Journal of Marine Research, 55, 223-275, 1997

Large-scale circulation with small diapycnal diffusion:
The two-thermocline limit
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ABSTRACT

The structure and dynamics of the large-scale circulation of a single-hemisphere, closed-basin
ocean with small diapycnal diffusion are studied by numerical and analytical methods. The
investigation is motivated in part by recent differing theoretical descriptions of the dynamics that
control the stratification of the upper ocean, and in part by recent observational evidence that
diapycnal diffusivities due to small-scale turbulence in the ocean thermocline are smalt (~0.1 cn?s™!).
Numerical solutions of a computationally efficient, three-dimensional, planetary geostrophic ocean
circulation model are obtained in a square basin on a mid-latitude B-plane. The forcing consists of a
zonal wind stress (imposed meridional Ekman flow) and a surface heat flux proportional to the
difference between surface temperature and an imposed air temperature. For small diapycnal
diffusivities (vertical: k, ~ 0.1 — 0.5 cm?s~1, horizontal: k;, ~ 10° — 5 X 106 cm 2s~!), two distinct
thermocline regimes occur. On isopycnals that outcrop in the subtropical gyre, in the region of
Ekman downwelling, a ventilated thermocline forms. In this regime, advection dominates diapycnal
diffusion, and the heat balance is closed by surface cooling and convection in the northwest part of
the subtropical gyre. An ‘advective’ vertical scale describes the depth to which the wind-driven
motion penetrates, that is, the thickness of the ventilated thermocline. At the base of the wind-driven
fluid layer, a second thermocline forms beneath a layer of vertically homogeneous fluid (‘mode
water’). This ‘internal’ thermocline is intrinsically diffusive. An ‘internal boundary layer’ vertical
scale (proportional to k,”?) describes the thickness of this internal thermocline. Two varieties of
subtropical mode waters are distinguished. The temperature difference across the ventilated thermo-
cline is determined to first order by the meridional air temperature difference across the subtropical
gyre. The temperature difference across the internal thermocline is determined to first order by the
temperature difference across the subpolar gyre. The diffusively-driven meridional overturning cell is
effectively confined below the ventilated thermocline, and driven to first order by the temperature
difference across the internal thermocline, not the basin-wide meridional air temperature difference.
Consequently, for small diapycnal diffusion, the abyssal circulation depends to first order only on the
wind-forcing and the subpolar gyre air temperatures. The numerical solutions have a qualitative
resemblance to the observed structure of the North Atlantic in and above the main thermocline (that
is, to a depth of roughly 1500 m). Below the main thermocline, the predicted stratification is much
weaker than observed.
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1. Introduction

A fundamental goal of physical oceanography is to describe and understand the
large-scale circulation and stratification of the ocean, that is, the features with horizontal
scale comparable to that of the oceans themselves. In its simplest general form, the
associated theoretical problem is to determine the steady, planetary-scale response of a
thin, rapidly-rotating layer of fluid to wind and buoyancy forcing at its upper surface, and
to relate the components of the response to large-scale oceanographic observations. An
important step toward the solution of this ‘thermocline problem’ was the derivation by
scale asymptotics of a simplified set of equations for the planetary-scale motion, the
planetary-geostrophic or ‘thermocline’ equations (Robinson and Stommel, 1959; We-
lander, 1959; Phillips, 1963). Most theoretical progress on the thermocline problem has
followed from the analysis of various forms of these equations.

