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ABSTRACT

A simple theory is presented for the buoyancy anomaly and depth of
penetration of awarm lens created by a surface buoyancy flux and Ekman
pumping in an initially homogeneous, rotating fluid. It is assumed that the
overturning of isopycnals induced by pumping and differential heating
balances the counteroverturning tendency of baroclinic instability. Baroclinic
eddies not only develop on the stratified lens, but also play a fundamental
role in setting its stratification.
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The theory is successfully tested against numerical and laboratory
experiments in which the mechanically induced deepening of a buoyant lens
is arrested by its baroclinic instability. Finally the possibility is discussed that
the eddy transfer process studied here might play arole in setting the
stratification and depth of the main thermocline in the ocean.
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In the earth's troposphere, radiative—convective imbalances lead to warming
at low levelsin the Tropics and cooling at upper levelsin polar latitudes. Unless
advective processes are invoked to carry energy upward and poleward, the
pole—equator temperature gradient and the static stability of the troposphere
would be several times that which is observed. But it is well known that the
zona wind in therma wind balance with the meridional temperature gradient is
baroclinically unstable. The ensuing large-scale eddies transfer energy poleward

and upward, offsetting radiative imbalances and reducing the pole—equator temperature gradient toward observed values.
Simple theories that invoke baroclinic eddy transfer—see for example Stone (1972)—offer plausible explanations for the

zero-order physics and dynamics at play.

Consider, now, a subtropical ocean differentially warmed at the surface under the influence of anticyclonic wind stress
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curl forcing. Ekman layers pump the warm fluid down into the interior, inducing increasingly large lateral temperature
gradients while deepening the vertical stratification. Drawing an analogy with the earth's troposphere, one might suppose that
baroclinic eddies develop to carry the warm fluid away laterally, to sites where excess warmth can be lost to the
atmosphere, as represented schematically in Fig. 1 ©=. In so doing, the tendency to increase the tilt of the isotherms—here a
conseguence of mechanica pumping and differential heating—is balanced by the counteroverturning tendency consequent
on baroclinic instability. If one hypothesized a balance between these tendencies, then one could determine the temperature
and depth of the warm lens at which its creation and deepening by air—sea interaction was arrested by baroclinic instability.
Exploring the ramifications of this ideain a controlled setting is the goal of the present study. The notion is aluded to in Gill
et a. (1974), where it is hypothesized that the rate of increase in potential energy of the main thermocline due to the wind
acting on its preexisting stratification, is balanced by its rate of reduction in baroclinic instability.

The foregoing is our geophysical motivation, but here we explore the fundamental idea by studying a laboratory and
numerical analogue. The experiment is abstracted so far away from the oceanographic context that its relevance is readily
guestioned. However, the laboratory experiment is of interest in its own right because it conjoins in a simple way the
mechanical and buoyancy forcing of arotating fluid. In section 2, we set up a highly idealized thought experiment and realize
it in both laboratory and complementary numerical experiments. Fluid warmed beneath a rotating disc is pumped down by
the mechanical action of that disc into the ambient, initially isothermal, rotating fluid beneath. A warm lens develops that
deepens by pumping until it becomes baroclinically unstable. The baroclinic eddies arrest the degpening of the lens, sweeping
the warm water away laterally, thereby controlling its temperature and depth. In section 3 we develop a theoretical model
that yields predictions for the buoyancy anomaly and depth of the lens. We then test those predictions using our numerical
and laboratory experiments. We conclude in section 4 and discuss the possible geophysical ramifications of our study for the
ocean in the context of previous studies concerning ocean stratification. Tantalizingly, for oceanographic parameters, our
formulas yield plausible numbers for the great subtropical gyres of the ocean. However, because of its simplicity—
geometry, the absence of af effect, no western boundary currents, etc.—the oceanographic relevance of the warm,
pumped lens studied here is unclear. In a companion paper, therefore, we set up a physical analogue that can be much more
readily associated with the ocean and apply the ideas presented here more directly to the Antarctic Circumpolar Current—see
Karsten et a. (2001).

2. Equilibration of a warm-water lens
a. Laboratory realizations
1) SET UP OF LABORATORY EXPERIMENT

We designed a laboratory experiment in which arotating tank of water of initialy uniform temperature is warmed at its
surface under arotating disc. The apparatus is shown schematically in Fig. 2 ©=. The cylindrical tank, of diameter 1.15 m
and depth H = 15 cm, intended to provide an ample reservoir of unstratified water within which a heated lens could develop

freely, was rotated in an counterclockwise sense at aratef, ., typicaly once every 15 seconds. Pumping and warming

were controlled by positioning a heated, rotating “Plexiglass’ disc on the surface of the fluid, which had a radius ~ 55 cm,
slightly less than that of the tank. The rate at which the disc rotated, f ;. was controlled via a coaxial shaft by a motor

mounted above the turntable. Glued to the underside of the disc, and insulated from it, was a circular heating pad of
considerably smaller radius, — 15 cm, inset so that the Plexiglass disk and heating pad presented a flat surface to the
underlying fluid.

