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A b s tra c t
This thesis presents laboratory and numerical experiments examining the dynamics of
horizontal convection under a variety of forcing conditions. In particular, we investigate
the circulation that develops in a long channel driven by differential heating and cooling
through opposite halves of the horizontal base. This flow is a useful conceptual model of the
thermally-driven component of the meridional overturning (or thermohaline) circulation
of the oceans, where meridional gradients of thermal and salinity buoyancy fluxes occur at
the sea surface. We examine horizontal convection because there is controversy over the
role of buoyancy-driven convection in the oceans and because horizontal convection as a
fundamental fluid dynamics problem is poorly understood. The analogue model considered
here is inverted from the ocean orientation for adaptation to the laboratory. A range of
transient behaviour during adjustment to new boundary conditions is explored, as are the
effects of a small heat flux (modelling the geothermal flux) through the opposite boundary.
The meridional overturning circulation plays a role in modifying global heat transfer and
it has been shown to be sensitive to changes in the freshwater flux, particularly at high
latitudes. Abrupt transitions between different modes of circulation have been implicated
as the cause of past changes in global climate. Hence, we examine the effects of adding to
the thermally-driven circulation a stabilising salinity buoyancy flux at the ‘polar’ end of
the box. This flux mimics the input of freshwater to the ocean’s surface at high latitudes
and introduces the important effects of double-diffusion into the system.
The most fundamental problem explored in this thesis is similar to that posed by
Stommel (19626) and Rossby (1965, 1998), who showed that the flow forced by a lin
ear temperature variation along the ocean surface or the base of a tank explained the
smallness of sinking regions in the oceans. In contrast to those previous experiments, we
use small aspect ratio, larger Rayleigh numbers, piecewise uniform boundary conditions
and an imposed input heat flux. The flow is characterised by a highly asymmetric and
vigorous overturning circulation cell filling the box length and depth. A stable thermocline forms above the cooled base and is advected over the heated (or ‘polar’) part of the
base, where it is eroded from below by small-scale three-dimensional convection, forming
a ‘convective mixed layer’. This convective mixed layer is embedded within the large-scale
two-dimensional flow, forms near to the onset of the heating and deepens towards the
heated end of the tank. At the endwall, the convective mixing is overshadowed by a nar
row but turbulent plume rising through the full depth of the box and ventilating the box
interior (‘deep convection’). The return flow along the top of the box is turbulent with
large slowly migrating eddies, and occupies approximately a third of the total depth. We
have developed theoretical scaling laws, which give temperature differences, thermocline
thickness and velocities that are in good agreement with the experimental data and twodimensional numerical solutions. A simple encroachment model describes the evolution of
the depth of the mixed layer. Entrainment into the plume plays a crucial role in setting
the interior density structure and turbulent mixing in the interior is required to match the
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plume buoyancy flux. The measured and computed density structure is largely similar to
the thermocline and abyssal stratification in the oceans.
An examination of transient behaviour of the thermally-forced flow reveals that the
system is extremely sensitive to changes in the thermal forcing and somewhat sensitive to
the initial conditions. Even small variations in forcing conditions can lead to a partialdepth circulation in which the endwall plume ceases to penetrate through the full depth
of the tank. This two-cell circulation is maintained for long periods of time, but is not a
steady state. A similar two-cell flow regime is found when an additional stabilising (yet
small) heat flux is imposed at the opposite boundary. In this case the flow reaches a
steady state in which the lower cell remains a constant height and energy is dissipated in
the interior by internal waves. Numerical simulations for the case of a small destabilising
heat flux applied at the opposite boundary show that the flow is more vigorous, but the
vertical density profiles do not change significantly. This additional forcing may be relevant
when considering the effects of the small geothermal heat flux through the ocean floor,
which we conclude will tend to promote full-depth overturning.
The introduction of a stabilising salinity buoyancy flux at the ‘polar’ end reduces
the net basal buoyancy flux and adds enormous complexity to the flow behaviour. The
critical variable governing the flow appears to be the ratio of salinity and thermal buoyancy
fluxes. In all cases, a salt layer forms at the source and can be viewed as an analogue
to the ‘polar halocline’ found at high-latitudes in the oceans. For lower values of the
flux ratio we observe periodic formation and overturning of the ‘polar halocline’. The
breakdown of the halocline is controlled by the local density ratio across the interface
and each occurrence releases a pulse of relatively more saline water into the interior, thus
temporarily decreasing the vigour of the basin-scale overturning. Larger values of the
flux ratio lead to a stable layering across the lateral extent of the base, isolating the bulk
of the water column from the forcing boundary and preventing the endwall plume from
rising through the full depth of the tank. This cessation of the full-depth convection
is analogous to the interruption of Deep or Bottom Water formation in the meridional
overturning circulation, caused by freshwater input to the polar regions (a ‘polar halocline
catastrophe’). Once the two-cell (layered) circulation has formed, the system exhibits
hysteresis similar to that in ocean general circulation models. The partial-depth convection
remains for long periods, eventually breaking down on timescales which are much larger
than the ventilation timescale. We develop a simple model of the salt layer, in which the
inertia of the large-scale flow is in balance with the buoyancy of the salt layer and stress on
its upper interface and predict the timescales for instability. The experiments show that
the transition between full-depth overturning and a shallow circulation confined near the
forcing boundary occurs at salinity buoyancy fluxes of order 10“ 1 times the input thermal
buoyancy flux.
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Chapter 1

Introduction
1.1
1.1.1

The m eridional overturning circulation o f th e oceans
F u n d am en tals o f th e p rob lem

The global ocean circulation transports enormous quantities of heat around the Earth.
Solar irradiation leads to a net heating applied to the ocean’s surface in the equatorial
regions and there is a net heat loss from the ocean surface in the high latitudes (polewards of 20°S and 23°N, Houghton et al. 1996, based on a global yearly average). The
thermal forcing results in a latitudinal density gradient. In order to maintain a steady
balance, the atmosphere and oceans respond by carrying heat from the equator to the
poles. The zonally-integrated meridional transport in the oceans is currently estimated
to be 2 x 1015 W, an amount which constitutes about half of the total meridional heat
flux (Macdonald Sz Wunsch, 1996). This heat is transported in part by the basin-scale
wind-driven gyres and mesoscale eddies and in part is associated with a net poleward mass
flux at the surface. This surface flow forms part of the meridional overturning circulation
or MOC (also referred to as the global thermohaline circulation). At the poles, the surface
waters cool, mix with more saline waters (formed by brine rejection from the freezing sea
ice) and sink in confined regions to form ‘Deep’ and ‘Bottom’ Waters (spreading at depths
greater than about 3000 m) (see e.g. Warren, 1981). The downwelling regions are highly
localised and include the Norwegian and the Labrador Seas in the Northern Hemisphere
and the Weddell and Ross Seas in the Southern Hemisphere. The total area of downwelling has been estimated at less than 106 km2 globally (Whitehead, 2000) compared to
the total ocean surface area of 361 x 106km2 (Sverdrup, Johnson & Fleming, 1942). It is
hypothesized that there is a slow, possibly basin-wide, upwelling to the surface to match
the poleward mass flux, with the loop closed by a (zonally-averaged) return flow toward
the equator at depths below the thermocline. There are also variations between the differ
ent ocean basins (for example the Pacific is notably fresher than the Atlantic) and these
contribute to the complex three-dimensional global overturning flow.
In order that the vertical temperature and density gradients be maintained, the strength
of the circulation and the heat transported by the MOC must depend on the rate of verti
cal diffusion of heat (Stommel, 1961; Munk, 1966; Bryan & Cox, 1967; Munk & Wunsch,
1998). In the oceans the diffusion is believed to be caused by turbulent mixing processes
such as breaking internal waves, which act to increase the potential energy of the wa
ter column. In present models of the overturning circulation, the abyssal stratification
is maintained by a balance between the upwelling of cold water and downward turbulent
mixing of heat (Munk, 1966; Munk & Wunsch, 1998). However, this balance requires an
1
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average vertical diffusivity of 10~4 m2s-1 , which is an order of magnitude greater than
the measured background diapycnal diffusivity (Gregg, 1989; Ledwell et al., 1993; Kunze
& Sanford, 1996; Matear & Wong, 1997). Regions of intense mixing near to rough topog
raphy lead to much larger local values (Ledwell et al., 2000; Lueck & Mudge, 1997; Polzin
et al., 1997), yet these are still insufficient to raise the average vertical diffusivity over the
whole ocean by an order of magnitude (Webb & Suginohara, 2001). The reason for the
discrepancy between the measured and ‘required’ values remains the source of considerable
controversy.
An influx of freshwater at high latitudes reduces the density of the surface waters.
These waters tend to oppose the flow forced by the latitudinal density gradients formed
by the thermal forcing. This influx of freshwater is due to an excess of evaporation over
precipitation in the tropics and net precipitation in the high latitudes (over a long time
average), appearing in the oceans in part as river and ice-sheet runoff (Broecker et a/., 1990;
Rahmstorf, 1996). During climate fluctuations that involve a warming at high latitudes,
a net melting of ice-sheets leads to additional, and perhaps more rapid, freshwater input
at the ocean surface (Broecker, 1994).
The role of buoyancy forcing in ocean circulation remains a controversial topic. Munk
&, Wunsch (1998), Huang (1999) and Wunsch & Ferrari (2004) argue that the meridional
overturning is primarily “driven” by (but perhaps they mean “governed by”) the energy
supplied from external sources, in particular winds and tides, rather than the surface
buoyancy fluxes. Furthermore, they argue that these are the only sources of sufficient
turbulent mechanical energy to provide the mixing required to maintain the observed
density in the oceans. Paparella & Young (2002) conclude that the heat transport is a
“passive” consequence of the overturning. Given that buoyancy and wind stresses are the
only forces available to cause mean motion, their conclusion appears to leave only the
surface wind stress as the driving force for the mean overturning. However, a different
hypothesis is that there is a balance of the roles of the buoyancy driven circulation and the
turbulent mixing. In this hypothesis, the interior mixing in the oceans (whether energised
by winds, tides or buoyancy fluxes) again governs the uptake of buoyancy and generation of
available potential energy, while the overturning circulation is generated by the buoyancy
forces produced by surface heat and water fluxes. It is therefore important to examine the
flow dynamics in the purely buoyancy-driven case, hence in the absence of wind stress.
Also of interest is the added possibility that some portion of the interior turbulent mixing
may be generated by the surface buoyancy fluxes, therefore we remove external energy
sources for internal mixing. This thesis examines a purely buoyancy-driven flow.
1.1.2

M u ltip le s ta te s for th e o c ea n and im p lic a tio n s for c lim a te

The role of the overturning circulation in modifying the meridional heat flux carried by the
oceans plays a significant part in the climate system. Extensive palaeoclimate evidence has
linked changes in the MOC to climate fluctuations (Duplessy, Moyes & Pujol, 1980; Boyle
& Keigwin, 1987; Charles & Fairbanks, 1992). It has been found that dramatic shifts in
climate can occur over decadal and interdecadal timescales (Stocker, 2000; Bard, 2002;
Weart, 2003). For example, evidence from isotope records and dust-concentration profiles
reveal that the millennium-long Younger-Dryas cold period came to an abrupt end during
a transition period of less than 20 years (Dansgaard, White & Johnsen, 1989). Today’s
Holocene interglacial climate is less variable than glacial climates. This stability has been
attributed to the more vigorous MOC preventing the accumulation of salinity anomalies
in the Nordic Seas in the Holocene (Ganopolski & Rahmstorf, 2001).

1.1. T h e m eridional overtu rn in g circu la tio n o f th e ocean s
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Figure 1.1: Schematic of the hysteresis behaviour found by Stommel (1961) and
hypothesized to apply to the oceans. The solid lines are the stable solution branches.
The dashed line is an unstable solution branch, which forms a boundary between the
‘basins of attraction’ for the stable solutions. Arrows indicate the system jumping
between stable solutions. The present circulation regime (of North Atlantic Deep
Water formation) lies on the upper stable branch. It is thought that the circulation
is moving closer to the (saddle-node) bifurcation point •, at which point the solution
jumps to the lower stable solution ( e . g . Rahmstorf, 1996). This lower branch corre
sponds to a regime in which the formation of North Atlantic Deep Water is greatly
disrupted or ceases entirely (adapted from Rahmstorf, 1996).

The possibility that the thermohaline circulation may have more than one mode of
circulation was originally hypothesized by Stommel (1961). He considered a simple box
model, in which flow exchanged between two reservoirs of different densities through two
pipes. The system exhibits a bifurcation and hysteretic behaviour, with stable solutions
on different solution branches corresponding to either a ‘thermally-driven’ flow, in which
the temperature differences dominate the density differences, or a ‘salinity-driven’ flow, in
which the salinity dominates the density differences. The flow in these two solutions is in
opposite directions (see figure 1.1). In the oceans the ‘salinity-driven’ solution corresponds
to a situation in which freshwater ‘caps’ the sinking regions, preventing deep water sinking.
Multiple states for the ocean under the same boundary conditions have since been
found in a variety of models. Rooth (1982) and Walin (1985) considered three-box models
and discovered that both symmetric and asymmetric behaviour can be stable. How
ever, the nonsymmetric flows only occurred when the opposing contributions to density
from temperature and salinity are of similar magnitude. When three solutions are found,
two are stable and one is unstable. Box models are useful as simple models of complex
nonlinear systems, but they are built on preconceptions of the important processes and
their spatial relationships, and require a high degree of parameterization of the transport
processes. However, similar flow regimes and hysteresis behaviour have also been found
in numerical ocean simulations (Marotzke & Willebrand, 1991; Stocker & Wright, 1991;
Rahmstorf, 1995). Thual &; McWilliams (1992) find multiple states in a doubly-driven flow
in a rectangular domain, with transitions between the stable states occurring as bifurca
tions. Multiple equilibria were found by Lenderink &; Haarsma (1994) who investigated a
geostrophic three-layer model.
Whitehead (1996) was the amongst the first to investigate an analogue box model in
the laboratory. His apparatus is illustrated in figure 1.2. The predictions of the existence
of multiple equilibrium states for a given set of boundary conditions were confirmed.
For weak thermal forcing, a salinity-driven mode was present. As the thermal forcing
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Figure 1.2: Schematic of the experimental set-up used by Whitehead (1996). An
insulated chamber of water is heated from below and forced from above by the addition
of a steady volume flux of water of constant salinity, S*. Two horizontal pipes connect
the chamber to a reservoir, which is held at constant temperature, salinity and volume.

was increased beyond a critical value, the flow reversed and a thermally-driven state was
found. At therm al forcing in excess of 1.5 times the critical value only the thermally-driven
mode existed. In contrast to the oceans, W hitehead’s laboratory study does not confine
forcing to a single boundary (the ocean surface). However, we will see th a t this box model
has much in common with a more realistic convection model having a single basin and a
lateral variation of forcing over one boundary.
Switches between stable modes of circulation are thought to be triggered by changes
in the freshwater input to the oceans (particularly at high latitudes) and the subsequent
variations in Deep W ater formation rate, usually modelled in the context of the North
Atlantic ocean. Evidence for this dependence has been seen in both palaeoclimate records
and in simulations using ocean general circulation models (see reviews by Broecker et al.,
1985 and Stocker, 2000). Bard et al. (1996) infer from fossil coral records th a t the short
intense climate cooling event at approximately 14000 years before present was due to a
change in the mode of thermohaline circulation, coinciding with a dram atic increase in
freshwater flux from the disappearing glacial icesheets. Several authors have concluded
from general circulation models (GCMs) th a t the transition between stable states can be
caused by relatively small or moderate changes in freshwater flux (Marotzke & W illebrand,
1991; Stocker & Wright, 1991; M anabe & Stouffer, 1995; Rahmstorf, 1995). In particu
lar, the oceanic changes are predicted as a direct consequence of variability of freshwater
input caused by atmospheric climate change (Stocker & Wright, 1991). Indeed, M anabe
& Stouffer (1993) argue th a t an increase of atmospheric CO 2 to four times present levels
could lead to a switch in oceanic circulation regime. In their model, increased CO 2 caused
higher mean global surface air tem peratures. This increases the supply of freshwater to
the oceans at high latitudes (through ice-cap m elting), which shuts off the deep overturn
ing. A question of importance, therefore, is where our current climate falls on Stommel’s
bifurcation diagram, illustrated in figure 1.1 (Tziperman, 2000). Rahm storf (1996) and
Tziperm an et al. (1994) have argued th a t our present day North Atlantic circulation may
not be far from the instability threshold, beyond which deep water formation cannot be
sustained. In a GCM, the sensitivity of the overturning circulation to perturbations is
found to be greatly enhanced in the vicinity of the bifurcation point (K nutti & Stocker,
2002), i.e. it only takes a small perturbation to end up in the basin of attraction for the
other mode of circulation. Hence, the ability to predict such a collapse of North Atlantic
Deep W ater formation is limited.
The existence of intermediate states between the ‘on’ and ‘off’ states of North Atlantic
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Deep Water formation has also been hypothesised. Tziperman (1997) used a coupled
ocean-atmosphere-ice model which exhibited large amplitude oscillations in the strength
of the overturning circulation. Winton &; Sarachik (1993) investigated the THC using
both a three-dimensional ocean GCM and a two-dimensional counterpart and found selfsustained oscillations and ‘halocline catastrophes’ at regular intervals. Oscillations have
been found to occur on millennial timescales (Weijer & Dijkstra, 2003), as well as on
decadal and interdecadal timescales (Te Raa &; Dijkstra, 2002, and Weaver, Sarachik &
Marotze, 1991, who used a numerical experiment with mixed boundary conditions: a
restoring condition for surface temperature and a prescribed fixed salinity flux).
Less is known about the role of the Southern Ocean and Antarctic Bottom Water
in controlling the global climate. Antarctic Bottom Water is the densest water in the
open ocean. It is formed in the Weddell and Ross Seas and its production is thought to
depend strongly on the winds over the Southern Ocean (Rahmstorf & England, 1997).
Recent simulations with a global ocean GCM suggest strong interhemispheric coupling gradual warming in the Southern Ocean was found to trigger the abrupt resumption of
an interglacial thermohaline circulation (i.e. similar to the present MOC) in the Atlantic
(Knorr & Lohmann, 2003). A study examining marine sediment cores concluded that
glacial Southern Hemisphere climate was more variable than in the interglacials (Pahnke
et a/., 2003). Evidence of the variation of Antarctic Bottom Water formation from glacial
to present times is inconclusive. Pudsey, Barker & Hamilton (1988) and Pudsey (1992)
use a study of sediment records to conclude th at the bottom currents were weaker during
glacial times. This is in agreement with radiocarbon ages from sediment cores from the
Southwest Pacific Ocean (Sikes et al., 2000) which imply that there was decreased ocean
ventilation during the last glacial period. Contrastingly, Hall et al. (2001) report results,
which indicate that Southern Ocean deep convection was enhanced during the glacials.
The use and accuracy of radiocarbon ages in determining deep water formation rates has
been questioned by Schmittner (2003) and Broecker et al. (2004). Schmittner (2003) in
vestigated a coupled ocean-atmosphere model and found that increased Antarctic Bottom
Water formation in a glacial circulation coincided with decreased ventilation, as measured
by radiocarbon uptake. Thus, it was concluded that the radiocarbon tracers are affected
by processes other than vertical mass transfer.
The behaviour of the ocean and climate system is immensely complex. Variability
occurs on a huge range of spatial and temporal scales. Hence, it is both difficult and com
putationally expensive to realistically model the complete system. Most general circulation
models neither resolve nor accurately represent the dynamics of the small-scale convective
processes, which are typically parameterised by a ‘convective adjustment’ scheme (e.g.
Winton, 1995). In particular, difficulties are encountered in the performance of these
models at high latitudes.
Although no evidence has been discovered for climate shifts occurring as swiftly as
those portrayed in the recent Hollywood disaster movie The Day After Tomorrow1, some
authors fear that the climate may be on the brink of another large-scale reorganisation (e.g.
Tziperman et al., 1994; Broecker, 1997; Hansen et al., 2004). These fears stem in part, from
a plethora of recent evidence that the global hydrological cycle has changed significantly
over the past few decades. However, it is unclear whether these changes are indicative of a
long-term increasing trend, or whether they are reflections of the internal variability of the
system (Bryden, McDonagh & King, 2003). In particular, observational evidence reveals
:The temperatures in the North Atlantic dropped 14 °C over a matter of days, with bizarre consequences
in New York City. There was a sudden burst of cold air drawn down from the upper troposphere, causing
our fearless hero to remark “It’s dropping 10 degrees a second!”.
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that convective activity in the North Atlantic is highly variable on both interannual and
interdecadal timescales, often with changes of opposite signs (i.e. increased or decreased
sinking rates) occurring concurrently at different convective sites (Dickson et al., 1996). In
order to distinguish short-term natural oscillations from long-term behaviour, we require
a much longer record of measurements and a better understanding of the flows.
1.1.3

E v id en ce for recen t change

Examples of some of the widespread coherent changes in the ocean circulation and char
acteristics of water masses include: a warming and freshening of the overflows over the
sills of the Denmark Strait and the Faroe-Shetland channel over the last four decades
(Turrell et al., 1999; Dickson et a/., 2002), a decrease in the volume flux over the Faroe
Bank Channel (Hansen, Turrell & 0sterhus, 2001), and an increase in the salinity of the
low latitude surface layer of the Atlantic (Curry, Dickson & Yashayaev, 2003)2. Recent
altimeter data and direct current observations show that there has been a weakening of the
subpolar gyre circulation in the high latitude North Atlantic during the 1990s (Häkkinen
&; Rhines, 2004). All of these results imply that the thermohaline circulation may have
weakened, if the flows have not been compensated elsewhere.
Changes in the North Atlantic have a widespread effect. Knutti et al. (2004) used a
coupled ocean-atmosphere-sea ice model to demonstrate that freshwater discharge into the
North Atlantic has a direct effect on Southern Ocean temperature. Mid-depth subsurface
Southern Ocean temperatures have risen 0.17°C between the 1950s and the 1980s (Gille,
2002). Other fluctuations, not confined to the North Atlantic, include a freshening of
North Pacific Intermediate Waters and Antarctic Intermediate Waters over the last 22
years (Wong, Bindoff & Church, 1999, 2001) and a warming of the North Pacific Bottom
Waters across the entire width of the ocean basin (Fukasawa et al., 2004). Subantarctic
Mode Waters and Antarctic Intermediate Waters have freshened over the last 25 years,
with an associated decrease in the spin rate of the gyre at the depths of the Subantarctic
Mode Water (Bindoff & McDougall, 2000). These changes were attributed to surface
warming and increased precipitation in the source regions of the Subantarctic Mode Waters
and the Antarctic Intermediate Waters, respectively.
The large changes in the temperature and salinity of the Southern Ocean are most likely
the response to anthropogenic climate change (Banks et al., 2000). This conclusion was
based on results from a coupled ocean-atmosphere model forced with historical emissions
and concentration estimates of greenhouse gases. The model displayed changes in water
properties, which were of a similar pattern and magnitude to the measured ocean changes.

1.2

H orizontal convection: fundam ental questions

A conceptual model for the zonally-integrated meridional overturning component of the
ocean circulation is the convective flow driven by a meridional surface temperature gradient
(Stommel, 19626). This view of the circulation exposes fundamental questions about the
dynamics. Fully non-hydrostatic numerical convection solutions and laboratory convection
experiments can be used to develop a more complete understanding of the MOC. We can
2The main sources of North Atlantic Deep Water are the dense overflows from the Nordic Seas over
the Greenland-Scotland ridge, both east and west of Iceland - over the Denmark Strait (the coldest and
densest overflow), the Iceland-Faroe ridge, the Faroe Shetland Channel and the Faroe Bank channel (the
most saline of the overflows). These overflows form the principal means of ventilating the deep Atlantic.
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also add a forcing by salinity (or freshwater) fluxes to this thermally-forced horizontal
convection.
‘Horizontal convection’ is the term given to the flows resulting from a horizontal dif
ference in temperature or heat flux at a single horizontal boundary of a fluid. The form
of convection is very different from the more familiar Rayleigh- Benard and Grashof forms
of convection, which carry heat between two horizontal or two vertical boundaries, re
spectively. The possible role of horizontal convection in the oceans was first discussed in
1908, in what has now become known as Sandström’s theorem (see e.g. Jeffreys, 1925).
This theorem remains the subject of continuing debate. It states that any closed steady
circulation will only be maintained if the cold source is at a greater height than the heating
source. That is, no motion is sustained when the heating source is below, or at the same
height as, the cold source. However, the effects of diffusion and friction were not included
in Sandström’s argument and Jeffreys (1925) later concluded that, for horizontal convec
tion, the temperature gradient formed by diffusion would necessarily lead to a horizontal
pressure gradient. Hence, motion will always ensue. On the other hand, because the heat
flux does not necessarily have to be transported through the fluid depth, it is thought that
only a slow diffusively-driven circulation can develop near the level of the heat source and
sink (Jeffreys, 1925; Huang, 1999). This discussion has led some authors to indulge in
floccinaucinihilipilification of buoyancy forces as a means of driving the overturning mass
flux in the oceans and to suggest that “a convectively driven mass flux is impossible”
(Wunsch, 2002). However, laboratory experiments with a horizontal temperature gradient
applied at the base of a box have clearly demonstrated a steady circulation occupying the
depth of the box and driven by buoyancy (Rossby, 1965). Furthermore, in the oceans,
buoyancy is one of only two forces available to drive vertical advection and hence the
overturning mass flux in the ocean (the other force is the integrated surface wind stress).
Horizontal convection has received relatively little attention, particularly from exper
imentalists, but may have much to teach us about the dynamics of the deep overturning
circulation of the oceans and the role of surface buoyancy fluxes. The non-rotating twodimensional form of this flow, realised in laboratory experiments (Rossby, 1965) and in
related numerical solutions (Rossby, 1998), exhibited an extreme asymmetry between the
size of the sinking and rising legs of the convective overturning. Upward motion is confined
to a narrow plume against the endwall above the hot end of the base, where the water
has the lowest density in the box. This asymmetry was predicted by Stommel (1962a). In
Rossby’s experiments and computations, the ratio of box height to length was 1:2.5 and
1:1, respectively, while the horizontal Rayleigh number (based on the box length) ranged
up to 108. The flow was laminar under these conditions.
Rossby (1965) concluded that the interior water is warmed by advection of heat from,
and cooled by diffusion to, the forcing boundary. The resulting asymmetry in the flow
was attributed to the relative efficiencies of the two heat transfer processes. However,
Winton (1995) and Marotzke & Scott (1999) pointed out that the vertical advection acts
on a very small vertical temperature gradient while the diffusion acts on a relatively large
stable gradient, and therefore that the different efficiencies do not in themselves explain
either the smallness of the sinking regions or the much larger area required for the diffusive
transport. We add that, in the previous studies, the transport of heat both to and from
the boundary, under the conditions studied, was by diffusion into a laminar boundary
layer. Nevertheless, the upwelling plume ensures that the interior temperature far from
the forcing boundary is very close to that of the water against the base at the hot end
of the box, and that these are the highest temperatures in the box. In the ocean context
(z.e. turning the experiment upside down, adding rotation and using a stress-free surface),
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Wiiiton (1995) used a general circulation model to show that solutions having narrow
sinking regions correspond to minimum potential energy, maximum downward diffusion of
heat, maximum baroclinic horizontal pressure gradient and maximal overturning strength
compared to less asymmetric states carrying the same heat flux.
The flows in Rossby’s experiments and numerical solutions involved a balance over
most of the horizontal area, excepting the small area of upwelling, between the downward
diffusive transport of heat in the cold thermocline (i.e. upward growth of the thermocline)
and the slow downward advection of warm water. The lateral flow in the boundary layer
was characterised by a buoyancy-friction momentum balance. Thus, motion was gener
ated entirely by buoyancy forces and the density structure was maintained by molecular
conduction of heat. The strength of the circulation was dependent on both the boundary
temperature difference and the vertical diffusivity.
Rossby (1965) derived a boundary-layer scaling analysis of non-rotating ‘horizontal
convection’ and predicted that the Nusselt number Nu is related to the Rayleigh number
Ra according to Nu ~ P a 1//r> (where Ra is based on the applied end-to-end temperature
difference). The predicted boundary-layer thickness h varies as Ra-1/5. These scaling
results were consistent with the laboratory data and with two-dimensional numerical so
lutions for large Prandtl number, Rayleigh numbers up to 108 and an aspect ratio of
one (Rossby, 1998), although they may not be valid for the case of a stress-free forcing
boundary (W. R. Young, personal communication). Paparella & Young (2002) numerically
solved the two-dimensional flow for a minimum top boundary temperature at the centre
and a maximum temperature at both ends, giving a downwelling plume at the centre.
They examined the flow at higher Rayleigh numbers, smaller Prandtl numbers and an
aspect ratio of 1:4, and found a transition to unsteady two-dimensional eddying flow (at a
Rayleigh number which increased with Prandtl number). Paparella & Young (2002) also
predicted that the box-averaged rate of viscous dissipation e per unit mass to be
( 1. 1)

