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Abstract. We have tested the sensitivity of an
ocean general circulation model to changes in solid
boundary conditions by opening the central American
isthmus in order to simulate possible circulation
patterns existing prior to about 3.0-4.0 Ma. The
model was driven by present winds, atmospheric
temperatures, and moisture fluxes, with the only
difference between control and perturbed runs being
the open isthmus. Significant changes result for the
perturbed case, almost all of which can be traced to
changes in surface salinity distribution. With an
open isthmus, lower-salinity waters from the Pacific
dilute North Atlantic surface waters by >1.0%.. The
lower surface salinities cause the thermohaline cell in
the North Atlantic to collapse, with North Atiantic
Deep Water (NADW) production reduced to near
zero. This response greatly weakens poleward ocean
heat transport in the North Atlantic. The "no-
NADW" result appears to be insensitive to initial
conditions and represents a circulation mode different
than a "low-NADW" mode found in the same ocean
model using present geographic forcing. There is
some agreement between model predictions and
geologic data, which indicate a significantly different
deep-water circulation pattern prior to ~2.4 Ma.
However, observations suggests that the time of
major transition in circulation regimes occurs earlier
than the final closure of the isthmus. This
discrepancy may reflect the fact that near-closure of
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the isthmus by 7-10 Ma could have been sufficient to
alter the circulation. As ocean heat transport is a key
source of warmth to the high latitudes of the North
Atlantic, some compensating factor (CO,?) may have
been required to restore warmth to that region prior
to ~3.0-4.0 Ma.

INTRODUCTION

Marine geologists have long been interested in the
effect of "oceanic gateways" on the ocean circulation
[e.g., Berggren and Hollister, 1974; Haq, 1981;
Kennett et al., 1985]. Until recently we have only
been able to make qualitative conjectures as to their
effects. With the advent of large-scale ocean models
and supercomputers we are now able to test these
proposed scenarios. Geologic data can also provide
a test for ocean models, for the conditions are realis-
tic but sometimes radically different from the present.
A large amount of marine geologic data can be used
to validate such simulations.

One of the most well-known oceanic gateways in-
volves the central American isthmus. This region
was open for most of the Cenozoic, with closure fi-
nally resulting from eastward movement of central
America as part of the trailing edge of the Caribbean
plate (Figure 1). Biogeographic data can be used to
more accurately date final closure (3.0-4.0 Ma), as
the latter eliminated exchange of marine organisms
and promoted the exchange of terrestrial biota [e.g.,
Keigwin, 1982b; Marshall et al., 1982]. However,
both paleontologic and plate tectonic data {(Figure 1)
indicate that considerable constriction had occurred
several million years earlier.

In this paper we will discuss results of an ocean
general circulation model (GCM) experiment with an



350 Maier-Reimer et al.: Ocean General Circulation Model Sensitivity Experiment

NORTH AMERICAN  PLATE

N.E. Hisp. Atlantic Ocean

4/ EAST-PACIFIC-
CARRIBEAN

EOCENE 48 MA

Atlantic

LATE MIOCENE
7 MA

RN U N Y
Fig. 1. Central American paleogeography before the
closure of the isthmus, illustrating that the connection
between the Atlantic and Pacific was closed off when
the central American landmass, as part of the trailing
edge of the Caribbean plate, was wedged between
the Yucatan Peninsula and South America (modified
from Sykes et al. [1982]).
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open central American isthmus. We will demonstrate
that the effects of an open isthmus are considerably
greater than has heretofore been conjectured, for it
affects both surface and subsurface flow. Model re-
sults have been validated to some degree with geo-
logic data and have implications for hypotheses about
the changing role of oceanic heat transport in the
past.

MODEL

The model, hereafter referred to as the Hamburg
model, is based on the standard set of equations used
in numerical models. These are the conservation
laws for salt, heat, and momentum, the latter in a
linearized form. The equation for the vertical com-

ponent of momentum is replaced by the hydrostatic
approximation. The model was conceptually pro-
posed by Hasselmann [1982); details are discussed

elsewhere [Maier-Reimer and Hasselmann, 1987; E.
Maier-Reimer et al., manuscript in preparation,
1990]. Briefly, the circulation is divided into a
barotropic component, consisting of the vertically
averaged current and surface displacement fields, and
a baroclinic component, consisting of the residual
current after subtraction of the barotropic contribu-
tion. The formulation of the model is fully implicit,
thus allowing a time step of one month. Equatorial
Kelvin waves are formally included, but because of
the coarse grid and the relatively long time step in
integration, they are strongly damped. Outside the
equatorial regions, the motion is essentially
geostrophic, with frictional effects near the bound-
aries. Here the adjustment of the density field to the
forcing is provided almost entirely by Rossby
waves, as proposed by Hasselmann [1982]. On the
time scales of interest sea ice and the salinity and
temperature fields are prognostic variables, to which
the velocities and the surface elevation equilibrate al-
most immediately.