The thermal forcing provided by the heating pad was controlled by setting and monitoring current and voltage to ensure
an uninterrupted and constant heating rate for the duration of the experiment. The heating pad could provide power between
0 and 3000 W, and so warm a 5-cm layer of fluid by afew degreesin 10 minutes or so.

Mechanical forcing was provided by the rotation of the large Plexiglass disc itself. According to Ekman theory, adiscin
solid-body rotation, applying a torque to an underlying homogeneous rotating fluid, induces a spatialy constant vertical
velocity beneath it (Hide and Titman 1967) of strength

_Af v vz
2 z,fmnk + ‘é"f ,

(1)

“:f'.'

where ftank = ZQtank with the tank rotation rate in rad s_l, Af = fdi <
tank, f ;4 isthe disc rotation rate, and v is the molecular viscosity of water (see, e.g., Pediosky 1987). To induce pumping

(Wg <0), f 4o <fige that isthe disc must be rotated in the same sense as the underlying tank (counterclockwise) but at a

ftank is the rotation rate of the disc relative to the



slower rate. For the differential rotation rates typical of our experiments (see Table 1 ©=), and noting that v = 109 m2sd,
typica Ekman vertical velocities of ~—1/10 mm s 1 areinduced. Thus water beneath the disc could be pumped to a depth
of some 6 cm in 10 minutes, or typically 40 rotation periods. This combination of alarge disc providing mechanical torque
and a smaller embedded heating disc achieved our objective of applying controlled levels of Ekman pumping and differential
heating to the underlying fluid. Use of the larger “mechanical” disc, cut to roughly fit the circular tank itself, was found to
effectively suppress edge effects, which might otherwise have compromised the baroclinic instability of the developing
thermal lens.

Under the action of the warmed disc we observe, after 10 minutes or so, a lens of fluid forming which is a few degrees
warmer than its surroundings, reaching down to a depth of a few centimeters. The deformation radius of such alensis, as
we shall see, only afew centimeters, considerably smaller than the lens radius. Thus the lens is susceptible to baroclinic
instability and, once unstable, continually breaks up in to eddies. A typical experiment lasted for around one hour, with the
evolving lens and its instabilities exhibiting timescales from minutes to tens of minutes. The vertical temperature profile at the
center of the tank was recorded every 5 seconds by a vertical thermocouple array, fast enough to resolve al motions
without aliasing. The flow was visualized by injecting a neutrally buoyant red dye in to the fluid on the periphery of the
heating pad and recording its evolution on video and photograph.

In all, ten laboratory experiments were carried out for rotation periods (4”/ftank) ranging between 5 and 25 seconds,

heating of between 100 and 3000 W m 2, and pumping between 10 and 70 centimeters per hour. Specific parameter
combinations are set out in Table 1 @=. The surface buoyancy flux, B o Is calculated directly from the power provided to

the heating pad according to the relation B | = gaq/pCp where g is the acceleration due to gravity, a the thermal expansion
coefficient of water, g the heat flux in W m 2, p is density and c the specific heat capacity. Given the molecular viscosity

of water v = 10 ®m? 571, the pumping rate is calculated on the basis of f (the tank rotation rate) and Af (the differential

tank
rotation rate of the surface disc) according to (1).

We now go on to describe the evolution of our reference laboratory lens (associated parameters are highlighted in bold in
Table 1 O).

2) OBSERVED EVOLUTION OF THE LENS

The earliest growth of the lens appears to be laminar and symmetrically disposed about the axis of rotation. However, as it
deepens, it becomes hydrodynamically unstable and spawns baroclinic eddies. The lens becomes increasingly distorted and
the rate of deepening visibly slows until it is finally arrested by its own instability. Initialy the instability is of high mode
number, but as the eddies grow to finite amplitude they appear to coalesce producing waves of much larger amplitude and
wavelength than the initial instability.

Figure 3 @= shows a snapshot of the tank once equilibrium has been achieved. Baroclinic eddies can be clearly seen
sweeping fluid outward from the heating disc. This evolution was typical of al our experiments. Deepening of the lens was
in al cases arrested by baroclinic instability, with varying degrees of finite amplitude eddy coal escence.