where k is the molecular diffusivity for the stratifying species (which is assumed to control
the uptake of buoyancy at the boundary), ~pt and ph are the horizontally averaged densities
at the top and bottom boundaries, respectively, p0 is a reference density, and D is the box
depth. From this they inferred that the flow must be non-turbulent (e —>0) for vanishing
molecular diffusivity (at a fixed Prandtl number). The same conclusion will apply for
very large box depth. It is of interest therefore, to test this ‘non-turbulence’ theorem in
our experiments using larger Rayleigh numbers (strong forcing). In particular, does the
interior balance ever involve turbulent mixing?
The dynamics and pattern of ocean circulation are strongly influenced by planetary
rotation, surface wind stress and geography. These make the flow three-dimensional and
largely geostrophic, and introduce the process of vertical Ekman pumping, which may
also overshadow diffusion within some part of the surface boundary layer. However, the
fundamental point is that both rotating (Bryan & Cox, 1967; Park & Bryan, 2000) and
non-rotating models predict that the strength of the overturning depends on the thermal
forcing and the vertical diffusivity. They also pose the common question of whether
external energy (beyond the potential energy available from buoyancy fluxes) is necessary
to maintain the measured ocean density structure in the abyssal waters.
Investigation of the rotating case has been largely confined to general circulation mod
els (e.g. Bryan & Cox, 1967; Bryan, 1987; Colin De Verdiere, 1988; Wright & Stocker, 1991;
Winton, 1995; Marotzke, 1997; Park & Bryan, 2000, 2001), in which convective mixing
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must be crudely parameterised by using convective adjustment or enhanced vertical dif
fusion schemes, and in which there are uncertainties resulting from spatial resolution and
numerical diffusion. Laboratory experiments with rotating horizontal convection include
heating and cooling through vertical endwalls of a long tank (Condie & Ivey, 1988; Condie
&; Griffiths, 1989). This is a system in which there is no region of stabilising boundary
flux, the convection is actively forced through the full depth of the box, and the flow is
symmetric. In another experiment, a heating flux was applied over a fifth of the base in
a strip along one end of a rectangular box while cooling with a prescribed temperature
was applied over a fifth of the base at the opposite end (Park & Whitehead, 1999). The
thickness of the thermal boundary layer and the meridional temperature difference in the
flow were functions of the imposed heat flux and Coriolis parameter (i.e. the Rayleigh and
Ekman numbers), and were consistent with the predictions of the Bryan & Cox (1967)
scaling laws.

1.3

The role of double-diffusive convection

Double-diffusive convection occurs in a fluid stratified by two species with different molec
ular diffusivities, one of which is unstably distributed. We refer here to heat (T) and salt
(S) as the two components in the ocean: in water, heat diffuses 100 times faster than
salt (NaCl). Double-diffusive interfaces can be classified into the ‘diffusive’ type, occur
ring where the more diffusive component is unstably stratified, (i.e. where relatively cold
freshwater overlies warmer salty water) and the ‘salt-fingering’ type, where the less dif
fusive component is unstably stratified (i.e. where relatively warm salty water lies above
cold fresh water).
An early paper by Stommel, Arons &; Blanchard (1956) dismissed double-diffusion
as an ‘oceanographic curiosity’, but subsequent work has revealed that double-diffusive
processes occur in many regions of the oceans. Double-diffusive intrusions can cross density
surfaces (Turner, 1978; McDougall & Giles, 1987) and may contribute to a significant
amount of diapycnal mixing. Large regions of the ocean satisfy the criterion for salt
fingering instability, particularly in the low- to mid-latitude evaporative regions and this
constitutes one mechanism by which heat and salt are transported downwards through
the thermocline (see review by Schmitt, 1994). In contrast, the waters at high latitudes
tend to be stratified in the ‘diffusive’ sense (such as those around Antarctica and in the
Arctic Ocean; Neal et al., 1969). The presence of ‘thermohaline staircases’ has been welldocumented, e.g. staircases in the ‘fingering’ sense have been found below the warm salty
Mediterranean outflow in the Eastern North Atlantic (e.g. Tait & Howe, 1968; Elliott,
Howe & Tait, 1974) and in the western tropical North Atlantic (the C-SALT staircases)
(Schmitt et al., 1987). Examples of ‘diffusive’ staircases have been found below the Arctic
iceflows (e.g. Neal, Neshyba &; Denner, 1969; Neshyba, Neal & Denner, 1971; Padman &
Dillon, 1987, 1988, 1989) and around Antarctica (e.g. Muench, Fernando & Stegen, 1990;
Foster & Carmack, 1976; Middleton & Foster, 1980). These staircases generally consist of
a series of overturning layers separated by density interfaces, within which strong vertical
temperature and salinity gradients exist. Muench et al. (1990) have estimated that in the
Weddell Sea, the upward heat flux through these staircases is approximately 15 W m-2 ,
which, they note, is of sufficient magnitude to be of importance in the high latitude upper
ocean heat budget.
Double-diffusive processes occur below the mesh scale of current finite-difference ocean
general circulation models and cannot be simulated with hydrostatic models. Hence, it is
important to explore the dynamical roles of double-diffusive convection using other means
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such as simple laboratory models.

1.4

This thesis

This thesis presents the results of laboratory and numerical simulations of horizontal con
vection. The first section of the work focuses on the purely thermally-driven flow. The
experiments extend Rossby’s investigation to a flow characterised by larger Rayleigh num
bers and small aspect ratio, with an imposed heat flux and thermal boundary conditions
that are more convenient to achieve in the laboratory. We observe two new features of
the flow: vertical mixing by small-scale convection, and turbulent shear flow in both the
plume and the weakly stratified return flow of the interior. Numerical results offer access
to detailed full-field velocity measurements, which were unobtainable in the laboratory.
Comparisons of laboratory and numerical results verified the accuracy of the code. The
numerical model was also used to explore the effects of a temperature-dependent ther
mal expansion coefficient and an additional heat flux applied to the second horizontal
boundary. The latter may be relevant to the role of geothermal heating in the oceans.
We then investigate the flow forced by both thermal and salinity fluxes, thus mimicking
a freshwater input to the ocean surface at high latitudes. We aim to complement the
general circulation models with our experiments by elucidating the complex interaction
between opposing stabilising and destabilising buoyancy fluxes applied at the sea surface
and the behaviour of the circulation and turbulent mixing.
Chapter 2 provides the theoretical background to the project. It contains a derivation
of the governing dimensionless parameters and a boundary-layer scaling analysis. The
laboratory apparatus and procedures for both thermal and thermohaline forcing are de
scribed in chapter 3. Chapters 4-7 report results for the purely thermally-forced flow.
The laboratory and numerical results for the thermally-equilibrated flow are presented in
Chapters 4 and 5, respectively. The transient behaviour during the approach to thermal
equilibrium (from both laboratory and numerical models) is discussed in chapter 6. Chap
ter 7 explores the perturbation of the thermally driven flow in chapters 4-7 due to the
addition of a small heat flux applied at the opposite horizontal boundary. In chapter 8, the
results axe given for the experiments with both thermal and salinity buoyancy fluxes. In
chapter 9, we discuss implications and comparisons with the oceans. The main conclusions
are summarised in chapter 10.

C hapter 2

T heoretical description of
horizontal convection
2.1

Governing equations

We consider a convective flow in a long rectangular box filled with water (figure 2.1).
A uniform heat flux per unit area, FT (in W m -2 ), is imposed over the left-hand half
of the base and a uniform temperature is imposed over the right-hand half of the base.
We choose to impose a uniform flux boundary condition at the heated end, instead of
applying a temperature gradient along the base (as used by Rossby, 1965), because it is
experimentally more convenient (a linear temperature gradient is difficult to achieve over
a distance of order 1 m) and it allows a more accurate determination of the heat flux into
the water. All other boundaries are assumed to be perfect insulators and all boundary
conditions are constant. In thermal equilibrium, heat is removed through the cooled half
of the base at a rate that is equal to the total heat input at the heated end. Thus, the
imposed flux controls the strength of convection and the magnitude of the temperature
differences in the flow, whereas the temperature imposed over the cold half of the base
controls the absolute temperature in the box.
In some of the experiments, once thermal equilibrium has been reached, a stabilising
salinity buoyancy flux with salinity anomaly ß A S and volume flux Q (uniformly dis
tributed across the tank width) is added at the bottom, heated corner. An equal volume
flux Q is withdrawn from the diagonally opposite (top) corner in order to preserve the
volume in the tank.
The governing equations and a boundary-layer analysis of the problem are similar to
that given by Rossby (1965) for thermal convection and a linear imposed temperature
variation along the base. For this study, we change the boundary conditions and use a
scaling based on the imposed heat flux. The flow is assumed to be Boussinesq and twodimensional. Velocities in the horizontal (x) and vertical (z ) directions are denoted by u
and w , respectively. The equations for momentum, mass conservation, heat, salinity and
11
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x = L/2

f x = L

Figure 2.1: Sketch of flow in a vertical plane through the box. The width of the tank
is W. There is a slow downwelling velocity w throughout most of the interior, and a
boundary layer of depth h across the cooled part of the base. FT is the heat flux per
unit area imposed over the left-hand half of the base and Tc is the temperature on
the cooled part of the base (L/2 < x < L). The solid curve denotes the boundaries
of the convective mixed layer and the upwelling plume (see § 4). In cases where a salt
flux is added, the flow is in thermal equilibrium before the salinity flux is introduced.
T0 and S0 denote the equilibrium temperature and salinity in the interior of the tank.
A solution with salinity anomaly ß A S is added at the bottom left-hand corner at a
constant volume flux Q, and an equal volume of fluid is withdrawn from the top right
hand corner.

density are:

1 dp
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Here, p, p, «T, ks , a , /?, rq T and S are the density, pressure, diffusivity of heat, diffusivity
of salt in water, therm al expansion coefficient, expansion coefficient for salt, kinematic vis
cosity, tem perature and salinity of the fluid, respectively. A subscript 0 denotes reference
quantities and V 2 = d2/ d x 2 + d 2/ d z 2. Impermeable and no-slip velocity conditions are
applied at all boundaries:

u = w= 0

at x = 0, L,

(2.7)

u = w= 0

at z = 0, D.

( 2. 8)
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The walls and lid are assumed perfectly insulating so that:
(2.9)

at x = 0, L,

II

£ - °
dT
n
~d~z ~
8T
Ft — KTpQCp ^

at z = D,

(2.10)

at ^ = 0,0 < x < L/2,

(2.11)

at

(2.12)

2

= 0, L /2 < x < L,

where Cp is the specific heat capacity. The salinity boundary condition is
S —Ssource — S0 T A S

(2.13)

at x — z — 0,

which can be written in terms of a buoyancy flux as
Bs = gp0ß A S Q

at x = 0 and z = 0.

(2-14)

Introducing a streamfunction such that u = dip/dz and w = —diji/dx, cross-differentiating
(2.1) and (2.2), and substituting (2.6) yields the vorticity equation
(2.15)

3 «
where £ = V 2,0
plane.

2.2

(du/dz) — (d w / d x ) is the component of vorticity normal to the x-z

Dimensionless param eters

We define the dimensionless variables
x
x — —,

z
z — —,

uL
u= — ,

S
AS1
(2.16)
where £ = (d u / d z ) — A2 (dw/dx), and A T = FTL / p 0cpKT is a scale for temperature
differences based on the input flux and thermal conduction over the box length L, and
A S = S —S0 is the salinity anomaly of the source water relative to the interior water. A is
the aspect ratio. The dimensionless vorticity, temperature and salinity equations become
A

w

T

J—J

A

"

n

A

A-S

0CI +,

d l+

k-

A

w

wL2

k *,D'

I \Srp<

, ,*c

d £ + w di
dT

i _ CLD
^
kt

f _tK T
f _ T
L2 ’
AT’

= PrV 2C - PrRaFA (

dT

or

a

dT
dS
- R„^rp dx
dx

-t*

t i +ud i +wa i = v T

_

(2.17)

(2.18)

and
(2.19)
where
d2
1
+
dx2 A2 d z 2 '
The dimensionless numbers defined in (2.17-2.19) are the flux Rayleigh number
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gaFTLA

RaF

p 0 CpK?T v

(2.20 a)

the Prandtl number
(2.20 b)
the aspect ratio
(2.20 c)
the global stability ratio

, _ IA S
p

(2.20 d)

aAT

and the ratio of salinity and thermal diffusivities
(2.20e)

T =

The first three parameters (2.20a-c) are common to purely thermal convection and the
last two (2.20d-e) enter when both thermal and salinity forcing are present. We use Gp as
the global stability ratio here to distinguish from R p which will later be used in the more
conventional sense as the local stability ratio across a double-diffusive interface.
The stability ratio compares the salinity density anomaly of the source to the thermal
density difference in the box and is equal to the ratio of salinity and thermal Rayleigh
numbers
ri

_ R as

U p ~ RaF '
where

= 2^

kt v

.

Since AT is a derived quantity we rewrite the stability ratio in terms of the ratio of salinity
and thermal buoyancy fluxes,
° p = ( § * ) Pe~\

(2-23)

where B s = gp0ß A S Q is the salinity buoyancy flux, B T = agFTLW/2cp is the buoyancy
flux due to the total heat flux through the box (and the heated area L W / 2, where W is
the box width) and Pe = 2Q / W kt is a Peclet number. In both the numerical solutions
and the laboratory experiments we control RaF by selecting the total heat input and hence
the heat flux FT. In the experiments we vary the source salinity and volume flux in order
to vary B s . Varying the volume flux also changes Pe. The diffusivity ratio is fixed at
r « 0.01 in this study due to the use of heat and salt as the two components throughout.
We note that, if the depth D is instead used for the main length-scale by which to
make quantities dimensionless, the governing equations do not change significantly. In
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this case the dimensionless variables are
w

wD
—

T P , Cpti/rp

Ft D

'■
'

,

kt

h
S£

T
AT

uD2
1
S

V

z
D'

s 5

s

tKT
t = ~EP’
QDL

AS

du
—
A2 [d z

-

dw
—
dx

, (2.24)

and the Rayleigh numbers are defined as
d

F

_ gaFTD A

gßASD3

d

(2.25)

PoCpKl"

The dimensionless temperature and salinity equations, (2.18) and (2.19), respectively, are
unchanged
df
^df
Äd f
* 2*
(2.26)
T i +U^ +W^ = V T
and
™ + u dA + v dA = r V S ,
at
dx
dz

(2.27)

except, in this case
*2 = AA2z -----& 1-----d2
d x 2 ^ dz 2'

The dimensionless vorticity equation (2.17) becomes

S +ül +4 = Pr^ - pr^ ( S - ^ S
2.3

(2.28)

Boundary-layer scaling analysis

In this section, we ignore the salinity terms in the governing equations from §2.2 and
consider the flow under purely thermal forcing. In a steady-state flow, vertical conduction
above the cooled base is balanced by both the vertical and the horizontal advection (as
these terms are of the same order in equation 2.18). We assume that thermal and velocity
boundary layers of the same scale h are established at the base of the box (figure 2.1).
This assumption relies on the no-slip boundary condition. We note that W. R. Young (per
sonal communication) has shown that Rossby’s scaling (along with that given here) is not
expected to hold when convection is forced at a stress-free surface, where the momentum
boundary-layer thickness scales with the depth of the box.
Using (2.3), (2.4) and taking d / d x <C d / d z (or A 2
1 in equation 2.18), the boundarylayer balance can be expressed as
u~

wL
~h

kt

L

(2.29)

For Pr
1, (2.15) and (2.29) lead to a balance between viscous stresses and buoyancy in
the horizontal boundary-layer flow:
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where ST is the difference between the maximum and minimum temperatures along the
length of the box given the imposed heat flux. This temperature difference is also repre
sentative of the vertical temperature difference across the boundary layer above the cooled
half of the base. Conservation of heat in the boundary layer implies that
p0Cp5Tuh ~ Ft L.

(2.31)

We solve (2.29), (2.30) and (2.31) to obtain the following expressions for the characteristic
temperature anomaly ÖT, boundary-layer thickness h, horizontal boundary-layer velocity
u and vertical velocity w, which in normalised form become:
§

~ ^ " /6—~

RaF ~ 1/6,

— ~ R a Fl ! \

(2.32)
(2.33)
(2.34)

K frp

—

Avj.

-

(2.35)

and (2.32) can be rewritten in terms of a Nusselt number
N u ~ R a Fl/6,

(2.36)

where Nu = FTL / p0cpKTST = AT /6 T is the heat flux relative to that due to conduction
along the length of the tank. The volume flux per unit width in the two-dimensional
overturning flow scales as V ~ uh and hence V ~ KTRaF1^6. Note that, if we define the
horizontal Rayleigh number based on the temperature difference ST as Ra = gocSTL3/ v k t ,
then RaF = NuRa and our result is the same as that obtained by Rossby (1965, 1998) for
the case of convection in a square container (A = 1) forced by an imposed temperature
difference ST (i.e. Nu ~ Ra1//o and V ~ KTRal^°). The corresponding scaling results for
rotating (geostrophic) cases are discussed in §9.1.

C hapter 3

Laboratory apparatus and
m ethods
3.1

Apparatus

The experiments were carried out in two tanks. The early experiments used pre-existing
apparatus. The later experiments were conducted in a purpose-built apparatus, which was
designed to improve the imposed (cold) temperature boundary condition and minimise
sidewall heat loss. The apparatus is illustrated in figure 3.1 and a photograph from the
laboratory is shown in figure 3.2. De-aired water (fresh or salt solution) was used as the
working fluid to ensure that no air bubbles appeared in the tank.
3.1.1

T h e first tan k

The inner dimensions of the first tank were length L = 1.2 m, width W = 0.2 m and depth
D = 0.15 m. The walls were made of 6 mm thick glass, and a 6 mm thick sheet of aluminium
formed the base. A 73 mm thick block of expanded polystyrene foam formed the lid of
the tank and was placed in direct contact with the surface of the water. Foam was also
used to insulate the walls of the tank: the endwall insulation was 100 mm thick and the
sidewall insulation used 50 mm thick foam sheets, which could be easily removed to allow
visualisation of the flow. A 600 mm x 150 mm electric heating mat sat under the left-hand
half of the aluminium base above a 47 mm sheet of polystyrene foam. The heating mat
provided total heat fluxes (FTW L /2) between 10 and 374W uniformly distributed over
its area (i.e. I l l < FT < 4156 W m -2). A heat exchanger was placed under the other half
of the base. This heat exchanger consisted of an aluminium block containing a network of
water channels (with a copper capping plate), through which cooled water was circulated.
The coolant was pumped from a water reservoir held at a constant temperature by a
Thermomix controller. The copper capping plate was clamped against the bottom of the
aluminium tank base. For further basal insulation the entire apparatus was placed on a
50 mm slab of close packed foam above a 100 mm thick polystyrene sheet.
A line source was placed at the base in the heated (left-hand) corner of the tank.
A stabilising buoyancy flux was supplied as a salt solution with concentration SQ+ A S ,
leading to a density anomaly Ap = p0ß A S , where ß is the coefficient of expansion for salt.
All densities were measured at 20.00 ±0.01 °C using an Anton Paar densimeter which gave
densities to an accuracy of O (l0 “5) gem -3 . The fluid was fed from the source reservoir
at a constant rate by a peristaltic pump through a flow-smoothing surge chamber. A
second source reservoir was filled with dyed solution (of the same density) which could be
17
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Figure 3.1: The experimental arrangement for the second tank, where the electric
heating mat is pressed against the copper base. The first tank was similar, except the
glass sidewalls were not double-glazed, the base was made of aluminium, the source
water was fed down a vertical tube adjacent to the endwall, and coolant fluid channels
in the original heat exchanger did not bring the coolant into direct contact with the
aluminium base plate.
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Figure 3.2: Photograph of the second tank. The heating mat is under the left-hand
side of the base and the heat exchanger is under the right-hand half. Five thermistors
can be seen mounted on vertical rods for vertical temperature profiling.
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switched in when required. In order to ensure the density anomaly was due to the salt
flux alone, the source fluid was passed through a heat exchanger coil to raise it to the
same temperature as the hot plate at its entry point. The source consisted of a horizontal
tube (of inner diameter 3.85 mm) spanning the width of the tank. A 1 mm wide slit in
the horizontal tube was filled with sponge to ensure the source fluid entered at a uniform
rate across the tank and with little momentum. The 1 mm wide slit across the tube was
at 45 ° below the horizontal to introduce the water as close to the base as possible.
In order to keep the volume of water in the tank constant, a sink (identical to the
source) was placed in the top right hand corner of the tank, and an equal volume of fluid
left the tank through an overflow chamber. The position of the sink was chosen such that
any dynamical effects on the flow were negligible, noting that temperature and salinity
differences throughout most of the length and depth of the box were extremely small, as
was the sink volume flux.

3 .1 .2

T h e secon d tan k

The second tank was constructed of acrylic and had inner dimensions of L = 1.25 m long,
W = 0.15 m wide and H = 0.2 m deep (figure 3.1). In order to minimise heat loss from the
tank to its surroundings, 20 mm thick acrylic was used for the endwalls and inner sidewalls.
The sidewalls were double-glazed using 3 mm thick acrylic on the exterior sidewalls and
the 18 mm cavity between the interior and exterior sidewalls was filled with argon. The
sidewalls extended downwards to surround the base, heating mat and heat exchanger.
The entire tank was thermally insulated with expanded polystyrene foam of thicknesses
150 mm below the base, 96 mm on the endwalls, 50 mm on the sidewalls and 100 mm on
the lid. The sidewall polystyrene could be removed for flow-visualisation purposes.
A 10 mm thick sheet of copper formed the base of the tank. The heating mat described
in § 3.1.1 was clamped against the left-hand half of the copper base above a 27 mm sheet
of ceramic insulation and a 20 mm sheet of acrylic, the latter bolted to the base of the
walls. The second tank was used with a better-designed water heat exchanger. The heat
exchanger was 600 mm long and achieved a temperature boundary condition that was very
close to uniform and constant. This heat exchanger consisted of closely-spaced channels
in a plastic block through which cold water was pumped from a constant temperature
bath. The recirculating water in the channels directly contacted the right-hand half of the
overlying copper base. The coolant was held at 16 °C by a proportional controller and the
upper surface of the base was close to 16.5 °C, depending only very weakly on the applied
heat flux on the other half of the base. The introduction of a 50 mm insulating spacer
between the heating mat and cold heat exchanger filled with ceramic insulation reduced
‘short-circuiting’ of heat flow directly along the copper base (figure 3.3) by reducing the
temperature gradient in the copper.
An upper bound for the portion of the input heat flux that is conducted directly along
the copper base can be estimated as follows. The numerical solution for the convective
flow (§ 5.2) for the input heat flux of 778 W m~2 gives the temperature difference between
points A and B (figure 3.3) as ATAB = 4.2 °C. This number will be an overestimate for
the corresponding value in the laboratory flows, which involved the same temperatures on
the cooled half of the base, but lower temperatures on the heated half owing to the flux
boundary condition. For the domain with simplified boundary conditions shown in figure
3.4a, Carslaw Sz Jaeger (1959, p. 166-167) give the steady two-dimensional conduction
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heating mat
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heat exchanger

50 mm

Figure 3.3: Side-view showing the expected qualitative form of the steady-state
contours of heat flow (solid lines) and temperature (dashed green lines) within the
copper base at the centre of the tank. It is expected that some portion of the heat
provided from the mat to the copper base is able to ‘short-circuit’ directly along
the base to the cooled half. In particular, the heat added close to the centre of the
tank may be conducted along a contour adjacent to the lower edge of the copper
(pressed against the heating mat and heat exchanger). We estimate the proportion
of the input heat flux which follows such a contour given the temperature difference
between points A and B, (ATAB), on the copper base.

y

T = 0

y
warm copper

Figure 3.4: (a) Illustration of domain and boundary conditions in which the steady
temperature profile has been solved by Carslaw & Jaeger (1959, p. 166-167). (6)
Application of domain in (a) to the centre of the copper base. Contours of heat flow
are given by the solid lines and temperature contours are shown by the dashed green
lines. There is no flux of heat across the black dashed line as the system is symmetric.
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solution for the temperature field:
T(x, y)

40
7T

_ 1 ___

E (2n + 1)

(2n + 1) 7tx

sinh

(6 - y) (2n + 1) 7r

cosech

(2n + 1) 7r6

n=0

(3.1)
Our tank geometry (figure 3.3) can be represented by half the domain in figure 3.4a after
reflection and rotation as shown in figure 3.46, hence we can use the solution from (3.1).
The heat flux transferred directly into the cold copper is the heat flux through the ‘upper’
boundary, (a/2,6) to (a, 6) in figure 3.46, and is given by

f“w= T if ^ T

dx

(3'2)

where kcu is the thermal conductivity of copper. In the experiment with an input heat
flux of 70 W, a = 0.02 m, 6 = 0.05 m, kcu — 384 W m-1 °C_1 and an upper bound for 0
is 0 = AT ab = 4.2 °C. On substitution of these values and the solution for T (3.1) into
(3.2), the summation can be evaluated. Using the software package Maple, (3.2) yields
the value Fcoid = 1.59 W for the two-dimensional system. For a tank of width 0.15 m this
implies that the total loss of heat directly along the copper base is 0.24 W, i.e. 0.34% of
the total heat input. If the numerical solutions are again used to give an estimate of the
temperature difference along the base from x = 0.6 to 0.65 m, for the experiments with
larger heat fluxes, (3.2) reveals that in these cases a smaller percentage of the total heat
input will be transferred directly along the base.
In the second tank in the experiments with a salt source, the injected salt solution
entered the tank via an insulated horizontal tube through the endwall. The horizontal
tube connected to the line source in the centre. This allowed visualisation close to the
endwall, an area which had previously been obscured by the vertical tube feeding the
source.
An acrylic lid in contact with the water sealed the top of the tank. Along the lid was
a series of holes with vertical tubes extending upwards through the polystyrene insulation
(figure 3.7). Thermistor access was possible through five tubes along the centreline at x =
0.1, 0.3, 0.625, 0.95 and 1.15 m (measured from the left-hand endwall) and a second line
of tubes offset 25 mm from the centreline, at x = 0.3, 0.625 and 0.95 m. A further three
tubes at x = 0.12, 0.595 and 1.13 m on the centreline were used for adding dye streaks.
The tubes also accommodated changes in volume of the working fluid owing to thermal
expansion during the approach to thermal equilibrium.
3 .1 .3

H eat loss te s ts

Calibration tests were carried out to measure the total heat loss from the walls, lid and
base of both tanks. The tanks were filled with hot isothermal water and then left to cool,
while the rate of cooling was monitored. The global Newtonian cooling, JT, from the box
is then given by
rr
x.dAT , AfT1
/ooN
H = —p 0C p V
= ki AT,
(3.3)
where V is the tank volume, k\ is a heat-loss coefficient and AT = Ttank —Tiab. Integrating
gives
p0CpV In (AT) = —k \t + const

(3.4)
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i.e.
AT

Äi;

(3.5)

The heat loss for each tank was then found (from the measured decrease of the difference
between the laboratory and tank temperatures with time) to be
H = - 1.037

X (Ttank -

Tlab)

for the first tank with sidewall insulation,

H = —0.7425 X (Ttank — Tlab) for the second tank with sidewall insulation,
H = - 1.826 X (T tank - Tlab) for the second tank without sidewall insulation.