For the present application the model was run on a
3.5° X 3.5° grid, with 11 vertical levels, realistic
bottom topography, and a full seasonal cycle. The
circulation was driven by the observed wind stress
field [Hellermann and Rosenstein, 1983] and air
temperatures from the Comprehensive Ocean-Atmo-
sphere Data Set (COADS [cf. Slutz et al., 1985;
Woodruff et al., 1987]). When the model is run
with observed forcing it is necessary to "taper” the
model response to the climatologic boundary con-
ditions to ensure smooth adaptation to observations.
These "adaptation constants"” are 1.5 X 10-5 m/s and
40 W/m? °K for salinity and temperature, respec-
tively. Given a mixed layer of 50 m, this yields time
constants for the mixed layer response to salinity and
temperature changes of 40 and 60 days, respectively.

Surface freshwater fluxes for our baseline
(stationary) experiment were determined by con-
straining the surface salinity to agree with the ob-
served salinity field of Levitus [1982]. This was ac-
complished by imposing local changes of the water
level in order to match the observed salinity with the
actual salt inventory. These freshwater fluxes then
modify any changes in surface salinity in other ex-
periments due to altered boundary conditions (e.g.,
open isthmus).

The model does a reasonably good job of simulat-
ing the present surface and deep circulation in the
ocean (e.g., Plate 1a and Figure 2). In the Atlantic
cross-equatorial transport of North Atlantic Deep
Water (NADW) is 17 sverdrups (1 Sv = 1 X 106
m?3/s), a result approximately in agreement with ob-
servations [e.g., Gordon, 1986]. The large over-
turning yields a substantial heat transport across the
equator from the South Atlantic to the North Atlantic,
a result also in agreement with observations
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Plate 1. Surface circulation (25 m) for (a) control run; (b) Panama run; and (c) Panama-minus-
control.
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Fig. 2. Depth of convection (meters) in the control run. Note the general agreement between
regions of deep convection and known regions of bottom water formation.

[Hastenrath, 1980]. In the Pacific the meridional
circulation is dominated by the equatorial Ekman cell
and a slow deep ventilation from the Antarctic.

Two main experiments were run: a control run for
the present ocean and a perturbed run with an open
central American isthmus. For the perturbed run we
left open the region between the Yucatan Peninsula
and the South American coast, with sill depth be-
tween them at 2711 m (we will attempt to evaluate
the sensitivity of our results to the size of this open-
ing in the discussion section).

The model was first spun up from a homogeneous
ocean of 2.5°C and 34.5%. with the described con-
straint on observed salinity. This experiment, termed
the stationary experiment, was run for 10,000 years
with a full seasonal cycle (30-day time steps). In-
cluding the seasonal cycle is important because it
strongly influences the regions and frequency of
overturning in high latitudes. The freshwater fluxes
from the stationary experiment were then used in a
control run by continuing the integration for another
4000 years. The obtained circulation field showed
only slight differences to the spin-up; the circulation
field for the last 500 years is defined as the control
run,

For the perturbed run (termed "Panama," as in
Panama Canal), we started with the steady state re-
sults of the control.run and then removed the isth-
mus. This resulted in large oscillations during the
first 1000 years, after which the model settled into its
final pattern. Total length of the perturbed run was
8500 years, with the average of the last 500 years
being used in the illustrations. As this simulation
produced a deep-water pattern significantly different

from the present, we ran two additional experiments
to test the sensitivity of results to initial boundary
conditions. We will describe these latter two ex-
periments in the section where we evaluate the
uniqueness of results.

