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I. Introduction

The polar ice and ocean sediment cores contain a record of large and sudden climate changes

around the North Atlantic Ocean. Evidence for ocean circulation changes occurring

synchronously with the terrestrial climate changes has been found in forams from sediment

cores which show colder sea surface temperatures and increased deep nutrient levels during the

cold Younger Dryas period (Boyle and Keigwin, 1987). The increased nutrients have been

interpreted as evidence that North Atlantic Deep Water formation was reduced during the

Younger Dryas. A natural conclusion is that such a reduction would have contributed to the

cold climate by diminished importation of heat to high, northern hemisphere latitudes. The 180
record from the Greenland ice cores reveals that similar climate oscillations with 500 to 2,000

~ear warm periods separating the cold periods occurred frequently during the last glaciation
(Johnson et aI., 1992). These "interstadials" began with abrupt warmings (within decades)

followed by gradual or stepwise coolings. Broecker et al. (1990) have suggested that variability

of the salinity of the Atlantic Ocean caused by melting ice sheets and water vapor export from

the Atlantic forces oscillations in the thermohalineoverturning.

Winton and Sarachik (1993, WS hereafter) use a simplified ocean general circulation model to

show that internal thermohaline oscillations can result from strong steady forcing with high

latitude freshening. They refer to these oscillations as deep decoupling oscillations because they

involve the periodic failure and reestablishment of deep overturning which accompanies the

formation and removal of a high latitude halocline. The phase of the oscillation when deep

circulation and convection are active (inactive) is termed the coupled (decoupled) phase. The

deep ocean heat balance between downward diffusion.of heat and inflow of cold water from a

deep convecting plume which prevails in steady, thermally direct, solutions is never attained in
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the oscillating solutions. Advective cooling dominates during the coupled phases, causing a

decline in basin average temperature, while diffusive heating dominates during the warming

decoupled phases. Also associated with the oscillations are large variations in poleward heat

transpon with a sharp rise at the beginning of the deep coupled phase followed by a gradual

reduction and then a sharp reduction to initiate the deep decoupled phase. The results reponed

in WS raise the possibility that the climatic variations seen in the paleo-record could be due, at

least in part, to internal thermohaline oscillations rather than variability in external forcing.

Convective variablity was identified as essential to this kind of oscillation by Marotzke's

experiments with a two dimensional model (Marotzke, 1989). He found that an impulsive

freshening at high latitudes led to a smooth transition to a steady reversed (thermally indirect)

circulation in a model without a convective adjustment but induced oscillations when the

convective adjustment was added. Many numerical model simulations have similarly shown

considerable sensitivity to surface freshenening through the formation of a halocline over a

previously convecting region (the so called halocline catastrophe). Surface cooling of the warm

poleward flowing branch of a thermally direct meridional cell creates the gravitationally unstable

condition which leads to convection. We expect that some amount of surface freshening will be

able to overcome this destabilizing effect and eliminate convection. The conceptual challenge

presented by the oscillations found under steady forcing in WS is as follows: assuming that the

stabilizing effect of surface freshening has dominated the destabilizingeffect of upward heat flux

at some point to establish a halocline at high latitude, what changes occur to favor thermal

destabilizationand eventually restart convection?

The answer to this question, for the low amplitude oscillations ofWS, was indicated by the "U"

shaped evolution of polar region salinity during the decoupled phase n midway through this

phase the halocline ceased strengthening and began weakening. This was shown to be the result

of shallow convection (which was maintained in confined areas throughout the decoupled

phase) deepening as the deep ocean warmed, spinning up a preexisting thermally direct

overturning which imported more heat and salt into the sinking region. The polar region salinity

curve for stronger forcing showed a sudden and sharp increase to terminate a decoupled phase

with no polar ocean convection. When the forcing was increased still further, high frequency

(decadal)variability appeared in polar ocean salinity and convection during the decoupled phase.

In the present study the last two types of behaviors are investigated in more detail. A numerical
model which is similar to that of WS but which uses a more conventional formulation of the

momentum equation and a standard approximation to the equation of state is used. The choices

of model formulation, parameters, and forcing made here yield a range of oscillating solutions
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with no polar ocean convection during the decoupled phase. These choices were not made to

simulate realistic conditions but rather to isolate specific behaviors. Our object is to understand

the mechanism for the break down of the haloc1ine in the absence of a thermally direct

convecting cell.

II. The Model

In order to model variability occurring over hundreds to thousands of years, it is necessary to

use long timesteps. The primitive equations contain physics for fast barotropic and internal

gravity waves which limits the timestep to hours in a coarse resolution model. These waves can

be filtered by leaving the time dependent terms out of the momentum equation. This approach

was used by Colin de Verdiere (1988, 1989) who obtained circulations and sensitivities similar

to those of the primitive equation studies with such a model. A similar model using Rayleigh

friction and a parameterized boundary condition to enforce no normal flow was used in WS.

The current model employs Laplacian friction and a no slip boundary condition as in the Colin

de Verdiere model. The model equations are:
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where fis the Coriolis parameter, v is the horizontal velocity vector, w is vertical velocity, T is

potential temperature, S is salinity, p is potential density, P is pressure, A is the horizontal

viscocity, kv is the vertical mixing coefficient, and kh is the horizontal mixing coefficient. kv

is set to a large value between grid points where density decreases with height (convective






