(3.6)
(3.7)
(3.8)

The experiments reported in § 4 involved the purely thermally-driven convection and
were all conducted in the second tank with sidewall insulation in place. Prom (3.7), we
infer a heat loss in these experiments of between 2 and 6 % of the total flux applied to the
heating mat (except for the very small input heat fluxes of 10 and 30 W, in which there was
an estimated gain of 2 and 0.86 W, respectively, from the surroundings). It was inferred
that these small losses lead to a difference between the heat input and withdrawal fluxes.
The heat gained from the room by the thin boundary layer above the cooled base (> 16 °C)
was negligible because the boundary layer intersected the walls over an area less than 4%
of the surface area of the box and the difference from 16 °C to the room temperature was
small (the temperature in the laboratory was usually maintained between 21-23°C). In
the first (glass) tank (used for some of the experiments with both salinity and thermal
forcing, § 8), the flow pattern changed significantly and relatively quickly when the sidewall
insulation was removed for long periods. Hence, we infer a heat-loss coefficient for the glass
tank with no sidewall insulation which is considerably larger than those given in (3.6)(3.8) (although the coefficient was not measured as all experiments in the glass tank were
performed with sidewall insulation in place). In order to minimise artificial forcing of the
flow, care was taken to only remove the foam for very short periods of time (1-2 min)
although, even in these cases, the thermistors close to the base showed a slight (< 0.3°C)
decrease in temperature. These decreases are not thought to be dynamically significant
and the flow quickly adjusted back to its previous temperature once the foam had been
replaced. In the second tank, no such perturbations were detected at any thermistor
location (even when the sidewall foam was removed for long periods of 10-15 min) because
the acrylic walls and double-glazing were effective insulation and the foam made only a
small difference.

3.2

Procedure

Once set up, heating and cooling were sometimes turned on simultaneously and the flow
evolved to a thermal steady state in which the total convective flux extracted through
the cold plate matched the imposed input heat flux into the hot plate (less sidewall heat
losses). Thus, the flux through the cooled half of the base was also determined by the
input heat flux. The strength of the circulation was set by the imposed heat flux, and
the final equilibrium temperature of the working fluid was controlled by the temperature
of the cold plate. The approach of the flow to a thermal steady state was monitored by
thermistors in the tank. If the working fluid was initially at room temperature when the
thermal forcing was switched on, the equilibration process took approximately 24 hours
in most experiments. If, alternatively, the heating mat (or hot water heat exchanger) was
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Property

04

V

5.173 x 10“ 14
4.583 x 10"6
-

kt

Cp

Po (fresh)
a (fresh)

ft, (10%)
a (10%)

^3
-1.103 x IO“ 11
-5.000 x IO“ 13
-8.917 x IO“ 4
2.7 x lO“ 5
8 x l0 ~ 7
-

02
1.009 x IO“ 9
5.500 x 10“ 11
7.254 x 10-2
6.993 x IO“ 3
8.IXIO- 5
2.288xl0"3
2.4xl0~6

ai

ao

-5.316 x 10~8
-1.400 x IO“ 9
-2.571
4.513x 10~2
1.399xl0“ 2
2.819x 10-1
4.576x 10-3

1.744 x 10“ 6
1.520 x IO"7
4.210 x 103
999.900
4.513xl0“ 2
1078.412
2.819x 10_1

Table 3.1: Coefficients of the polynomials used to evaluate the molecular properties
of water at different temperatures where each polynomial is of the form a4T4 + ö3T3 +
02T 2 + o iT + ao. Rows 1-3 are the viscosity, thermal diffusivity and specific heat
capacity, respectively, and have been found from polynomials fitted to data from
Batchelor (1967, Appendix 1). Rows 4 and 5 are the density and thermal expansion
coefficient, respectively, for freshwater, and have been derived from equation (2.1),
Ruddick & Shirtcliffe (1979). Rows 6 and 7 are the density and thermal expansion
coefficient, respectively, for a 10% salt solution, which was used as the working fluid
in the first tank (from equation (3.1), Ruddick & Shirtcliffe, 1979).

switched on first to bring the water close to the estimated equilibrium temperature before
the cooling was turned on, a much shorter equilibration time (~ 6-7 h) was observed.
The cold plate temperature was set well above 10 °C in both tanks in order to minimise
the fractional variation of the thermal expansion coefficient within the tank. However, for
experiments with a given imposed heat flux and a temperature of around 16 °C at 100 mm
from the endwall in the cold plate, the internal temperatures in the second tank were
approximately 5°C larger than in the first tank. This discrepancy was due to the non
uniformity of the cold plate temperature in the first tank, which increased with distance
from the endwall In the second tank freshwater was used as the working fluid. However,
in the first tank, a 10 % salt solution was used as the working fluid to further reduce the
variation of the thermal expansion coefficient over the larger range of temperatures.
In the first tank, for a cold bath temperature of around 2°C and input heat flux of
140 W, interior temperatures were 37-8 °C and temperatures at the warm and cold ends
of the base (taken from thermistors resting on the base at x = 0.1 and a: = 1.1m) were
approximately 40.5 and 16.45 °C, respectively. In the second tank, a cold bath temperature
of 16 °C and an input heating power of 140 W (FT = 1556 W m-2 ) led to a steady state in
which temperatures in the upper three-quarters of the body of the tank were within 0.1°
of 32.8 °C, while the temperatures taken from the thermistors embedded within the warm
and cold ends of the copper base were 36.3 °C and 16.7 °C, respectively. We note that the
range of temperatures in the flow (16-33 °C) corresponds to a thermal expansion coefficient
ranging from 1.6x 10-4 K_1 to 3.3x 10-4 K_1 (Ruddick & Shirtcliffe, 1979), a variation that
has not been allowed for in the scaling analysis (§2.3), but which may be dynamically
significant. This effect will be investigated using the numerical solutions (§5.2). In our
experiments, the Rayleigh and Prandtl numbers, based on the fluid properties at the
mean interior temperature, were varied between 6.5 x 1012 < RaF < 6.87 x 1014 and
3.43 < Pr < 7.03, respectively. The molecular properties of water (as a function of
temperature) have been derived from Ruddick & Shirtcliffe (1979) (for reference densities
and the thermal and salinity expansion coefficients), and from polynomial interpolation
over the range 20-60 °C of values given by Batchelor (1967, Appendix 1) (for viscosity,
diffusivity and specific heat capacity). These polynomials are given in table 3.1.
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Apart from the unavoidable no-slip velocity boundary condition on the two sidewalls,
all boundary conditions were independent of distance across the box, thus forcing a flow
as two-dimensional as possible. In a few additional runs, which were observed in only
qualitative ways, the heating mat was replaced with a heat exchanger recirculating warm
water, but otherwise identical to that under the cooled half of the base. These experiments
were run with an imposed temperature difference (16 °C at the cool half and approximately
40 °C at the warm half).
In the experiments with both salinity and thermal forcing, once thermal equilibrium
had been reached, the peristaltic pump was switched on to introduce the stabilising salinity
buoyancy flux. We note that because an equal amount of salt was not withdrawn, the
experiment was unsteady. However, the pumping rate Q was chosen to be sufficiently
small that the evolution of the mean salinity in the tank was slow compared with the
rate of overturning. In each experiment, the pump flow rate was measured prior to the
introduction of the salt water by recording the time the pump took to fill up a known
volume in a measuring cylinder.
The timescale on which the convection ventilates the whole volume of the box is tc =
V/q where q is the flux through the boundary layer. Using the scaling analysis developed
in § 2.3, in which the boundary-layer volume flux is u h W ~ RaFl' &KTW , this time is given
by
V
VRaF~1^
~ 7000 s.
(3.9)
uhW
kt W
The flushing timescale on which the tank volume is flushed by salt water input and sink
withdrawal is tf ~ V/ Q ~ 23000 — 427 000 s. Comparing the two timescales gives the
range of ratios for the experiments
tc
Ra- l^ Q
— ------ ——
~ 0.017 - 0.28,
tf
kt W

.
.
(3.10

with typical values of around 0.03, which indicates that the relative anomaly of the source
decreased by ~ 3 % in each ventilation time. A scale for the increase of the bulk salinity
S(t) in the tank interior can be found by assuming the source water is mixed evenly and
instantaneously throughout the tank volume, while an equal volume of water of average
tank salinity is lost through the sink. The change of salinity of the tank interior is therefore
given by
dS_Q S^_Q S(tl
dt
V
V ’
1'
where Ss is the source salinity. Integrating and applying the initial condition 5(0) = S n
where 5, is the initial salinity of the tank interior, yields
S( t ) = S s —exp

—Qt
~V~

(Ss - S , ) .

(3.12)

In a couple of experiments, the change of density of the sink water was measured and
we compare this value of S( t ) with the theoretical value predicted by (3.12). Figure 3.5
shows that the salinity of the sink water increases at less than half of the predicted scale.
This result is unsurprising as the flow in experiment 27 falls into a regime (see § 8.4) in
which most of the injected salt was fed directly into a lower cell rather than reaching the
sink. Figure 3.6 shows an example in which the measured value is much closer to, and
slightly above, the predicted scale. In this case, the flow falls into a regime (see § 8.3) in
which pulses of relatively salty water were released into the interior, propagated along the
top of the tank and reached the sink location.

3.2. P roced ure

100.8
100.6

100.4
100.2

Figure 3.5: The measured salinity (o) of the interior water as it leaves through

the sink compared to the theoretical scale from (3.12)
. The data is taken from
experiment 27 (see §8). In this experiment the initial salinity of the interior was
S, = 99.90 %o and the salinity of the source water was Ss = 119.68 %o.
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Figure 3.6: The measured salinity (o) of the interior water as it leaves through
the sink compared to the theoretical value from (3.12) — . The data is taken from
experiment 28 (see §8). In this experiment the initial salinity of the interior was
S, = 122.61 %o and the salinity of the source water was Ss = 130.05 %o.
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The introduction of source solution was halted once the flow circulation pattern had
been clearly established for some time. The experiment was then generally continued with
thermal forcing alone until the salt layer had overturned and the flow had returned to the
large scale and full-depth overturning of § 4.

3.3
3.3.1

M easurem ents and visualisation
S h adow graph m easu rem en ts and d ye o b serv a tio n s

In most runs, qualitative observations of the flow were made using a shadowgraph set-up.
The arrangement consisted of a slide projector to back light the flow and a sheet of drafting
film was used to measure the flow velocities in the boundary layer. Potassium perman
ganate crystals were dropped into the tank to produce vertical dyelines. The subsequent
deformation of the dye lines was recorded on video for later analysis. A number of frames
were digitised at specified times. A comparison of frames was used to make accurate
measurements of the horizontal displacement of the dyelines, and hence to determine the
maximum horizontal velocity in the boundary layer. In other runs, dye tracer was released
continuously from syringe tubes near the base at either the centre or the cold (right-hand)
end of the box. This tracer was advected with the bottom boundary-layer flow, upwelled
in the turbulent plume and carried along the top of the tank in the plume outflow. In the
experiments with a stabilising buoyancy flux, either undyed or dyed blue salt water of the
same density could be introduced from separate reservoirs as required.
3 .3 .2

T em p eratu re m ea su rem en ts w ith th er m isto r s

Stationary thermistors were used to give information on temperatures in the flow. Eight
fast-response thermistors were attached to a rack that could be either traversed vertically
to obtain vertical temperature profiles or carefully positioned for simultaneous time records
at fixed points (figure 3.7). Profiles were taken at five horizontal positions and time records
were taken at 8 (first tank) or 10 (second tank) fixed points. A further two thermistors
were embedded close to the upper surface of the copper base on its centreline 0.1 m from
each end wall.
Each thermistor registered a temperature-dependent resistance which was measured
using a bridge circuit. The bridge output is a voltage, which was then passed via a signal
conditioning unit to a data acquisition board (16 bit accuracy) into a computer. In order to
reduce high frequency signal noise, the bridge output was low-pass filtered at 500 Hz. The
interface between the hardware and computer was controlled using Lab VIEW. Programs
were written to run the traversing mechanism and the data logging. Thermistor resistances
R were calculated from the measured raw voltages V by a calibration curve of the form
R = [A + B V + C V 2) 1,

(3.13)

where A, B and C are constants. V is in volts and R is in Ohms. The bridges were
calibrated by feeding known resistances from a resistance box to each bridge unit and
then measuring the voltage signal received by the computer. Temperatures T were then
obtained from the resistances using a calibration curve of the form
(3.14)
where D , E and F are constants and T is in °C. The calibration procedure for the
thermistors involved sitting the set of thermistors in a constant temperature bath and
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Figure 3.7: Thermistor and dye tube positions in the second tank: (a) side view,
(6) plan view. The circles show fixed thermistor locations for the experiments in
which time records were taken and the crossed circles show the location of the dye
tubes. All lengths are given in metres. Positions of thermistors 1, 2 and 5 were the
same in the first tank. There was no ‘spacer’ at the centre of the base in the first
tank so the horizontal position of the other thermistors was slightly different. In that
case, thermistors 3, 4, 5, 7 and 8 sat at x = 0.6,0.9,1.15,0.9 and 0.63 m, respectively.
Thermistors 9 and 10 were embedded in the base in the second tank only.

the resistances of each thermistor measured over the range of temperatures 0-60°C. The
bridges were configured so that the thermistor resistances of around 1100-10 000 Q, (cor
responding to temperatures from approximately 0 to 55-60 °C), correspond to output
signals in the range 0-10 V. All of the calibration curves (3.13) and (3.14) gave an excel
lent fit to the data, with errors of less than 0.05 % for the resistances (an absolute value of
< 4.6 Q for R up to 10 008 fl) and less than 1 % in the temperature (an absolute value of
< 0.031 °C at 20 °C). An example of the calibration data and curve fits for a single bridge
and thermistor axe shown in figure 3.8.
Time records from stationary thermistors were acquired at rates between 1 and 0.01
samples/s and data for vertical profiles were taken at 60 samples/s. In the latter, a
traversing speed of 6.1 m m s"1 was used. The thermistors were traversed downwards from
the lid to 1 mm above the base, with a reading every 0.1 mm. Windowed-averages based
on five readings were used to reduce instrumental noise, giving a spatial resolution of
~ 0.5 mm. We define the boundary-layer thickness to be the height above the base at
which the temperature anomaly relative to the temperature at mid-height is 5% of the
maximum temperature anomaly in that same profile. In the case of the smallest input
heat flux (of 10 W), an estimate for the height of the boundary layer was determined from
the temperature profiles by eye.
3 .3 .3

E le ctr o ly tic p r e cip ita tio n

Vertical profiles of the horizontal velocity at two locations (x = 0.1 and x = 0.625 m) were
obtained using the electrolytic precipitation method (Honji, Taneda & Tatsuno, 1980).
The set-up used in the present experiments is illustrated in figure 3.9. A one-percent salt
solution was used as the working fluid. A 12 V power supply was wired to a length of
solder and a 97 x 28 mm stainless steel sheet, both of which were immersed in the tank
(but electrically isolated from the copper base). The rear sidewall was covered on the
inside with matt black contact adhesive. The tank was lit by a thin light sheet created by
a mask on each of the endwalls. Switching on the power supply for a brief period caused
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Figure 3.8:
Example calibration data and fitted curves for (a)
bridge and (6) thermistor.
In these cases the curve fits are given by
(a), l/i? = (1.014 x 10"6 + 7.419 x 10"5F + 7.819 x 10-8F 2) and (b) T
=
(8.457 x 1CT4 + 2.957 x 10~4 ln(Ä) 4- 1.131 x 1(T7 ln(i?)3)-1 - 273.15.

the solder to release a precipitate of fine particles, which had negligible sinking velocity
on the timescale of most of the flow. The subsequent evolution of the precipitate in the
flow was video-taped. The horizontal displacement of the initially vertical line of particles
was measured and used to give horizontal velocities in the flow. Successive releases of
precipitate at 20 and 30 s intervals were also used to give qualitative images of the flow.
3 .3 .4

‘S y n th e tic sch lie re n ’

Images of the convection were also obtained using the newly-developed synthetic schlieren
technique (Sutherland et al. 1999; Dalziel, Hughes & Sutherland 2000). This technique
can be used to determine the refractive index gradients everywhere in the flow by measur
ing the apparent displacements of a patterned mask placed behind the tank and viewed
through the flow. The mask (typically a pattern of thick horizontal stripes or dots)
was illuminated from behind and a reference image of the pattern was recorded. In the
present experiments, two reference images were used: first, a time-averaged image of an
isothermal tank of water with no convection and, second a time-averaged image of the
thermally-forced convecting state. In both cases, time-averaged images were obtained by
superposing numerous individual frames in order to reduce signal noise from the camera
and video recorder. Instantaneous images of the thermohaline forced flow were then ac
quired using a frame grabber and compared to the reference frame using the digital image
processing package Diglmage. In each case, subtraction of the reference frame showed the
apparent movements of the pattern due to flow-induced perturbations in the refractive
index gradient field (Dalziel et al., 2000). The comparison with the isothermal reference
image allows visualisation of the flow features arising from both thermal and salinity forc
ing. Comparison with the thermally-forced convecting state highlights the time-dependent
flow perturbations associated with the salt input. Here, the synthetic schlieren technique
has been used to classify vertical density gradients as either stable or unstable. However,
quantitative use of this technique was limited in the bottom boundary layer owing to the
severe refraction of light by the strong temperature gradients there. The refractive index
gradients severely distort the image in the boundary layer such that the origin of the light

29

3 .3 . M e a su r e m e n ts a n d v isu a lisa tio n
(a)

Angled
mirror

" Angled
mirror

Angled
mirror

XN

Projector

Camera

Projector

Figure 3.9: Set-up for electrolytic precipitation measurements, (a) shows the tank
and (6) shows a plan view of the set-up.

rays reaching the camera is unclear.
3 .3 .5

S a lin ity m ea su rem en ts

Salinity was measured using an optical technique. This method has an advantage over the
use of salinity probes in that it gives whole-field salinity measurements. The salt solution
was coloured with a known amount of green dye and we calculate dye concentration
C d y e by measuring the attenuation of the intensity of incident light as it passes through
the dyed solution compared to an undyed reference state (Cenedese & Dalziel, 1998).
The concentration of dye can be used as a proxy for salt concentration. Although the
molecular diffusivities of dye and salt are different, dye concentration is expected to be
proportional to salinity in the present experiments because mixing in the flow and across
density interfaces is due mainly to turbulent processes. However, measurements in the
vicinity of density interfaces and strong density gradients may be inaccurate due to the
focussing or de-focussing of incident light by large refractive index gradients.
The tank was back lit and a diffusing screen placed on the back of the tank. A
monochrome video camera was placed as far as practicable in front of the tank (~ 3 m) so
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Figure 3.10: Calibration curve showing the relative attenuation of incident light
(as measured by the camera) as a function of dye concentration, o data points,
the curve fit, with equation given by Cdye = —4.21 x 10-9 ( \ n ( I / I 0)^j + 2.56 x
10-6 ^ln ( J / / Q)^ —5.31 x 10-4 ^ln (7 //0)^ + 3.75 x 10~2. Overbars represent average
values over a fixed region.

as to minimise parallax. The camera lens was covered with a green filter to minimise the
response of the CCD to other wavelengths of light.
A calibration is required in order to obtain dye concentration from measurements of the
attenuation of incident light. The incident light distribution I0( i , j ) of an undyed volume
of water in the tank was measured, where i and j are row and column indexes giving
the position of each pixel; dye was then added to the tank in known volume increments.
At each step, the tank was vigorously stirred until the solution was of a uniform dye
concentration (which could be verified from the digitised image). The intensity field I( i, j)
was measured by digitising frames from the video camera (each measurement used an
average of 1500 frames over 60s to reduce video noise). The relative attenuation was
measured by dividing on a pixel-by-pixel basis the measured intensity field I ( i , j ) by
IQ(i,j). This removes spatial variations in the incident light and the resulting frame I / I 0 is
very close to uniform. For the calibration curve, an average value (shown by the overbars
in figure 3.10) over a window of many pixels was used. The camera is extremely sensitive
to even very small amounts of dye, which cannot be seen by eye. Figure 3.10 shows
l n ( / / / 0) as a function of dye concentration. The response of the camera is linear at small
concentrations (Holford & Dalziel, 1996), but becomes nonlinear for large concentrations.
A cubic function fits the calibration data well.
The calibration in figure 3.10 gives dye concentration as a function of relative attenua-
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tion of incident light. Therefore, it remains to relate dye concentration to salinity. In the
experiments with an input of stabilising salt solution, both the salinity anomaly (ß S SOUrce)
and the concentration of dye in the source water were known. Thus, the salinity anomaly
field in the flow could then be found by assuming that the salinity anomaly varied linearly
with dye concentration (from the undyed freshwater to the water of maximum salinity and
dye concentration). This assumption is valid because ß varies very little over the ranges
of salinity and temperature used.
In the experiments a time-averaged image (1500 frames over 60s) of the thermal con
vection was used to measure the incident light field IQ(i,j). Dyed source solution was
then introduced into the tank with the injection of salt water. The evolution of the dye
was tracked. As the relative attenuation does not vary linearly over a large range of dye
concentrations (figure 3.10), two runs were generally required for each experiment in order
to obtain satisfactory resolution of the salinity field in all regions of the flow. In the first
run, the solution was dyed with a low concentration of dye (1/1500 parts per volume) to
give accurate salinity measurements in the vicinity of the source. In the second run, a
higher source concentration of dye resolved the smaller changes in salinity in the interior.
In order to improve the signal to noise ratio, each image was constructed from an average
of 750 frames (over 30 s) and the images were smoothed using a Gaussian low pass filter.
The filter applied a Gaussian surface centres on a 7 x 7 kernel with a standard deviation
of 1. Dye concentration measurements are based on an integral along the ray paths of the
relative attenuation. Therefore, three-dimensional structures cannot be resolved by this
method. A border at the edge of each image also contained inaccurate measurements due
to the parallax, however, this was limited to less than 5 % of the total image.
The accuracy of the technique can be assessed by checking for conservation of salt in
each run. Once the input of source water had been stopped, an image of the flow was
stored and the salinity summed over the whole field. The density and weight of the sink
water was also measured, so the amount of salt lost into the sink could be calculated. The
sum of these two terms was then compared to the known amount of salt added over the
duration of the run. For the runs whose dye concentration remained within the calibration
limits, the discrepancy in the salt budget (based on the total salt added) was generally
less than 1 % (with the exception of one run where the discrepancy was up to 11.5%).
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C hapter 4

L a b o ra to ry re s u lts for th e rm a l
e q u ilib riu m
4.1

The therm ally-equilibrated flow

As in previous models and experiments with horizontal convection, in the thermally equi
librated state, the flow is highly asymmetric. A strongly stable boundary layer was ob
served to form over the cooled half of the base and the flow within this layer was toward
the heated end of the tank. A new feature, not observed in previous experiments was
that, as this cold layer flowed across the heated half of the base (shortly after the onset
of heating), the stable temperature gradient was eroded from beneath, not by conduction
but by convection driven by the bottom heating. The small-scale convection produced an
embedded mixed layer, as seen in the schlieren and dye images (figures 4.1 and 4.2). This
convective vertical mixing began 50 to 100 mm from the centre of the tank and deepened
with distance from the onset. Over most of this distance the convection was turbulent
and small eddies could be seen to penetrate a small distance upward into the overlying
stable stratification. The flow in all cases adjusted such that the mixed-layer thickness
reached the full depth of the stable cold boundary layer within about 50 mm from the
left-hand end of the box (see schlieren image, figure 4.1). W ithin about 30-50 mm from
the left-hand endwall, the mixed layer fed into a narrow rising plume that hugged the
endwall. Thus, the whole of the boundary layer flux first entered the mixed layer before
reaching the plume. As far as we are aware, this is the first report of turbulent convective
mixing in horizontal convection.
The upwelling plume was strongly confined to the endwall, as in the experiments of
Rossby (1965). The inflow to the base of the plume (in the convective mixed layer) was
characterised by small-scale convective eddies. Through most of its height, however, the
plume exhibited turbulence as a result of a strong mean shear between the upwelling
water and the relatively stationary interior. The Reynolds number in this region, based
on plume width and mean vertical velocity, was around 500 for most runs. The dominant
shear-generated eddies had scales comparable to the plume width, and the qualitative
appearance was that of a turbulent buoyant plume (as seen in many types of experiment
with a small source, except that in the horizontal convection tank a significant volume
flux was present at the ‘source’). These eddies were much larger than the small buoyant
elements carried up from the bottom boundary layer. This is the first report of a turbulent
plume in horizontal convection.
At the top of the tank the outflow from the plume (figure 4.2) contained eddies larger
than those in the plume. The perturbations of largest scale travelled slowly along the box,
33
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Figure 4.1: A synthetic schlieren image showing the full depth and the left-hand half
of the tank over the heated base. The two vertical lines are at 200 mm intervals. The
scale shows vertical refractive index gradients (red-yellow unstable, blue-black stable,
neutral gradients in green). Turbulent convection is seen at the left-hand end, and
convection from the base erodes the stable bottom boundary layer as it flows from
right to left.