RESULTS

The open central American isthmus had a profound
effect on the three-dimensional circulation of the
model ocean. Plate 1 illustrates the circulation for the
control, perturbed, and difference fields (25 m). For
the perturbed run, the western boundary current is
weakened in the North Atlantic and substantially
strengthened in the South Atlantic. The Antarctic
circumpolar current is also generally stronger. One
region that did not change much was the upwelling
zone of the eastern equatorial Pacific. For example,
Figures 3a and 3b compare upwelling as estimated
from the vertical velocity fields. Note that changes in
upwelling are very small in the eastern equatorial
Pacific. This result should be treated with some
caution, as it is known that upwelling in this region
is due to coupled ocean-atmosphere interactions. By
fixing atmospheric forcing we may be artificially
constraining this response.

Many of the above changes in the large-scale cir-
culation can be understood by examining the fields of
sea surface topography, surface salinity, and Atlantic
meridional overturn (Figures 4-6). At present
(Figure 4a) the long fetch in the zone of prevailing
trade winds, coupled with the lower salinity in the
Pacific, results in a higher surface topography in this
basin (maximum of 80 cm) than in the western
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Fig. 3. Vertical velocity at 25 m (a measure of upwelling) for (a) control and (b) perturbed

runs.

equatorial Atlantic (0 cm) or Norwegian Sea (-80
cm). For the perturbed run (Figure 4b), the western
Pacific "rise" is lowered to 60 cm. There is a corre-
sponding topographic rise in the equatorial Atlantic
and a very large rise in the Norwegian Sea (80 cm).
The changes result from the adjustment of the hy-
drostatic head between the two basins. With the
open isthmus, this hydrostatic head causes a west-
east downgradient flow of about 10 Sv from the
western equatorial Pacific to the western equatorial
Atlantic (there is still a 1-Sv east-west flow in the

wind-driven surface layer, but the primary flow is
from west-to-east).

The open isthmus allows low-salinity Pacific water
to flow into the North Atlantic, diluting by >1.0%.
(Figure 5) the high-salinity waters in this ocean (at
present the surface salinity of the North Atlantic is
about 1.5%. greater than the North Pacific; cf.
Broecker, 1989). Surface salinity changes are larger
in the subpolar North Atlantic (2.0-3.0%.) because
the initial perturbation alters the circulation, resulting
in a change from northeasterly flow of high-salinity



354 Maier-Reimer et al.: Ocean General Circulation Model Sensitivity Experiment

SURFACE ELEVATION [CM]

90 -

=40

60

30 -

90 -

25€ 85E 145E
CONTROL

SURFACE ELEVATION [CM]

155W 95w 35w 25€
ANNUAL MEAN DELTA: 20

90 -

60 -

30

90 -

25E 85E 145E
PANAMA

155W okw 35w 25€
AVERAGE DELTA: 20 b

Fig. 4. Sea level topography (cm) for (a) control and (b) Panama runs.

water to southeasterly flow of low-salinity water.
Low-surface salinities in the Norwegian Sea also
eliminate the gradient in sea surface topography be-
tween the Norwegian Sea, the Arctic Ocean, and the
subpolar North Pacific. In the perturbed run, flow
between the Pacific and Arctic is reversed from the
present pattern. Thus, although surface salinity in-
creases in most areas of the Pacific, the low-salinity
flow from the Arctic to the North Pacific decreases
surface salinity in the subpolar North Pacific.

The low-surface salinities in the North Atlantic
cause a chain reaction, for it prevents formation of

NADW (cf. Figure 6). Decreased NADW produc-
tion decreases poleward ocean heat transport in the
North Atlantic. Lower surface salinities in the sub-
polar North Atlantic also favor sea ice formation
(Figure 7a; however, fixed air temperatures in the
model may affect actual area of altered sea ice in the
model). An increase in sea ice is consistent with de-
creased heat flux from the ocean to the atmosphere in
this region (Figure 7b).

The collapse of the North Atlantic thermohaline
circulation has a corresponding feedback on the
South Atlantic circulation. At present, the North
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Fig. 5. Surface salinity (%.) for (a) control and (b) Panama-minus-conirol differences.
Horizontal dashes in shaded areas indicate lower salinity in perturbed run.

Atlantic exports about 17 Sv of deep water across the
equator and, in order to conserve volume, it imports
about 17 Sv of warm South Atlantic water. With
NADW production reduced to essentially zero, there
is no need to import South Atlantic surface water.
The South Atlantic gyre correspondingly warms, and
southward poleward heat transport increases in the
South Atlantic.