In the absence of a balancing heat sink, the average temperature of the tank will continually rise with time at a very slow
rate determined by the heating. We define the temperature anomaly as the variation from this average value. Heregfter, the
temperature will be in reference to this temperature anomaly. Figure 4 @= shows the evolution of the temperature anomaly
beneath the disc in the reference experiment, measured by the vertical thermocouple array at the center of the disc. For the
first 10 minutes—40 rotations or so—the temperature beneath the disc increases steadily. But once baroclinic eddies begin to
exchange fluid, the temperature increase slows, finally fluctuating around a steady value. Thus a stratification has been
created beneath the lens, the magnitude of which is set by the collusion of mechanical/buoyancy forcing and baroclinic
instability.

3) MEASUREMENT OF DEPTH AND TEMPERATURE OF EQUILIBRATED LENS

Two quantities characterize the lens—its temperature and depth. Figure 5 ©= shows the mean temperature profile
obtained by averaging the temperature over a one hour period of the steady state established once lens equilibration had been
reached. We see, and consideration of self-similarity in the heat flux balances suggest, that the vertical profile is of
exponential form. By fitting an exponential curve to the temperature profile, we obtain an e-folding depth and maximum
surface temperature of the lens.

In order to develop a complete theory for the dynamics of an equilibrated lens requires a sense of the time mean structure
off-axis, which was not directly measured in the laboratory. To analyze the three-dimensiona temperature distribution and



accompanying circulation in detail we therefore turn to the study of analogous numerical lenses, similarly arrested through
baroclinic instability but within the rather more convenient diagnostic context of a numerical model.

b. Numerical realizations
1) NUMERICAL SET UP

The numerical model employed (described in Marshall et a. 1997a.b) solves the Boussinesq form of the incompressible
Navier—Stokes equations in a rotating frame. The domain of integration, modeled after the geometry of the laboratory tank,
takes the form of a cylindrical subdomain of radius 0.58 m and depth 0.15 m inscribed within a Cartesian cube. To
accomplish the number of experiments desired, the horizontal and vertical resolution was maximized to 0.01 and 0.005 m
respectively yielding 116 x 116 x 30 elements. The timestep was 0.05 s.

Even for flows confined to a 1-m diameter tank and having scales on the order of only afew centimeters, diffusion of
momentum and temperature is necessary to represent unresolved scales and to ensure numerical stability on the numerical
grid besides representing molecular viscosity and diffusion. At this resolution, isotropic Laplacian mixing was used with

momentum and temperature diffusion of, respectively, v = 5 x 10 °m?sTandk =1 x 10 " m? s L. Thus the numerical
experiments have a Prandtl number of 50, compared with the laboratory value of 7. Our thermal diffusivity has the same
value as that of water but our eddy viscosity v has avalue 5 times greater. However, it is important to realize that advection
dominates over diffusion in both the laboratory and our numerical experiments, both vertically and horizontally (see, e.g.,
Fig. 10 ©=). Thus advection, and not diffusion, is the means by which the warm fluid is pumped down and carried away
laterally.

The model was initialized from rest with water of uniform temperature. The simplest equation of state [p = p (1 — aT')]

was employed such that buoyancy relates to temperature according to the relation b = gaT where « is the coefficient of
thermal expansion of water. Momentum forcing was achieved by relaxing surface velocities to those over a disc having a
differential rotation Af. Once spun up, the magnitude and spatial homogeneity of the ambient pumping field could be
diagnosed from continuity. With establishment of a steady, mechanically driven circulation, a buoyancy source was
introduced in the surface layer of the model of magnitude B within aradiusr, of the center.

2) EVOLUTION OF THE NUMERICAL LENS

With the onset of buoyancy forcing, development and evolution of the resulting warm water lens could be observed and
analyzed. The parameters of the 24 numerical experiments analyzed here are given in Table 2 C=,

Figure 6 ©= charts the time history of our reference numerical experiment with the parameters highlighted in Table A2.
Although it shares the samef, Af, r,, and g (B) as the laboratory reference, the Ekman layers are crudely resolved in the
numerical model: w, ¥ w,_ a the modest grid resolution being employed, w, . being some 30% higher than that
assumed to be operative in the laboratory experiment according to Eg. (1). Thus the two lenses are not expected to be
directly comparable. The characteristics of the structure and evolution of the numerical lens, however, are very similar to

that of the laboratory experiments described previously. Indeed numerical and laboratory results will be combined to test out
our theory.

As in the laboratory, there is an initial period of linear growth (Fig. 6a@=), during which time an increasingly deep,
stratified lens of warm water grows down from the surface. Onset of instability is marked by the sudden appearance of a
high mode number periodic disturbance on the lens edge (Fig. 6b ©=). These small amplitude perturbations grow and, often,
coaesce producing waves of large amplitude and wavelength (Fig. 6¢ ©=). An instantaneous picture of the mature,
equilibrated, unstable lens system is characterized by an apparently highly disorganized system of irregular eddies (Fig. 6d
C=).

