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Abstract. The basin-averaged, latitude-depth ocean
model of Wright and Stocker (1992) is used to simulate the
deep circulation of the world ocean. Under present-day sur-
face forcing, sinking occurs in the North Atlantic and the
southern ocean, and realistic temperature and salinity struc-
tures are obtained in the Atlantic, Pacific, and Indian oceans.
“Color” tracers and radiocarbon are used to identify the com-
position of the deepwater masses and the associated renewal
time scales. While broad agreement with observations is found
in all basins, the water masses in the southern ocean are too
young. The global thermohaline circulation and the compo-
sition of the deepwater masses are sensitive to the buoyancy
contrast between the southern ocean and the North Atlantic.
This contrast can be modified by changing relaxation values
of temperature and salinity at the northern and southern high
latitudes. If the model is forced with the zonal averages of
the observed surface salinity, North Atlantic Deep Water is
the dominant deep ocean water mass, and hardly any Antarc-
tic Bottom Water flows into the Atlantic. Choosing instead the
observed salinities of the newly formed deep water as the restor-
ing values, the model realistically simulates the penetration of
Antarctic Bottom Water into the different ocean basins. This
has a global effect through reducing both strength and depth of
North Atlantic Deep Water formation. If higher surface salin-
ity values are applied in the southern ocean, a steady state is
obtained whose tracer distributions and overturning are consis-
tent with reconstructions of the deep circulation during the last
glacial maximum. The two states are stable also under mixed
boundary conditions and transitions are possible by smoothly
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varying the surface freshwater flux of one state to that of the
other. These experiments suggest the importance of modified

high-latitude forcing in glacial-to-interglacial transitions.

INTRODUCTION

During the last few years a number of modeling studies have
confirmed earlier evidence from paleoclimate reconstructions
[Broecker et al., 1985; Boyle and Keigwin, 1987; Broecker and
Denton, 1989] that the ocean’s deep circulation and its vari-
ability strongly influence the climate system. In the state that
is broadly consistent with present-day observations of temper-
ature, salinity, and various tracer fields, deep water is formed
in the northern North Atlantic from where it flows southward
and spreads into the different ocean basins. Deep water is also
formed around Antarctica and escapes northward into the indi-
vidual oceans. Return flow is mainly in the thermocline [Gor-
don, 1986].

The circulation associated with this conveyor belt can be
directly measured only in the vicinity of boundary currents.
Models are thus important tools for examining the structure
of the global ocean circulation. Stommel and Arons [1960]
showed analytically that two polar sources of sinking water set
up a global deep circulation, and results from three-dimensional
[Maier-Reimer and Mikolajewicz, 1989; Marotzke and Wille-
brand, 1991} and two-dimensional [Stocker and Wright, 1991a,
b; Wright and Stocker, 1992] ocean circulation models have
simulated this global overturning circulation. It accounts for
most of the oceanic poleward heat transport and is an impor-
tant element of the climate system [Chamberlin, 1906; Weyl,
1968; Broecker and Denton, 1989].

Under mixed boundary conditions, in which sea surface tem-
peratures are relaxed to observed values while surface fresh-
water fluxes are held constant, a number of distinct circula-
tion modes can be realized. In one of these modes, termed
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“Southern Sinking” by Marotzke and Willebrand [1991], deep
water is formed only in the southern ocean, and consequently,
the thermohaline circulation of the Atlantic is reversed. This
state bears some resemblance to a glacial circulation: the region
around the North Atlantic receives little or no heat from the
ocean, surface waters are cold and very fresh, and the global
deepwater masses originate primarily in the southern ocean.
However, a disturbing inconsistency with the reconstructions
of Boyle and Keigwin {1987} and Duplessy et al. [1988] has re-
mained. Both of these studies emphasize that North Atlantic
Deep Water (NADW) formation did not cease during the last
glacial maximum but was shallower and weaker than today.
Moreover, Duplessy et al. [1988] identify a distinct water mass,
“Glacial North Atlantic Intermediate Water,” located north of
about 15°S and not deeper than 3000 m. Such a water mass
is not consistent with the steady “Southern Sinking” state nor
with the collapsed state of Manabe and Stouffer [1988]. Useful
simulation of climate change using numerical climate models
clearly requires that the global overturning circulation and its
response to modified forcing be understood and appropriately
modeled. It thus remains an important question whether a
glacial circulation necessarily implies a different mode of ocean
circulation.

The purpose of this paper is threefold. First, an exten-
sion of the climate model of Wright and Stocker [1992] (WS92
henceforth) is presented where stable tracers and radiocarbon
are included in order to better check the model’s performance
in the deep ocean. Second, we investigate the sensitivity of
the global circulation and the tracer distributions to changes
in the surface buoyancy. Here we use the restoring salinities
in the southern ocean and the North Atlantic to modify the
north-south buoyancy contrast. Within a reasonable range of
high-latitude sea surface salinities, the thermohaline circula-
tion can vary smoothly from a state where the deep ocean
consists primarily of NADW to one where Antarctic Bottom
Water (AABW) dominates the deep ocean. We emphasize that
realistic surface forcing in the southern ocean not only deter-
mines the properties of AABW but also directly influences the
strength and depth of NADW formation. Third, we discuss the
paleoclimatic relevance of this result.

