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Abstract

The thermal convection in a basin driven by a horizontal
variation of surface temperature was originally proposed by
Stommel [11] and Rossby [7] as a useful, simple model of
thermohaline circulation in the oceans.  We return to the
problem and report experiments in which we impose a
uniform heat flux into a long tank over one half of its base
and cool the other half, achieving large Rayleigh numbers and
small aspect ratios.  A stable thermocline over the cooled base
flows towards the heated end, where for sufficiently large
Rayleigh numbers it is eroded by a convective mixed layer
that deepens towards the heated (‘polar’) end of the basin.  We
also add to the thermal convection a stabilising salinity
buoyancy flux imposed at one end of the basin, mimicking a
freshwater buoyancy flux into polar oceans.  Large steady salt
fluxes lead to a permanent layering and cessation of deep
convection.  For smaller salt fluxes we observe a periodic
breakdown of a ‘polar’ halocline and an oscillation in the
strength of the localised deep convection.

Introduction

The global thermohaline circulation of the oceans is driven
largely by latitudinal gradients of thermal, moisture and wind
stress boundary conditions at the ocean surface.  With thermal
forcing alone, the heat input at low latitudes and heat loss at
high latitudes maintains a density gradient at the surface,
driving a poleward surface flow (Stommel [11]).  Downwelling
convection occurs at high latitudes.  There must be a
compensating return flow at depth and upwelling elsewhere,
possibly at low latitudes.  Under present climatic conditions
the deep polar convection produces the Deep and Bottom
Waters of the oceans and the equatorward return flow is at
great depths below the thermocline.  An important point i s
that the location of forcing at only one boundary leads to
asymmetric flow, with the downwelling deep convection
being tightly confined in the polar regions.  

The smallness of the sinking regions was demonstrated nicely
by Rossby [7] using a laboratory model in which convection
was forced by a linear temperature gradient imposed along the
base of a tank.  This work was followed by a numerical
simulation of a similarly forced flow in a square box (Rossby,
[8]).  The key observations were: 1) the convection
approached a steady state in which the heat content of the
tank was constant; 2) a stable thermal boundary layer formed
over the cooled part of the base; and 3) a narrow upwelling
boundary layer on the vertical end wall above the heated end
of the base carried heat to the top and ventilated the whole of
the water column.  Thus the highly localised nature of high-
latitude deep convection in the oceans may be seen as an
inevitable consequence of the basin scale gradient of thermal
forcing at the surface.  It is not necessary to appeal to local
conditions or mechanisms, such as geography, atmospheric
forcing, surface salinity or pre-conditioning of the water
column, in polar oceans, although any of these factors may
influence the detailed location of the deep sinking of dense
waters.
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ther critical factor influencing the thermohaline
lation is the distribution of boundary buoyancy fluxes

to freshwater input, precipitation and evaporation (which
efer to here as salinity buoyancy fluxes).  There is an
ss of evaporation at low and mid-latitudes and an inflow
elatively fresh water into polar oceans from rivers and
eets (Broecker et al. [2], Rahmstorf [6]).  The apparent

itivity of deep convection regimes in the North Atlantic
e salinity in the Arctic Ocean and Norwegian Sea, as
red from paleoclimate records (e.g. Bard et al. [1]) and
n general circulation models (e.g. Wadley et al. [12]), has
to extensive discussion of the effects of variations in
water influx from icesheets associated with past and
e climate variations.  In particular, global ocean models
 predicted the possibility of significant changes in the

ohaline circulation pattern as a consequence of
tions of the fresh water fluxes resulting from
spheric climate change (e.g. Thual & McWilliams [10],
abe & Stouffer [5]), or even as a result of internal ocean
mics with fixed boundary conditions (e.g. Winton &
chik [13], Lenderink & Haarsma [4]).

n the complexity of the ocean circulation dynamics and
relevance of Rossby’s [7] laboratory thermal convection
riment, we use a similar arrangement and add a salinity
hwater) buoyancy flux at the ‘polar’ end of a basin.  The
duction of a salinity buoyancy flux independent of the

 flux adds enormous complexity to the flow behaviour
leads to time-dependent solutions for steady boundary
itions.  We have also increased the length of the

ratory tank by a factor of five (and the volume by a factor
0) over that used by Rossby [7, 8] in order to increase the
leigh number, decrease the aspect ratio and reduce

all heat losses.  In addition we have modified the fixed-
erature boundary conditions in favour of an imposed

 flux.