but were not sufficiently coherent to be tracked by eye for more than about 0.2 m. Dye
tracer also revealed smaller three-dimensional motions in this region. Figure 4.3 shows
the horizontal velocity structure in the centre of the tank. The series of dye lines in the
photographs were produced at 30 s intervals using the electrolytic precipitation method de
scribed above (§3.3.3). The photographs show the maximum horizontal velocities outside
of the therm al boundary layer are approximately 15-25 mm below the lid. The maximum
velocity occurs within the bottom boundary layer. Three-dimensional motions are not
visible in th e photographs as the technique only illuminates the flow in a thin vertical slice
along the length of the tank. The outflow immediately adjacent to the plume occupied ap
proximately a fifth of the box height D, but within 0.1 to 0.2 m of the endwall the outflow
(measured from either horizontal velocity or tracer) reached a thickness of approximately
D / 3. This remained uniform along the remainder of the length of the box. Downwelling
motion in the interior was very slow, and was difficult to measure in the presence of the
eddying and apparently weakly turbulent horizontal flow. After long periods of continuous
tracer release, the dye tracer showed downward mixing, and revealed a region of stronger
downwelling at the far end of the box. Figure 4.4 shows the sheared line of dye particles
turning the corner and the downwelling adjacent to the endwall. The downwelling returns
water to the interior above the cooled boundary layer and also feeds water directly into
the cooled boundary layer. Tracer tended not to enter the interior near m id-depth (figure
4.5). Instead, tracer was recycled toward and into the upwelling plume between the top of
the boundary layer and the base of the outflow at a height of approximately 0.8 D. These
observations imply the presence of turbulent entrainm ent into the plume through much of
the depth of the box.
Closer examination of the small-scale convection at the base (including viewing from
above) revealed coherent rolls aligned with the boundary-layer flow for a short distance
(about 50 mm) along the heated base, beginning 50 to 100 mm from the centre of the
box. Similar streamwise convection rolls have been observed in experiments with shear
flow in a sloping plane layer with a heated base (Hart, 1971, although in th a t case there
was no stable overlying density gradient as encountered in the present flow). Such rolls
will not be captured in two-dimensional numerical solutions (see §6), where the flow is
assumed independent of the cross-stream direction. They are also not visible to optical
methods th a t integrate refractive index variations along light paths through th e width of
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Figure 4.2: Photographs showing transport of dye tracer in an experiment with
input heating power of 270 W. The vertical dye tube seen in the right-hand side of
(a) was in the centre of the tank (at x = 0.625 m) and released a constant stream of
dye into the bottom boundary layer. The tank was back lit with a diffusing screen
placed on the far sidewall, (a) The left-hand half of the tank. The dye reveals vertical
mixing through the depth of the convective mixed layer, penetration of the overlying
stable boundary layer by the small-scale convection, shear instability in the vertical
plume against the endwall, and the plume outflow at the top. (b) A close up of the
plume and its outflow, covering approximately 0.35 m of the tank from the left-hand
endwall. The image in (b) is taken at a later time than that in (a). Both images show
the full depth of the tank.
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Figure 4.3: Photographs showing the vertical profiles of horizontal velocity in the
centre of the tank (x = 0.625 m) for an experiment in thermal equilibrium with a total
heat flux of 140 W applied to the heating mat. The vertical line in the centre is the
solder from which each line of particles is released as a thin precipitate at intervals of
30 s. The stainless steel cathode is visible towards the right-hand side of the image.
All images show the full depth of the tank and a horizontal section from z « 0.2 to
1 m. Times of the images are (after the first line of particles was released) (a) 39, (b)
72, (c) 106, (d) 180 and (e) 240 s.
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Figure 4.4: Photograph showing the sheared dye line turning the corner and the
enhanced downwelling at the endwall, adjacent to the cooled half of the base. The
photograph has been taken at a time 1125 s after the introduction of the first dye
streak in figure 4.3 (the last dye streak in the series was released at time 356s). The
downwelling feeds into the thermal boundary layer at the endwall. We note that for
this visualisation both the sidewall and the endwall insulation were removed. However,
it is expected that the effect on the flow of any heat loss through the walls was small
as the experiment was run in the second (Perspex) tank. Similar flow patterns were
observed in experiments with the release of dye tracer, which retained the endwall
insulation in place.

the tank. The rolls were short and gave way to fully three-dimensional convection. Over
most of the heated base the small-scale convection appeared turbulent and consisted of
small plumes and eddies that penetrated a short distance into the overlying stable gradient
of the boundary layer before rebounding. As best we could determine, the vertical profile
of horizontal velocity within the turbulent mixed layer indicated zero mean shear. Between
50 and 100 mm from the left-hand endwall, the small-scale mixing penetrated to the full
depth of the boundary layer before being swept upward with the mean, flow in the larger
ascending plume.
When experiments were carried out with an imposed temperature difference, the shad
owgraph and dye tracer observations for runs showed no obvious difference in circulation
pattern or flow details, apart from an onset of small-scale convection in the boundary layer
a few centimetres closer to the centre of the box. These experiments too were left to reach
a state of zero net heat flux. Thus, compared with experiments using an imposed flux,
the only difference in the forcing is that a spatially uniform input flux was replaced by a
spatially uniform temperature over the heated portion of the base.

4.2

Temperature profiles and Rayleigh-number dependence

Typical vertical temperature profiles under equilibrated conditions for three different input
heat fluxes are shown in figure 4.6. Above the thermal boundary layer, the interior fluid
was close to isothermal. The boundary layer was of remarkably uniform thickness along
the whole length of the tank (except close to the left-hand endwall). The horizontal
temperature gradient was weak within the boundary layer along the length of the cold
plate, large in the lower (heated) portion of the boundary layer over the heated base
between x — L j 4 and L/2, and again quite small within the warm convective mixed layer at
x < L/4. The temperatures profiles at x = 0.1 and 0.3 m above the hot plate show a region
of unstable temperature gradient formed by the convective mixing (these measurements are
not averaged over time), and the unstable region deepens towards the left-hand endwall.
The highest temperature measured in the boundary layer (at the lowest measurement
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(a)

(»)

(e)

Figure 4.5: Photographs showing the long time ventilation patterns within the tank.
The input heat flux was 270 W and the flow has reached thermal equilibrium. The
images show the full depth of the tank above the heated half of the base. The vertical
line at the right-hand of the image is the tube from which the neutral density dye
tracer is released into the bottom boundary layer. Times of the images are (after the
introduction of the tracer began) (a) 8 min 20 s, (b) 12 min 52 s and (c) 23 min 2 s.
The sequence shows the lack of dye at mid-depths. The streaks of dye at mid-depths
in (b) and (c) are drawn from the right-hand end of the tank by entrainment in the
vicinity of the plume.
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Figure 4.6: Profiles of the normalised temperature T* through half of the depth at
x — 0.1, 0.3, 0.625 and 1.15m, where T* — (T —T ^ f) / (Tint —Tref), Tref is measured
at x = 1.15 m and 1 mm above the base for each heat flux, and Tint is the temperature
at mid-depth for each profile. The solid line, dashed line and dotted line are from
experiments with input heat fluxes of 100, 140 and 271 W, and corresponding RaF
of 1.05 x 1014, 1.75 x 1014 and 4.57 x 1014, respectively. Note that the vertical axis
corresponds to only half the box depth. The corresponding plots from the numerical
solutions are shown in figure 5.7.
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(a)

10s

Figure 4.7: (a) Normalised heat flux Nu, (b) boundary layer velocity uL / kt , and
(c) boundary layer thickness h/L plotted as functions of RaF. The solid and dashed
lines are best fits of the predicted power laws (2.36, 2.34 and 2.33) to the laboratory
data (o) and numerical data ( ), respectively. The solid lines are Nu = 0.816f?aF1//6,
U L / kt = 0.455i?aF1,/3 and h/L = 2.649RaF~1//6. The laboratory data point with
lowest Rayleigh number corresponds to a heat input of 10 W and has a much greater
uncertainty than the other data. The result from the additional numerical run using
a temperature-dependent expansion coefficient is shown by A.
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Thermal boundary layer
CML

Figure 4.8: The convective mixed layer. The vertical scale is exaggerated.

point, 1 mm above the base, and j; = 0.1m) was very close to - but, importantly, slightly
greater than - the average interior temperature. For example, with heat input of 140 W,
an estimate of the temperature excess providing buoyancy to the upwelling plume (as
measured by the temperature inversion in the profile of figure 4.6a) was 0.34°C. The
plume outflow at the top of the box had a small thermal signature (a temperature excess
< 0.1 °C throughout the top 40-50 mm). This signal decreased with distance along the box.
For most of the depth of the box (between z = 30 and 180 mm) the vertical temperature
gradients were extremely small (of order 0.1 °C over 150 mm).
For the purpose of calculating the Nusselt number (2.36) for each experiment, 6T was
defined as the temperature difference between x = 0.1 and 1.15 m at a height 1 mm above
the base. The temperature profiles were used to estimate the boundary-layer thickness h in
(2.33) and dye streaks were used to measure the maximum velocity, u, for (2.34). When
making a comparison between the data and the scaling theory, the relevant molecular
quantities are those for water. These properties were evaluated at the mean temperature
of the interior region of the circulation.
At larger Rayleigh numbers (achieved by increasing the power supplied to the heating
mat), the overall thicknesses of the thermal boundary layer and the bottom convective layer
were smaller, the circulation was stronger and there were larger temperature differences
and velocities in the boundary layer. We recap the scaling analysis from § 2.3, the Nusselt
number and height of the boundary layer are relatively weak functions of the Rayleigh
number, Nu ~ RaF1/6, and h / L ~ iüaF-1/6, whereas horizontal velocities were expected to
depended much more strongly on the Rayleigh number, u L / k,t ~ RaF1^ . When cast in di
mensionless form, the measurements agree well with the scaling analysis (figure 4.7). Using
the empirically-determined constants we find the volume flux per unit width through the
boundary layer is V ~ 1.21 (KTL)2/3(gaFT/pQCpis)1^ and the temperature difference re
quired to accommodate the heat flux is 6T ~ 0.82/«~2/ 3(i/ / p a )1/ 6L 1/3(FT/p 0cp)5/6. These
compare with V ~
and FT ~ Av^/5i/_1/5dT6/5, where we omit other variables,
for the case of an imposed temperature difference; (Rossby, 1965, 1998).

4.3

A m odel for th e convective m ixed layer

The convective mixed layer (CML) above the heated half of the base is embedded within
an otherwise stable temperature gradient established by conduction (figure 4.8). This part
of the flow was steady on long timescales, with variability confined to the time and length
scales (~ 10 s, ~ 10 mm) of the small cells, plumes and eddies that were identified in the
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CML and the (somewhat larger) eddy time and length scales (~ 100 s, ~ 30-100 mm) in
the upwelling endwall plume and plume outflow region.
A simple theoretical description of the CML is instructive. We denote the height of
the CML by r] (figure 4.8) and make the following assumptions:
• The boundary layer is very thin compared to its length and everywhere slowly varying
in the horizontal;
• rj = 0 a.t x = x* < L/2 and 77 —►D at x = 0, where x* is the position at which
instability first occurs, potentially estimated from a local Rayleigh number criterion;
• The horizontal velocity within the boundary layer can be characterised by a constant
velocity, ü, over the CML (the vanishing velocity at the left-hand endwall is not
included in this model);
• The CML is vertically well mixed so that its temperature Tm is a function of x alone;
• The CML deepens only by ‘encroachment’ due to warming and not due to inertial
entrainment processes (i.e. there is a continuous density profile, with no density step
or inversion; Manins & Turner 1978);
• Heat conduction from the convecting layer into the overlying stable region can be
neglected;
• The temperature distribution in the stable cold boundary layer (outside the CML)
is established over the cooled half of the base before being advected to the left, and
can be described by a simple analytic expression, Tb(z) (given below) for 2 > r)(x).
An approximation for the stable temperature profile in the thermal boundary layer is
found using the steady form of the advection-diffusion equation (2.4) with d / d x
d/dz
(or from (2.18) with A «C 1):
_

m

U^

,

d r b

+W^

d 2r b

= K-

^

(4.1)

’

where boundary conditions are
Tb(z) = T0

as z —>■oc,

(4.2)

Tb(z) = TC

at z = 0.

(4.3)

In order to find a highly-idealised, horizontally uniform solution in a thin boundary layer
above the cold plate (as in the thermocline solution given by Pedlosky 1979, chap. 6),
we set d T / d x = 0 everywhere in (4.1). This is the vertical balance previously expressed
in (2.29), where the assumption is that the heat carried downward to the boundary by
vertical advection is removed by conduction. The solution is
Tb(z) = T 0 — ST exp

<

(4-4)

where 6T = T0 —Tc and h = —nT/w. Conservation of heat in the horizontal flow over the
heating plate leads to the integral constraint,
f7
1
.
f v r_ , . _ . ,
Fr (x — X*)
/ \Tm(x) —Tc\ dz —
[Tb(z) - Tc\ dz = --------- ----- .

Jo

Jo

P cp

u

(4.5)
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Substitution of (4.4) into (4.5) and integration over the depth of the CML gives
vTm(x) - VT0 -

V h )

eh
Txp
S

pCp

u

(hST =(4.6)
ü

Continuity of temperature and density at the top of the CML, at z = 77, (which follows
from the ‘encroachment’ assumption) imply
(4.7)
Substitution into (4.6), and making use of our previous scaling for ÖT, h and u, equations
(2.32)-(2.34), yields
(4.8)
where k is a constant of order one. We have used two different methods of evaluating
the constant k and the expression (4.8) for the height of the CML. The solutions found
using both methods and the approximation 77 = 0 at x* = L/2 are shown in figure 4.9,
where the height is compared with the height measured from the shadowgraph. The first
approach (shown by the solid line in figure 4.9) uses no a priori information about the
boundary-layer thickness and h is obtained from the scale suggested by (2.33). Then we
assume that the mixing penetrates the full depth of the box only at the end and not at
larger values of x. Thus, k can be found by applying the boundary condition 77 = D at
x = 0 and uses h = 5.2 mm as appropriate for RaF = 1.55 x 1014. The second approach
(shown by the dashed line in figure 4.9) includes the empirically-determined constants
from the boundary-layer scaling analysis (figure 4.7) when substituting for ÖT, h and ü
into (4.8). This method instead constrains k and predicts rj/h at x = 0. The presence of
the vertical boundary in the laboratory means the horizontal mass flux must be reduced to
zero at x = 0 with the mass flux fed vertically into the plume. However, in the model the
endwall is not included in the model, so no boundary condition is applied there. Hence, the
empirically-determined fit is not expected to be accurate within a distance of the mixed
layer height close to the boundary.
From x/ L = 0.5 to x / L « 0.3, the rate of convective layer deepening decreases with
distance from the onset of small-scale convection at x*. This reflects the uniform boundary
heat flux being mixed into a deepening layer. For the solution using the assumption that
the CML penetrates to full depth at the origin (the solid line in figure 4.9), the rate of
deepening with distance increases again closer to the endwall, where the CML encroaches
into a much smaller overlying density gradient at the top of the conductive stable boundary
layer. This solution (despite the highly simplified formulation of the problem) adequately
describes the shape of the CML and the way in which the mixing rapidly deepens close to
the end of the box. Both methods (dashed and solid line) accurately capture the shape
of the CML over most of the heated plate. However, as predicted, the accuracy of the
empirical solution (dashed line) breaks down close to the endwall.
The model above also predicts the horizontal variation of temperature along the length
of the CML (4.7). A comprehensive set of measurements in the mixed layer could not be
obtained in the laboratory experiments, however, the shape of the predicted temperature
profile can be compared with the numerical solutions (§5.2). We have made the assumption
that the CML is vertically well-mixed, so it follows that the temperature profile along the
heated half of the base can be taken as a good approximation to that within the CML. The
numerical solution with an input heat flux of 1556 W m~ 2 gives the interior and reference
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Figure 4.9: Normalised depth r\/D of the convective mixed layer over the heated
half of the base, as a function of the normalised horizontal distance from the lefthand endwall x/L for input heat flux 140 W. □, measured depth from shadowgraph;
■, depth estimated from measured temperature profiles; , mixed layer model (4.8)
using a stable boundary layer of height h = 5.2 mm, — mixed layer model (4.8) using
the empirically-determined constants for boundary-layer scaling. Both solutions use
the approximation rj = 0 at x* =1/2. Note that the vertical axis corresponds to only
half of the depth, and that the flow is towards decreasing x.

temperature as T0 = 38.9 °C and Tc = 16 °C respectively, and h = 0.0154 m. Figure
4.10 shows the dimensionless theoretical temperature profile along the CML (4.7) and the
measured profile along the base from the numerical solution. For comparison of shape, the
top and bottom of each curve have been set to 1 and 0, respectively. The predicted curve
forms a reasonable match to the numerical temperature profile. The fluctuations in the
numerical solution close to the endwall above the heated plate are due to the representation
of the CML in the two-dimensional numerical solution as rolls aligned across the flow (see
§ 5.2). The dimensional temperatures predicted by (4.7) remains less than T0 and are up to
35 % less than in the numerical solutions . This is a consequence of applying the boundary
condition (4.2) in (4.4), which ensures that T —*■T0 as z —>oo, whereas r]/h <£. oc remains
relatively small, so the exponential term in the calculated solution (4.7) shown in figure
4.10 does not disappear completely.
We conclude that the large-scale horizontal flow in the boundary layer tends to suppress
convective instability by advecting the stable density stratification from the region of
stabilising buoyancy flux into the region of destabilising buoyancy flux. The convection
is capped by this stable stratification and the vertical encroachment deepens slowly with
distance. However, the flow self-adjusts such that convection always penetrates through
the stable stratification at the end of the box (otherwise the heat flux cannot escape the
CML and the temperature of the interior could not be maintained).
4.3.1

O n set o f in sta b ility and e x iste n c e o f th e CM L

The onset of the instability within the boundary-layer flow can be estimated from a lo
cal Rayleigh number criterion. We define r)*,Ax* and t* as the mixed-layer height, the
distance from L/2 and the time at which the critical Rayleigh number is reached, respec
tively. For t > t* (x < L / 2 —Ax*), the flow is unstable and convective motions occur. In
other words, 77* is the minimum possible depth of the mixed layer at which the Rayleigh
number is supercritical. For Rayleigh-Benard convection, in which a fluid between two
horizontal boundaries is heated from below, the critical Rayleigh number is Racnt = 1708
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Figure 4.10: Normalised temperature T* of the convective mixed layer as function
of the normalised distance from the left-hand endwall x/L . — , measured base tem
perature from the numerical solution (§5.2) with an input heat flux of 1556 W m -2,
, curve found from the theoretical expression (4.7) with values (from the numerical
solution) of T0 = 38.9 °C, Tc = 16 °C, L = 1.25 m and h = 0.0154 m. For comparison
of shape the top and bottom of each curve have been set to 1 and 0, respectively.

for the case with two rigid boundaries and Racrit = Ü01 for the case with one rigid and
one free boundary (Jeffreys, 1928; Chandrasekhar, 1961). We expect the critical Rayleigh
number for our flow to lie between these two values. Therefore, for our model, which uses
a Rayleigh number based on the input heat flux (and since the Nusselt number, Nu = 1
at the onset), this condition becomes
RaFrnt = agFrTl

= 1101 to 1708.

(4.9)

Rearranging gives
*

P0cvk 2t v \

agFT J

1/4

(ÄaFcri() 1/4 (ßoFr 1/4£.

(4.10)

After the boundary-layer flow reaches the heated portion of the base, the instability occurs
once the flow has travelled a distance

AX* ~ “ * ~ £ / ~

( ( ÄafcnfÄaF_1) 1/4

•

(411)

where the time t* to the onset of convection is approximated as the timescale for conduction
through the depth r/*. The boundary-layer scaling analysis from § 2.3 (with the empiricallydetermined constant) gives uL / kt ~ 0.455RoF1//3. Substitution into (4.11) yields
Az* ~ 0.455 ^ QT£.7| ) ---- - R a F~1/6.

(4.12)

For RaF ~ O (1014) and the range RaFcrit = 1101 — 1708, (4.12) gives Ax* ~ 0.044 —
0.055 m, which matches the experimental observations well. Additionally we note that, if
Ax* > L / 2, the flow does not go unstable anywhere above the heated base, i.e. for
0.455

L RaF- V <i > 1 .

(4.13)
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Therefore, it is expected that the CML will only exist in experiments with
RaF > 0 { 107).

4.4

(4.14)

D iscussion

The result that a deep and turbulent overturning (rather than a shallow and creeping
flow) can be generated and maintained by thermal forcing at the surface is at odds with
some interpretations of Sandström’s theorem (see Jeffreys, 1925; Huang, 1999). However,
the theorem actually says nothing about the kinetic energy (or the stability) of the flow.
This theorem neglects diffusion and the hypothetical flow is therefore described by the
theoretical prediction for the volume-averaged rate of viscous dissipation (equation (1.1);
Paparella &: Young, 2002) in the limit of vanishing diffusivity (i.e. e —►0).
Evaluation of the identity (1.1) for the actual laboratory conditions is straightforward.
In the experiments with heat flux FT = 1556 W m -2 the horizontally averaged temperature
was 32.4°C at the top and 21°C at the base. Taking the interior (maximum) value of the
expansion coefficient a = 3.3 x 10- 4 K-1 , the molecular thermal diffusivity k = kt =
1.4 x 10_7m2s_1 and g = 9.8m2s“ 1, the box-averaged dissipation per unit mass becomes
e = 2.6 x 10_8m2 s-3 . Taken on its own, this value may appear to be very small. We
ask, however, whether the energy supplied by the buoyancy flux can sustain mechanical
mixing in the interior. The vigour of turbulent mixing in a stratified fluid is measured
by the quantity e / vNf , where N i = [(—g/po)dp/dz]1^2 is the local buoyancy frequency:
values greater than 10 imply weak turbulent mixing while values greater than 103 indicate
strong turbulence (Barry et al., 2001). For values less than order 1, mixing is expected
to become increasingly intermittent. The interior temperature gradient of 0.12°C over
0.15 m gives N i = 5.1 x 10-2 s-1 . Taking the viscosity of water at the interior temperature
v = 7.8 x 10-7 m2 s-1 and the average dissipation rate from above gives c / v N 2 = 13. The
local dissipation rate e need not be uniform. However, we have no further information on
its spatial variability other than the expectation that it is largest in the plume. Hence, we
conclude by observation that the above average value admits conditions of ‘weak’ mixing in
the interior. Consistent with this, our qualitative observations of tracer behaviour indicate
mixing much greater than could be achieved by molecular diffusion.

Chapter 5

N u m e ric a l so lu tio n s for th e rm a l
e q u ilib riu m
5.1

Num erical m ethods

The governing equations (2.1)-(2.6) were solved numerically using the CFD package FLU
ENT (version 6.1) on the Australian Partnership for Advanced Computing National Facil
ity supercomputer. The package FLUENT employs a finite-volume method. We used the
two-dimensional implicit segregated solver with the PRESTO! interpolation scheme for
pressure, the PISO algorithm for pressure-velocity coupling and the QUICK scheme for
discretisation of the momentum and energy equations. This discretisation scheme is thirdorder and provides a robust solver that reduces artificial numerical diffusion (Leonard,
1984). The solver is non-hydrostatic and we do not use a turbulence closure model for
sub-gridscale processes. This is in contrast to most ocean GCMs, which typically use a
hydrostatic approximation and parameterise the convective processes by a ‘convective ad
justment’ scheme (e.g. Winton, 1995). The solution was advanced in time from the initial
conditions using a second-order time-stepping scheme. Time series of both the average
temperature in the box and the total heat flux leaving through the cooled plate were
monitored to assess convergence of the solution to the thermally-equilibrated state. The
initial conditions, time steps and convergence details are discussed later.
In order to verify the suitability and accuracy of the schemes for our problem, we first
reproduced the numerical solutions with convection in a square box (aspect ratio of 1)
reported by Rossby (1998). In these verification runs, the grid spacing used was similar
to that employed in the original work. Viscosity and diffusivity were varied (because
FLUENT solves the governing equations in dimensional form) to reproduce Pr = 10
and Rayleigh numbers across the range 103 < Ra < 108, where Rossby defined Ra =
g a A T BL3/ kt v and A TB is the temperature difference between the hot and cold ends
of the base. The flow was forced by a linear temperature gradient along the base, and,
to match Rossby’s solutions, free-slip (zero shear) boundary conditions were used on all
sides. The convergence criterion used was the same as that stated in Rossby (1998) - the
solutions were considered to have reached thermal equilibrium once the net heat flux into
the fluid was between 3-6 % of the total heat flux added. When re-cast in dimensionless
form, the results were in excellent agreement with those obtained by Rossby (1998, see
figures 5.1 and 5.2) . There are no independent means to verify which of the solutions is
more accurate.
The grid used for solutions with the smaller aspect ratio and larger Rayleigh numbers
of our experiments consisted of a coarse array of 10 mm x 10 mm cells in the interior
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Figure 5.1: Numerical solutions showing contours of dimensionless streamfunction
from Rossby (1998, figure 1), (a), (6) and (c) and the solution-scheme verification
runs (d), (e) and (/) (here, the streamfunction is made dimensionless by nTp0L). In
(a) and (d), Ra = 104, in (6) and (e) Ra = 106 and Ra = 108 for (c) and (e). In
(a), (6) and (c) the axis labels indicate the grid spacing. For a given Ra the contour
interval (ci) is the same in both sets of solutions.

and a fine boundary-layer mesh in regions with small-scale activity or large temperature
gradients (figure 5.3). The boundary-layer meshes along the lid and base were identical
and consisted of 12 rows each. The row adjacent to each boundary had cells of height
0.5 mm and the cell height increased by a factor of 1.3 for each row further from the
boundary, giving an overall boundary-layer mesh of height 37.2 mm. On the sidewall
at the heated end of the tank there was a boundary-layer mesh 3 cells (approximately
20 mm) wide. The no-slip condition was applied on all boundaries and there was no heat
flux through the endwalls or the lid (for this set of solutions - others will be discussed
in § 7. This two-dimensional solution does not allow for heat loss or no-slip conditions
at the long (front and back) sidewalls. Water properties were generally set as constants
and evaluated at the mean interior temperature at thermal equilibrium in the equivalent
laboratory experiments. The heat fluxes and water properties used are shown in table 5.1.
Runs were carried out with four different fluxes, Ft = 778,1111,1556 and 3000 W m~2,
applied to the heating boundary (0 < x < 0.6m). The temperature on the coldboundary
(0.65 < x< 1.25 m) was set to 16 °C. For runs 1 and 2 the working fluid was initially
at 20 °C and there was no motion in the interior. Runs 3 and 4 were initialised with the
thermally-equilibrated solution from the next smaller heat flux (runs 2 and 3, respectively).
In all runs, the solution was judged to have reached thermal equilibrium when the net heat
flux into the tank was less than 3% of the heat flux applied to the heating boundary, i.e.
r 1-25
dT
/
kt pQCp—
J 0.65

d r > 0.97 x (0.6 x FT) .

(5.1)

o y y= o

Time steps were sufficiently small such that the Courant-Friedrichs-Lewy condition for
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Figure 5.2: Contours of dimensionless temperature, (T — Tmin) /ST from the nu
merical solutions by Rossby (1998, figure 2) (a), (b ) and (c) compared to those from
the solution-scheme verification runs (d), (e) and (/). ST is the total temperature
difference along the base and T m in is the lowest temperature on the base (here, at
the left-hand side). The Rayleigh numbers are 104, 106 and 108 in (o) and (d), (6)
and (e), and (c) and (/), respectively. The contour interval is 0.1 in all plots and
additional 0.01 contours between 0.7 and 0.8 are shown by the dashed ((a), (6) and
(c)) and black ((d), (e) and (/)) lines.