Other modeling studies of the global ocean that have in-
cluded tracers are important benchmarks for the results pre-
sented here. Maier-Reimer and Hasselmann [1987] and Ba-
castow and Maier-Reimer [1990] present inorganic and organic
carbon cycle models coupled to their large-scale geostrophic
global ocean model using realistic geometry. Largest devia-
tions of the radiocarbon fields from those observed are found
in the North Atlantic. Because NADW formation is rather
weak in the model (less than 10 Sv versus 15-20 Sv in the mod-
ern ocean; 1Sv= 106mss_]), waters in the deep North Atlantic
are too old. In more recent versions with modified surface forc-
ing, a NADW formation rate of over 20 Sv and more realistic
radiocarbon fields were obtained [Maier-Reimer and Bacastow,
1990].

The Princeton Geophysical Fluid Dynamics Laboratory
model has been used in several studies to investigate the compo-
sition of the deepwater masses. Cox {1989] used “color” tracers
to determine the composition of the deep water as a function
of the model’s geometry and salinity forcing in the North At-
lantic. Only when the salinity forcing in the North Atlantic
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was enhanced was AABW not the dominant water mass. How-
ever, it must be noted that an idealized geometry was consid-
ered with an Atlantic basin closed at 60°N. Toggweiler et al.
(1989] included radiocarbon in the Princeton model with re-
alistic geometry and found good agreement with the observed
data in the Pacific when the model was run in a prognostic
mode. However, not enough deep water was formed in the
model North Atlantic, and the water was too old especially in
the Atlantic below 3000 m and north of 30°S. England [1992]
varied the surface salinity in the southern ocean and showed
that the formation of Antarctic Intermediate Water (AAIW)
as well as the penetration of AABW northward into the basins
was more realistic with higher values of surface salinity.

The paper is organized as follows. Tirst, we describe the
model and the extensions to include passive tracers. Second,
a steady state circulation that is consistent with present-day
observations is presented. Finally, we discuss the sensitivity of
NADW and AABW formation to high-latitude forcing and its
paleoceanographic implications.

MODEL DESCRIPTION

Ocean circulation models in which individual ocean basins
are represented by zonally averaged equations are useful tools
to simulate the ocean’s deep circulation on a global scale. Re-
sults are generally consistent with those from three-dimensional
general circulation models, in that similar steady states and
comparable transient behavior are obtained. The first such
model was developed by Marotzke et al. [1988] to reproduce
the polar halocline catastrophe found by Bryan [1986]. The
latter is a mechanism for fast oceanic reorganizations: small
perturbations of the surface freshwater balance cause the polar
halocline to extend southward, deep water no longer sinks in
high northern latitudes, and the overturning circulation breaks
down. These and subsequent models have elucidated the dy-
namics of the deep circulation and shown that rapid changes
can involve the entire volume of the ocean.

The present model is based on Wright and Stocker [1991],
where a parameterization of the east-west pressure difference in
terms of the meridional pressure gradient was introduced. This
parameterization involves a single closure parameter €o and ac-
counts for the strong tendency for meridional pressure gradients
to be balanced by the Coriolis force. This effect was neglected
in the study of Marotzke et al. [1988], and consequently they re-
quired a large eddy momentum diffusivity to obtain reasonable
overturning transports. As a result, some important features
such as surface intensification of the circulation could not be
simulated.

The geometry (Figure 1) is similar to that used in the cou-
pled model of Stocker et al. {1992] and the study of WS92.
The zonally averaged balances of momentum, mass, potential
temperature, and salt are solved in the three major basins of
the world ocean. Properties are exchanged through the south-
ern ocean where strong zonal flow results in efficient mixing of
intruding water masses. Zonally averaged values thus yield a
reasonable representation of the water mass properties in this
region. Table 1 gives a summary of the parameter values for
the experiments presented here. Throughout this study we use
restoring boundary conditions unless otherwise specified; i.e.
surface heat (freshwater) fluxes are taken to be proportional to
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SOUTHERN OCEAN

Fig. 1. Geometry of the three zonally averaged ocean basins which join the southern ocean at 40°S. The latitudinal
resolution is indicated by the numbered boxes on the left; the vertical resolution is given in Table 1.

TABLE 1. Ocean Model Parameters

Parameter Value
f Coriolis parameter 28 sin ¢
Q angular velocity 7.27%x107% s
pe reference density 1027.8 kg m™®
a Eartl’s radius 6371 km
g gravity 9.81ms™?
Ku horizontal tracer® diffusivity 102 m?s™!
Kv vertical tracer® diffusivity 107 m?s™?
€0 closure parameter 0.45
H ocean depth 5000 m
Az mixed layer depth 50m

50, 100, 150, 250,
500, 750, 1000,
1500, 2000, 2500,
3000, 3500, 4000,
4500, 5000 m

bottom of model cells

ridge depth 2500 m
ridge extent 70°S - 55°S
T tracer® relaxation time 50 days
P decay constant for 1*C 3.84%107 1257}
c* restoring surface value for **C 1000 ppt
T relaxation time for 1*C 5 years
A decay constant for colors 0