Figure 7 ©= shows the evolution of the central temperature anomaly as a function of time from the numerical reference
and may be compared with Fig. 4 ©=. While the overall buoyancy anomaly and depth of the equilibrated lens are not identical
in the laboratory and numerical reference, the successive phases of the developing lens are in common. The initial linear
phase is succeeded, with the onset of instahility, by a slackening in the rate at which the central temperature anomaly
accumulates. Thisis aresult of the growing efficiency of the eddies at fluxing buoyancy away from beneath the warming
disc. The onset of equilibrium is marked by a flattening of the curve as the lens adopts a constant temperature structure.

Figure 8a ©= shows the time-mean equilibrated temperature structure diagnosed from the reference numerical experiment
and closely resembles the idealized lens schematized in Fig. 1 ©&=; while instantaneous pictures show little apparent order, a
lens of warm, stratified water is clearly revealed in the time mean. The mean flow (as illustrated by the streamlines) carries



high buoyancy water (relative to the mean buoyancy of the entire tank) inward at the surface and then downward to depth.
Analysis of the vertical structure, both at the center but now also off-axis (Fig. 8b =), demonstrates the same exponential
temperature structure seen in the laboratory soundings.

A key strength of the numerical realizations over their |laboratory counterparts is the opportunity they provide to diagnose
just what terms are important in the flux balance on which the observed quasi-steady lens is contingent.

Figure 9 ©= defines two control volumes over which we diagnose buoyancy budgets at equilibrium. Figure 10a @=
compares the buoyancy fluxes into and out of the first control volume, a cylinder of radiusr, and depth of the tank. It

shows that the input of buoyancy due to heating and convergence of lateral Ekman heat flux at the surface is balanced by
lateral eddy buoyancy fluxes over the column. Figure 10b ©= compares the buoyancy fluxes into and out of a second, lower
control volume—from depth h, the e-folding depth of the lens, to the bottom of the tank. We see that both vertical and

horizontal eddy fluxes balance the input of buoyancy due to Ekman pumping and vertical diffusion. Once again we have a
closed balance. Note the negligible contribution diffusion makes to the balance and that eddies, unlike diffusion, transport
buoyancy upward.

3. Theoretical interpretation

The two key characteristics of our lens are the magnitude of its buoyancy anomaly and the depth scale over which it

decays. To determine their dependence on externa parameters we will exploit the two buoyancy budgets shown in Fig. 10
=

a. Lens parameters

Recalling Figs. 5 and 8b ‘@=, let us suppose that the buoyancy anomaly decays from its surface value Abo, asz—= —w,
with an e-folding scale h,, thus

Ab = Ab ()e?Me. (2)
The buoyancy anomaly at the surface, averaged over the heating disc, is then

1
Ab, =5 | Ab,dA, 3)

lens

where A = 7rr2h is the area of the heating disc. Hereafter the subscript “lens’ indicates the surface average. Our god is to
determine the “lens” parameters h, and Ab, . in terms of the “external” parametersf, r,, w, and B .

b. Buoyancy budgets

To determine our desired expressions for the two parameters h, and Ab, ., we make use of integral buoyancy balances

lens’
over the two control volumes sketched in Fig. 9 ©=: the first, from z = —o0 —* 0 and the second from z = —o0 —= —he.

These balances will involve eddy buoyancy fluxes across the boundaries of the control volumes; see Figs. 9 and 10 ©@=—
which, for us to proceed, must be expressed in terms of mean properties of the lens.

We write the lateral buoyancy flux, thus

B = — KD
"H
assuming that the horizontal stratification of the lens, Ab, ., is uniformly distributed across the heating disc of radiusr,.

Here K is an eddy transfer coefficient given by

— rpr -
K =v1l'" = cur,



where u is the mean azimuthal current and ¢, is a constant to be determined experimentally. In the above we have
assumed that the eddy transfer scale is set by r,, the scale of the baroclinic zone (Green 1970), and that the eddy velocity

scale ' — u (appropriate if the eddies garner energy over a deformation scale; see, e.g., the discussion in section 5 of Held
1999). Then the above may be combined thus:

v'b" = c.ulb,,. (4)

which is of the form used in Jones and Marshall (1997) in their study of restratification after deep ocean convection.