Figure 5.3: Two-dimensional grid used in the numerical solutions. The grid con
sisted of coarse 10 mm x 10 mm cells with a fine boundary-layer meshes overlain along
the lid, base and left-hand endwall. Red and blue colours along the base show the
heating mat (constant flux boundary condition) and heat exchanger (constant tem
perature boundary condition), respectively. All other (black) boundaries are perfectly
insulated.
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Run
1
2
3
4

a

Ft

(W m“2)
778
1111
1556
3000

( K - 1)
2.5954x 10-4
2.8932 xlO "4
3.2394 xlO “4
3.8220xl0-4

Po
(kg m-3 )
996.95
996.11
994.94
990.58

kt

(m2s- 1 )

1.438xl0-7
1.452xl0“7
1.474x 10-7
1.544x 10-7

Cp
( J k g - 'K “ 1)
4178.7
4178.0
4177.6
4178.6

( m V 1)

8.836x 10-7
8.258xl0-7
7.627 x 10-7
6.109xl0-7

Table 5.1: Values of heat fluxes and water properties used in the numerical ex
periments with constant molecular properties. Properties derived from Ruddick &
Shirtcliffe (1979) and polynomial interpolation of values given in Batchelor (1967,
Appendix 1).
numerical stability was satisfied. Runs 1 and 2 used an initial time step of 1 s and this was
halved as velocities increased. In runs 3 and 4 a time step of 0.25 s was used throughout
the evolution. After the solution reached thermal equilibrium, the unsteady formulation
of the problem revealed short-period fluctuations in the flow.
In order to examine the solution dependence on the grid spacing, the mesh was refined
using a hanging node algorithm (which splits each rectangular grid cell into four equal
area cells). The computational time for convergence became extremely large with the
finer mesh. However, the solutions were very similar to those obtained on the standard
grid, although the refined grid solutions showed more structure in the unsteady small-scale
convection ‘rolls’ over the heated base and in the eddying motions in the plume.

5.2

Solutions

The two-dimensional numerical solutions show excellent agreement with the laboratory
observations. Figure 5.4 shows an instantaneous solution from run 3, while figure 5.5
shows the mean flow and temperature fields. The mean fields were formed by averaging
720 solutions taken at 5 s intervals over a 1 hour period. Vertical profiles of the horizontal
velocity are shown in figure 5.6, where the profiles at the left and centre are compared
with the measured profiles from laboratory experiments.
Near the endwall plume the horizontal velocity (figures 5.4a and 5.5a) is directed away
from the plume in the outflow throughout the top third of the box. Below the outflow, the
flow is mainly to the left (into the plume), relatively slowly in the interior and much faster
in the boundary layer (the bottom 25 mm). There is a small mean flow away from the
plume immediately above the boundary layer (figures 5.4a and 5.5a), possibly indicating
that the thin uppermost part of the stratified boundary-layer flow is drawn towards the
plume but is turned back to the right instead of entering the plume. Horizontal velocities
of both signs generally increase with proximity to the left-hand end of the box. There is
a weak enhancement of the downwelling velocity at the far end of the box.
Figure 5.7 shows vertical profiles of dimensionless temperature at four horizontal loca
tions along the tank, for three different heat fluxes. The stably stratified boundary layer is
eroded from beneath by instability above the heated plate. The depth of the mixed region
increases closer to the endwall at the heated end. The numerical solutions give the profiles
over half of the depth and show the pronounced temperature inversion at x = 0.1 m ex
tending through the depth of the thermal boundary layer and a CML depth of r\/D = 0.03
at x = 0.3 m. The temperature gradient in the interior (figures 5Ad and 5.7) is small but
stable (an increase of 0.12 °C over the upper three-quarters of the depth). These results
confirm significant entrainment into the plume from above the boundary layer, despite
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Figure 5.4: A snapshot in time of the numerical solution for run 3 (see table 5.1)
with an applied heat flux of 1556 W m -2 and cold plate temperature of 16 °C. This run
is equivalent to the laboratory experiments with power 140 W applied to the heating
mat. Contours of: (a) horizontal velocity u, (b) vertical velocity v, (c) streamfunction
0 and (d) temperature T. The colour-scale below (b) shows the approximate zero
velocity points for both the horizontal and vertical velocities. To the left of the lines,
the velocities are to the left and downward and to the right of the lines, velocities
are to the right and upward for horizontal and vertical velocities, respectively. The
contour interval is 0.6m m s-1 in (a), 0.3 mm s-1 in (b) and 0.015kgs-1 in (c). In
(d ) the coloured lines are contours with interval 3°C and the black lines are 0.01 °C
contours between 38.85 and 38.95 °C.
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Figure 5.5: Time-averaged flow and temperature fields for the same run as figure
5.4 (run 3, table 5.1). Contours of: (a) horizontal velocity u, (6) vertical velocity v ,
(c) streamfunction ip and (d) temperature T. The contour intervals are the same as
in figure 5.4. In (d) the dashed lines are 0.01 °C contours between 38.85 and 38.95 °C.

the two-dimensional nature of the numerical simulation. The entrainment structure into
the plume is crucial in setting this gradient; without entrainment, the interior would be
much more weakly stratified. Corresponding results from the laboratory experiments are
shown in figure 4.6. The entrainment in the two-dimensional numerical solutions is less
than in the three-dimensional laboratory experiments as the area over which entrainment
can occur is smaller. Hence, the interior temperature gradient in the numerical solutions
is smaller than in the corresponding laboratory profiles.
Figure 5.4 depicts a flow in which there is a substantial degree of unsteadiness. Even
the 1-hour average for this solution (figure 5.5) still shows some small degree of lowfrequency variability in parts of the plume outflow, noticeable in places where the vertical
velocity is directed upward (marked by the solid contour closest to the centre of the box).
In the interior of the box, the time-average indicates a small mean downwelling flow and
the instantaneous velocity fields show a series of large (alternating upward and downward)
disturbances (figures 5.46 and 5.56). Referring back to the experimental observations of
overturning eddies and mixing, we conclude that these structures are more eddy-like than
wave-like. An animation of the solution shows the eddies moving to the right and decaying
in amplitude. In run 3, there are typically six eddies, approximately equally spaced along
the length of the box, and each eddy takes approximately 1200 s to travel from the heated
end to the cooled end.
Above the heated boundary, the two-dimensional solution contains a regular set of
perturbations on small length scales. We interpret these as convection Tolls’ (which in
the two-dimensional solution must be aligned in the cross-stream direction, hence in the
direction normal to the rolls observed in the experiments). The rolls are characterised by
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x = 1.15 m

-
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Figure 5.6: Vertical profiles of horizontal velocity: o, numerical results; □, cor
responding laboratory measurements. The dashed vertical lines correspond to zero
velocity. Laboratory results for the leftmost (z < 0.13 m) and rightmost profiles are
not included as accurate measurements were particularly difficult to obtain in these
regions.

a positive correlation between the temperature and vertical velocity. The height to which
the perturbations extend increases towards the left-hand end of the box. The variation in
horizontal velocity with height in the boundary layer also indicates a shear that will cause
the rolls to rotate in an anticlockwise direction while being advected to the left. The scale
of the convection rolls was dependent upon the cell size, with finer meshes giving a larger
number of narrower and taller rolls. However, the large computational time required
for convergence with finer meshes makes a full study of this effect impractical. In any
case, the two-dimensionality of the solution is unrealistic in this region of the flow. The
rolls disappear altogether in the time-averaged solution. When animated, the solutions
show these rolls forming coherent parcels of warm water that are advected upward in the
upwelling plume. These rolls are characterised by a timescale much smaller than that of
the larger eddies in the outflow.
The flux Rayleigh number, Nusselt number, boundary-layer thickness and boundarylayer velocity for the numerical solutions are included in figure 4.7 for comparison with
the laboratory results. The values were calculated in a manner similar to that used for
the laboratory experiments (§3.3). The Nusselt number was based on the temperature
difference between the nodes closest to (x , y ) = (0.1,0.001) m and (1.15,0.001) m. For
the boundary-layer velocity, we use the maximum horizontal velocity close to the centre
of the box (x = 0.62 m). We recall the definition of the boundary-layer thickness as the
height above the base at which the temperature anomaly relative to the temperature at
mid-height is 5 % of the maximum temperature anomaly in that same profile. The top of
the thermal boundary layer generally lay between two nodes in the vertical, and a linear
interpolation between these nodes was used to estimate the thickness. The results agree
well with the scaling laws computed in § 2.3.
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Nusselt numbers for the numerical solutions are approximately 25-40% lower than the
laboratory values, reflecting greater temperature differences (over the depth and length
of the thermal boundary layer) ÖT in the former. This difference may be a result of
the unrealistic rendition of the three-dimensional small-scale convection in the boundary
layer (less vigorous convection, leading to a larger temperature difference for the applied
heat flux), the unrealistic simulation of three-dimensional turbulence and entrainment into
the plume, or the imperfect wall insulation in the laboratory. If the Nusselt number is
calculated using the maximum temperature difference along the base in the numerical
solutions (i.e. between x = 0 and x = 1.25 m), the Nusselt number is further decreased by
up to 25%. The greater temperature differences across the thermal boundary layer and
the smaller vertical interior temperature gradient are also responsible for the larger values
of h / L in the numerical solutions. Heat transport in the thermal boundary layer is by
conduction therefore a deeper boundary layer was required through which to dissipate the
larger temperature differences.
When our results are cast in the form Nu = CRa 1//5, the value of the constant C for
the fit to the numerical data is 0.41 (using the maximum temperature difference along the
base for 5T). This is similar to, but slightly greater than, the value of 0.35 obtained by
Rossby, indicating that the numerical results are not sensitive to aspect ratio and bottom
boundary conditions. The value of the constant from the fit to our experimental data
is 0.78, which is a factor of 2 larger than the experimental value (C = 0.4) obtained
by Rossby. We expect that the greater values for the constants in our study are due
largely to the embedded convective instability near the heated boundary, but note that
our experimental value will be larger owing in part to the measurement of ÖT between
locations 0.1 m from the ends of the tank.
In the runs reported above, the flow evolved to a thermally-equilibrated state in which
there was no net heat input nor a buoyancy input to the system. However, the variation
of thermal expansion coefficient with temperature would lead to a net buoyancy input
to the system. In order to examine if this net buoyancy input changed the flow charac
teristics significantly, an additional run was carried out, in which we used an accurate
representation of the nonlinear equation of state for freshwater. This representation gives
an increase in the expansion coefficient with increasing temperature, as expected in the
laboratory experiment. Characteristics of the solution are plotted in figure 4.7 and are
similar to the previous results. Likewise contour plots of temperature, streamfunction
and velocity components show no significant difference from those in figure 5.4. Thus, we
conclude that, for the range of parameters examined, variations in the thermal expansion
coefficient (with temperature) are unimportant.
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Figure 5.7: Profiles of the normalised temperature T * from the numerical so
lutions through half of the box depth at x = 0.1, 0.3, 0.625 and 1.15 m, where
T* = (T —Tref ) / (Tint —Tref). Here, Tre/ is measured at x = 1.15 m on the base for
each heat flux, and Tint is the temperature at mid-depth for each profile. The solid
line, dashed line and dotted line are from the runs with input heat fluxes of 1111, 1556
and 3000 W m -2 , and corresponding RaF of 1.06 x 1014, 1.75 x 1014 and 4.56 x 1014,
respectively. Note that the vertical axis corresponds to only half the box depth. The
corresponding profiles from the laboratory experiments are shown in figure 4.6.
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C hapter 6

T ra n sie n t th e rm a l co n v ectio n
The transient behaviour following changes in the boundary conditions may give additional
pointers to the general dynamics of the flow. It is important to know the timescale over
which the flow adjusts to equilibrium and the process by which the adjustment occurs.
Transient response is of particular interest as the boundary conditions in the oceans are
never steady owing to variability on many timescales.

6.1

A djustm ent to therm al equilibrium in th e laboratory
experim ents

The laboratory flow was monitored using dye tracer and temperature records after heating
and cooling began. The evolution of the convection to a steady state was sensitive to the
initial and boundary conditions. In most runs, the initial conditions were an isothermal
tank of water with no motion and the initial temperature Ta(0) « 22 °C was less than
the final equilibrium temperature in the interior. After a short initial adjustment period
(described below) the whole volume of the box overturned as a single cell throughout
the equilibration process. As water in the bottom boundary layer flowed from the cold
boundary and over the heated boundary to reach the endwall, it attained a tempera
ture slightly greater than the interior temperature, which allowed the endwall plume to
penetrate through the full depth of the tank.
The flow settled into a single overturning circulation cell during a period of about 10
minutes. After the forcing was switched on, the first visible motion seen on the shad
owgraph screen was above the heated plate. At these early times, the convection was
disorganised and very vigorous. Plumes proceeded to break out along the length of the
heated plate. Convection filled the depth of the initially unstratified interior at a few
horizontal locations above the heated half of the base (not solely confined to the endwall)
and formed large tall and thin eddies. Flow above the cooled half of the base developed
more slowly. A slow rightward flow directly under the lid appeared after about 4 minutes.
As the eddies migrated slowly to the right, the large-scale circulation started to form. The
upwelling regions moved to the left into a narrowing single region against the end wall.
This region was initially 150-200 mm wide and the CML feeding into it was 2-3 times
deeper than the CML seen in the thermally-equilibrated state. Potassium permanganate
streaks indicated that the strongest horizontal flow was to the left above the boundary
layer with very little movement in the boundary layer itself. A thermal boundary layer
(of a few centimetres thickness) above the cooled half of the base was established rela
tively quickly. Above this, the interior became vertically stratified in temperature, with
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Figure 6.1: Time records of temperatures from thermistors 1, 5, 6 and 10 (figure
3.7) during the equilibration period for two laboratory experiments. The curves —,
, — and
are from the experiment with input heat fluxes of 139 W. The curves
, —, and — are from the experiment with input heat fluxes of 69 W. The curves
are from thermistor 1 in the warm boundary layer at (0.1,0.01)m, thermistor 5 in
the cold boundary layer (1.15,0.01)m, thermistor 6 in the interior (0.3,0.17)m and
from thermistor 10 embedded in the cold plate.

a stronger gradient than in the thermally-equilibrated flow - after half an hour the pro
files show a temperature difference of 0.23 °C over 0.15 m compared to the lower values
of 0.12°C over 0.15 m for the thermally-equilibrated flow. However, this gradient will be
determined by the initial temperature of the fluid.
During the long approach to thermal equilibrium, the flow slowly adjusted, with the
horizontal velocities in the thermal boundary layer increasing to become the fastest left
ward flow. The flow above the boundary layer weakened. The CML thinned, the plume
narrowed significantly and the vertical temperature gradient in the thermal boundary layer
increased as the interior warmed. Figure 6.1 shows the evolution of the temperatures to
wards thermal equilibrium in two experiments with different input heat fluxes. If the time
taken to reach equilibrium is defined as the time taken for the flow to reach 95 % of the
temperature change from the initial to final temperatures, we find there is no obvious
dependence of the timescale on the applied heat flux. This is probably due to the slight
fluctuations in the room temperature affecting the temperatures in the tank. The curve is
close to flat during the last stages of evolution and slight changes in the interior tempera
ture (following to changes in the laboratory temperature) could result in the 95 % criterion
for thermal equilibrium being met. The curves show that the amplitudes of fluctuations
in the temperatures at a fixed point are larger for the experiment with a higher heat flux.
Unsurprisingly, within each experiment the fluctuations are greater in the convective re
gions (from thermistor 1 in the convective mixed layer), both approaching, and at thermal
equilibrium.
In contrast, in other runs where the final equilibrium temperature was less than the
initial temperature, a transient two-layer circulation was observed. This condition also
encompasses some experiments in which the flow had reached thermal-equilibrium for
one applied heat flux and then this heat flux was reduced. Under these conditions the
cold boundary-layer water did not gain sufficient buoyancy (as it passed along the heated
portion of the base) to rise as a plume to the top of the tank. Instead, water from the
plume returned to the cold end at an intermediate depth above the bottom boundary

6.2. A pproach to th erm al eq u ilib riu m in th e n um erical runs

59

layer. Two vertically stacked convection cells formed, circulating in the same rotational
sense and each occupying the full length of the tank. There was a strong circulation in
the lower cell. The circulation in the upper cell was much weaker, presumably driven by a
small horizontal temperature gradient resulting from heat transfer between the cells. This
flow is referred to as ‘partial-depth’ convection.
In all cases where partial-depth convection occurred (except for the experiments with
the two smallest heat fluxes 10 and 30 W,), the flow in the two-cell mode slowly evolved,
with the rising plume penetrating higher until it eventually reached the top of the box
(figure 6.2). We hypothesize that the evolution to full-depth convection was governed by
upward diffusion of heat through the depth of the upper cell, or at least through a thick
gradient region. For a depth of order D/ 2 this implies an evolution timescale of order 1
day. Although this time is also comparable to that observed for temperature equilibration
in the single-cell mode of convection (§3.3), the latter time is set by ratio of the energy
required to heat the whole mass of the working fluid to the final temperature and the net
rate of heat input (the difference between the heat input and the heat output through the
cooled portion of the base). A similar diffusive adjustment was hypothesized in a related
experiment (Pierce &; Rhines, 1996) in which a zero net buoyancy flux at the surface was
achieved using salt solution and freshwater volume sources.
The only exceptions to the final equilibrium state of full-depth convection were the
experiments with the two smallest heat fluxes 10 and 30 W, in which the plume continued
to rise through only part of the depth. In these cases, the equilibrium temperature in the
interior was less than the external laboratory temperature so heat was gained from, rather
than lost to, the surroundings (§3.1.3). The heat gain is equivalent to heating the top of
the tank and this has a stabilising effect (this case is explained in §7). Once the flow had
reached thermal equilibrium, the flux leaving through the cooled half of the base matched
the sum of the input heat flux and the flux gained from the laboratory. Therefore, within
the lower cell, a larger heat flux is withdrawn through the bottom boundary than is added.
With no other forcing, this net heat loss would result in the plume rise height decreasing
with time. However, this effect is apparently balanced by the effect of diffusion of heat
into the lower cell from the upper cell.
The temporary formation of the two-cell mode at the largest heat fluxes was avoided
by initiating runs with colder water (usually at room temperature), so that a net heat
input was required to reach the equilibrium temperature. However, our method (see § 3.3)
of first heating the water using the heated portion of the base, and turning on the cooling
over the other half of the base shortly before the water reached the expected equilibration
temperature, served well to avoid both of the slow equilibration pathways.

6.2

Approach to therm al equilibrium in th e num erical runs

If the equilibration period is defined as the time taken for the flux out through the cooled
half of the base to be 97% of the flux added, as in (5.1), then the equilibration time
increases for lower heat fluxes. A more precise dependence on heat flux could not be
obtained as this conclusion is based on only the two runs with the lowest heat fluxes (the
other runs were initiated with the previously obtained solution with the next smallest heat
flux).
Figure 6.3 shows the transient behaviour during the equilibration process from nu
merical run 1 (see table 5.1, §5.1). We recall the input heat flux was 778 W m-2 and a
time step of Is was used for the first three hours of flow time, and then halved during
the remainder of the evolution. The flow is initially highly unsteady, and although some
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Figure 6.2: A sequence of photographs of the evolution in which convection was
initially partial-depth. A heat flux of 140 W was applied to the heating mat. The
initial temperature of the water was 41.5 °C. The final equilibrium temperature in the
interior was 32.4 °C. Photographs show only the left-hand half of the box. The vertical
tube at x = 0.65 m released a small amount of blue dye before each photograph was
taken. Times of the photographs (after heating and cooling were started) are (a) 1
h 52 min ( b) 8 h 34 min (c) 24 h 17 min. In (a) the convection was restricted to a
lower region of depth 32 mm, (6) shows both the original dye (now light blue), which
had been mixed throughout the lower cell, and newly released dye, which was carried
by the plume to a height of 44 mm. In (c), the plume rises slowly through the full
depth of the tank and its outflow is very broad. The flow continued to evolve until
the plume was fast and narrow, and until the outflow occupied one third of the tank,
as in figure 4.2.

6.2. A pproach to th erm al equilibrium in th e num erical runs

Figure 6.3: Filled contours of horizontal and vertical velocities during the adjustment
to thermal equilibrium in the numerical run with an input heat flux of 778 W m-2 . (a)
and (6), (c) and (d), (e) and (/) are the horizontal and vertical velocities from times
160 s, 2400 s and 11 hours, respectively. The colour scales show the approximate zero
velocities in all cases. Colours to the left of the mark indicate leftward and downward
horizontal and vertical, velocities, respectively, while colours to the right of the mark
indicate rightward and upward, horizontal and vertical velocities, respectively. Note
the different scales, in particular, for (e) and (/). In (a) and (c) the contour interval is
1.18xl0~3 m s-1 and the scale is from —8.6 x 10-3 to 1.5 x 10- 2 m s-1 . The contour
interval for (b) and (d) is 9.75x 10- 4 m s-1 and the scale ranges from —7.6 x 10“ 3
to 1.19 x 10~2m s_1. In (e) the contour interval is 5.75x 10-4 m s-1 and the scale is
—4.9 x 10-3 to 6.6 x 10- 3 m s-1 . The contour interval in (/) is 5.625x 10-4 m s-1 and
the scale ranges from —2.12 x 10-3 to 9.13 x 10_3m s_1.
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significant unsteady features remain at large times (see §5.2), the flow becomes consider
ably smoother with time. The converged flow is very similar to that shown in figures 5.4
and 5.5 (where the input heat flux was 1556 W m-2 ) and the flow matched the laboratory
observations well.
Immediately after the forcing began, conduction quickly established thin thermal
boundary layers above both the heated and the cooled half of the base. Convection began
at the base after a few minutes, with plumes breaking out, both in the centre and close
to the left-hand endwall, then above the whole of the heated region of the base. These
plumes rose to the top of the initially unstratified interior at multiple horizontal locations
(figure 6.36). As in the laboratory experiments, the plumes formed large eddies, which
filled the full depth of the box. The eddies migrated to the right and merged together as
new plumes formed at the base.
Mean horizontal velocities quickly developed over a few minutes to give a large-scale
exchange flow, on which the unsteady features were superimposed. Motion in the top half
of the box was to the right and in the lower half to the left. The momentum boundary
layer and CML took some time to form and we note that the horizontal velocities in the
plume outflow were larger than those in the boundary layer (figures 6.3c and e). The
existence of the boundary layer and CML above a portion of the heated plate is evident in
figure 6.3e. However, velocity profiles show no evidence of the boundary-layer flow at the
centre of the tank (the leftward velocity maximum is at z ~ 0.05 m). It is only when the
flow is much closer to thermal equilibrium (after times of around 20 hr) that the boundary
layer extends across to the centre of the tank and the boundary-layer velocities begin to
exceed the plume outflow velocities. Also at this time, the plume outflow thins to about
a third of the depth of the tank.
A strong upwelling region close to the endwall above the heated plate was quickly
established. In the run shown in figure 6.3 the plume formed after about 6 minutes. How
ever, the position of the plume continued to fluctuate for a short while and it occasionally
separated temporarily from the wall, leaving a thin region of downward flow immediately
adjacent to the endwall. In the run shown the plume remained attached to the endwall
after approximately 40 minutes (figure 6.3d). The plume also narrowed slowly over the
entire duration of the equilibration period. The plume width in figure 6.3d was 95 mm,
whereas in figure 6.3/, the width has decreased to around 50 mm and in the thermallyequilibrated state the width is approximately 25 mm.
Both horizontal and vertical velocities in the flow increased to a maximum within the
first few hours and then decreased slowly towards the final values for the remainder of the
equilibration period (~ 24 hr). The interior temperatures continued to increase and the
thermocline continued to thicken throughout the evolution, although the rate of warming
slowed dramatically and the vertical temperature gradient in the interior decreased with
time.
For the solution with FT = 778 W m-2 the evolution of the velocities and temperatures
were monitored throughout the equilibration period at various locations in the domain.
These locations were in the heated and cooled halves of the boundary layer and interior at
(0.3,0.01), (0.95,0.01), (0.3,0.17) and (0.95,0.17) m, respectively, as well as at the cen
tre of the box at (0.625,0.1) m. Area-weighted averages of the entire flow field were also
recorded. One such path towards equilibrium is shown in figure 6.4 (not every convergence
monitor has been shown on each plot as some of the curves are obscured by others). The
convergence monitors at a single point show the amplitude of fluctuations, which are a
measure of unsteadiness in the flow. Throughout the adjustment period, the temperature
fluctuations were much larger in the boundary layer (particularly above the heated half of
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the base, shown by the blue curve) than elsewhere in the flow. The temperature oscillated
up to 1°C over a 10s period (figure 6.4a). There were smaller variations of temperature
in the plume outflow. Once the thermally-equilibrated solution had been reached, fluctu
ations in temperature of a smaller amplitude continued to occur in the warm boundary
layer. We note that the fluctuations at (0.3,0.01) m were very regular (±0.02 °C) and this
is due to the representation of the CML as a set of regularly spaced rolls, which passed
through the fixed monitoring point at approximately constant intervals. The correspond
ing graph of the temperature evolution in the laboratory experiments (figure 6.1) has the
same shape, with an initial rapid warming followed by a slow approach to equilibrium.
Temperature fluctuations are also apparent in both sets of curves at similar positions.
The time evolution of the velocity components and the speed also have the same shape
in the laboratory flows and numerical solutions (6.4a-c). The largest fluctuations are
in the warm boundary layer, with smaller variations in the plume outflow and interior.
The only change from the pattern described above for the temperature solution in the
numerical runs was that velocities in the cold boundary layer (the black curve in figure
6.4) evolved very smoothly because the flow there was laminar.
In all of the runs reported in § 5, the flow evolved as described above. Additional nu
merical runs were carried out with relatively large initial temperatures to examine whether
the partial depth convection seen in some of the laboratory experiments would occur. Fur
thermore, we hypothesize that a partial depth flow could not be at steady state and must
evolve to full-depth convection. The numerical runs can be used to test this hypothesis
without the effects of sidewall heat loss or gain.
We can estimate the critical temperature difference between the initial and cold plate
temperatures at which the flow will form partial-depth convection. In thermal equilibrium,
the heat flux leaving through the cooled end of the base Fcoid can be estimated by
__________ (T,Z

„
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~

Po^P^T

- Tcold) W L
2 ’

where T ^ t is the interior equilibrium temperature.
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The flow will stratify if the initial interior temperature is greater than the interior equi
librium temperature i.e. if,
T,nt(t = 0) > T Z (6.4)
Substituting our expression for the interior equilibration temperature (6.3) into (6.4) gives
a partial depth circulation when
T in ti 0)

>

Ft
P QC pK T

h

+

Tcold

(6.5)

We recall from the boundary-layer scaling analysis in §2.3 that h /L ~ RaF~J' 6. The
numerical results from §5.2 give the empirically-determined constant (for only the nu
merical solutions) as 2.87. Hence, the critical temperature difference for formation of a
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Figure 6.4: Time records of temperatures and velocities during the equilibration
period for the numerical run with FT = 778 W m - 2 . (a) temperature T, (b) horizontal
velocity u, (c) vertical velocity v and (d) flow speed \Ju2 + v2. The curves are from
records in the warm boundary layer at (0.3,0.01) m — , in the interior (0.625,0.1) m
and in the cold boundary layer (0.95,0.01)m — . The green curves, — , in (a)
and (d) are an area-weighted average over the whole box.
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partial-depth circulation is
T in t.