AABW  source origin of color 70°S - 62.5°S
AAIW 62.5°S - 40°S
NADW 45°N - 80°N

2 Tracer denotes potential temperature, salinity, or any of the
three color tracers.

deviations of the model surface temperature (salinity) from pre-
scribed values. The model is purely buoyancy driven by relax-
ing the model temperature and salinity of the uppermost layer
to the zonally averaged, annual mean values of Levitus [1982]

at 30 m depth. It is known that the observed data are sum-
mer biased in locations where a seasonal ice cover is present,
and hence the associated forcing density is underestimated. We
will show that the present model is sensitive to changes of this
forcing and that it can cause global-scale modifications of the
thermohaline circulation.

In WS92 a detailed model description was presented which
included a nonlinear equation of state, a formulation of wind
{forcing, and a meridional ridge in the southern ocean. The sen-
sitivities of the T-S characteristics and heat and water fluxes
to changes in vertical and horizontal diffusivities as well as the
closure parameter ey were studied. The focus was mainly on
the large-scale circulation and integral quantities such as the
meridional heat and water fluxes, characterizing the state of
the model climate. Through adjustment of model parameters,
without changing the surface water mass properties, a steady
state was obtained that compared well with the zonally aver-
aged T-S characteristics of the present-day ocean.

A fully nonlinear, pressure-dependent equation of state is
again used here in order to properly model the deep ocean wa-
ter masses. The static stability is obtained from comparing the
in situ densities of two vertically adjacent grid boxes referenced
to their intermediate level, and they are mixed when unsta-
ble. Horizontal eddy diffusion has been reduced in the present
model by decreasing the explicit value and including a scheme
that compensates for numerical diffusion. In some of the exper-
iments we have also incorporated a meridional ridge extending
from 70°S to 55°S and from 2500 to 5000 m depth, below which
a zonal pressure difference can be supported essentially as in
the northerly basins. The resulting meridional circulation be-
low the top of the ridge facilitates northward transport of deep
water formed around Antarctica. Further model details are
discussed in WS92.

The present model version also allows for an arbitrary num-
ber of passive tracers. The concentration C of a tracer satisfies
the advection-diffusion equation
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where all quantities are zonal averages, (¢, z) are latitude-depth
coordinates with z positive upwards, A is the angular width of
the basin, e is the radius of the Earth, (v, w) are the meridional
and vertical velocities, and Ky and Kv are the horizontal and
vertical diffusivities. The parameter X is a decay constant and
set to A =1n 2/5730 yr for radiocarbon, and A = 0 for a stable
isotope or a “color” tracer. Vertical fluxes due to convection
are denoted by ¢&"".

No-flux conditions for a tracer are applied at the bottom
and the lateral boundaries of the basin, while at the surface we
assume restoring boundary conditions; i.e.,

Az

F=—(C-07,

where F is the vertical tracer flux (positive upward), Az is the
depth of the mixed layer, and C* is a tracer concentration to
which the model’s surface value is relaxed on the time scale 7.
All tracers (including temperature and salinity) except radio-
carbon are relaxed to specified values over a time scale of 50
days. For radiocarbon this relaxation time is 5 years for the
present mixed layer depth [Toggweiler et al., 1989].

While radiocarbon allows us to compare the overturning
time scales of the deep circulation, stable “color” tracers are
useful in determining the composition of the deep water ac-
cording to their production site. Where a particular color is
released at the ocean surface the relaxation concentration C*
is set to 100 and C”* = 0 everywhere else. Provided each surface
box of the ocean is assigned one and only one stable color, the
sum over all color concentrations at any location in the ocean
tends to 100 after a few thousand years (i.e., a few times the
global overturning time scale). The mixture of water masses
can then be conveniently analyzed. The same diagnostic in-
strument has been used previously by Cox [1989] and E. Maier-
Reimer (personal communication, 1991), and we chose latitude
bands for the different colors similar to Cox [1989]. In the fol-
lowing, four colors are used: AABW is formed south of 62.5°S,
AAIW between 62.5°S and 40°S, NADW is originating north
of 45°N, and “other” waters form over the remaining surface
area. Note that the fourth tracer need not be explicitly carried
in the model calculations as long as we are not concerned with
the initial spin-up period before all water parcels have passed
through the surface layer.