The net effect of the Atlantic thermohaline changes
is a significant modification of the North and South
Atlantic surface circulation, especially along the

western boundary currents, where transport of the
Gulf Stream decreases and transport of the Brazil
Current increases (Plate 1¢). In both the control run
(Plate 1a) and in nature, the velocities of these two
currents are quite different, despite the fact that the
wind-driven contribution to the currents is approxi-
mately the same. Stommel [1965, pp. 169-170]
conjectured that the reason for the present difference
involves interactions between the surface and deep-
water circulations. The latter is counter to surface
flow in the North Atlantic and in the same direction
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Fig. 6. Meridional circulation (Sv), Atlantic basin, (a) control and (b) Panama run. Positive
sign indicates clockwise meridional flow pattern viewed from reader’s perspective.

in the South Atlantic. This configuration results in a
reinforcement of western boundary current flow in
the North Atlantic, with the South Atlantic situation
quite the contrary. Our calculation, which essentially
eliminates the Atlantic deep-water cell, "restores" the
near-symmetry in surface circulation in the two
subtropical gyres (Plate 1b), thereby supporting
Stommel's 25-year old conjecture.

Additional changes occur in the southern ocean.
Dilution of the North Atlantic surface waters in-
creases slightly (0.2%.) surface salinities in most
other regions (Figure 5b). The slightly higher sur-
face salinities in Antarctic regions cause about a 25%
greater Antarctic Bottom Water (AABW) outflow in
the perturbed run (Figure 8). Enhanced AABW out-
flow then fills the central Pacific Basin with slightly
younger water. This result is manifested in the
model-simulated 14C levels for the two experiments
(Figure 9; the 14C distribution can be simulated fairly
realistically with a simple advective tracer model).

The net effect of many of the above changes can be
summarized in the graphs for total ocean heat trans-

port (Figure 10). The collapse of the thermohaline
circulation in the North Atlantic greatly reduces the
role of the ocean in transporting heat in this sector.
Peak poleward ocean heat transport in the northern
hemisphere is about one-third the present level. Peak
southern hemisphere poleward ocean heat transport
increases by about 25% in the perturbed run.

DISCUSSION

Testing for uniqueness.  The results presented
above indicate a collapse of the North Atlantic ther-
mobhaline circulation with an open central American
isthmus. Before the geologic significance of this re-
sult can be evaluated, it is first necessary to consider
whether the open isthmus is the primary cause of the
altered circulation. This inquiry is necessary because
modeling studies have shown that more than one
mode of NADW formation may apply with the pre-
sent geography and identical levels of forcing
[Manabe and Stouffer, 1988; cf. Broecker et al.,
1985; Bryan, 1986; Marotzke et al., 1988]. Similar
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Fig. 6. (continued)

results have been obtained with the Hamburg model
(E. Maier-Reimer, unpublished results, 1989).
Before proceeding to the discussion of the experi-
ments for testing uniqueness, we note that it is un-
likely that initial surface salinities in the key area of
NADW formation would have been the same with an
open isthmus. Removing the barrier should have
mixed water masses of the North Atlantic and North
Pacific, which would have resulted in an average
surface salinity decrease in the North Atlantic of
~1.0%o (based on the ratio of areal differences in the
basins of ~1:1.6 and salinity differences of ~1.5%;
North Pacific basin area was estimated only for 0-
45°N, as regions northward were not involved in di-
rect exchange through the open isthmus). Observa-
tions indicate that interdecadal changes in North
Atlantic thermohaline flow are associated with salin-
ity changes of as little as 0.02%. [Brewer et al.,
1983; Levitus, 1989]. Other calculations with the
Hamburg model suggest sensitivity of NADW pro-
duction rates to salinity variations considerably less
than 0.5%. [Maier-Reimer and Mikolajewicz, 1989].
Although it is impossible to prove uniqueness, we
conducted two additional experiments in order to in-

crease the likelihood of uniqueness. In the first ex-
periment we opened the isthmus and continued the
prescription of modern sea surface salinity for 500
years. After this integration time the total NADW
production remained almost unchanged from the
present day mode. At the open isthmus the south-
ward flow of deep Atlantic water was partly deflected
into the Pacific (not shown), compensated by a
strong eastward surface flow of low-salinity water.
After the switch to the prescription of freshwater
fluxes, the circulation moved within a few centuries
to the previously discussed mode.