Tcoid

2.87 FTLRaF~ ^ 6
>

P 0 CpKrp

( 6 .6)

Using parameter values appropriate for the run with FT = 778 W m-2 and Tcoid = 16 °C
yields the critical initial temperature T f f f = T*£t ~ 39.3 °C.
A series of runs were performed with basal heat flux of FT = 778 W m-2 and a cold
plate temperature of 16 °C for a large range of initial temperatures. In each run, the water
was initially isothermal and there was no motion in the interior. The critical initial tem
perature T fff, above which a partial-depth circulation emerged was found to be between
29 and 30°C. In order to verify that it was the temperature difference Tint(0) —Tcoid
that was important and not the absolute value of initial temperature, additional runs
were carried out with cold plate temperatures of 11 and 21 °C (16 ± 5°C). In these runs,
the transition between a full- and partial depth overturning were found to occur at crit
ical initial temperatures of between 24 and 25 °C and 34 and 35 °C, respectively. We
note that these values are ±5 °C of the critical initial temperature in the run with a cold
plate temperature of 16 °C. Hence, the results are consistent with the prediction that
the temperature difference Tint(0) —T ^ t controls whether the endwall plume continues to
penetrate through the full-depth of the tank (for Tjni(0) —T*%t < 0 we expect partial-depth
convection).
The critical value is 10 °C less than the predicted value of 39.3 °C and the difference
probably arises through the crude estimation of the temperature difference in the equili
brated flow (6.1).
Recall that in the laboratory experiment with a heat input of 10 W, the plume pene
trated through only a part of the box depth. In this experiment the initial temperature
was 22-23 °C. Using the criteria (6.6) gives T f f f = 21.6°C and hence we see th a t the evo
lution of the flow into partial-depth convection would be expected. Indeed, the numerical
solutions show full-depth convection only arises for Tm* between 18 and 19 °C.
In the cases when partial-depth convection was observed, it formed relatively quickly
(usually within the first 30 min of flow time) as the large-scale flow settled down and the
heat flux leaving through the cooled plate quickly exceeded the applied heat flux. Figure
6.5 shows the solution at 6000 s from a run with an applied heat flux of FT = 778 W m -2 ,
a cold plate temperature of 16 °C and an initial temperature of 30°C. The circulation
involves a rapid horizontal boundary-layer flow (figure 6.5 a) and slower return flow. The
endwall plume rises through approximately half of the box depth. The plume overshoots
the neutral buoyancy level, before descending slightly with the outflow to the right (figures
6.56 and c). The temperature contours (figure 6.5d) show that the gradient in the lower
cell is less than that in the upper cell. The convective flow in the upper cell is much weaker
and therefore so is the heat transport. Hence, a stronger temperature gradient is required.
The upper cell also stratifies due to cooling from the cell below.
During the approach to thermal equilibrium, the lower cell deepens very slowly with
time and the height to which the plume penetrates increases. The net flux (out of the
tank) decreases slowly. The fluxes pass through a point at which they balance exactly,
after which the net flux into the box exhibits small amplitude fluctuations (although with
the net flux usually remaining negative). The flow exhibits associated fluctuations in the
height to which the plume penetrates. At this stage, we are unsure of whether these
oscillations are due to numerical instability or are a real feature in the flow. Further work
will investigate these fluctuations more closely and consider the averaged flow behaviour.
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Figure 6.5: A snapshot in time of the numerical solution during the transient ad
justment towards thermal equilibrium in a case where a partial-depth overturning was
observed. The applied heat flux was FT — 778 W m~2. The cold plate temperature
was 16 °C and the run began with an initial temperature of 30 °C. The time is 6000 s.
Contours of: (a) horizontal velocity u, (ft) vertical velocity v, (c) streamfunction ^
and (d) temperature T. The colour-scale below (ft) shows the approximate zero veloc
ity points for both the horizontal and vertical velocities. To the left of the lines, the
velocities are to the left and downward and to the right of the lines, velocities are to
the right and upward for horizontal and vertical velocities, respectively. The contour
interval is 0.29m m s '1 in (a), 0.36n im s '1 in (ft) and 0.00385kgs-1 in (c). In (d)
the coloured lines are contours with interval 0.9 °C and the black lines are 0.005 °C
contours between 30.12 and 30.17 °C.

Chapter 7

Effects of a heat flux at the
opposite boundary
We use the numerical computations to investigate the effects of an additional heat flux
applied to the upper boundary (the lid). Both stabilising (positive) and destabilising (neg
ative) heat fluxes were examined. The system with a stabilising heat flux at the upper
boundary is of interest as the additional forcing will have a similar effect to that of sidewall
and lid heat gain in those laboratory experiments having an interior equilibration temper
ature less than room temperature. A small but destabilising heat flux at the boundary
opposite to the main forcing boundary is relevant to those experiments having an interior
temperature greater than the room temperature. The latter case may also help us to un
derstand the effects of the geothermal heat flux through the seafloor. The geothermal heat
flux is destabilising to the ocean density structure and is estimated to be approximately
30TW globally (Munk & Wunsch, 1998) - equivalent to about 0.75-1% of the heat flux
added at the ocean’s surface (3-4 PW, from Houghton et cd., 1996 and Macdonald, 1998,
inferred from hydrographic data). In the oceans, this heat flux is predominantly added at
mid-ocean ridges. However, we distribute the forcing uniformly over the upper boundary.
The effects of this small additional heat flux were investigated numerically, as it was not
feasible to adequately control lid and sidewall heat fluxes in the laboratory, independent
of interior temperatures and basal heat fluxes.

7.1

N um erical set-up

The governing equations (2.1)-(2.6) were again solved numerically using FLUENT. The
grid, parameters and boundary conditions were the same as run 3 (table 5.1) from §5.1,
with the exception of the boundary condition applied at the top boundary. We recall
the temperature on the cooled half of the base was set to 16 °C, the heat flux applied
to the heated half of the base was FT = 1556 W m-2 and the sidewalls were perfectly
insulated. Four new runs were carried out with heat fluxes distributed uniformly over
the top boundary of F^pper = ±14.94 W m -2 and F™pper = ±74.69 W m-2 . These values
corresponded to total lid heat fluxes which were 2 and 10%, respectively, of the input
through the heated half of the base. We refer to these runs as the 2% and 10% runs
throughout this chapter.
The initial conditions in both runs were an isothermal tank of water at a temperature
of 20 °C and no motion in the tank interior. All of the forcing (both heat fluxes and the
temperature on the cooled plate) was applied at time t = 0. As with the runs in § 5, the
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Figure 7.1: Convergence monitors showing the evolution to a thermally-equilibrated
state in the experiment with a stabilising heat flux of F “pper = 74.69 W m -2 applied
to the upper boundary. The heat input over the heated half of the base was FT —
1556 W m -2 , giving a total heat flux added from both boundaries of 1026.96 W. The
red solid line ( ) shows the rate of heat loss through the cooled half of the base,
fo 65 kt Po °p &r/dy\y=0dX, and the blue line (—) shows an integral (over the box
area, Abox) of the magnitude of the flow velocity.

solution was judged to have reached a thermally-equilibrated state once the net heat gain
into the fluid was less than 3% of the total imposed heat input, i.e.
r 1.25

/
J'0.65
0.65

dT
KVT

P0

d y

dx + (1.25 x F “pper) > 0.97 x (0.6 x FT) ,

(7.1)

y= 0

for the runs with a destabilising heat flux applied to the upper boundary (over 1.25 m
length), and
r 125

/
J 0.65

qt

KT p0 cp—

dx > 0.97 x [(0.6 x Ft ) + (1.25 x F*pper)] ,

(7.2)

U V y= 0

for the runs with a stabilising heat flux applied to the upper boundary. This criterion was
relaxed slightly for the run with the larger stabilising heat flux at the top of the box - the
run was stopped at a stage when the net heat gain was 3.8% of the imposed heat flux.
The rate of change of the rate of net heat gain was very small at this time and continued
iteration changed the flow little (figure 7.1). A time step of 0.5 s was used throughout the
equilibration period for three of the four runs. The exception was again the run with the
larger stabilising heat flux at the lid. In this case, a time step of 0.5 s was used for the
first 8 h of flow time and then halved due to the large velocities in the flow. In all runs,
time-averaged solutions were found from the mean of 720 solutions taken at 5 s intervals
over a 1 hour period.

7.2

Cooling at th e upper boundary

Figures 7.2 and 7.3 show the thermally-equilibrated solutions at a single point in time and
a time-averaged solution, respectively, for the run with a 10 % destabilising heat flux. The
overall mean circulation is qualitatively similar to that obtained in the case with no top
heat flux (figures 5.4 and 5.5, § 5.2), with the convection overturning as a single cell that
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Figure 7.2: A snapshot in time of the numerical solution with a destabilising heat
flux applied to the upper boundary. The basal input heat flux was 1556 W m -2 ,
the cold plate temperature was 16 °C and the heat flux on the upper boundary was
74.69 W m ” 2. The total heat flux added at the lid was 10% of that added at the base.
Contours of: (a) horizontal velocity u, ( b) vertical velocity v, (c) streamfunction ^ and
( d ) temperature T. The colour-scale below ( b) shows the approximate zero velocity
points for both the horizontal and vertical velocities. To the left of the lines, the
velocities are to the left and downward and to the right of the lines, velocities are to
the right and upward for horizontal and vertical velocities, respectively. The contour
interval is 0.6m m s-1 in (a) and (6) and 0.025k g s-1 in (c). In ( d) the colour scale
shows the contours with interval 1 °C and the black lines are 0.1 °C contours between
35 and 36 °C.
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Figure 7.3: Time-averaged flow and temperature fields for the same run as figure
7.2. Contours of: (a) horizontal velocity u, (b) vertical velocity v, (c) streamfunction
ip and (d) temperature T. The contour intervals are the same as in figure 7.2. In (d)
the solid lines are the 1 °C contours and the dashed lines are 0.1 °C contours between
35 and 36 °C.
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fills the full depth of the tank. However, the large differences between the instantaneous
and the time-averaged solutions indicate a very high degree of unsteadiness in the flow.
The effects of the top heat flux were felt quickly during the equilibration period. A cold
thermal boundary layer built up under the lid. The critical Rayleigh number was exceeded
after a few minutes and small and relatively dense plumes began to form. As the water
in the box interior warmed during the equilibration process, these plumes developed more
frequently. Animations of the solutions show these small plumes growing in size as they
are advected to the right with the mean flow. We hypothesize that the growth rate was
restricted by the shear in the mean flow. After travelling adjacent to the boundary for
200-300 mm they detached from the lid and descended into the interior forming large and
strong eddies (figure 7.2 c). The instabilities which formed close to the endwall plume
usually entered the interior near the centre of the tank and those which formed on the
right-hand side detached close to the right-hand endwall.
Similar flow patterns were observed in both the 2 and the 10% runs. As expected, the
flow was more unstable for the run with the larger destabilising heat flux - the velocities
were larger and the interior temperature variations were smaller (as the net heat input
was smaller). When compared to the solutions for the run without a heat flux applied
to the upper boundary (figures 5.4 and 5.5), there are a few significant differences. The
mean flow was less asymmetric - the downwelling against the endwall at the cooled end
of the tank was stronger (relative to the upwelling in the opposite endwall plume). The
downwelling fed mostly into the interior above the cooled boundary layer. This led to a
large region of fast leftward flow (not seen in the earlier solutions), which sat above the
cooled boundary layer.
Temperature profiles in the interior show a temperature inversion over a depth of
about 50 mm below the lid, but which was pronounced (an difference of 0.5 °C in the 10%
run and 0.1 °C in the 2% run) for only the top 10 mm. The stratification through the
remainder of the depth of the tank was approximately the same as that seen in the case
with no forcing at the upper boundary.

7.3

H eating at th e upper boundary

After the forcing at both boundaries commenced, the solution initially evolved in a manner
similar to that described in §6.2. The plume at the left-hand endwall penetrated through
the full depth of the tank with the outflow beneath the lid of the tank. However, as the
forcing continued, a relatively warm thermal boundary layer was slowly established at the
top boundary. This boundary layer gradually warmed and thickened by conduction, until
the buoyancy of the layer was greater than that of water in the rising plume. Hence, the
plume was prevented from ascending through the full depth of the tank and the plume
outflow was forced to enter the interior at a lower level. This partial-depth convection
developed more quickly with larger stabilising heat fluxes on the upper boundary. For
the run with the 10% heat flux, the plume ceased to reach the top of the tank by t &
28800 s, whereas for the run with a top heat flux of 2%, the plume continued to reach
the top of the box until t « 67200 s. During the evolution towards thermal equilibrium,
the relatively warm region underneath the lid continued to deepen. The approximately
uniform stratification in this warm region became significant and was much stronger than
the run without a top heat flux. Hence, the plume penetrated to smaller and smaller depths
with time until, in the thermally-equilibrated state, the depth of the lower circulation
cell remained approximately constant. The changing level of the plume outflow during
the equilibration process is clearly seen in figure 7.4, which shows instantaneous vertical
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F ig u r e 7.4: Vertical profiles showing the evolution with time of the instantaneous
temperature (a) and instantaneous horizontal velocity (6) at the centre of the box
(x —0.625 m) for the case of a 2 % stabilising heat flux imposed at the upper boundary.
Times of the profiles are: o 0, □ 7200, O 14400, x 21600, 28800, A 36000, 50400, ■
79200, ♦ 122400 and ▲180000 s in (a) and o 0 , O 14400, 28800, 50400, I 79200,
and ▲ 180000 s in (6). Fewer profiles are included in (6) to make the progression
clearer.
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Figure 7.5: A snapshot in time of the numerical solution with a stabilising heat
flux applied to the upper boundary. The basal input heat flux was 1556 W m ~2,
the cold plate temperature was 16 °C and the heat flux on the upper boundary was
14.94 W m -2 . The total heat flux added at the lid is 2% of that added at the base.
Contours of: (a) horizontal velocity u, ( b) vertical velocity v, (c) streamfunction
0 and (d) temperature T. The colour-scale below ( b ) shows the approximate zero
velocity points for both the horizontal and vertical velocities. To the left of the lines,
the velocities are to the left and downward and to the right of the lines, velocities
are to the right and upward for horizontal and vertical velocities, respectively. The
contour interval is 0.6 m m s-1 in (a), 0.3m m s"1 in ( b ) and 0.005kg s-1 in (c). In
( d ) the colour scale shows the contours with interval 2°C and the black lines are the
0.2 °C contours between 38 and 42 °C.

profiles of temperature and instantaneous horizontal velocity at the centre of the tank
(x = 0.625 m).
Figures 7.5 and 7.6 show instantaneous and time-averaged flow and temperature fields,
respectively, of the solution for the 2% stabilising heat flux. The velocity and stream
function plots (a-c) show the circulation confined to a lower cell occupying just under
half of the depth of the tank. The upper cell was quiescent. In the run with an upper
heat flux of 10% the height of the circulation cell is much smaller (approximately 1/5
of the total depth of the box). The motion in the upper cell was suppressed by the
stable density gradient and consisted mostly of large weak eddies (figure 7.5c), which
disappear altogether in the time-averaged solution (figure 7.6c). The momentum in the
plume allowed it to penetrate to a depth slightly greater than its neutral buoyancy height.
While vertical motion in the plume was prevented and water in the plume fed into the
horizontal outflow, a small portion of this relatively dense water descended in a persistent
eddy adjacent to the left-hand endwall. As the vertical motion in the plume was suppressed
by the overlying stratification, it excited internal waves that propagated along the tank
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(d)

Figure 7.6: Time-averaged flow and temperature fields for the same run as figure
7.5. Contours of: (a) horizontal velocity u, (b) vertical velocity v, (c) streamfunction
rp and (d) temperature T. The contour intervals are the same as in figure 7.5. In
(d) the solid lines are the 2°C contours and the dashed lines are the 0.2 °C contours
between 38 and 42 °C.
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(see following section, §7.3.1).
In the thermally-equilibrated state, the velocities in the upper cell were generally
smaller in the 10 % run than in the 2 % run, because the stratification was stronger
and hence acted to suppress motion more strongly. The boundary-layer thicknesses and
boundary-layer velocities were comparable for the two cases. Hence, the mass flux into
the plume was also similar between the two runs. However, the plume outflow in the 10 %
run was much narrower and faster and its height was around 60-70% of that in the 2%
runs. In both runs, the circulation was weaker than in the run without a stabilising heat
flux at the top boundary of the box (figures 5.4 and 5.5, § 5.2). The velocities were smaller
and the streamfunction maximum (taken from the time-averaged solutions) indicates that
the circulation strength was reduced by about 50 % in the 2 % run and by approximately
65 % in the 10 % run.
As expected, larger thermal forcing at the lid led to both larger temperatures and
a larger stable temperature gradient in the interior. For the thermally-equilibrated flow
in both cases, the stratification in the upper quiescent part of the flow was close to the
linear gradient obtained in a steady conduction solution (this can be most clearly seen
in figure 7.4a, but it is also present in figures 7.5d and 7.6d). The buoyancy frequency
N — [(—g/pQ) dp/dz]1^2 was N = 0.56 s-1 in the 10% run and N = 0.22 s-1 in the 2%
run. These values are an order of magnitude larger than the value of N = 0.051s-1
obtained in the run with no heat flux on the upper boundary.
7.3.1

In tern al w ave g en era tio n

In both runs with heating at the top boundary, the stratification in the quiescent interior
above the plume outflow supported internal waves. The waves were excited by the rising
plume as it disturbed the stratification in the interior. The waves were more clearly
discerned in the 10% case. The presence of internal waves is inferred from figure 7.7
and animations of the solutions show the waves propagating to the right. The phase
propagated downwards while the energy propagated upwards. We obtained independent
estimates for the horizontal and vertical wavelengths from figures 7.7a and 7.7c. These give
the horizontal and vertical wavelengths as 0.257 and 0.094 m, (figure 7.7a) and 0.304 and
0.096 m, respectively (7.7c). The corresponding angles that the phase lines make with the
vertical are therefore 6 « 70 ° and 0 « 72.5 °. The value of the buoyancy frequency over the
upper part of the tank was N = 0.56 s-1 (estimated from the temperature profiles, figure
7.4). Internal wave theory (see e.g. Cushman-Roisin, 1994) then leads to a prediction of
the frequency w = ±NcosO = 0.18 ± 0.01 rad s-1 and the phase speed of cphase — (2.57 ±
0.1) x 10- 3 m s-1 . Direct measurements made from the animations give w = 0.16ra d s-1
and Cphase = 2.2 x 10-3 m s-1 , values similar to those obtained from the wavelength and
buoyancy frequency. Given the uncertainty in the measurements and the unsteadiness of
the flow, we conclude that the structures are well described by linear internal wave theory.

7.4

Discussion

The addition of a heat flux at the upper boundary changes the flow pattern dramatically.
A stabilising heat input on the upper boundary results almost immediately in a reduction
in the height to which the plume penetrates. This occurs even with only a relatively small
heat flux applied to the upper boundary (14.94 W m-2 compared to 1556 W m -2 added
at the base). The buoyancy excess in the plume controls the height to which the plume
penetrates. Therefore, we suggest that a more appropriate comparison of fluxes would be
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Figure 7.7: Filled contour plots showing the velocity and circulation structure in
dicative of internal waves in the upper part of the tank. The basal input heat flux
was 1556 W m~2, the cold plate temperature was 16 °C and the heat flux on the up
per boundary was 74.69 W m -2 . The total heat flux added at the lid is 10% of that
added at the base. Contours of: (a) horizontal velocity u, (b) vertical velocity v and
(c) streamfunction ip. The colour scales have been chosen to highlight the interior
structure, hence the lower circulation is off-scale. The colour-scale below (b) shows
the approximate zero velocity points for both the horizontal and vertical velocities.
To the left of the lines, the velocities are to the left and downward and to the right
of the lines, velocities are to the right and upward for horizontal and vertical veloci
ties, respectively. The contour interval is 0.03m m s '1 in (a), 0.025 m m s '1 in (b) and
0.0053kgs-1 in (c).

between the buoyancy flux in the plume and th a t supplied at the upper boundary. The
buoyancy flux from the lid is given by

,M= a g F--------—
^LW
= 2.13 x 10- 6 k g m s - 3 ,

B; t“a =

Cp

while the buoyancy flux in the plume is
ßph im e _

where A T, vp and Wp are the tem perature excess providing the buoyancy to drive the
plume and the vertical velocity and width of the plume, respectively.
We estim ate these quantities from the numerical solution with FT = 1556W m -2
and no heat flux at the lid (figures 5.4 and 5.5, §5.2). Taking averages over the plume
gives A T — 0.3°C vp = 0.003m s_1 and W p = 0.021m, which yield B^ lume = 8.95 x
10_6k g m s~ 3, a value of the same order as the buoyancy flux provided at the lid.
The circulation became stronger when the flux applied was destabilising, even though
this heat flux led to a reduction in the net heat input to the box. This is because an
additional flux at the top provides a buoyancy flux, which supplies the energy to drive
the motion. The 2 % run is a similar magnitude to the geothermal heating at the ocean
floor. From the results we conclude th at the geothermal heating will tend to cause the
convective overturning to be full-depth (in a steady state). We speculate th a t, if the
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buoyancy fluxes in the descending plume are of a similar magnitude to that provided by
the geothermal heat flux in the oceans, then the existence of the destabilising geothermal
heat flux may speed up the process by which the circulation changes from a partial-depth
glacial circulation to a full-depth circulation.
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C h a p te r 8

R esults for therm ohaline
experim ents
Horizontal convection forced by both heating and freshwater fluxes is examined here.
In particular, we consider the oceanographically relevant configuration of stabilising and
destabilising heat fluxes at the equatorial and polar regions, respectively, together with a
net stabilising freshwater flux at high latitudes. In the inverted experiment arrangement
we superimpose on the thermally-driven convective flow in chapter 4, a salinity flux to
provide the stabilisation in the polar regions. The relative strengths of the destabilising
and stabilising forcing are given by the thermal and salinity Rayleigh numbers, RaF =
gotFTL^/ pQcpK2r v and Ras = g ß A S L 3/ k t v , respectively. Experiments were carried out
with a range of heat fluxes and a range of salinity fluxes, achieved by varying the input
salinity and volume flux (see table 8.1). Four separate flow regimes have been identified
(described below) and the transition between regimes appears to depend only on the ratio
of salinity to thermal buoyancy fluxes. We first begin with a brief recap of the circulation
arising from the thermal forcing alone.

8.1

Recap o f results for therm ally-forced convection

The large-scale overturning was two-dimensional and involved a boundary layer adjacent
to the horizontal boundary at which heating and cooling was imposed. Water in the
boundary layer above the cooled half of the base flowed towards the heated end of the
box, where the boundary layer was eroded from beneath by a layer of small-scale threedimensional convection (the ‘convective mixed layer’ or CML). Initially, this layer took
the form of rolls aligned with the direction of flow that formed close to the onset of the
heating. As the flow advanced further over the heated plate, the rolls split into two
and soon developed into three-dimensional convective plumes embedded in the stable
boundary layer. The convective mixed layer deepened by encroaching into the overlying
stable boundary layer (thermocline). Eventually, the mixed layer destabilised the entire
boundary layer, which then fed directly into a highly-localised plume against the end wall.
Water in the plume ascended quickly to the top of the box and into an outflow along the
upper horizontal boundary. Both the plume and its outflow featured large eddies, which
occupied approximately a third of the box depth. The circulation was closed by a weak
downwelling throughout the box, enhanced at the endwall at the cooled end of the tank.
Temperature profiles revealed a very weak stratification throughout most of the box depth
(buoyancy frequency N ~ 5 x 10~2 s-1 for FTL W /2 = 140 W) above the strongly stratified
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boundary layer. The CML was of uniform temperature, except for a slight inversion close
to the base (z < 3 mm at x = 100 mm).
Experiment #

Ft LW /2

ßA S

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

123
125
125
118
122
123
119
121
123
123
124
119
118
119
120
119
120
122
122
120
121
120
119
120
119
117
119
118
116
120
132
132
131
131
131
132
130
131
132
152
151
255
258
257

0.00369
0.00280
0.00322
0.00311
0.00354
0.00301
0.00347
0.00332
0.00339
0.00235
0.01382
0.00171
0.00176
0.00171
0.00695
0.00694
0.00691
0.00690
0.00969
0.00519
0.00519
0.00518
0.00517
0.00146
0.00705
0.01383
0.01384
0.00519
0.01037
0.00953
0.00536
0.01755
0.01460
0.00285
0.00437
0.00560
0.00112
0.02417
0.00341
0.00841
0.00385
0.00374
0.01040
0.01835

Q
1 .3 4 x l0 ~ 7
2 .5 2 x l0 -7
5 .3 6 x l0 ~ 7
4 .2 5 x l0 -7
3 .6 2 x l0 -7
1 .5 6 x l0 ~ 6
3 .2 7 x l0 -7
1 .4 7 x l0 " 7
2 -O lx lO -7
2 .0 1 x l0 " 7
5 .5 8 x l0 -7
2 .8 0 x l0 ~ 7
5 .5 6 x l0 -7
5 .5 8 x l0 -7
2 .8 4 x l0 -7
1 .4 7 x l0 -7
5 .6 0 x l0 “ 7
9 .9 0 x l0 " 8
2 .1 4 x l0 ~ 7
9.56 x 1 0 “ ®
2 .1 1 x l0 " 7
3 .5 7 x l0 -7
9 .2 5 x l0 -7
l.OOxlO-6
3 .3 4 x l0 -7
2 .6 7 x l0 " 7
1 .5 3 x l0 -7
1 .4 7 x l0 -7
9.18X10- ®
9.55x10-®
1 .5 6 x l0 -7
1 .8 9 x l0 ~ 7
1 .9 4 x l0 " 7
1 .6 9 x l0 ~ 7
1 .6 6 x l0 ~ 7
4 .4 9 x l0 -7
3 .1 4 x l0 -7
8.79x10-®
9.52x10-®
1.88X10“ 7
1.81X 10"7
1 .3 3 x l0 -7
2 .1 5 x l0 -7
2.09X 10-7

0.00322
0.00244
0.00281
0.00288
0.00317
0.00265
0.00313
0.00296
0.00298
0.00206
0.01216
0.00152
0.00160
0.00154
0.00621
0.00625
0.00623
0.00617
0.00859
0.00472
0.00464
0.00467
0.00470
0.00132
0.00641
0.01267
0.01258
0.00475
0.00950
0.00851
0.00624
0.01869
0.01578
0.00310
0.00468
0.00598
0.00121
0.02604
0.00365
0.00739
0.00342
0.00163
0.00445
0.00795

Bs/ Bt

Pe

regime

0.039
0.056
0.138
0.112
0.105
0.378
0.093
0.040
0.055
0.038
0.619
0.039
0.081
0.079
0.161
0.084
0.318
0.056
0.168
0.041
0.090
0.152
0.397
0.121
0.196
0.309
0.176
0.064
0.080
0.074
0.089
0.323
0.279
0.048
0.071
0.245
0.035
0.209
0.032
0.127
0.057
0.020
0.087
0.152

12
23
49
39
33
143
30
13
18
18
51
26
51
51
26
13
51
9
20
9
19
33
84
91
31
24
14
13
8
9
14
17
18
15
15
41
29
8
9
17
17
12
20
19

1
2
3
3
3
3
3
1
2
1
4
1
1
1
3
3
4
2
3
2
3
3
3
3
3
4
3
2
3
3
3
4
4
2
3
4
1
4
2
4
3
1
3
4
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Gp b s / b t Pe regime
0.041
2
15
0.00648 1.59x 10~7 0.00281
45
255
14
2
0.039
0.00106 1.54x 10~7 0.00276
46
68
14
4
0.158
0.00441 1 .4 9 x l0 ~ 7 0.01157
47
68
4
0.153
15
48
68
0.00398 1.62x 10-7 0.01036
0.082
3
15
70
0.00213 1.69x 10-7 0.00531
49
1
0.021
1.73x
10-7
0.00130
16
125
0.00115
50
0.075
3
0.00439 1.6 5 x l0 ~ 7 0.00497
15
51
125
4
0.180
124
26
52
0.00596 2.90x 10-7 0.00679
4
14
0.158
53
123
0.00949 1.59x 10-7 0.01088
21
3
0.00567 2.33x 10-7 0.00671
0.143
54
119
2
0.00327
0.051
16
121
0.00281
1
.7
0
x
l0
-7
55
1
0.028
12
0.00211 1.33x 10~7 0.00233
56*
126
0.077
3
127
0.00452 1.65x 10-7 0.00509
15
57*
4
0.00615 3 .0 4 x l0 " 7 0.00753
0.209
28
120
58*
27
3
0.155
59
120
0.00470 2.90x 10-7 0.00584
14
2
0.049
122
0.00288 1.56x 10-7 0.00347
60
Table 8.1: List of experimental runs with both thermal and salinity forcing. Columns
2-4 list the total heat flux applied to the heating mat, FTL W /2 (in Watts), the salinity
anomaly of the source ß A S and the source volume flux Q (in m3s_1). Columns
5-7 give values for three of the governing non-dimensional parameters: the global
stability ratio Gp, the ratio of salinity to thermal buoyancy fluxes B S/B T and the
Peclet number Pe. In all runs 6.05 x 1013 < RaF < 4.65 x 1014 and 1.59 x 1011 <
Ras < 4.11 x 1012. Runs 1 to 30 and 31 to 60 were carried out in the first (glass) and
second (perspex) tanks, respectively. Asterisks indicate that two runs were performed
with the same parameters but different dye concentrations for salinity measurements.
The flow regimes are described in §8.2 to §8.5; regime 1: quasi-steady, 2: oscillatory,
3: intrusion and 4: flooding.