STEADY STATES

The three-basin model is spun up from rest by restoring sur-
face temperature and salinity to the zonal averages of Levitus
[1982]. The values of salinity suggested by Levitus [1982] for
the southernmost box of the southern ocean and the north-
ernmost box of the North Atlantic are 34.0 and 34.6 ppt, re-
spectively. In these two regions, the model forms deep water,
and thus it is important for the deep ocean characteristics that
the sinking water masses have approximately the right salin-
ity. Using these surface values for the forcing, however, yields
a state in which NADW is the dominant water mass in the
entire Atlantic basin and too strong in the Pacific and Indian
oceans. Color tracers and radiocarbon show clearly that the
composition of the deepwater masses is not satisfactory, and

the southern ocean is too fresh. Two factors contribute to
this discrepancy. First, deepwater formation associated with
salinity enhancement due to the production of sea ice is not
included in our model. This large-scale effect is particularly
important in the southern ocean. Second, the east-west vari-
ation in surface water mass properties, and hence in deepwa-
ter mass production, in the North Atlantic is not represented
by our zonally averaged model. Fortunately, the north-south
variation in water mass properties is much greater than the
east-west variation with the result that this latter effect does
not dominate the solutions. To remove the above discrepancy,
we simply modify the forcing salinities in the southern ocean
and North Atlantic to 34.6 and 35.0 ppt, respectively. These
are typical observed salinities at about 1000 m depth in these
regions. England [1992] has used a similar modification in a
global general circulation model to improve AABW and AAIW
formation.

A diagnosis of this steady state after 10,000 years (20,000 for
1C) of integration is carried out giving the latitude-depth fields
of the overturning mass transport stream function, potential
temperature, salinity, the stable color tracers, and radiocarbon
(Figure 2) . The maximum overturning in the North Atlantic
attains 24 Sv, half of which flows into the southern ocean be-
tween 2000 and 3000 m depth. About 40 Sv AABW are created,
of which 5Sv flow into the Atlantic spreading to 45°N. Deep
convection from top to bottom occurs in the northernmost and
southernmost cells of the model. Pacific and Indian oceans both
show broad upwelling closing the conveyor belt circulation.

Potential temperature and salinity are in good quantﬂative
agreement with the zonal averages of Levitus [1982] showing a
deep North Atlantic warmer than the Pacific and Indian oceans
(Figure 2). The influences of the Mediterranean and Red seas
are not included, but WS92 show that their effect on global con-
ditions is minimal, at least under the present restoring bound-
ary conditions. The salinity field of the Atlantic is distinctly
different from that in the other basins, consistent with the data.
Both AAIW and AABW as well as NADW are apparent in
this basin. The latter water mass shows up as a local salinity
maximum at 40°S and 3000 m depth in the Pacific and Indian
oceans. This feature is clearly visible in the observed fields of
the Indian Ocean; however, the lack of zonal resolution in the
model’s southern ocean results in a larger influence of NADW
in the Pacific Ocean than observed.

As discussed above, three distinct high-latitude water masses
are identified by color tracers: AABW, AAIW, and NADW
(Figure 2). While AABW is the dominant water mass in the
Pacific and the Indian oceans where it rises close to the surface,
its northward spreading in the Atlantic is hindered by NADW
which has a slightly higher density north of 45°N. Spreading of
AAIW is also different in the three basins. In the Pacific Ocean
it is restricted to the southern hemisphere, while in the Indian
Ocean and particularly the Atlantic it penetrates further to
the north. In the Atlantic basin, AAIW is mixed with the re-
circulating NADW which helps carry the influence northward
at shallower depths. WS92 suggest, however, that inclusion of
the Mediterranean would modify the latter result. The pene-
tration of NADW into the other basins is evident in the color
tracer contours and occurs at about 3000 m depth. Qualitative
agreement with Cox [1989] is found. However, the presence
of NADW in the deep ocean is much stronger and probably
more realistic in the present model than in the Cox model.
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Fig. 2. Latitude-depth sections of the overturning stream function (in Sverdrup, 1Sv= 10% m®s™!), potential temper-
ature, salinity, percent concentration of Antarctic Bottom Water (AABW), Antarctic Intermediate Water (AAIW),
and North Atlantic Deep Water (NADW); concentrations exceeding 60% are shaded. Radiocarbon is given in parts
per thousand depletion from a standard value.
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Fig. 2. (continued)

Consistent with this, Toggweiler et al. [1989] show large devia-
tions of the radiocarbon fields from those observed in the North
Atlantic. This is caused by weak NADW formation that pen-
etrates only down to about 2500 m depth. The concentration
of those water masses that are formed between 40°S and 45°N
(55°N in the Pacific) does not exceed 20% below 1500 m in the
Pacific, 1000 m in the Indian Ocean and 700 m in the Atlantic
Ocean (not shown in Figure 2).

The radiocarbon contours can be compared to the data given
in the work by GEOSECS [1987] at depths that are not affected
by bomb-produced radiocarbon (Figure 2). The agreement is
reasonably good in that the model reproduces the qualitatively
different structures in the three ocean basins. The most signifi-
cant discrepancy is that the waters tend to be too young in the
southern ocean. This indicates that the surface residence time
of the source waters for this region may be too long. We have
done an additional set of experiments where the meridional res-
olution of the model between 55°S and 70°S has been doubled
and three marginal seas south of 70°S have been added. The
global thermohaline circulation is not sensitive to these refine-
ments, but increased meridional resolution allows some of the
deep water formed in the southern locations to upwell and recir-
culate south of 60°S. This provides a mechanism to reduce the
residence time at the surface, but it is not sufficient to produce
significantly older waters in the deep southern ocean.