 Convection tank

use a tank of length L = 1.2m long, width W = 150mm and
t a water depth D = 200mm for all experiments (figure 1).
first series of these experiments were carried out in a pre-
ting tank with 6mm glass walls.  These were insulated
 100mm of expanded polystyrene foam on the ends and
e water surface, and by removable sheets of 50mm foam
e two side walls.  The base of the tank was a single plate
m aluminium.  The right hand half of the base sat on a

 exchanger consisting of an aluminium block containing
nels for coolant recirculation capped by a 10mm-thick
er plate.  The left half of the base sat on an electric

ing mat which was designed to provide a uniform power
pation FT (Wm-2) over its 600mm x 150mm area, giving a
 heat flux FTWL/2.

flux boundary condition implies that in reaching a steady
 the boundary temperature at the cooled end of the tank
t adjust until the conductive flux integrated over the area
e cold plate matches the imposed heat input at the heated

  We chose to use the fixed-flux boundary condition at
heated end for its convenience in scaling of the flow.
hermore, the flux condition is relevant given the



predominance of radiative heating of the ocean surface at low
and mid-latitudes.  The piece-wise uniform heating of the
boundary was chosen for ease of production, since a linear
gradient of temperature or heat flux is relatively difficult to
achieve over distances of order 1m.  Numerical simulations of
purely thermal convection in a square box with bottom
temperature distributions differing from a linear gradient
(Rossby [8]) predict a larger heat flux for the same overall
temperature difference ∆T when the gradient is more tightly
confined to the centre of the base.  However, the fundamental
features and behaviour of the flow are similar.

A second tank of the same dimensions but with improved
insulation and heat exchangers is under construction.
Additional experiments are also planned with the heating mat
replaced with a second recirculating heat exchanger fed from a
controlled hot water bath.
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Figure 1. Sketch of the convection tank showing thermistor locations.
The horizontal locations of thermistors shown were x = 0.1, 0.3, 0.6, 0.9
and 1.1m (x = 0 the left end of the tank).  When they were held
stationary to obtain time records, thermistors were at z = 10mm (#1 - 5),
z = 30mm (#6) and at z = 170mm (#7, 8) above the base.

Temperature measurements were taken with eight fast-
response thermistors attached to vertical shafts so that they
could readily be relocated to any depth or traversed to obtain
vertical profiles (figure 1).  In order to minimise variations
with temperature of the thermal expansion coefficient α, a
10% salt solution was used as the working fluid and cold
plate temperatures less than 5˚C were avoided.  Differences in
α then varied, about an average value of 3.9x10-4K-1, by less
than 30% for temperatures between 10˚C and 40˚C (Ruddick
& Shirtcliffe [9]).  Experiments were carried out with the cold
bath temperature at 0˚C and the power supply to the heating
mat set to FTWL/2 = 137W.  In the equilibrium state the tank
temperature (outside the boundary layer) was Ta ≈ 36 - 37˚C
and the Rayleigh number (evaluated for fluid properties at Ta)
was RaF ~ 1.8x1013.

A stabilising salinity buoyancy flux was supplied as a salt
solution having a concentration ∆S and density anomaly ∆ρ
= ρ0β∆S above the initial salinity S0 and density ρ0 of the
water in the tank, where β is the salinity expansion
coefficient.  The salt solution was injected from a narrow
horizontal slot placed across the width of the tank at the
bottom left hand corner, and pumped at a constant flow rate Q
(m3s-1) by a peristaltic pump.  The same pump drive was fitted
with a second identical head which pumped an equal flux of
water out of the tank from a small tube placed either at centre
top or in the bottom right hand corner.  This withdrawal of
water maintained a constant water volume in the tank and i s
considered to have no influence on the flow other than in
controlling the volume of any stable bottom layer.

Scaling analysis

Non-dimensionalisation of the momentum, continuity, heat
and salt equations, and a scaling of horizontal distance by L,
vertical distance by D, salinity differences by ∆S, temperature
differences by ∆T = FTL/(ρ0cpκT) and time by L2/κT lead to the
set of governing dimensionless parameters:
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RaF = gαFTL4/(ρocpκT
2ν),  Pr = ν/κT,  A = D/L,  (1)

Rρ = β∆S/α∆T,  τ = κS/κT,   (2)

re cp is the specific heat and the density is assumed linear:

ρ = ρ0{1 −  α(Τ − Τ0)  + β(S − S0)}. (3)

e are the flux Rayleigh number, Prandtl number, basin
ct ratio, stability ratio, and ratio of S and T diffusivities,
ectively.  The first three parameters (1) are common to the
 of purely thermal convection.  The stability ratio Rρ

pares the input salinity density anomaly to that due to
temperature scale ∆T and is identical to the ratio of
ity and thermal Rayleigh numbers RaS / RaF, where RaS =
SL3/(κTν).  The volume flux of the salinity source does
enter from the governing equations but will enter through
boundary conditions.  The buoyancy flux due to the
ity source is BS = gρ0β∆SQ (N s-1) and that due to the
 heat flux is BT = gαFTLW/2cp.  Hence we can write the
lity ratio (which is independent of Q) as