The thermal wind equation is

au B l rfiib 1 _‘xblm - 5)
9z f o f r,

where (2) has been used. Integrating (5), assuming that u decays to zero with depth, yields

Ab,,.
u = %%E:m,._ {6)
I

Hence (4) becomes

‘5' lens
U'b =c, h_i eslhe (?)
f r!r

In the steady state, as we saw in Fig. 10a ©=, the input of buoyancy at the surface is balanced by lateral eddy buoyancy
flux. The surface buoyancy input consists of two parts, the (imposed) surface buoyancy flux, B and the local convergence

of buoyancy due the surface Ekman transport, V. Accordingly, we define an “effective” surface buoyancy flux, B*, the net
buoyancy delivered to a given point in the surface layer

B* =B, — V-(1gaby). (8)

Averaging over the heating disc gives a surface influx of buoyancy

*

B lens = BO + WEAbO(rh), (9)

where Ab (r,)) is the buoyancy anomaly at the edge of the heating disc. Note that here w_ is the magnitude of the Ekman

pumping; the second term in (9) adds to B, s0 that B"
flux through the side of the lens gives

> B, (see Fig. 10a @=). Balancing B" | with the integrated eddy

lens lens

) _
B, = — v'b' dz.

lens

Ji =

On substituting for the eddy heat flux using (7), we find that

1/2 )

1 I
h,=(—| (fBE)"—1. 10
I 2{?# {f anl.) &b]c“q ( }

The total buoyancy anomaly of the lensis given by



1/2

|
= || (fBi)"r,. (11)
2c

- @

We now consider the buoyancy balance in the lower portion of the lens, between —oo and —h,, as diagnosed from the
model in Fig. 10b &= We obtain

_f.
= lens 2 ' —_—

-1 = w'h + — v'b' dz, (12)

[I.‘.Il!-ic .
/ ]

w.Ab

oD

where the vertical advective flux now balances both vertical and lateral eddy fluxes (we have ignored diffusive fluxes
which are an order of magnitude smaller than advective ones (see Fig. 10b ©=).

Now, if the ratio of vertical eddy buoyancy flux to horizontal eddy flux is roughly the mean isopycnal slope, we can write

—h,

v'bh’" dz, (13)

; lens

—_— X
Wb = —
?1’.“

where

a = r_'r’& (14)

'r!r

is proportional to the isopycnal slope as measured by h/r, witha’ = 1. From Fig. 10D C=, we see that for our reference

numerical experiment the vertical eddy flux—the first term on the right-hand side of (12)—is roughly 2/3 of the horizontal
eddy flux, the second term on the right hand side of (12). From (13) and (14), we thus deduce that «’ is indeed close to
unity for this experiment.

The integral balance (12) then yields, using (7):

. | W 2 (15)
T @2+ a)hp

lens
c. Prediction for depth and buoyancy anomaly of lens

Dividing (15) by (10) we obtain

f /2
h, =c, |= Wel'y, (16)
‘ Bl:glw o
where
/2
2 1
Ch =\ =) o0 (L7)
c,] (2+ «a)
Combining (16) and (10) we find that
e
. ens
‘&hlcnx - (ﬂ.b , ] (18}
Wg

where



2+ a

Cap = T (19)

Equations (16) and (18) are our predictions for the depth and buoyancy anomaly of the lens.

d. Testing theory against experiment

Combining the results from the laboratory and numerical experiments tabulated in Tables A1 and A2, lens parameters—
temperatures and depths—were analyzed and, as we now describe, rationalized in terms of the theory just presented.

In order to test our theoretical predictions against our numerical and laboratory experiments we first examined the time
and axially averaged buoyancy values of the lens obtained in the numerical experiments set out in Table A2. The total
buoyancy anomaly was found by integrating over the radius of the heating disc and over depth and dividing by the area of
the heating disc.

In Fig. 11 ©@=, we plot the calculated total buoyancy versus the formulain (11). Taking the best fit line through the points
gives that
hAb

=2.03(8" 5, )%, (20)

lens Iens)

in support of (11). Equation (10) then implies that ¢, = 0.12. This value is of the same order, but somewhat larger than

the 0.04 obtained by Jones and Marshall (1997) in their study of lateral heat exchange in the baroclinic instability of mixed
layers formed in deep convection.

Equation (20) is interesting because it tells us that the deformation radius Lp is given by

— ﬁ l'5"lb]l'.‘rl~-= =203 — B* ”2‘,.
o i

L2 = :
’ f? oY

Thus

12
Lp = (Lyot'p)

whereL . = (B*/f3)1/ 2isthe length scale that controls rotating convection; see Jones and Marshall (1993) and Marshall

and Schott (1999). In our experiments, L__. = 10 3m compared tor, = 10 I'm. ThusL__/r, < 1 and our equilibrated

rot rot h

lensis far from the baroclinically neutral state of L /r,, = 1.