In addition to the young ages observed in the southern ocean,
the ages tend to be somewhal too old in the Pacific. However,
the data to which comparison can be made is not zonally av-
eraged. It is thus not surprising that the model does not show
the strong vertical gradients of A™C as found in the western
section (about 175°W) of the data. This is the signature of the
deep western boundary current entering the Pacific. Consis-
tent with this argument are weaker vertical gradients found in

the eastern section (roughly 130°W) and the general NW-SE
orientation of lines of constant A™C at 4000 m depth [e.g., Fi-
adeiro, 1982]. The zonally averaged model does not reproduce
such zonal structure.

The state given in Figure 2 is very similar to the steady state
of the base climate given in WS92 in terms of the climatically
relevant fluxes (meridional oceanic heat and freshwater fluxes).
However, the composition of the deepwater masses is distinctly
different here. By increasing the surface restoring salinity in
the southern ocean, the influence of NADW is considerably
reduced and brings the tracer fields generally closer to the ob-
served distributions. It would be possible to introduce spatial
variability of now constant parameters (e.g., the proportion-
ality constant relating the east-west pressure difference to the
meridional pressure gradient, vertical and horizontal diffusivi-
ties) to further improve the fields. However, we have abstained
from introducing such subjective tunings and prefer to put up
with the remaining few quantitative differences. Some differ-
ences are necessarily involved with a zonally averaged model.

Comparison of T-S properties of AABW, AAIW, and
NADW where their concentrations exceed 60% in the associ-
ated color shows that the three water masses are distinct with
the biggest scatter in AAIW reflecting mixing with the upper
water masses of the different ocean basins (Figure 3) . AABW
is the best defined water mass indicating only weak mixing.
NADW is confined within two mixing lines that intersect at
the (S,T) of the deep convecting region in the North Atlantic.
The steep mixing line represents the incoming thermocline wa-
ter, whereas the almost isopycnal mixing line is influenced by
AABW.

The state described above is consistent with present-day
oceanic conditions. However, ocean models can have multi
ple equilibria when forced with mixed boundary conditions;
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SALINITY [ppt] J14

Fig. 3. T-S distribution of the three main water masses in the
model for the state given in Figure 2. NADW is denoted by
triangles, AABW by circles, and AAIW by squares.

ie. sea surface temperature is still relaxed to prescribed val-
ues, while surface freshwater fluxes are held constant. One of
the possible states, referred to as the “Southern Sinking” state
[Marotzke and Willebrand, 1991; Stocker and Wright, 1991a,
b], has a reversed Atlantic circulation and a strong polar halo-
cline in the North Atlantic which extends southward to about
25°N, The Atlantic tracer fields become “Pacific-like” with the
lowest AMC found in its deep northern part. Figure 4 gives
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Fig. 4. As Figure 3 but for the “Southern Sinking” state
that represents the second equilibrium under the mixed surface
boundary conditions. AABW (circles) and AAIW (squares)
have about the same salinity, while the waters originating from
the North Atlantic (triangles) are extremely fresh. This indi-
cates a major rearrangement of salt in the global ocean.

the T-S properties of this state: NADW has disappeared, and
surface waters north of 45°N in the Atlantic are very {resh;
AAIW is now as salty, but warmer than AABW demonstrat-
ing global-scale redistributions of salinity.

It was hypothesized in earlier studies [e.g., Maier-Reimer and
Mikolajewicz, 1989; Stocker and Wright, 1991a] that the South-
ern Sinking state might be a candidate for the deep ocean circu-
lation during the last glacial maximum or during the Younger
Dryas climate event. This was to some extent supported by sev-
eral characteristics reconstructed from sediment cores and other
paleoclimatic evidence around the North Atlantic basin. The
most important facts, the rapid transitions between different
climates, the abrupt terminations, and the sudden shutdown
of the oceanic meridional heat flux, could be explained by flips
between multiple equilibria. However, the inconsistency with
the conclusions of both Bolye and Keigwin [1987] and Dup-
lessy et al. [1988], that NADW formation has never completely
vanished and that a distinct intermediate water mass in the
North Atlantic existed, has always remained. Below we show
that a circulation consistent with the paleoceanographic obser-
vations can be realized through rather modest modifications
of the buoyancy contrast which is present between the south-
ern ocean and the North Atlantic in the global conveyor belt
circulation (Figures 2 and 3).

SURFACE FORCING IN THE SOUTHERN OCEAN AND
NORTH ATLANTIC

Obtaining a realistic composition of the deepwater masses in
the world ocean is essential if one is interested in integrations
over time scales longer than the exchange time of the oldest
waters (1800 years) [Stommel and Arons, 1960} or when tran-
sient, glacial-to-interglacial experiments are performed. Many
three-dimensional general circulation models forced with the
observed climatology show rather weak and shallow formation
of NADW and systematic deviations of the deep water proper-
ties. Unfortunately, it is in the regions where deep waters are
formed that surface observations are least reliable and physical
processes are most complicated. Some uncertainty therefore
exists as to what values of the surface salinity and temperature
should be used to simulate present oceanic conditions using
restoring boundary conditions, which themselves are only crude
parameterizations of exchange processes at the surface. This is
particularly true when seasonal variations are not resolved and
the uncertainty is, of course, increased for paleoceanographic
simulations.