Rρ = (BS  / BT) Pe-1, (4)

e BS/BT = 2ρ0cpβ∆SQ/(αFTLW) is the ratio of buoyancy
s and Pe = 2QD/(κTLW) is a Peclet number.

ve the cooled half of the base the flow is dominated by a
 downwelling at velocity w opposing vertical conduction
eat through a stable stratification in a bottom boundary
r of depth h.  For the steady state thermal convection the
 equation implies a balance between vertical advection
conduction expressed by u ~ wL/h ~ κTL/h2.  A balance of
ous stresses and buoyancy in the horizontal boundary
r flow implies gαδΤ(h/L) ~ νu/h2, where δT is the
erature difference across the cold boundary layer as well
e horizontal temperature difference within the boundary

r between the ends of the box.  Conservation of heat also
ires the integral constraint ρ0cpδTuh ~ FTL.  These three
ions can be solved for u, h and δT to find

δT/∆T ~ RaF
-1/6, (5)

h/L ~ RaF
-1/6, (6)

uL/κT ~ RaF
1/3 (7)

the Nusselt number

Nu = FTL/(ρ0cpκTδT) ~ RaF
1/6. (8)

corresponding scaling for the case of an imposed
erature difference δT in place of the heat flux is given by
by [7] and has been compared with finite-element
lations of thermal convection in a square box (A = 1)
 various bottom temperature distributions (Rossby [8]).

ults for thermal convection

thermal convection itself is sensitive to initial and
dary conditions.  Hence care was taken to ensure that the
ection had approached its thermal equilibrium state, and
convection at the heated end penetrated through the full-
h of the box, before measurements were taken and before
alt flux was turned on.  

discovered that the thermal convection involved an
able convective boundary layer, or mixed layer, within
therwise stable, bottom thermal boundary layer over the

ed half of the base.  The heating leads to overturn of a
r portion of the cold boundary layer as it flows toward



the hot end of the box.  The unstable portion deepens with
distance along the base until it becomes a narrow vertical
plume extending through the depth of the box against the end
wall.  We refer to this unstable layer as the convective mixed
layer (CML).  It was visible on a shadowgraph screen, in the
mixing of KMnO4 crystals dropped onto the base, and in
synthetic schlieren images [3].  Because such an embedded
unstable layer is an unusual feature of convection, brought
about by the combined vertical and horizontal forcing
gradients in our case, we present a simple mixed-layer model
which predicts the observed CML depth.

Continuity of temperature and density at the top of the CML
at z = η require

dη/dx = (dTm/dx) / [dT′(η)/dz], (9)

where Tm is the temperature of the CML, u is the horizontal
velocity (assumed uniform in the boundary layer) and T′(z) i s
the oncoming temperature profile at x = L/2.  Conservation of
heat, neglecting conductive heat transfer into the CML from
the overlying stable region, implies

ηu dTm/dx = FT/ρ0cp. (10)

A model temperature profile through the stable cold boundary
layer can be found by balancing vertical advection and
diffusion in the presence of a uniform vertical velocity w:  

T′(z) ≈ Ta - δΤ e-z/h, (11)

where δT = Ta - Tc (Tc and Ta the cold boundary and upper tank
temperatures, respectively) and h = κT/w is the depth of the
stable boundary layer, as before.  Solving (9, 10, 11) with η =
0 at x = x* (≤ L/2) and making use of the previous scales (5, 6,
7) for δT, h and u gives

k(x* - x)/L ≈ 1 – [1 + η/h]e-η/h, (12)

where k is a constant of order one.  By further requiring η = D
at (x=0) we find the solution η(x) for a given h (or RaF) and
evaluate k.  The solution shown in figure 2 is for h = 6mm, as
appropriate for RaF ~ 1013.

Figure 2.  The depth η of the unstable convective boundary layer over
the heated half of the base for thermal forcing alone: ––   mixed layer
model; –o– measured depth. (The ordinate covers half of the depth D.)