In a second experiment we started with a homoge-
neous ocean and an open isthmus. Again, results
converged rapidly on the "no-NADW" mode. Asa
demonstration of how the different experiments all
converge on the same solution, Figure 11 illustrates
the time series of the heat flux integrated over the
Arctic and the Atlantic north of 30°N. We chose this
quantity because it is a convenient diagnostic for
Atlantic modality (heat flux varies as the rate of
northward moving water of low-latitude origin, with
the rate of northward motion dependent on the rate of
deep-water production).
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Fig. 7. Panama-minus-control differences in (a) sea ice thickness (meters); shaded areas with
crosses indicate regions of increased sea ice thickness in perturbed run; and (b) heat flux
(W/m?2). Positive values in Fig. 7b indicate areas where the ocean is losing less heat to the

atmosphere in the perturbed run.

Figure 11 illustrates that the model converges on
the same solution with three different initial condi-
tions. This "no-NADW" mode is significantly dif-
ferent than a "low-NADW" mode obtained when we
tested the Hamburg model for multiple stable states
with present geography (E. Maier-Reimer, unpub-
lished results, 1989). In the no-NADW mode there
is <1 Sv of cross-equatorial transport in the Atlantic,
while in the low-NADW mode there is ~6 Sv of
cross-equatorial transport. These results, together

with our discussion on the probability of signifi-
cantly different initial conditions with an open isth-
mus, suggest that the circulation pattern with an open
isthmus is different from any pattern resulting from
perturbation of the model with present boundary
conditions.

Sensitivity of results to prescribed boundary con-
ditions.  The results discussed above represent a
sensitivity experiment. How might these results
have been affected by past changes in atmospheric
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Fig. 8. Meridional circulation, global ocean, for (a) control run and (b) Panama run. Negative
sign indicates counterclockwise meridional flow pattern viewed from reader's perspective.
Note the greater outflow of AABW in the perturbed run.

forcing or by size of the central American opening?
Complete assessment of these uncertainties requires
more numerical experimentation. However, some
points can be addressed in a preliminary way.

Prior to 3.0-4.0 Ma it is generally thought that
there was less northern hemisphere ice cover than at
present. The most likely changes in atmospheric
forcing prior to 3.0 Ma might therefore have in-
volved changes due to decreased Arctic ice cover and
perhaps a reduced Greenland Ice Sheet. These
changes could affect the ocean circulation in at least
two ways. Altered ice area and salinities in the polar
North Atlantic could affect thermohaline overturn.
Altered ice cover could also affect the atmospheric
circulation, which could conceivably affect atmo-
spheric forcing in the equatorial regions. However,
sensitivity experiment with an atmospheric GCM in-
dicate that reduced Arctic ice cover resulted in only
minor changes in atmospheric forcing in regions
>1500 km away from the Arctic {Raymo et al., this

issue]. This result is consistent with a sensitivity
experiment at 18,000 years B.P. [Manabe and
Broccoli, 1985], in which there was a relatively mi-
nor "far-field" (i.e., equatorial) effect due to high-
latitude changes; the thermal perturbation in high lat-
itudes is radiated away before it can significantly in-
fluence low-latitude processes [cf. North, 1984].
The stipulated size of the central American opening
is also another uncertainty. However, we would ex-
pect that the sill depth would have to be raised con-
siderably from its prescribed level of 2711 m before
exchange would be significantly altered. We base
this conjecture on the fact that exchange in surface
waters between the North Atlantic and North Pacific
is triggered by east-west differences in surface to-
pography. Changes in topography are due primarily
to changes in water column density above the ther-
mocline. Thus we would not expect any large
differences in model results unless we had a fairly
shallow sill. However, horizontal constriction of the
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Fig. 8. (continucd)

opening (cf. Figure 1) may well affect interocean ex-
change. We hope to test this latter effect in future
experiments.

It is also necessary to recall that there are multiple
sites of NADW formation at present. The water
mass overflowing the Greenland-Scotland ridge is a
result of complex vertical and horizontal mixing pro-
cesses that occur in various basins and shelf areas to
the north [e.g., Worthington, 1976; Aagaard et al.,
1985]. If the model does not simulate all of these
processes accurately, then there is some uncertainty
in results for perturbed cases. This subject requires
further research. However, we note that the salinity
changes in surface waters for the perturbed case are
so large that they may overwhelm some of the subtle
processes discussed above.