In Fig. 12 ©= we plot Ab, . versus the prediction (18). Taking the best fit line to the points, gives
B
I:IH
ﬁhlmh = l 38 (21}

which, from Eqg. (19), implies that o’ = 0.76. Note that in Fig. 12 @= both numerical and laboratory points are plotted. To
compute values of B*I ens for the laboratory, Eg. (9), the total buoyancy supplied to the surface layer by both surface heating

and Ekman processes is required. In the absence of direct axial measurements in the laboratory experiments, we assume the
radial structure of the laboratory lenses has the same form as that of their numerical counterparts.

Figure 13 ©= shows that for the numerical lenses the buoyancy at the edge of the heating disc, Ab(r,), issimply a
constant fraction of the average lens anomaly Ab,,... The points cluster along a straight line yielding

Ab (1) = 0.72Ab, ., (22)

lens’



the relation used to plot the laboratory pointsin Fig. 12 ©=.

To quantify the depth of the lens, we radially average the buoyancy anomaly and fit an exponential curve to the resulting
vertical profile. In Fig. 14 ©@= we plot the e-folding depth of the lens versus the formula (16). The line plotted through the
points, gives

1/2

h, = 0.93[=—| wgr,. (23)
lens
Using (22) and (21) we find that (9) can be written
B |ans = 9:8Bene (24)

This indicates that, when the lens has reached a steady state, the buoyancy supplied to the surface is largely determined
by the Ekman convergence of buoyancy rather than the surface heating. Thus, at steady state, the leading order horizontal
balance is between the Ekman convergence of buoyancy and the outward eddy transport of buoyancy. This does not imply,
of course, that the heating does not play an essentia role in the creation of the lens!

4. Conclusions

We have set up laboratory and numerical experiments in which we pump warm water down from the surface of an
initially homogeneous rotating fluid. The heating creates a temperature gradient while pumping advects the isotherms
downward, creating a deepening warm water lens surrounded by colder ambient fluid. Currents develop in thermal wind
balance with the lateral temperature gradients. They become baraclinically unstable and the resulting swirls and meanders
carry warmed stratified fluid away to the periphery and bring cooler ambient fluid inward under the heating. The effect of
this exchange is to arrest the deepening and warming of the lens. The equilibrium state is one in which the lateral transfer of
heat by geostrophic eddies exactly balances the temperature gain at the surface—potentia energy created by the collusion of
mechanical and buoyancy forcing is exactly balanced by its destruction through baroclinic instability, just as hypothesized by
Gill et al. (1974). The experiments were specifically tailored to focus on this process in isolation, to unambiguously evaluate
the potential for eddies to balance surface forcing and establish a stratification.

There are several important conclusions that follow from our experiments and theory. First, the spacing between the
isentropes, seen for example in Figs. 4 or 6 ©=, is controlled by baroclinic instability rather than small-scale mixing.
Baroclinic eddies sweep fluid laterally away from under the heating source to the periphery where, by other physical
processes, the warm fluid cools. Second, the eddy flux, to leading order, balances the wind driven overturning circulation
(the Ekman transport and pumping) as can be clearly seen in Fig. 10 ©=. In so doing, advection of buoyancy induced by
eddies largely cancels that due to the wind-driven flow. The net advection—the residua circulation—carries heat away from
the lens to balance the heating. These baances can be elegantly expressed in terms of “residual mean theory,” as discussed
in the companion paper—see Karsten et al. (2001).

The simple ideas explored here broadly account for the laboratory and numerical experiments described. The buoyancy
anomaly and depth of penetration of the warm, pumped lenses were successfully rationalized in terms of theory, at the heart
of which is the eddy closure Eq. (4). But could the ideas presented here have any relevance for the large-scale ocean
circulation? Let us provisionally suppose that the formulas [Egs. (21) and (23)] are relevant to the ocean. What do they
predict about the depth and stratification of the main thermocline?

First, we must consider the buoyancy forcing B*. Much of the buoyancy supplied to subtropical ocean gyres emanates
from the tropics rather than by warming/freshening through in situ air—sea interaction. In the North Atlantic, for example,
heat is advected northwards in the Ekman layers associated with the trade winds. This can be readily seen in the diagnostic
study of Marshall et al. (1993); see Fig. 13 ©= where an Hp (the heat supplied through Ekman processes, equivalent in

ump
this study to the second term on the right-hand side of Eq. (8), reaches 20 W m ™2, with a mean over the gyre of perhaps 10

Wm 2 Locally, the buoyancy flux through the sea surface is much smaller and, if anything, negative over the subtropics.
Thus, in nature, as observed in our experiments here, there is a distinction between B and B*. The wind acts not only to
pump fluid down from the surface, but also, through horizontal advection from the south, to bring in significant warmth to
maintain the buoyancy of the subtropical gyre.