Two distinct classes of theories for the subtropical thermocline have emerged from this
approach. These may be termed the ‘ventilated thermocline’ and ‘internal boundary layer’
theories. The ventilated thermocline theory is founded on the ideal fluid thermocline
equations, proposed by Welander (1959) as an advective (adiabatic) model of the interior
dynamics. This model was given renewed impetus by the demonstration by Luyten et al.
(1983) that solutions of the ideal equations can be found that satisfy independent surface
boundary conditions on density and vertical velocity and have vanishing motion at depth, a
combination that had previously proved elusive (Welander, 1971a). In this picture, the
surface density is given as an upper boundary condition in the subtropical gyre, and the
surface fluid is advected downward into the ocean interior by Ekman downwelling. The
Sverdrup transport balance and conservation of potential vorticity by the adiabatic interior
flow then determines, with some additional assumptions, the three-dimensional structure of
the upper ocean (Luyten et al., 1983; Huang, 1988; 1991). The internal boundary layer (or
‘frontal thermocline’) theory is founded on the diffusive thermocline equations proposed
by Robinson and Stommel (1959). These differ from the ideal fluid thermocline equations
by the addition of a vertical thermal diffusion that is presumed to represent the first-order
effect of small-scale motions on the large-scale flow. In this picture, the subtropical
thermocline is an internal boundary layer or front that forms at the vertical convergence of
two different homogeneous water types, warm surface fluid above and cold abyssal fluid
below. Stommel and Webster (1962) used these ideas to develop a quantitative theoretical
model for the diffusively-driven thermohaline circulation. This theory has recently been
revived and extended by Salmon (1990) and Young and Ierley (1986).

These two theories appear to give conflicting descriptions of the structure and dynamics
of the subtropical ocean thermocline. The ventilated thermocline theory, which (in its
essential form) has zero diapycnal diffusion, produces a complex three-dimensional
density field. The internal boundary layer theory, which is intrinsically diffusive, predicts
instead the development of an arbitrarily thin, frontal thermocline in the limit of small
diapycnal diffusion. The dichotomy between the two theories has been noted by Salmon
(1990) and Salmon and Hollerbach (1991), and further explored by Hood and Williams



homogenize the potential vorticity (Rhines and Young, 1982). The modified stratification
predicted by this theory depends on the imposed ‘background’ stratification beneath the
wind-driven fluid, which is presumed to be controlled by other processes. Since these
processes are not explicitly represented in the Rhines-Young theory, the small eddy-flux
limit of the Rhines-Young theory is in essence a singular perturbation not of the ventilated
or internal boundary layer thermocline theories, but of an arbitrary background state that
possesses closed geostrophic contours; the fixed background stratification allows exposi-
tion of the theory with quasi-geostrophic equations. In contrast, the adiabatic planetary
geostrophic equations of the ventilated thermocline theory may be viewed as a singular
perturbation of the fundamental equations of the internal boundary layer theory, in which
the former are obtained from the latter by setting the vertical diffusivity to zero. For this
reason, the Rhines-Young description does not lead to an analogous direct dichotomy with
either of the two aforementioned thermocline theories, although it points to a more general
conflict between theories that do and do not include certain representations of eddy fluxes.
In the present study, we purposely attempt to obtain results in which the effects of
time-dependent mesoscale motions are essentially absent, in order to focus on the
interaction of the large-scale flow and small-scale turbulent diapycnal diffusion.

If diapycnal diffusion in the ocean were sufficiently large, neither the adiabatic
ventilated theory nor the small-diffusion limit of the internal boundary layer theory would
be directly relevant to the ocean thermocline, and the resolution of the conflict between
them would be of little practical interest. However, recent microstructure and tracer
dispersion measurements (Gregg, 1987; Ledwell ez al., 1993; Toole et al., 1994) suggest
that vertical (diapycnal) diffusivities in the ocean interior are sufficiently small
(~0.1 cm? s~!) that the two theories predict substantially different vertical scales for the
thermocline (see Section 4). Moreover, these diffusivity estimates are an order of
magnitude smaller than values typically used in numerical models of the large-scale ocean
circulation. Since neither thermocline theory describes closed circulations that satisfy a
complete set of boundary conditions in an entire basin, and because of the large
diffusivities typically used in the numerical models, the relation between the theories and
the closed-basin circulation has generally remained uncertain, despite some important
specific comparisons (e.g., Cox and Bryan, 1984; Cox, 1985). Consequently, there are
good reasons to examine the large-scale closed-basin circulation that arises for small
diapycnal diffusion.

A primary goal of the present study is therefore to explore and reconcile the two differing
thermocline theories, using a simple model of large-scale circulation in a closed basin. The
model is based on the planetary geostrophic formulation proposed by Samelson and Vallis
(1997). The model equations support a frictional western boundary layer that is adiabatic to

























































































































