Using a simpler but dynamical model for the thermohaline
circulation we investigate the sensitivity of the global circula-
tion to variations in the surface buoyancy forcing at high lati-
tudes under restoring boundary conditions. These changes can
also be simulated under mixed boundary conditions by small
global changes in the surface water balance (see below).

Here we concentrate on the influence of salinity variations,
but it should be noted that changes in surface heat flux may
have similar effects. Let S} and S; denote the restoring surface
salinities south of 62.5°S and north of 65°N (boxes 1 and 14 in
Figure 1), respectively. Figure 5 gives the maximum inflow of
AABW at 40°S as a function of the restoring surface salinity
87 for 5 sets of steady states. The characteristics of sets A
to E are given in Table 2 . Inclusion of a meridional ridge in
the southern ocean is important in increasing the magnitude as
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Fig. 5. Maximum inflow of AABW (in Sverdrup) at 40°S into
the Atlantic as a function of the restoring surface salinity south
of 62.5°S. Inflow is generally increased in magnitude when the
buoyancy forcing in the southern ocean is stronger but reduced
if there is no meridional ridge in the southern ocean. The
restoring salinity north of 65°N has little influence (sets A and
B). Increasing horizontal diffusivity decreases the magnitude of
this exchange (sets C - E).

well as the sensitivity of AABW inflow. Neither modification
of 83 (sets A and B) nor increasing horizontal diffusivity (sets
C to E) have such a large influence on AABW inflow.

NADW formation rates show significantly different depen-
dencies (Figure 6) . As expected, reduction of S} consider-
ably decreases NADW formation. By facilitating intrusion of
AABW into the Atlantic which modifies the density structure
in the deep ocean, the topographic ridge reduces overturning
and also increases the sensitivity to Si.

The mechanism by which high-latitude forcing influences the
global overturning is related to the modification of the merid-
ional density gradient when the properties of the forming deep
water are changed. The density difference Ao between the deep
convecting water in the northern North Atlantic and in the
southern ocean provides a rough measure of the related circu-
lation in the Atlantic basin if the forcing at all other locations
is unchanged. This difference is positive for the unmodified
Levitus values, and NADW dominates the whole deep ocean.
When S* is increased in both locations to the values of the ob-
served underlying deepwater masses, Ao decreases due to the

TABLE 2. Parameter Values and Topography for the Five Sets
of Experiments Considered in Figures 5 and 6

Topography S, ppt Ky, m?s™!
A no ridge 35.0 100
B no ridge 34.6 100
C ridge 35.0 100
D ridge 35.0 500
E ridge 35.0 1000
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Fig. 6. Overturning in the North Atlantic (in Sverdrup) as
a function of the restoring surface salinity south of 62.5°S.
Stronger buoyancy forcing in the southern ocean decreases
NADW formation, and a ridge increases this sensitivity. The
strongest semsitivity is due to the buoyancy forcing north of
65°N (sets A and B).

larger salinity increase in the southern ocean, and for S{=S3;
it becomes negative due to lower temperatures. The Atlantic
overturning stream function for Ag > 0 (Figure 2) and for
Ao < 0 (Figure 7) are quantitatively different from each other
particularly at depths below 3000m .

The diagnosis for a case where S;=55=35 ppt is considered
next (Figure 7). In the Pacific and Indian oceans only the
strength of NADW inflow is diminished, but the other fields
have not changed much compared to Figure 2. The Atlantic
circulation, however, is weaker and much shallower due to the
increased density of AABW. This water mass occupies the
entire deep ocean below 3000 m depth and penetrates far north
in the Atlantic. OIld water (large negative values of AMC)
is now located where the youngest waters used to be, and a
strong vertical gradient of radiocarbon or age is present in the
northern latitudes of the Atlantic.

Such a gradient could also be observed in other tracers (e.g.,
phosphorus or §'C) which distinguish waters formed in the
southern ocean from those formed in the North Atlantic. Boyle
and Keigwin [1987] estimated a glacial Atlantic phosphorus
profile at 41°N using cadmium/calcium ratios and found a pro-
nounced vertical gradient that is absent in today’s observations.
This is supported by Duplessy et al. [1988] who reconstructed
Atlantic 6'*C during the last glacial maximum. The tracer dis-
tributions given in Figure 7 are consistent with these observa-
tions and suggest that the deep circulation of the glacial ocean
may have been in a similar circulation mode. Deep ocean salin-
ity is about 0.2 ppt higher in the “glacial” mode (Figure 7) than
in the model’s present-day mode (Figure 2) resulting in higher
global salinity for the glacial state. The total salinity differ-
ence between the two modes is equivalent to about 7x10% km®
of melted ice which is only about 10% of the total estimated ice
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Indian oceans is reduced. The deep North Atlantic is occupied by older water originating from the southern ocean,

and stronger vertical property gradients are present.
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Fig. 7. (continued)

tropical Atlantic must have been older by about 320480 years.
This is consistent with the age difference estimated from the
two states presented in Figures 2 and 7 (Figure 8) . The deep
Atlantic waters are progressively older northward in the glacial
state. Compared to Broecker et al. [1990] the age difference
in the tropical Atlantic is probably too low in the model. In
the tropical deep Pacific, on the other hand, the age difference
is only about 50 years. The general agreement between model
and observations supports the suggestion that the glacial over-
turning circulation was similar to Figure 7.