Comparison with geologic observations. How
do the model results compare with geologic data?
The model makes several predictions: (1) the surface
salinity and thermohaline circulation in the North
Atlantic are significantly different from the present;
(2) there is relatively little effect of the altered flow

on eastern equatorial Pacific upwelling; and (3)
AABW production is enhanced.

Although we cannot evaluate all of the above
points with complete satisfaction, we note the agree-
ment with some geologic data. For example, analy-
sis of upwelling records in the eastern equatorial
Pacific indicates that closure of the central American
isthmus had relatively little effect on the upwelling
[Hays et al., 1989]. Similarly, the strength of the
western boundary current through the Yucatan
Channel and Florida Straits was apparently weaker
prior to about 3.0 Ma [Kaneps, 1979; Brunner,
1983/1984].

There is also some agreement between the model
and observations with respect to salinity differences
in the two basins. A comparison of mixed-layer
3180 records from the eastern equatorial Pacific and
Caribbean indicates that prior to 4.0 Ma the isotopic
values in the two areas were the same (Figure 12)
[Keigwin, 1982a], with Pliocene Caribbean values
the same as present (low salinity) Pacific values.
The 0.6-1.0%0 8180 depletion in Caribbean Pliocene
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Fig. 9. Model-generated 14C values for (a) control and (b) Panama run. Note lower
=younger) values in the central Pacific for Panama run.

records is also consistent with the effect of mixing
water masses in the two basins (see section on
uniqueness; Broecker [1989] has shown that an
~1.0%e salinity difference is associated with ~0.5%.
5180 difference).

The model also predicts that NADW production
was significantly reduced prior to 3.0-4.0 Ma.
Again, there is some agreement with geologic con-
clusions based on differences in 513C of bottom wa-
ters between the two basins (A813C,_p). At present
this difference is close to 1.0%. and is due to pro-

duction of isotopically heavy NADW. Prior to 3.0-
4.0 Ma this difference was less [Miller and Fair-
banks, 1985; Curry and Miller, 1989; Woodruff and
Savin, 1989]. Our no-NADW result is also consis-
tent with cadmium/calcium measurements for the
Mid-Miocene (~15 Ma), which show no significant
differences between the Atlantic and Pacific [M. De-
laney, personal communication, 1990].

The geologic record indicates that the temporal
evolution of NADW production is more complicated
than the presence-absence case we have addressed.
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Fig. 11. Model sensitivity to initial boundary conditions. Figure illustrates heat loss from
ocean to the atmosphere north of 30°N in the Atlantic and Arctic (negative values imply heat
loss of ocean) versus integration time in model years. Thin dashed line equals average of con-
trol run (years 3500-4000); thick dashed line shows the same for last 500 years of Panama run
(years 8000-8500); thin line equals the evolution after spin up with open isthmus and pre-
scribed salinity; thick line equals spinup from homogeneous ocean with open isthmus.

Records of A8!13C,.p and of sediment redistribution
in the North Atlantic indicate that NADW was being
at least intermittently formed as early as 30 Ma
[Miller and Tucholke, 1983; Miller and Fairbanks,
1985]. Furthermore, Woodruff and Savin [1989]
conclude that NADW production was more common
after 10-12 Ma, significantly before final closure of
the isthmus. This conclusion is in agreement with
records of silica accumulation in the two basins
(Figure 13). At present silica tends to accumulate in
older deep waters, such as the North Pacific. Prior
to 10-11 Ma silica accumulation in the Atlantic was
much more common [Keller and Barron, 1983].
This pattern is also consistent with carbonate accu-
mulation rate changes in the equatorial Pacific [van
Andel et al., 1975]. The latter can vary inversely
with silica [cf. Berger, 1970], and carbonate accu-
mulation decreased in the equatorial Pacific at the
same time that Pacific silica deposition was increas-
ing.

We conjecture that the "early" transition in NADW
production and sediment accumulation may reflect
near-closure of the isthmus by 7-10 Ma (cf. Figure
1); i.e., that constriction tilted the circulation into a
more active NADW mode. However, there would
still be a greater tendency for weaker thermohaline
overturn in the North Atlantic as long as the isthmus
was open. This prediction is supported by relatively
low A813C4 p differences from 3.0 to 4.0 Ma [Curry
and Miller, 1989] and by records of biogenic
accumulation in the Norwegian Sea [Henrich et al.,
1989]. The latter indicates that as late as 2.4 Ma (late
Pliocene) in the Norwegian Sea, NADW production
was relatively weak, carbonate accumulation was
low, and silica accumulation was high.