Typical values of wg andr, are readily estimated from the scale and amplitude of the prevailing wind patterns. Setting wg
=50m yrfl, M =2% 10% m, f =10 4 s 1, and assumi ng 10 W m 2 mean heat flux supplied to the Ekman layer, yielding a



B* ~ 5x 10 °m?s 3, wefind, us ng Egs. (23) and (21), that h, ~ 450 m and AT ~ 8 K. These are interesting numbers.

That they are a significant fraction of the corresponding scales typically observed in a subtropical ocean gyre suggests that
our basic thesis—that eddies could be a fundamental player in setting ocean stratification—may have some merit.

However, the simplicity of the problem constructed here—excluding Sverdrup dynamics, g effect, or western boundary
currents—makes it too simple for the results to be applied so directly to the ocean. In ocean gyres integral balances are likely
to be digoint, with intense jets, such as the separated Gulf Stream, making large local contributions. Further studies, to be
reported later, will incorporate Sverdrup dynamics and western boundary currents in the context of gyre-scale circulations.
This should enable us to evaluate the mechanism we are focusing on here in a more complex and realistic setting.

Before concluding, it should be mentioned that eddies are not often ascribed a central role in ocean circulation theory,
except perhaps to “mop up” some untidiness in the western margin of the basin. There is a body of thermocline theory
beginning with Robinson and Stommel (1958) that invokes diapycna mixing to set the vertical stratification. Recently
Salmon (1990) associates the thermocline with an internal front maintained diffusively. Niiler (1966) invoked eddy processes
to constrain near-inertia theories of the barotropic ocean circulation. Modern thermocline theory, starting from seminal
papers of Rhines and Y oung (1982), invoked geostrophic eddies to “homogenize”’ quasi-geostrophic potentia vorticity, so
setting the perturbation about a prescribed reference stratification. But since then—partly because of the success of laminar
“ventilated thermocline theory” of Luyten et al. (1983)—there has been aretreat from ascribing eddies a central rolein
setting the structure of the thermocline. Reviews of the appropriate literature can be found in Rhines (1986) and Pedlosky
(1996). An attempt to combine ventilated and diffusive thermocline theory together is provided by Samelson and Vallis
(1997) and Vallis (2000).

Our thesis here is that the heat pumped down from the Ekman layers is not diffused away vertically; rather the balancing
mechanism is lateral transfer of heat by eddies. Observations show us that the ocean is teeming with eddies. Indeed, over
much of the ocean's interior the energy contained in the eddy field far exceeds that contained in the mean (seg, e.g., the
observations presented in Stammer 1998). Process studies such as Spall (2000) suggest significant eddy energy anywhere
there is meridional flow. As resolution increases, more realistic models have also begun to capture this energetic eddy field:
see, for example, the early study of Cox (1985). In numerical models of ocean circulation eddies do transport a significant
amount of heat, but it is difficult to assess their contribution in isolation because a“compensation” is observed: eddy fluxes
of heat being balanced by the eddy-induced change in mean flow heat advection (Béning and Budich 1992). Moreover, due
to their computational expense, such calculations can be carried out only for several decades and remain far from the
equilibrium state that is the focus of attention here.

Perhaps, as they stand, our ideas are most relevant to the Antarctic Circumpolar Current (ACC) where Sverdrup
dynamicsis less of a constraint and zonal-average theory is most relevant. In the Southern Ocean there is a surface
temperature gradient induced by cooling around Antarctica and warming in the subtropics. In addition, the predominantly
zonal winds drive a meridional circulation—the Deacon Cell—that acts to overturn the isopycnals. Pumping of warm fluid
down in the subtropics is analogous to the problem discussed here, while the cooling and upwelling south of the current
enhance the established front. Baroclinic instability of the associated thermal wind extracts potential energy and tends to
flatten the isopycnals. Gnanadesikan (1999) and Vallis (2000) have noted the possible importance of the Southern Ocean in
setting thermocline structure. Their models emphasize mixing across the ACC, aregion of high eddy activity. Based on the
analysis presented here we expect baroclinic eddies, in collusion with forcing from winds and air—sea fluxes, to set the
stratification and transport of the ACC. The dynamics of the ACC is explored from this perspective in a companion paper—
Karsten et al. (2001).
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Tables

TABLE 1. Parameter values for the laboratory experiments. The values for the reference experiment discussed in detail are
highlighted in bold

B, —w; h,
10 %107 X0 Ap X 102
Jish romy  m*s ) (ms Y (m) (ms )
(.54 015 0.38 0.04 071 1.83
0.54 0.15 1.41 0.20 0.63 4,65
0.75 0.15 0.25 0.06 0.77 1.55
0.75 15 1.01 040 1.71 1.30
1L.O0 015 0.09 005 1.44 0.62
150 015 0.33 005 1.04 236
1.75 0.15 0.06 003 1.55 041
275 0.15 0.47 0.21 2.83 109
275 0.15 0.48 021 3.6% 1.04
2.75 015 0.48 0.21 2.96 1.25

Click on thumbnail for full-sized image.