The predicted variation of the CML depth compares well with
measured depths (figure 2).  The rate of CML deepening
decreases with distance from its origin near x = L/2 because
the basal heat flux is mixed into a deepening layer.  However,
the rate of deepening with x increases again closer to the end
wall, where the CML is encroaching into a much smaller
overlying density gradient.  The end wall boundary layer i s
not included in this calculation.  Hence the deep convection
is confined to an infinitely thin region.  However, the
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oach to the deep convection region is described well by
simple model.  An image of the convection, obtained by
ynthetic schlieren technique [3], is shown in figure 3.

e 3. A synthetic schlieren image showing convection with thermal
ng alone. Image shows the full depth of the tank and 590mm of the
 tank from the left end wall above the heated portion of the base.
two vertical lines are at 200mm intervals. Vertical scale is
ged. Colour scale shows vertical refractive index gradient (red-
w unstable; blue-black stable). Turbulent convection is seen at the
end; the interior has neutral (green) density gradient; and
ection from the base erodes the stable bottom boundary layer
ng from the right.

ults with a salinity buoyancy flux

nge of experiments was carried out with different salinity
es by changing Q and ∆S.  At the smallest salt fluxes

T = 0.40, Rρ = 1.4x10-5) the salt solution formed a thin
r that covered only about 100mm of the heated base
re reaching a maximum length.  The length of the layer at
time appeared to be governed by a balance between
ancy (of the salty layer), inertia (of the oncoming flow)
viscous stress at the interface above.  The salty layer

hed a maximum extent when the flux of salt across the
face became larger than the source flux, causing the local
ity ratio across the interface to decrease.  The layer later
turned into the overlying basin-scale circulation.  It i s
cted that the salt flux slightly decreased the buoyancy
lable to drive the upwelling and temporarily weakened
verall circulation.  The cycle repeated.

rge salt fluxes (BS/BT = 1.4) the salt solution formed a
m layer that spread over much the heated base, and then

d off the base to form an intrusion above the cold
dary layer.  Salt fingering was visible beneath the
sion, which eventually extended to the far end of the box
established recirculation in a bottom, salty layer.

vection confined to this layer then carried most of the
 flux through the box.  Heat transfer through the top of
ottom layer formed a sharp double-diffusive interface of
diffusive’ type and a much weaker large-scale circulation
visible in the overlying water, isolated from the base.

intermediate salt fluxes the flow underwent several
llations, corresponding to formation and breakdown of a

, salty layer at the heated end.  The oscillatory behaviour
confirmed in temperature records such as those in figure
he first few breakdowns fed salty water into the upwelling
e, which carried it to the top, and convection persisted
gh the full depth of the box.  Growth of each salty layer

ed a cooling (thickening) of the boundary layer
here. However, subsequent breakdowns of the salty layer

 rise to an intrusion of salty water along the top of the
 boundary layer, and this propagated the full length of
ox.  Salt fingering was visible between this intrusion and
nderlying fresher boundary layer.  The cycle repeated but
 several breakdowns the convection became isolated to a
ow bottom layer of relatively warm, salty water (about 50
mm deep) and convection in the remainder of the water
mn was then driven only by the heat flux through a
sive interface.



Conclusions

The conceptually simple problem of convection in a channel,
forced by a lateral gradient of temperature or heat flux at its
base and a stabilising salinity flux at one end, can serve as a
useful model with which to explore fundamental aspects of
convection dynamics that may be relevant to the oceanic
thermohaline circulation.  In particular, the experiment i s
designed to model the effects of a stabilising surface
freshwater buoyancy flux into the ocean at high latitudes.
Inverting the model and interpreting it in oceanic terms we
find a stable ‘subtropical thermocline’ near the surface and a
convectively mixed surface layer that deepens towards the
‘polar’ end of the basin.  The salinity buoyancy flux tends to
increase locally the stability of the surface mixed layer and
leads to a ‘high latitude’ halocline.  Deep convection
continues to occur in a tightly confined region.  

The addition of a sufficiently large salinity buoyancy flux
can lead to strong stabilisation of the surface layer and
isolation of much of the water column from the forcing
boundary.  This corresponds to a flooding of the upper ocean
with relatively fresh waters and a switching off of the deep
convection.  The oscillatory behaviour seen under a range of
(steady) salt fluxes involves fluctuations of the depth of
penetration of the deep convection and of ‘poleward’
transport in the surface layer.  Our goal has been to obtain
insights into these complex processes and to develop useful
parameterisations of the conditions under which the different
circulation regimes occur.  Future work will address the time
scales of the response, the effects of variations in imposed
heat and salt fluxes, and Coriolis effects.
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Figure 4.  Temperature records from runs with a) ∆S = 0.51%, Q = 3.6x10-7m3s-1, BS/BT = 1.04 and b) ∆S = 0.45%, Q = 4.2x10-7m3s-1, BS/BT = 1.15.
Records shown are from thermistors #1, 3 and 4 in the bottom boundary layer, #6 immediately above the boundary layer and #7 near the top of the box
(figure 1).  Salt fluxes began at a) 600s and b) 2040s.  Record #1 shows that the density interface at the top of the salty layer passed across the thermistor as
the layer grew and broke down.  The salt layer growth thickened the cold boundary layer at the other end of the box.  The first two breakdowns introduced
greater fluxes of heat and salt to the top of the box (thermistor #7), but there were stronger warming events at thermistors # 3, 4 and 6.
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