8.2

ßAS

Q

Small ratios o f salinity and therm al buoyancy fluxes

For small buoyancy flux ratios B S/ B T, the large-scale deep overturning established by the
thermal forcing was little affected by the introduction of the saline solution. The source
fluid quickly formed a thin layer of depth 10-20 mm at the base and forced the oncoming
flow in the boundary layer to rise and flow along the interface of the denser salt layer. This
behaviour is termed regime 1. The salt layers seen in this regime were between 50 and
150 mm in length and appear to be governed by a balance between the buoyancy of the
layer, inertia of the oncoming boundary layer-flow and stress on the upper interface of the
saline layer. In the experiment shown in figure 8.1 the layer grew to a length of ~150m m
in about 20 minutes and remained approximately constant and close to this maximum
length throughout the experiment. We note that although we refer to the ‘salt layer’, it
was at times observed to consist of several intermediate layers. The role played by the
multiple layers is discussed in detail in sections 8.3 and 8.4.
The stabilising salt input allowed temperatures within the salt layer to be greater than
all other temperatures in the tank. Small plumes formed above the interface and these
detached. Thus, salt was carried into the interior, setting up both a horizontal gradient and
an unstable vertical stratification in salinity there. Figure 8.1 shows the salinity anomaly
field ß A S , from experiment 56 (table 8.1). The image was taken four hours after the
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Figure 8.1: Salinity anomaly field from experiment 56 (table 8.1). The image was
taken four hours after the initiation of the source. The total horizontal salinity dif
ference remained approximately constant at this stage. The colour scale has been
chosen to highlight salinity variations in the interior so the variations in the layer fed
by the salt input (lower left-hand corner) are saturated.

994.2

994.4

994.6

F igure 8.2: Temperature, salinity and density profiles at x = 0.1 m from experiment
56 (table 8.1) at 4 hours after the start of the input of the source solution. At this stage
the layer remains approximately steady and is 0.12-0.13 m in length. The reference
temperature used to calculate the density from equation (2.6) is T0 = 20 °C, which
gives p0 = 998.2 kgm-3.
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input of saline solution began. In this experiment the total horizontal salinity difference
remained approximately constant after two hours of source solution input. The thermal
boundary layer was of a lower salinity than the majority of the interior water because the
boundary layer was fed from the far end of the tank, where salinity was lower. Figure
8.2 features temperature, salinity and density profiles within the salt layer after 4 hours
and shows the gradients of temperature and salinity to be approximately constant, but
unstable and stable, respectively.
Once the salt layer had reached its maximum length, the flow appeared to be in a
quasi-steady state with only small variations in the length and shape of the salt layer, due
to intermittent flattening or steepening at the nose. There were small scale oscillations in
the salt layer, in which the uppermost portion of the salt layer was pushed towards the
end wall by the oncoming flow and formed a small eddy of relatively salty fluid. The eddy
rotated until it had gained sufficient buoyancy (heat) from the layer below and broke up
into smaller parcels of water that were swept upwards in the plume. During this process
the plume continued to rise strongly to the top of the tank. The plume was wider (in the
horizontal dimension) than the plume in the purely thermally-forced flow. The salinity
pulse propagated upwards in the plume and into the outflow. However, no effect of salinity
on temperature was evident anywhere in the tank except in, and just above, the remaining
salt layer.

8.3
8.3 .1

O scillatory regime
Q u a lita tiv e ob serv a tio n s

At intermediate values of the buoyancy flux ratio B s / B T the flow underwent oscillations
corresponding to the formation and breakdown of the salt layer (regime 2). This differs
from the regime described above in that the breakdown involved a much larger-scale
overturning of the main salt layer.
Figure 8.3 shows the fourth cycle from an experiment in this regime. The image (a)
is from the beginning of a cycle, with a single salt layer (dyed blue) extending from the
source after the previous oscillation. In (b) the layer had thickened, the nose steepened
and retracted back towards the source. The nose of the top salt layer destabilised and
started to rise, followed by the breakdown of the interface in (c). The red fluid in (d)
is neutral density dye released in the boundary layer above the base at the centre of the
tank and serves to highlight the vigorous mixing that occurred between the oncoming
boundary-layer flow and the salt layer as it breaks away. Some of the mixed water from
the salt layer remained relatively dense compared to the interior water and intruded (to
the right) into the ambient stratification near the top of the boundary layer. Most of
intrusion of the mixed water was gradually entrained back into the plume and swept into
the large-scale circulation (figure 8.3e and /) . During the breakdown of the salt layer the
plume was again much wider than in the thermally-driven case.
Sequential formation of a stack of salt layers appeared to play a crucial controlling role
in the breakdown process. As the top salt layer thickened, a new very thin (~ 5 mm) salt
layer appeared directly at the source, with the two layers separated by a thick diffusive
interface. The newer bottom salt layer eventually extended to the same length as the top
layer and, during this period, most of the salt from the source was fed into the new thin
layer. Thus, the top layer was no longer stabilised by the salt input, but continued to lose
salt through the uppermost diffusive interface. The density ratio across the uppermost
interface decreased (Rp —►1) and the top salt layer eventually became statically unstable.
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Figure 8.3: A set of photographs from an experiment number 56. The sequence
shows the fourth oscillation with the formation and breakdown of the salt layer. All
photographs show the full depth of the tank and a region 0.52 m long above the heated
half of the base. The stabilising salt solution is dyed blue and a neutral density red
tracer is released into the boundary-layer above the base half way along the tank.
Times are given in minutes from the start of the source input. Note the photographs
are not uniformly spread in time.
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Figure 8.4: Length of the salt layer in experiment 60 with parameters Gp = 0.00347,
B s / B t = 0.049 and Pe = 14. The initial advance is rapid, then the length fluctuated
as the nose of the salt layer became increasingly unstable prior to the breakdown.

As the salty water was swept away, the bottom layer grew vertically to a thickness of
approximately 10 —20 mm and the cycle repeated.
8 .3 .2

M ea su rem en ts in th e o scilla to ry reg im e

We discuss in detail the results from four experiments which serve as examples of the
oscillatory behaviour. Each of these experiments used a separate measurement technique
to highlight different features of the flow. The initial rapid spreading of the salt layer is
captured in figure 8.4, which shows the length of the salt layer against time (in experiment
60) during the breakdown event. The record is stopped at the actual overturn of the layer,
i.e. the complete disintegration and purging of the layer. The rate of spreading decreased
as the layer thickened. The subsequent fluctuations in length are indicative of the unstable
nature of the nose during the overturn process.
Figure 8.5 shows temperature records from experiment 34 (table 8.1). The equilibrium
thermal circulation was established for approximately 28 hours before the salt flux was
initiated at t = 0. As the interface of the salt layer rose to cover thermistor 1 placed
at (0.1,0.01) m, the stabilising influence of the salt can be seen in the large and sudden
increases in the temperature at (a). The salt layer partially ‘blocks’ the boundary-layer
flow and caused velocities within the boundary layer to decrease. Hence, the thermocline
thickened and gradually cooled (thermistors 3 and 4) at (6). This cooling was more
pronounced for larger Bs (deeper or longer layers) and is consistent with there being no
visible thickening of the boundary layer in the previously described regime (section 8.2),
which involved smaller salt layers. As the salt layer overturned, there was a reversal of
the above effect: a rapid cooling at thermistor 1 at (c), a sudden warming elsewhere in
the thermocline at (d) and an associated thinning of the thermocline along the whole
length of the box. The short warming pulses measured at thermistor 9 in the hot plate
(e) were a result of the growth of the bottom salt layer in each cycle to cover the base at
the thermistor location. Sudden decreases in temperature occurred at this thermistor (/)
during the rapid breakdown of the salt layer, but these temperature decreases were small,
as the thin bottom salt layer had grown sufficiently to cover this thermistor by this time.
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Figure 8.5: Temperature record from stationary thermistors in experiment 34. Ther
mistors 1-4 were placed at z = 0.01 m and x = 0.1,0.3,0.625 and 0.95 m, respectively.
Thermistor 6 was in the interior at (0.3,0.17) m and thermistor 8 sat above the ther
mal boundary layer at (0.625,0.03) m. Thermistor 9 is embedded within the copper
base at x = 0.1 (see figure 3.7). Each data point is an average of 6 data points,
sampled at equal intervals over 60s. Letters indicate changes in the flow conditions.
See text for more details.
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Figure 8.6: Temperature record from stationary thermistors in experiment 45. Ther
mistors 1-4 were placed at z = 0.01 m and x = 0.1,0.3,0.625 and 0.95 m, respectively.
Thermistor 6 was in the interior at (0.3,0.17) m and thermistor 8 sat above the ther
mal boundary layer at (0.625,0.03) m. Thermistor 9 is embedded within the copper
base at x = 0.1 (see figure 3.7). Data points were sampled at intervals of 100s.
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Figure 8.7: Evolution of the salinity anomaly field in experiment 60 with parameters
B s / B t = 0.049, and Pe = 14. The colour scale has been chosen to reveal the
perturbation to the interior salinity field as the salt layer breaks down, hence the salt
layer salinity is off-scale. Images are taken at times (in minutes after turning on the
source input): (a) 100, (6) 122, (c) 126, (d) 130, (e) 134, and (/) 138.
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The cyclic behaviour for experiment 34 (shown in figure 8.5) continued for approximately
24 hours, after which the source input was halted. Salt was released into the interior
during the experiment, thus lowering the relative salinity of the source water with time.
This decrease in the relative salinity of the source water can be estimated using equation
(3.12), which gives an approximate expression for the interior salinity as a function of
time. For experiment 34 (shown in figure 8.5) the salinity anomaly is estimated to have
decreased by 34 % over the duration of the experiment (from ß A S = 0.00285 to ß A S =
0.00187). Such a decrease reduced the stabilising influence of the source water, which
led to shorter oscillation timescales and lower temperatures in the salt layer (thermistor
1) and in the base under the salt layer (thermistor 9). Thermistors 6 and 8 show no
significant temperature change in the interior associated with either oscillations or the
long-term injection of salt. A second temperature record from another experiment (5)
that exhibited oscillatory behaviour is shown in figure 8.6. The behaviour was qualitatively
similar to that described above for experiment 34. However, the oscillation period differs
significantly in the two experiments. The relatively stronger thermal forcing (smaller
B s / B t ) in experiment 45 led to a much shorter oscillation period of ~ 3800 s for the first
few cycles (figure 8.6) as compared to a period of ~ 6500 s for experiment 34 (figure 8.5).
This shorter oscillation period for the lower source salinity anomaly is also consistent with
the changes in oscillation period seen in each experiment and attributed to decreasing salt
buoyancy flux (following the increase in ambient salinity with time).
The evolution of the salinity anomaly field through the first cycle in experiment 60
is shown in figure 8.7. The first image shows the salt layer during its initial growth
phase. The rest of the images in the sequence show the layer overturning and track the
salinity perturbation through the interior. As in the numerical solutions for the thermallydriven horizontal convection (figures 5.4 and 5.5), an intrusion was evident directly above
the thermal boundary layer (as indicated by the more saline tongue in images 8.7d-f).
Although the scale is saturated in the bottom salt layer is saturated, measurements reveal
it to be vertically well mixed in both salinity and temperature. This is in contrast to
the previous regime (where the small salt layer was stratified), and indicates that the
convection within the layer was more vigorous. After the initial warming, heat was gained
and lost at approximately equal rates from the salt layer, which remained at a nearly
constant temperature (figure 8.5) until the break-down. In contrast, the salt was added at
a constant rate but is lost at an increasing rate through the interface as the layer lengthens.
Hence, the local interfacial R p decreased to 1 and the salt layer breaks down.
Figure 8.8 displays a sequence of synthetic schlieren images from an experiment in
which the flow underwent oscillations after starting the salt injection. The visualisation
shows the refractive index gradients as stable (yellow to black) or unstable (yellow to
red). Each image was constructed by averaging 250 frames over ten seconds of the flow.
This averaging procedure improves the signal to noise ratio, but obscures some short
lived convective features such as those in the plume. All images show the strongly stable
gradients in the thermal boundary layer (black region). These stable gradients in the
boundary layer were eroded from beneath it flowed over the heated base (approximately
the right-hand half of the image). The sloping interface of the hot salty layer is shown
in the left-hand half of the image. The unstable vertical density gradients (red colours)
across the thin density interface of the salt layer are visible in (a), while in (6) a second
layer had formed above the first, also with an unstable density interface above it. The
gradual destabilisation of the second layer occurred in (c) and (d). Parcels of the relatively
saline water had entered the plume outflow in (e) and the small salinity perturbation was
communicated throughout the tank interior (although this is not obvious from the still
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Figure 8.8: Synthetic schlieren images of the flow with both thermal and salinity
forcing from experiment 31, with parameters Gp = 0.00624, B S/ B T = 0.089, and
Pe = 14. The images show the heated half of the tank, and its full depth. Images
were taken at times (after the source was started): (a) 236, (b) 266, (c) 269, (d) 271
and (e) 277 minutes. (/) is a colour scale showing vertical refractive index gradients
with the right and left hand sides corresponding to stable and unstable density profiles,
respectively. Neutral gradients are shown by green. The vertical line in the top right
hand corner of the images is a thermometer. One salt layer and one ‘diffusive’ interface
can be seen in (a) and (e), two salt layers are visible in (b — d).
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image, the effect is demonstrated in schlieren movies of the overturning).
Outside of the thermal boundary layer and salt layer, the density structure was ap
proximately uniform with variations (due to both salinity and temperature) over the tank
interior of < 0.1 kg m-3. The salinity stratification in the interior fluctuated between lo
cally stable and locally unstable due to the unsteadiness in the flow. However, the plume
outflow behaviour attested to a dynamically significantly stable density structure in the
interior at all times.

8.4

Interm ediate-depth intrusion regim e

For moderate values of the buoyancy flux ratio B S/ B T, the salt layer intruded over the
heated plate towards the cooled half of the base. However, before reaching the cooled half
of the base, the nose of the salt layer lifted off the base and formed an intrusion above
the boundary layer (regime 3). The intrusion then mixed with the boundary layer and
eventually resulted in a two-cell convection structure that fills the depth and length of the
box. The lower cell is relatively warm and salty and characterised by a strong circulation,
while a much weaker circulation existed in the upper cell.
8 .4 .1

Q u a lita tiv e o b se rv a tio n s

A sequence of photographs capturing the development of the salt layer in experiment 51
with B s / B t = 0.075 is shown in figure 8.9. The initial spreading of the salt layer was
rapid (a) and then the rate of spreading decreased dramatically while the layer thickened.
The layer usually consisted of a stack of two or three intermediate layers above the heated
portion of the base. A thin layer immediately above the base was fed directly from the
source and was around 100-150 mm in length and ~ 5 mm in depth. Above this was an
intermediate middle layer and then a third top layer, which usually extended furthest
along the base of the tank to form the nose of the salt layer (figures 8.96 and 8.11a). The
interface of this top layer was the most turbulent, with mixing increasing towards the
endwall plume. Deflections of the interface were clearly visible when viewing the interface
at an oblique angle and were caused by turbulent convection within the layer.
As in the oscillatory regime, much of the stabilising salt flux was injected into and
contained within the lower salt layer. The nose region of the other layers in the stack
were then destabilised by contact with the heated base, as well as by heat transferred
through the lower layer. The nose of the furthest extending salt layer retracted by 1020 mm in the face of oncoming flow owing to a decreasing value of R p. The nose gained
sufficient heat to destabilise and rise off the base (figures 8.9 c and 8.116). This process
sets up a stratification which is favourable to fingering interfaces. As the local interfacial
Rp —►1, the interfaces become unstable, and heat and salt transport occurs by a largescale turbulent motions (Turner, 1973). The oncoming boundary-layer flow was then more
dense than the salt layer and propagated directly along the base underneath the nose. The
boundary-layer flow gradually penetrated further into the salt layer. The progress can be
seen by the lighter blue region adjacent to the base in figures 8.9d and e. The relatively
cold boundary-layer water mixed with the warmer and more saline water from above
(helped by salt fingering) and also gained heat directly from the heated portion of the base
below. However, the fluid rarely gained enough buoyancy to break through the uppermost
interface. The boundary-layer water flowed above the bottom salt layer near the end of the
box. Figure 8.9e shows the boundary-layer water as it reached the wall at the heated end:
it rose up, forced large excursions at the uppermost interface but the return flow occurred
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Figure 8.9: A sequence of shadowgraph visualisations showing the evolution of the
salt layer in experiment 51 with BS/ B T = 0.075. Photographs (a), (6) and (c) show
approximately 0.47 m at the left end of the heated plate, and (d) and (e) show the
full length of the tank. All images show the full depth of the tank. Times of the
photographs are (in minutes after the salt solution input was initiated): (a) 42, (6)
90, (c) 134, (d) 152 and (e) 205.
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Figure 8.10: Close up of figure 8.9c showing a 85 mm length of the base and the
nose of the salt layer. The upper interface is relatively stable at the left, becom
ing progressively unstable towards the nose. The salty intrusion formed above the
colder boundary-layer flow and sheared salt fingers are visible at the lower edge of the
intrusion in the middle of this image.

within the lower cell. The nose of the salt layer formed an intermediate intrusion, which
propagated into the interior directly above the cold boundary layer. A fingering interface
developed between the oppositely directly two flows and sheared salt fingers can be seen
in figure 8.10. Salt fingering was visible in much of the thermocline. The interface at the
upper edge of the intrusion was stratified in the diffusive sense. In the analogous system
predicted in the oceans, this process would correspond to the subduction of cold fresh
surface water in the high latitudes, which then intrudes equatorwards beneath the warm
and salty thermocline.
Although the formation of the intermediate intrusion occurred most frequently through
the processes described above (and illustrated in figure 8.11a and 6), there were a few
experiments (with larger values of B S/ B T) in which the details were different. In these
cases, the upper two layers were of similar lengths b u t th e middle layer extended furthest
along the base (figure 8.11c). The salty intrusion was formed as the nose of the upper
layer destabilised and the colder bottom boundary-layer flow intruded between the two
top layers (figure 8. lid ) .
Although the forcing and the flow were designed to be as two-dimensional as possible,
once the salt layer had advanced far from the source there were small variations in the
structure across the w idth of the tank. In some experiments the salt layer did not lift off
the base uniformly across the tank, rather sections at different positions across the tank
lifted off at different times.
For all experiments in this regime, continued source input led to a stable layering across
the full lateral extent of the tank, although the progress of the interm ediate intrusion
slowed as it neared the endwall at the cooled half of the tank. A two-cell circulation
was set up at this point. The lower cell involved a relatively strong circulation although
the upwelling plume at the endwall only penetrated through a part of the depth of the
tank before flowing our into the interior at low depths. The upper cell was isolated from
the forcing boundary. The circulation was weak. It circulated in the same sense as the
lower cell and was driven by the diffusive flux of heat through the interface. Very small
convective plumes formed on each side of the interface between the cells and were swept
along with the larger scale circulation.
Once this stage in the experiment had been reached, continued source input led to
repeated cycles in which additional layers formed at the source. These again destabilised
sufficiently to lift off the base and form an interm ediate intrusion within the lower cell,
which slowly deepened with time. However, in most experiments the salt injection was
switched off once two-cell circulation was established and the flow was left to evolve with
therm al forcing alone. Shortly after this time, the most recently formed salt layers imme-
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Figure 8.11: Schematic of the different processes for formation of the intermediate
saline intrusion. The process in which the salt layer destabilised at the nose occurred
most commonly and is illustrated in (a) and (6). An alternate formation process
involved the boundary-layer flow splitting the upper and middle two layers and is
shown in (c) and (d ). This means of forming the intrusion generally occurred for
larger B S/ B T (within the intrusion regime).
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Figure 8.12: Salinity anomaly field from experiment 59 with parameters Gp =
0.00584, B s / B t = 0.155, and Pe = 27. The images show the eventual overturn of the
two-cell circulation, to leave a single full-depth cell as in the purely thermally-forced
flow, (a) is taken 20 hours 7 minutes after the source input had ceased. The salt
layer has retracted and relatively cool fluid enters the lower half of the tank against
the right end wall. (6) is taken at 21 hours 1 minute (after source fluid input ended)
and shows the remainder of the salty fluid being incorporated into the tank interior,
via the plume.

diately above the base overturned (on a timescale of ~ 30 minutes) and mixed throughout
the lower cell. The lower layer deepened and freshened slowly due to mixing and entrain
ment caused by the plume deflecting the interface. Eventually, the salty layer of fluid in
the lower cell retracted away from th e end wall (figure 8.12a), which allowed the rela
tively fresh water adjacent to the wall to descend into th e lower cell. T he relatively fresh
water entered the boundary-layer flow at the base. This caused intense mixing once the
fresh water had quickly warmed to the same tem perature as the salty water. Hence, the
lower cell became less saline. The plume therefore penetrated to increasing heights with
time, causing further deepening and freshening of the lower layer until the salty water was
eventually swept upwards in the plume (figure 8.126). The flow returned to full depth
convection and the released salt is mixed throughout the interior. The two-cell circulation
remained for periods of ~ 5 —60 hours before it eventually broke down leaving a single cell
circulation. A precise analysis for the timescale for this overturn was difficult to obtain as
this was strongly dependent on the am ount of salt in the lower cell. However, it was clear
th a t the overturn occurred earlier when the applied heat fluxes were larger.
We note th a t w ithout the continued therm al forcing at the base, there would be not be
an abrupt breakdown of the two cells nor a strong circulation filling the length of the box.
In fact there is a net buoyancy flux out of the lower cell, which loses heat more rapidly
than salt. Hence, R p increases, the stratification increases and the circulation weakens
with time. The evolution of such a system is described by W orster (2004).