The computational efficiency of the present model allows us
to perform a sensitivity study over a wide range of the buoy-
ancy forcing of both the southern ocean and the northern North
Atlantic. The restoring salinities S] and S3 have been indepen-
dently varied in the range of 33.5ppt < S, S; < 35.5ppt.
The steady state transport stream function maximum associ-
ated with AABW inflow into the Atlantic basin is illustrated
in Figure 9 and the maximum value of the overturning stream
function in the Atlantic basin is given in Figure 10 . Consistent
with the results in the previous section, larger S7 (S3) increases
(decreases) the AABW influx in magnitude, with greater sen-
sitivity to S{ than to S;. Similarly, larger S; (S7) increases
(decreases) the maximum overturning rate in the Atlantic with
greater sensitivity to S;.

For sufficiently low values of either S] or 33, convection in
the corresponding cell is abruptly reduced and the deep den-
sity field is then influenced only little by further reductions.
The effect is evident in Figures 9 and 10 for North Atlantic
salinities less than about 33.9 ppt. For southern ocean salini-
ties the cutoff value increases from about 33.7 ppt at the lowest
values of North Atlantic salinity to 34.0 ppt at the highest val-

ues plotted. It should be noted that when Si and S; take

volume during the peak of the last glacial [Denton and Hughes,
1981].

Further evidence about the state of the glacial ocean comes
{rom the study of Broecker et al. [1990], who established the dif-
ferences in distribution of radiocarbon between the glacial and
the modern ocean. They found that, within the uncertainty
of the measurements, the waters of the deep tropical Pacific
had about the same age as today, while the waters of the deep
such low values, the densest water masses will be produced in
the neighboring surface boxes. Thus, if the reduction of sur-
face salinity were extended equatorward, the sensitivity would
reach to lower salinity values until convection is reduced in all
columns affected.

It is clear (Figures 9 and 10) that the deep ocean circula-
tion reacts to changes of the buoyancy forcing at the locations
where the deep waters of the global ocean are produced. This
emphasizes the importance of the buoyancy contrast between
these regions. Changes are such that one extreme state has
NADW dominating the deep water, while in the other AABW
is the prominent deepwater mass. We have done an additional
experiment with S;=34.7ppt and S;=28.0ppt as observed in
the “Southern Sinking” state. Note that the “Southern Sink-
ing” was obtained under mixed boundary conditions, while here
we use the restoring type, and only the highest-latitude surface
salinities are modified. Under this extreme forcing, a state sim-
ilar to the Southern Sinking results where Atlantic overturning
is very weak and confined to the upper 1000m. Obviously,
the restoring conditions at the other latitudes prevent major
meridional shifts of salt in the Atlantic as is possible for the
mixed type, and hence a full reversal of the deep circulation is
not obtained. Nevertheless, this illustrates that the “Southern
Sinking” is an extreme state where the buoyancy forcing in the
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Fig. 8. Age difference (in years) of the water masses be-
tween the glacial state of Figure 7 and the modern state
of Figure 2. The age difference is given by A~!In[(1000 +
AMC modem)/(lOOD + A“Clglacial )], and positive values indi-
cate that waters in the glacial ocean are older than those in the
modern ocean. Contour interval is 50 years for ages less than
300 years and 100 years otherwise.

southern ocean is dominant. The “glacial” state (Figure 7) has
a north-south buoyancy contrast that lies between that of the
conveyor belt and that of the Southern Sinking mode.

The above results are obtained using restoring surface
boundary conditions. Previous models of the global thermoha-
line circulation have employed mixed boundary conditions in
order to better represent atmosphere-ocean interactions. The
presence of multiple equilibria and, to some extent, the strong
sensitivity of these models to changes of the surface freshwater
balance, are a consequence of these mixed boundary conditions.
It is thus important to investigate whether transitions between
the “glacial” and the “modern” state are possible in this model
when mixed boundary conditions are used.

We have performed two experiments beginning from the
steady states of Figures 2 and 7, respectively. After 1000 years
of intergration under mixed boundary conditions, a transient
period of 1000 years was started during which the surface fresh-
water fluxes were gradually changed to those diagnosed from
the other state. In this model a change from a glacial (Figure 7)
to a modern circulation (Figure 2) involves an increase of the
hydrological cycle: the modern meridional transport of fresh-
water into the sonthern ocean is stronger by about 0.16 Sv, to

MAXIMUM AABW INFLUX [Sv]

SS8S NORTH ATLANTIC

S5S SOUTHERN OCEAN

Fig. 9. Contours of the mass transport stream function asso-
ciated with inflow of AABW (in Sverdrup) at 40°S into the
Atlantic as a function of the restoring surface salinity south of
62.5°S and north of 65°N. Except for the case of a very fresh
southern ocean the inflow is most sensitive to southern ocean
buoyancy forcing. Symbols denote steady states forced with
the zonal averages of Levitus (dot), a state consistent with the
modern (square) and with the glacial deep circulation (trian-
gle). Dashed lines indicate equality of the forcing density of
boxes 1 and 2, and 13 and 14, respectively.

which Pacific (0.08 Sv), Atlantic (0.04Sv), and Indian (0.04 Sv)
oceans contribute. The resulting circulation was then inte-
grated for another 5000 years. Both experiments showed the
expected transition from one state to the other without in-
volving abrupt changes or reversals of the Atlantic circulation.
This demonstrates that despite the presence of multiple equilib-
ria under mixed boundary conditions, relatively smooth tran-
sitions between “glacial” and “modern” (and vice versa) states

can be realized.