Finally, we can make some preliminary statement
about the consistency of model results with respect to
changes in AABW formation. The madel predicts
that the younger central Pacific deep waters should
be less undersaturated than present with respect to
carbonate ion concentration. All other factors being
held constant, these changes should be manifested as
better preservation of Pacific carbonate prior to about

3.0 Ma. In fact, there is some indication that Pacific
records older than 3.0-4.0 Ma are a more "Atlantic
type" (i.e., high carbonate) pattern [Dunn et al.,
1981; Dunn, 1982; cf. van Andel et al., 1975]. It
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Fig. 12. The 8180 values of mixed-layer planktonic
foraminifera Globigerinoides sacculifer for the
interval approximately 2.0-6.0 Ma in cores from the
Caribbean and eastern equatorial Pacific [after Keig-
win, 1982a]. Note the similar values prior to about
4.0 Ma, which correspond approximately to a 1.0-
1.5%e. salinity decrease in the Caribbean.
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Fig. 13. Compilation of regional patterns of silica deposition in the world ocean from 5 to 23
Ma (from Woodruff and Savin [1989], who based their work on data from Keller and Barron
[1983]). Note that prior to about 10-12 Ma, silica deposition was more common in the North
Atlantic and that after time it was more common in the North Pacific. However, silica deposi-
tion persisted in the North Atlantic as late as 2.4 Ma (see text).

would be desirable to test this agreement with more
data. Note however that deep-water production pat-
terns may not be the only factor governing temporal
changes in carbonate preservation, so there is a need
for caution in interpreting the significance of either
favorable or unfavorable agreement between models
and observations with respect to this prediction.

SUMMARY AND CONCLUSIONS

1. We have tested the sensitivity of an ocean
GCM to altered boundary conditions by opening the
central American isthmus to mimic conditions exist-
ing prior to about 3.0-4.0 Ma.

2. The open isthmus radically affects the three-
dimensional circulation in the ocean. Most of the
changes can be traced back to changes in west-cast
transport through the isthmus. At present, sea sur-
face topography is about 80 cm higher in the western
equatorial Pacific than in the western equatorial

Atlantic. With an open isthmus, adjustments to the
hydrostatic head cause a moderately large west-to-
east flow of relatively low salinity water from the
Pacific to the North Atlantic basins. Lower surface
salinity in the subpolar North Atlantic prevented
NADW formation, which in turn reduced poleward
heat transport in the North Atlantic.

3. Results have been tested for uniqueness. Al-
though it is impossible to prove uniqueness, we
demonstrate that the same "no-NADW" solution re-
sults from three different types of initial conditions.
The no-NADW mode in our simulation is signifi-
cantly different than a "low-NADW" mode produced
by the Hamburg model for present geography.

4. There is some agreement between model results
and geologic data, but there is a timing mismatch
between final closure of the isthmus (3.0-4.0 Ma)
and onset of a more vigorous thermohaline cell in the
North Atlantic (10-12 Ma). However, geologic data
still indicate a tendency for weak NADW production
as late as 3.0-4.0 Ma. We conjecture that constric-
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tion of the opening as early as 7-10 Ma may have
been responsible for this early shift, but that the ten-
dency for weak thermohaline overturn persisted until
the connection was sealed off. This conjecture
requires further numerical testing.

5. The model results suggest that an open central
American isthmus exerts a significant influence on
the long-term trends in deep-water circulation and
basin-basin fractionation of biogenous sediments [cf.
Berger, 1970].

6. Both the model and observations predict that
the preglacial circulation in the Norwegian Sea was
not just a warm version of a Pleistocene interglacial
ocean,; the circulation patterns for the two time peri-
ods may have been fundamentaily different. Fur-
thermore, since the North Atlantic circulation repre-
sents an important source of heat for the high lati-
tudes of the North Atlantic, our results suggest that
some compensating factor (CO,?) was required to
restore heat to this region during warmer intervals of
the pre-Pleistocene [cf. Zubakov and Borzenkova,
1988].
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