with the arguments of
Duplessy and Shackleton [1985] and Beveridge et al. [1995]
about enhanced mixing between western and eastern abyssal
parts of the North Atlantic during glacial periods. Between 2
km and the bottom in the abyssal gap representing the Vema
Fracture Zone the eastward transport increased from less than
1 Sv at present to more than 3 Sv at the LGM.

Finally, we point out that the trajectory analysis is in
agreement with the notion of a far better ventilated and deeper
glacial thermocline in the subtropical North ‘Atlantic [Slowey
and Curry, 1995]. These authors provide the data analysis that
indicates that the glacial thermocline was shallower than to-
day with its base raised by about 100 m. However, the water
inside the glacial thermocline was up to 4°C cooler than to-
day. Our Plate 2 confirms that the glacial thermocline was
better ventilated and that there was an enhanced production of
subtropical mode water. Deeper glacial ventilation, evident in
Plate 2d, implies that the base of thermocline had to rise up-
ward because water pumped into the thermocline was more
than 4°C colder at the glacial ventilation points (westward
boundary outflow region; compare Plates 2¢ and 2d). To
quantify this effect, the difference between today’s and the
LGM simulated temperature is shown in a meridional section
of the temperature anomaly field in Figure 8. In essence, Fig-
ure 8 displays a penetration of cold anomalies deep into the
thermocline. It is clear, however, that this penetration is lim-
ited to the upper 1 km and that the lower 500 m of this layer is
more strongly cooled down than the upper 500 m. This im-
plies that the thermocline base has been raised. A comparison
of the temperature profiles in the subtropical gyres indicates
that on average the thermocline depth was about 200 m shal-
lower than today, which differs from the estimates of Slowey
and Curry [1995]. There may be several reasons for this dis-
crepancy. First, the subiropical gyre is dangerously close to
the sponge layer at the southern wall, which might have dis-

LGM - HM temperature differences at 40°W

2 % © 50 & 70
LATITUDE

Figure 8. Temperature differences (LGM-HM) at the meridional
section at 40°W. The sponge layer from 10°N to 16°N is masked.
Areas of negative values are shaded.

branch of the S—shaped intermediate to deep current (Figure
4b and Plate 2d). There this water again mixed with AABW
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torted the behavior of the thermocline base. Second, we use
the annual mean surface forcing and, therefore, we are unable
to simulate an extreme winter southward migration of the
density outcrop intersecting the Ekman pumping within the
subtropical gyre. Nevertheless, the general tendencies
sketched in Figure 1 of Slowey and Curry [1995, p. 717] are
evident in our trajectory maps (Plate 2d as compared to Plate
2c). The particles dive deeper into the thermocline and stay
there longer. The northern limit of the subtropical gyre,
marked by the shallow convection along the North Atlantic
Drift, is shifted noticeably southward.

As some findings have indicated [e.g., Sarnthein et al.,
1995], the Nordic Seas were more isolated from the northern
North Atlantic at the LGM than today. This is strongly sup-
ported by our Lagrangian calculations. As Figure 7 displays,
the water from the subtropics probably had a very limited
chance to enter the Nordic Seas, largely because the outflow
over the Iceland-Greenland Ridge was reduced during the
LGM (Plates 2a and 2b).

Conclusions

Based on a threefold numerical simulation of the North
Atlantic circulation and sedimentation we draw the following
conclusions:

1. The North Atlantic circulation and the regime of deep
water formation were different at the Holocene/modern and at
the LGM time slices. Both ventilation and deep circulation
patterns indicate that major changes occurred in the interme-
diate to deep water layers because of the south westward shift
of the convection sites at the LGM relative to the present. The

. glacial deep convection occurred only in the center of the
subpolar gyre, with a very small portion of somewhat shal-
lower convection found to the north of 60°N. Nonetheless,
the glacial conveyor appeared to be still rather intensive, yet it
was noticeably depleted in NADW. Seidov et al. [1996] show
that the simulated NADW outflow was only 8 Sv at the LGM,
much lower than today’s simulated value of 13 Sv. However,
the trajectory-tracing model indicates strongly changed routes
of deep flows.

2. Sedimentation in the North Atlantic is nonlinearly cou-
pled to the circulation modes associated with different surface
climatology. The LGM sedimentation pattern differs funda-
mentally from the Holocene/modern pattern and in a way that
cannot be expected a priori. The major differences indicated
by sediment transport and trajectory—tracing models are sum-
marized in following conclusions.

3. Glacial sedimentation rates in the area of the most in-
tense modern sediment deposition are relatively low. The
sediment load in the western part of the basin confirms a
weakening of the deep western boundary current at the LGM.

4. The LGM sediment rate distribution indicates an en-
hanced incursion of the AABW in the eastern abyssal part of
the basin. However, the curtailment of the forward conveyor
in the western part of the ocean was not complete. This im-
plies that the conclusions based on the analysis of glacial
proxy data assembled along the eastern meridional sections
are probably invalid for the western part of the basin. In
agreement with proxy data indications, our Lagrangian calcu-
lations reveal far stronger water exchange in the deep ocean

between the western and the eastern parts of the basin during
the LGM, in sharp contrast with the pronounced isolation of
these regions today. The velocity fields in the area of the
Vema Fracture Zone show increase of the eastward transport
between 2 km and the bottom from less than 1 Sv at present to
more than 3 Sv at the LGM.

5. The trajectory—tracing model indicates far stronger ven-
tilation of the thermocline in the glacial low latitudes than is
observed today.

6. Concerning the use of numerical models as a principal
source of sediment transport and Lagrangian calculations, it
should be stressed that at high latitudes the sediment transport
and water—volume tracing models can only operate with the
simulated rather than observed circulation patterns. The water
transport calculations depend critically on knowledge about
where the convection occurs and how deep it ventilates.
Hence, the velocity patterns and/or thermohaline patterns
alone cannot provide adequate information for a particle
transport model. This is a very unusual situation in which
simulations, rather than observations, can be a source of in-
formation for other models.
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