CONCLUSIONS

The deep ocean circulation model of WS92 was extended to
include stable and unstable tracers. Under present-day forcing,
a conveyor belt circulation results which yields overturning,
temperature, salinity and radiocarbon fields that are broadly
consistent with the data of the modern ocean. The Atlantic
Ocean contains NADW over much of the water column, with
a mixture of recirculating NADW and AAIW above 2500 m
and AABW intruding at depth into the northern hemisphere.
In the Pacific and Indian oceans, AABW and AAIW are the
dominant water masses, while NADW mixes in across 40°S at
about 3000 m depth.

We have followed Cox [1989] and employed three high-
latitude color tracers to determine the mixture of water masses
formed at different locations. If the model is forced with the
Levitus [1982] annual mean values of salinity in the high lati-
tudes (where a seasonal ice cover may be present), the model
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Fig. 10. Contours of overturning in the North Atlantic (in
Sverdrup) as a function of the restoring surface salinity south
of 62.5°S and north of 65°N. Stronger buoyancy forcing in the
North Atlantic (southern ocean) increases (reduces) NADW
formation. Symbols denote steady states forced with the zonal
averages of Levitus (dot), a state consistent with the mod-
ern (square) and with the glacial deep circulation (triangle).
Dashed lines indicate equality of the forcing density of boxes 1
and 2, and 13 and 14, respectively.

overestimates the influence of NADW, and little AABW pene-
trates northward into the ocean basins. Consequently, contours
of radiocarbon bear little resemblance with those observed.
However, the surface data at high latitudes are based on only a
few observations and are most likely summer biased, resulting
in inaccurate buoyancy forcing at these latitudes. Increased
restoring salinities in both high latitudes (south of 62.5°S and
north of 65°N) to values typical of the newly formed deep water
produce more realistic property fields throughout the ocean.

This suggested a sensitivity study testing the influence of
surface density in the deepwater formation areas on the global
thermohaline circulation. By increasing restoring salinity,
deepwater formation increases locally and fills the deep ocean
with more saline water. This also modifies the meridional den-
sity gradient which drives the deep circulation. It is through
this mechanism that the salinity of the newly produced deep
water can have important effects on global climate.

Increasing the salinity in the formation region for AABW
can cause it to flow much further northward into the Atlantic
and makes NADW formation both weaker and shallower. Mod-
ifying this salinity by about 0.4 ppt suffices to produce a global
deep circulation that is in many aspects consistent with the
situation during the last glacial maximum. Boyle and Keig-
win {1987}, Duplessy et al. [1988], and Broecker et al. [1990]
have found that the glacial ocean is characterized by a reduced
and much shallower NADW production, with deep water orig-
inating mainly from the southern ocean. This leads to verti-
cal tracer gradients that are significantly increased during the

glacial compared to the modern Atlantic Ocean. The state that
is obtained in the present model when the buoyancy forcing in
the southern ocean is increased, reproduces these findings.

What has been varied here was a parameter external to the
model formulation. However, the essential quantities modified
are the densities of the newly formed deep waters in the south-
ern ocean and the North Atlantic. While we have chosen to
focus on salinity variations, similar effects would be associated
with temperature variations and in reality, both probably play
significant roles. In the climate system, salinity enhancement at
high latitudes is the result of ice formation and brine rejection
caused by seasonal variations in ice cover. Sea ice also acts as
an insulator, reducing the air-sea heat exchange. Incorporation
of a sea ice model is part of ongoing research. The present re-
sults highlight the global importance of high-latitude buoyancy
forcing, and show the profound impact that such modifications
can have. Within reasonable ranges of this forcing, circulations
can be obtained that show substantially different tracer distrib-
utions in the deep ocean. For present-day values of the surface
forcing a modern circulation results, while increasing AABW
density relative to NADW density resunlts in a state which is
in many aspects consistent with oceanic conditions during the
last glacial maximum.

Finally, we have demonstrated that it is possible to simulate
transitions between the two states also under mixed boundary
conditions. This can be achieved by smoothly changing the
surface freshwater fluxes diagnosed from one state to those di-
agnosed from the other state. During this transient period, the
thermohaline circulation exhibits a smooth evolution. Abrupt
changes of the global thermohaline circulation, on the other
hand, occur as a result of transitions between multiple equilib-
ria as demonstrated in many earlier studies. However, large-
scale and long-term changes in the hydrological cycle (through
changes of sea ice or evaporation/precipitation) can also con-
tribute to global changes of the thermohaline circulation.
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