TABLE 2. Parameter values for the numerical experiments. The values for the reference experiment discussed in detail are
highlighted in bold

B, =W h, Ab
X 10 X107 b [ X102
Sish r,m)  (m*s Y (ms Y (m) (ms )

0.75 0.10 0.25 008 1.22 2.1
(.50 15 0.07 10 1.53 0.98
0.50 015 0.12 0.21 1.32 1.32
075 .15 0.06 008 1.69 0.87
075 0.15 012 008 1.53 1.61
0.75 0.15 0.25 0.08 142 283
0.75 0.15 0.25 0.08 1.39 242
0.75 0.15 0.25 011 1.51 2.55
0.75 0.15 0.12 0.12 1.80 1.27
0.75 015 0.25 0.15 1.42 2.0
075 015 0.25 0.1l 1.34 2.50
075 015 012 .18 1.35 112
075 0.15 0.12 0.26 1.84 1.34
100 0.15 058 0.07 1.16 5.56
10O 015 0.02 0.09 317 0.30
100 0.15 0.12 0.17 1.72 1.46
1.75 0.15 0.06 0.06 2.55 0.59
1.75 015 0.25 006 1.52 3.06
0.75 0.20 0.25 008 1.71 144
075 0.25 012 [LXIA 2.20 2.20
075 0.25 0.25 0.0% 1.68 342
0.75 0.15 0.25 008 1.47 3.44
0.75 015 0.25 0.04 116 2.64
0.75 0.15 017 0.06 1.32 225

Click on thumbnail for full-sized image.
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FIG. 1. Schematic representation of alens of warm water created at the surface by heating and pumped down by the mechanical
action of the wind. The deepening of the lensis arrested by its baroclinic instability
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FIG. 2. Side-view schematic of the experimental apparatus. The working fluid is contained in acylindrical region of diameter 115
cm and depth 15 cm. At the upper surface, the fluid is forced mechanically to aradius of 55 cm and heated over acircular region
of radius 15 cm
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FIG. 3. A photograph from the reference |aboratory experiment. Dye streaks injected at the edge of the heating pad demonstrate
the presence of baroclinic eddies
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FIG. 4. Temperature against time traces recorded by the eight axial thermocouples from the reference laboratory experiment
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FIG. 5. Time-mean profile for the reference laboratory lens. The circles mark the actual mean temperatures measured at each
thermocoupl e with the curve indicating the best fit exponential
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FIG. 6. Evolution of the reference numerical lens. On the left isthe devel oping surface temperature field (at adepth of 0.75 cm)
after 10, 18, 30, and 45 minutes of heating. On the right are corresponding middomain, vertical temperature sections. The ambient
temperature is 20°C. The contour interval is1°C
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FIG. 7. Temperature against time traces for the 10 nearest surface levels diagnosed from the reference numerical experiment
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FIG. 8. (a) Theradially averaged time-mean temperature profile of the equilibrated reference numerical lens (full) with
accompanying mean flow streamlines (dashed). (b) All 15 vertical profiles (normalized by their surface value) for the temperature
beneath the heating at steady state

Click on}humbnail for full-sized image.

FiG. 9. To analyze eddy and diffusive fluxes we define a control volume of radiusr, and the full depth of the tank H. This
cylinder isthen divided into two regions: a surface subvolume of depth he, the e-folding scal e of the buoyancy anomaly, and the
remainder beneath
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FIG. 10. (a) A histogram of the (normalized) buoyancy flux balance into and out of the volume extending over the entire depth
of thetank, z= -0 —* 0. Clearly demonstrated is the close balance between B o the effective surface flux (a combination of the
imposed surface flux B, and Ekman convergence) and the total flux out of the volume due to the eddies. (b) A histogram of the
(normalized) buoyancy flux balance into and out of the volume below a depth he, Z=—o0—* —he. To theleft are the horizontal and

vertical components of the outflux (due to the eddies) and their sum; to the right the contributions of Ekman pumping and
diffusion to the influx through the top surface and their sum. Evident isthe significant vertical eddy transport component as well
asthe negligiblerole of diffusion in the balance
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FIG. 11. Plot of thetotal buoyancy h Ab, . vs (1B )"
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FIG. 12. Plot of AbI ens V'S B’ | ens/WE for the laboratory (circles) and numerical (stars) experiments
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FIG. 13. Plot of Abo(rh) VS Ablens
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FIG. 14. Plot of h N the e-folding depth of the lens, vs (f/B* len S)l/ZWErh for the laboratory (circles) and numerical (stars)

experiments
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