8 .4 .2

M ea su rem en ts in th e in tru sio n regim e

We discuss in detail results from three experiments in which a saline intrusion above
the boundary layer reduced the full-depth convection to a two-cell circulation. Figures
8.13-8.16 show results from a single experiment with B S/ B T = 0.155 (experiment 59,
table 8.1). The stabilising effect of the salt layer is evident in the tem perature profiles at
x = 0.1 m (figure 8.13a), which show a large increase in tem perature within the growing
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z {m) 0.1

Figure 8.13: Evolution of the temperature profiles from (a) x = 0.1m (over the
heated half of the base) and (b) x = 0.625 m (at the centre of the box) with time
in experiment 59. In this experiment B S/ B T = 0.155. In both (a) and (6), the
first profile is taken from the thermal equilibrated flow before the introduction of the
salinity buoyancy flux and subsequent profiles are at 30 minute intervals after the
introduction began. Each profile in (a) is offset horizontally by 4°C and the grey
lines indicate 4°C increments. In (6), each profile has been offset horizontally by
2°C. The grey lines indicate 2°C increments. Time records of temperature at key
locations are shown for two experiments in this regime in figures 8.17 and 8.18.
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Figure 8.14: Temperature, salinity and density profiles from x = 0.1 and 0.625 m
at 2 hours 10 minutes after the start of the input of the source solution (experiment
59). This profile was taken just after the nose of the salt layer has lifted off the base
and allowed the colder and relatively fresh boundary layer water to flow underneath.
However, at this time no change in temperature was evident at x = 0.1m as the
colder water had not yet propagated that far along the heated plate. The more saline
water has formed the intrusion above the boundary layer and extended horizontally
to x = 0.69 m. Gradual steps in salinity may be an artifact of the measurement
technique, which gives an integral across the box width, particularly in regions where
the interface is strongly disturbed.
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layer. The structure of the vertical stack of layers is seen in the profiles in figure 8.14.
Multiple interfaces are evident. Each individual layer quickly became vertically well-mixed
in both temperature and salinity. The layers were stably stratified in terms of density,
except in the vicinity of the turbulent interfaces (figure 8.14). The stability ratio across
the uppermost interface of the layer is estimated from the profile at x = 0.1 m to be
Rp = 2. Temperatures within the layer decreased with distance from the source (from
figures 8.13 and 8.14). The existence of two or more stacked salt layers appeared to be
the main cause of this horizontal gradient. Regions in which there were two layers stacked
one above the other typically occurred at the left-hand side of the tank. In these regions
the bottom layer is insulated from the relatively cold large-scale flow by the layer which
sits above it. The heat exchanged across an interface is proportional to the temperature
difference across the interface. Hence, in these ‘insulated’ regions the bottom layer retains
more heat than in the regions where its interface is exposed to the colder large-scale flow
(which typically occurs towards the nose of the layer at the right-hand side). The layer
was also less saline closer to the nose due to the increased mixing which occurred in the
nose region.
The blocking of the boundary-layer flow occurred with the development of the salt
layer, and caused the thermocline over the remainder of the box length to thicken and
cool. There was a factor of two increase in the height of the thermocline over two hours
(between the first and the fifth profiles in figure 8.136). The thickening and cooling
of the thermocline also reduced the heat flux leaving through the cold boundary and
therefore led to a bulk warming of the interior of the box. When the nose of the salt
layer lifted away from the base, the blocking of the large-scale boundary-layer flow was
reduced. Consequently there was a subsequent increase in velocities along the base, a
rapid warming upstream in the boundary layer and a small cooling in the interior. In the
experiment shown in figures 8.13 to 8.16, the colder fluid did not reach r = 0.1m until the
large layer at the source had destabilised sufficiently to form a second intrusion within the
lower salty cell (beyond the duration of the temperature records shown in figure 8.13). On
close inspection, the occurrence of this intrusion can be seen in figure 8.15d - an orange
tongue just above the base extends from the (red) salt layer at the source (reaching to
approximately a quarter of the length of the tank).
After the nose of the layer lifted off the base to form the intrusion, the progress of the
relatively warm and salty intrusion can been seen in both temperature and salinity records
as it propagated along the tank (figures 8.136 and 8.15, respectively). The vigorous mixing
and salt fingering at the nose caused both the salinity and the temperature anomalies
within the intrusion to decrease with distance to the right, (aided by the relatively small
loss of salt through the upper diffusive interface). However, there was a lag in the very
small temperature signal, i.e. the temperature signature of the intrusion was not observed
until a short distance behind the nose. This is because the temperature anomaly (relative
to the interior) at the nose of the intrusion was very small as a result of cooling from both
above and below (with the maximum temperature occurring around the mid depth of the
intrusion - at a height of z = 10 —20 mm in figure 8.136). Hence, the traverse shown in
figure 8.146 shows no sign of the intrusion at the centre (x = 0.625 m) thermistor even
though the thermistor was observed to pass through the intrusion. The horizontal gradient
in salinity (averaged across the tank width) seen in figure 8.15 is due to both the loss of
salt from the intrusion and the structure of the intrusion, which is not completely uniform
across the tank.
Figure 8.16 shows the evolution of the salinity field in the tank (outside of the salt
layer). The structure remained qualitatively similar with time: salt was mainly removed
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Figure 8.15: Evolution of the salinity anomaly field (ßAS) with time in experiment
59 with parameters Gp — 0.00584, B S/ B T = 0.155 and Pe = 27. The source fluid had
a salinity anomaly of ß A S = 0.0047 relative to the tank water. The times at which
the images were taken axe (after initialisation of the source input): (a) 1 h 30 min, (6)
2 h 10 min, (c) 3 h and (d) 4 h 33 min.
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Figure 8.16: Images corresponding to those shown in figure 8.15 (experiment 59),
except the scale has been chosen to highlight the salinity anomaly field in the tank
interior (hence the salt layer is off-scale). The lower salinity band in around mid
depths indicate the interior ventilation pattern is similar to that observed in the
laboratory experiments with purely thermal convection.
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Figure 8.17: Temperature record from stationary thermistors in experiment 29.
Thermistors 1-4 were placed at z = 0.01 m and x = 0.1,0.3,0.625 and 0.95 m. Ther
mistor 6 was in the interior at (0.3,0.17)m and thermistor 8 sat above the thermal
boundary layer at (0.625,0.03)m (see figure 3.7). Each data point is an average of 6
data points, sampled at equal intervals over 60s. Letters indicate transitions in the
flow.

from the salt layer by the endwall plume. The large-scale circulation carried this relatively
more saline water through the plume outflow and into the tank interior. The ventilation
pattern was very similar to that in the purely thermally-forced case (Mullarney et al.,
2004). Salt was observed in lower concentrations near the mid-depth of the tank. The
water closer to the plume was relatively well-mixed and more saline than that at the other
end of the tank as the more saline fluid in the plume outflow is recycled back through the
plume by entrainment.
After the source was switched off, measurements reveal the lower cell gradually became
well-mixed in salinity, but that the horizontal temperature gradient was maintained by
the thermal forcing. As the lower cell broke down, the salinity anomaly could be tracked
around the tank until it became well mixed.
Figures 8.17 and 8.18 show temperature records from two separate experiments; al
though both were classified in the intrusion regime the flow patterns were different. Figure
8.17 is from experiment 29, which had a relatively low buoyancy flux ratio B S/ B T = 0.080.
The salt layer underwent a single cycle of growth and overturn before the nose lifted off
and formed the intrusion above the thermal boundary layer. Letters on the figure indicate
different stages in the flow. The initial growth of the salt layer to cover thermistor 1 is
shown at (a). The first overturn of the upper salt layer occurred at (6), when some of the
relatively warm and saline water entered the interior just above the boundary layer and
there was a short warming period at thermistor 8 (c). The nose rose off the base at (d),
which reduced the blocking of the boundary-layer flow. Subsequently, the remaining salt
layer at the source grew to cover thermistor 1, while the intermediate intrusion propagated
further along the tank. The intrusion reached the far end wall at (e), shortly after which
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Figure 8.18: Temperature record from stationary thermistors in experiment 22.
Thermistors 1-4 were placed at 2 = 0.01m and x = 0.1,0.3,0.625 and 0.95 m. Ther
mistor 6 was in the interior at (0.3,0.17)m and thermistor 8 sat above the thermal
boundary layer at (0.625,0.03)m (see figure 3.7). Each data point is an average of 6
data points, sampled at equal intervals over 60 s. Letters indicate changes in the flow.

the salt injection was switched off. The newly-formed salt layer at the source overturned
at (/) accompanied by further warming elsewhere in the boundary layer. A two-cell cir
culation remained until (g) when it eventually overturned. The small sharp decreases in
temperature such as those at (h) correspond to a cooling when the sidewall foam was
removed from the first tank for short periods to observe the flow. These decreases are not
dynamically significant and were not observed in the double-glazed Perspex tank. The
temperature record shown in figure 8.18 is from experiment 22, which involved a relatively
large buoyancy flux ratio B s / B r = 0.152 (almost double that in the previous figure). In
this case, a large salt layer extended to cover both thermistor 1 at (a) and thermistor 2 at
(b). The nose destabilised at (c) and quickly led to the two-cell circulation at (d). Shortly
afterwards the salt injection was halted, the newest salt layer at the source overturned
and the saline water was mixed through the lower cell. The flow returned to full-depth
convection at (e).

8.5

The flooding regime

For very large buoyancy flux ratios B S/ B T the salt solution spread directly along the base
(regime 4) and formed a stable two-cell circulation. Convection and heat transport were
almost entirely confined within the shallow salty layer, as in the previous regime (§8.4).
In this regime the salt layer remained sufficiently dense to sit directly on the base at all
times (figure 8.19). Once the nose of the salt layer reached the cooled portion of the base,
its stability began to increase. Consequently, lifting-off of the layer could not occur.
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Figure 8.19: A sequence of photographs from experiment 53 with parameters Gp =
0.01088, B s / B t = 0.158 and Pe = 15. The photographs were taken at times (after
the start of the source input): (a) 50 min, (6) 2h 3 min, and (c) 3h 22 min. The layer
formed by the transport of salt across the diffusive interface at early times is shown
in (a). In (6), the interface has broken away and (c) shows the salt layer, which has
flooded the full length of the base. All images show the full depth of the tank, (a)
shows a 0.65 m section above the heated end, (6) and (c) show the full length of the
tank.

8.5.1

Q u a lita tiv e o b serv a tio n s

The full depth convection ceased temporarily after the turning on of the source input
(figure 8.19a). The large flux of salt through the interface prevented the fresher largescale flow from acquiring sufficient buoyancy to rise to the top of the tank. The plume
outflow was at an intermediate depth (usually around 2 = 0.06 m) and thus led to the
formation of another layer. This layer was bounded above by a weak interface on which
small eddies and plumes were visible, particularly above the heated end (figure 8.19a). The
layer fed by the plume outflow deepened by mixing until the endwall plume eventually
broke through the stratification and again penetrated to the top of the tank (figure 8.196).
The images in figure 8.20 show typical salinity anomaly fields in the interior at two stages in
experiments. The initial salinity structure formed with the plume outflow at intermediate
depth is shown in (a). Water in the intermediate-depth layer was entrained back into
the plume as the cell deepened. Figure 8.206 shows the salinity structure in the interior
once the base had been flooded. Less mixing is apparent at mid depth. Throughout the
experiment, the plume near the left-hand endwall was much wider than for horizontal
convection driven purely by thermal forcing (§4 and 5). As in the intrusion regime, the
circulation in the upper cell was very weak. It was driven by the horizontal temperature
gradient, formed by diffusion of heat through the interface between the cells.
Figure 8.21 shows the horizontal position of the nose of the salt layer as a function of
time: the salt solution spread quickly as a long thin layer (figure 8.19a) along the heated
portion of the base. As the layer lengthened it lost increasingly more salt through the
longer interface and the buoyancy difference driving the layer decreased. Hence, the rate
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Figure 8.20: Salinity anomaly field from experiment 58 with parameters Gp =
0.00753, B s / B t = 0.209 and Pe = 28. The plume with insufficient buoyancy to
penetrate to the top of the tank is shown in (a). The salt layer extends across the
base in (6). The colour scale has been chosen to highlight variations in the interior,
hence variations in the salt layer are obscured. Times after the start of the source
input are (a) 30 min and (6) 2h 30 min.

t( s)
Figure 8.21: Length of the salt layer in experiment 58 with parameters Gp =
0.00753, B s / B t = 0.209 and Pe = 28. Initially, the advance is rapid, then it slows
while the layer thickens. When the nose of the layer reaches the cooled half of the
base, the advance accelerates.
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(C)

8

Figure 8.22: Temperature record from stationary thermistors in experiment 47 with
parameters Gp = 0.01157, B S/ B T = 0.158 and Pe = 14. Samples were acquired at in
tervals of 100 s. Thermistors 1-5 were placed at z = 0.01 m and x = 0.1,0.3,0.625,0.95
and 1.15 m and thermistors 6 and 7 were placed at a height of z = 0.17 m in the in
terior at x = 0.3 and 0.95 m. Thermistor 8 sits at (0.625, 0.03) m. Thermistors 9
and 10 are embedded within the copper base at x = 0.1 and 1.15 m, respectively (see
figure 3.7). Letters indicate transitions in the flow. See text for more details.

of spreading slowed. After the nose of the layer reached the cooled half of the base, the
layer regained stability from the cooling (figure 8.196). As it advanced further over the
cooled half of the base, sheared salt fingers formed within the layer, with a larger shear
closer to the nose. The salt layer eventually flooded the base and was separated from the
remainder of the water column by a sharp interface, which was of the diffusive type above
the heated end of the base and of the doubly stable type at the cooled end. Above the
heated base, the layer was wedge-shaped as seen in previous regimes, whereas above the
cooled plate the interface was close to horizontal (figure 8.19c).
Once the source input had ceased, pressure gradients forced the interface to become
nearly horizontal. The layer then deepened and eventually overturned by the same mech
anism as described above in § 8.4.
8 .5 .2

M ea su rem en ts in th e flo o d in g regim e

Figure 8.22 shows a temperature record from thermistors held at fixed positions. As in
the previous regimes rapid temperature rises were observed at the thermistors above the
heated end of the base associated with the initial growth of the salt layer (a). Simultane
ous cooling occurred elsewhere due to the blocking and thickening of the boundary layer
(6). The event labelled (c) corresponds to the destruction of the early stratification formed
with the initial flux of salt across the interface. There was a slight rise or drop in tem
perature at thermistors 6 (in the interior) and 8 (just above the thermal boundary layer),
respectively, as the relatively warm plume outflow shifted to the top of the tank rather
than at intermediate depth. Once the salty layer reached the cold section of the base, the
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Figure 8.23: Regime plot showing results from the first (glass) tank for one heat flux
(116.5 < Ft L W / 2 < 124.8 W). A - flooding regime, in which the salt layer remains
along the base at all times,
- intermediate intrusion regime in which the nose of
the salt layer lifts off the base and propagates above the thermal boundary layer,
o - oscillatory regime, and
- quasi-steady regime in which the salt layer remains
approximately steady at the source. The lines drawn serve as reasonable boundaries
between regimes and are at 0 A S Q « 5 x 10-10, 8.2 x 10~10 and 27.6 x 10-10 m3 s-1 .

large-scale convection gained heat only through the interface above the salt layer rather
than directly from the base. However, the flow gained sufficient heat from the saline layer
below, so that the flow reaching the end wall (x = 0) was again the hottest in the tank
(excluding the saline layer). Despite the interfacial salt flux, the plume still penetrated to
the top of the tank. At (d) the salt layer extended the full length of the tank, and the
stabilising source input was switched off. At this stage, the thermistors above the cooled
half of the base were not inside the salt layer, but the layer slowly deepened to cover
thermistor 3 (e) and, later, thermistors 4 and 5 (/). The latter increases in temperature
occurred at approximately the same time due to the slow rising of the near horizontal
interface. The salt layer eventually overturned at ~200000s (not shown).

8.6

Regim e boundaries

We recall from § 2.2 that, for the experiments with a stabilising salt flux, the governing
parameters were RaF, P r , r and Gp — {Bs / B T) Pe~l . In this study r ( « 0.01) remains
fixed, due to the use of heat and salt throughout. The Prandtl number Pr (evaluated
for the mean interior temperatures in the thermally equilibrated state) varied from 3.98
to 6.18 between experiments. The Rayleigh number RaF was varied by changing the flux
applied to the heating mat. The global stability ratio Gp was varied independently (from
RaF) by varying both ß A S and Q (and thus Ras ). In all cases, the parameter values
were calculated using properties evaluated at the average interior temperature (taken to
be the temperature at thermistor 6 before the introduction of the source solution). In the
glass tank all experiments were run with the side-wall insulation in place except for short
periods when it was removed to observe the flow. This was generally the case with the
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Figure 8.24: Plot showing the dependence of flow regime on the thermal and salinity
buoyancy fluxes. A - flooding regime, - intermediate intrusion regime, o - oscillatory
regime, and i - quasi-steady regime. The lines shown serve as reasonable boundaries
between regimes and are at B S/ B T = 0.038, 0.067 and 0.155.
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Figure 8.25: Plot showing the dependence of flow regime as a function of buoyancy
flux ratio B S/ B T and Peclet number Pe. A - flooding regime,
- intermediate
intrusion regime, o - oscillatory regime, and - quasi-steady regime. The lines shown
correspond to the regime boundaries suggested in figure 8.24, i.e. B S/ B T = 0.038,
0.067 and 0.155.
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Figure 8.26: The regime diagram from figure 8.25 replotted by subdividing the
results for (a) the first (glass) tank and (b ) the second (perspex) tank. ▲- flooding
regime, I - intermediate intrusion regime, • - oscillatory regime, and + - quasi-steady
regime. The boundaries between regimes have been re-evaluated for each case and
are at BS/ B T = 0.042, 0.068 and 0.23 in (a) and BS/ B T — 0.034, 0.054 and 0.15 in
( 6 ).

experiments carried out in the perspex tank. However, there were some measurement and
visualisation runs without sidewall insulation. The total heat flux FTL W / 2 was therefore
calculated as the total power provided to the heating mat less the heat flux lost to the
surroundings. This loss was estimated using the temperature difference between the tank
interior and the laboratory and the heat-loss coefficients from § 3.1.3. The results from the
experiments have been plotted in figures 8.23-8.26, with the exception of experiments with
high source volume fluxes (Q > 5 x 10~7), where the evolution of the salt layer appeared
to be dominated by the source momentum rather than the source buoyancy. Enhanced
turbulent mixing of the saline water with the oncoming flow was observed in such cases.
Although each experiment has been classified into one of four regimes, some flows
exhibited initial transient behaviour characteristic of more than one regime. In particular,
flows combined elements of the quasi-steady (§8.2) and the oscillatory regime (§8.3), or
the oscillatory with the intrusion regime (§8.4). In all such cases the experiments have
been classified according to their final (two-cell) state. For instance, some experiments
initially displayed up to 2-3 cycles of formation and breakdown of the salt layer before
the nose of the salt layer eventually destabilised to form an intrusion above the boundary
layer and the accompanying two-cell circulation. Other experiments exhibited a cyclic
breakdown of the salt layer for up to 6-7 cycles while the intrusion at the nose propagated
along the full length of the tank. A further example of regime transition occurred when
the overturning of the salt layer slowly decreased in scale and the flow moved into the
regime with the quasi-steady layer at source. This has been attributed to the decrease
in the relative salinity of the source with time and these experiments have been classified
into the oscillatory regime.
Figure 8.23 shows the results from the first (glass) tank for a single applied heat flux.
(Note that due to fluctuations in the laboratory temperature the heat flux Fr L W /2 was
calculated to vary between 116.5-124.8 W). The axes ß A S and Q~l were chosen so the

108

8. R esu lts for th erm oh alin e ex p erim en ts

contours of constant salinity buoyancy flux were straight lines. The lines drawn in the
figure serve as reasonable boundaries between the observed regimes. Hence, we conclude
that for a given heat flux, the transition between regimes depends on the product of ß A S
and Q (i.e. the salinity buoyancy flux B s = gp0ßA SQ ) and not independently on ß A S
and Q.
All results are shown in figure 8.24 as a function of both salinity and buoyancy fluxes.
The figure indicates that the transition between regimes depends only on the combined
ratio of salinity to thermal buoyancy fluxes and not on each independently. Further plots
(not shown) of both B s against Pr and B T against Pr suggest the regime is independent
of the Prandtl number (for 3.98 < Pr < 6.18).
The regime diagram is shown more clearly in figure 8.25 as a function of the dimension
less parameters BS/ B T and the Peclet number Pe. No dependence on the Peclet number
Pe is apparent, however, a clear dependence on B S/ B T emerges. When the results for
each tank are considered separately (figure 8.26), the lower two transition boundaries can
be seen to occur at only very slightly larger values of B S/ B T in the first tank (the dif
ferences are perhaps not significant), where the upper transition to the flooding regime
occurs at a substantially larger flux ratio in the first tank. The detailed reason for the
different regime boundary in the two tanks is not clear but is probably associated with
the different boundary condition over the cooled half of the base (the base temperature
varied more with horizontal position in the second tank). This is also consistent with the
difference in boundaries being more pronounced for the transition between intrusion and
flooding regimes. These regimes generally involved longer salt layers and hence are more
likely to be affected by the temperature distribution on the cooled half of the base.

8.7

The role o f double-diffusive effects

The flow regimes described in § 8.2—§ 8.5 involve many double-diffusive processes, which
raises the question of whether they must be present in order for the changes in regimes
to occur. In order to examine the effects of removing double-diffusion, we carried out
experiments in which the stabilising buoyancy flux was provided by an input of relatively
cold water in place of the saline water source. The set-up for these experiments was the
same as that shown in figure 3.1, except that the constant temperature bath (through
which the source water was passed) was maintained at a lower temperature. Both source
and ambient water were fresh. In each experiment, the temperature of the source water
was measured just before it entered the tank. We define the stabilising buoyancy flux
added at the source as
ßstable = g A ß Q =
( 8. 1)
where AT = Tsource — T0 is the temperature difference between the source water and the
average interior temperature. The ratio of stabilising to destabilising buoyancy fluxes is
given by
B s tM e
2p0ATQCp
( 8. 2)
B t ~ Ft L W '
Figure 8.27 features a set of photographs showing the evolution of a potassium per
manganate dyeline from an experiment in which Tsource = 7.1°C, T0 = 30.6 °C and
FTL W /2 = 120.6W. The ratio defined in (8.2) is B ^ able/ B T = 0.335. The flow was
thermally-equilibrated to the basal boundary conditions before the input of the source
water. We note that, were the stabilising buoyancy flux provided by an input of relatively
salty water, a value of 0.335 for the buoyancy flux ratio B srtable/ B T would have led to a
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Figure 8.27: A sequence of photographs showing the flow evolution from an experi
ment, in which the stabilising buoyancy flux is provided by an input of relatively cold
water into the warmer ambient. The ratio of stabilising to destabilising buoyancy
fluxes was B^table/ B T = 0.335. The dyed regions were formed from the distortion
of a vertical dye line at x = 0.1m of potassium permanganate crystals. The flow
was in thermal equilibrium before the input of cold water started and the potassium
permanganate crystals were added at time 2h 19 min. The photographs were taken
shortly after the addition of the dyeline at times (a) 123 s, (6) 278 s, (c) 363 s and (d)
721 s. All images show the full depth of the tank, (a), (6) and (c) show the left-hand
half of the tank above the heated base and (d) shows a section of up to x = 0.98 m in
length. There was some settling of the crystals in the upper quarter of the tank.
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flow in the flooding regime (see figure 8.25 and § 8.5). Although density interfaces were not
visible on the shadowgraph screen in the absence of salinity differences, flow characteristics
could be determined from the evolution of potassium permanganate dye streaks and the
temperature profiles. The introduction of the cold water had a rapid and dramatic effect
on the large-scale overturning. The cold water extruded from the source to form a region
of relatively cool water at the heated end of the base next to the endwall. This region
extended to a maximum length quickly and remained almost stationary (as seen by the
accumulation of dye in the bottom left-hand corner in all images in figure 8.27) with only
a very slight anticlockwise circulation within. The cold region was continually replenished
with cold water, while also being continually heated from below. For the experiment shown
in figure 8.27, the length of the cooled region never exceeded 0.15 m. In contrast to the
experiments with a salinity flux, the oncoming boundary-layer flow did not flow up and
the region of source water. Rather, the flow rose directly upwards from the base in a series
of small laminar plumes near the leading edge of the source water. There was no evidence
of the turbulent plume seen in the purely thermally-forced flow. In the initial stages, the
boundary-layer flow lost heat to the cooled region and did not have sufficient buoyancy
to rise to the top of the tank. Instead, most of the bottom boundary-layer flow returned
at small depths, forming a lower circulation cell. A small portion of the boundary-layer
flow was pushed into the cooled region to the left. Figures 8.27b-d show the circulation
in the lower cell - the boundary-layer flow lifted off the base at the right-hand edge of
the dyed, cooled region (in the bottom left-hand corner) and ascended through a fraction
of the depth of the tank before returning to the right above the thermal boundary layer.
Once the partial depth convection commenced, a feedback mechanism became apparent in
which the lower cell cooled at a quicker rate than the upper cell. The upper cell involved
only very slow motion, presumably driven by a horizontal temperature gradient set up by
diffusion from the lower cell.
The boundary-layer flow was cooled by contact with the relatively cold region adjacent
to the endwall and the return flow communicated the effect of this cooling horizontally
along the lower cell. The process of cooling the lower cell was slow - a noticeable cooling
near the bottom is apparent in the second profile at x = 0.3 m (figure 8.28), whereas a
cooler lower cell was not clearly evident at x = 0.95 m until the third profile (taken at 4 hr
53min). The temperature profiles reveal that the flow was stably stratified everywhere
(except for a few mm directly above the heated half of the base, figures 8.28a and b) with
smooth gradients. This is in contrast to the profiles from the experiments with thermo
haline forcing which show large jumps in temperature across the density interfaces (see
e.g. figure 8.14). Figure 8.28c shows that there is a strongly-stratified thermal boundary
layer above the cooled half of the base and a weakly stratified lower cell. Although the
vertical temperature gradient in the upper cell was the weakest anywhere in the tank, the
gradient was still larger than that in the two-cell circulations obtained from the input of
a salt solution (§8.4 and §8.5). The series of profiles show that the temperature gradient
in the interior reached a maximum after a few hours and then decreased.
The qualitative flow structure appeared to become quasi-steady. The partial depth
convection formed within a few minutes of the introduction of the source water and,
unlike in the flooding regime (described in §8.5) obtained under thermohaline forcing,
the flow did not quickly re-adjust to full-depth convection. Rather, the height of both
the cooled region and the bottom cell increased slowly and we attribute this deepening
to molecular diffusion enhanced by the non-turbulent convection rising off the base. The
continued source input ensured there was a global cooling throughout the tank, which was
further enhanced by the withdrawal of relatively warm water at the top of the tank via
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the sink (figure 8.28). We hypothesize that the system, if perfectly insulated, eventually
would have evolved to a steady state in which the convection penetrated through the full
depth of the tank. The withdrawal of warm water through the sink would have shortened
the timescale by which this process occurred, but would not be necessary for the fulldepth convection to form. This hypothesis remained untested, because we were unable
to measure the heat fluxes through the source, sink and through the cooled plate so the
flux balance would not be known. However, it was also unclear what role sidewall heating
would have played once the interior temperatures fell below the laboratory temperature.
After the input of the source water was halted, the cold region adjacent to the source
was incorporated into the large-scale flow over a timescale of a few minutes. Hence, the
convection returned to a single cell filling the full depth of the tank. The temperatures
in the tank increased slowly over 10-15 h until the flow had returned to its equilibrium
temperature.
Experiments with an introduction of relatively cold water at the source were conducted
over the range of flux ratios 0.011 < B ^ able/ B T < 0.335. For small values of the flux ratio,
the cooled water did not accumulate at the source and was instead incorporated into the
large-scale circulation, which remained as a single cell throughout. However, the influx
of cold water did lead to a weakening of the circulation - vertical velocities in the plume
were smaller and the plume was wider than in the case with no source input. A transition
in flow regimes occurred when the ratio of buoyancy fluxes was close to B ^ able/ B T = 0.1.
In an experiment with a relatively low stabilising buoyancy flux ( B ^ able/ BT = 0.106), the
plume ceased to rise to the top of the tank - rising instead to about z = 0.14 m after
20 min of the cooled source input. The flow pattern was similar to that described above
(and in figure 8.27), except that the cooled region adjacent to the source was very small
(of depth 10 mm and length 30-50 mm) and there was still some turbulent mixing in the
plume. The flow returned to a slow full-depth circulation (but with widened plume) after
a few hours.
Thus it appeared that there are only two distinct regimes with an influx of rela
tively cold water, and one must eventually evolve into the other. These are a full and
partial- depth circulation. The full depth is essentially a weaker version of the thermallyequilibrated flow before the stabilising buoyancy input is added. Velocity and tempera
ture fields in the partial-depth flow are qualitatively similar to that shown in figure 8.27.
A stronger stabilising source flux resulted in thinner lower cells and laminar flow. For
stronger source forcing, the flow forms a two-cell circulation, in which the plume ceased to
ventilate the whole depth of the water column. The process by which the two-cell circula
tion arose was different to that in the experiments with a salt flux. There was no ‘flooding’
of the base by the more dense water propagating along the full length of the tank. It seems
unlikely that such a regime could occur over the range of parameters feasibly obtained
in the laboratory (requiring very low source water temperatures or low basal heat fluxes,
in which case sidewall heating becomes a problem.) For large source fluxes, much of the
basal input heat flux now goes into warming the cool source water, or equivalently the net
heat input is reduced. Hence, the mass flux in the circulation is much reduced.
We therefore conclude that the critical factor setting whether partial or full-depth
convection occurs is the stabilising basal buoyancy flux (whether provided by a salt or
cold water). However, the internal details of the flow pattern do depend on the doublediffusive processes. W ithout double-diffusion, an oscillatory or an intrusion regime (similar
to those described in §8.3 or 8.4) were not observed and there were no sharp interfaces.
Furthermore, the salinity and temperature structure in the flow will be different due to
the lack of double diffusive mixing and intrusions. The presence of a diffusive interface is
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x = 0.1 m

x = 0.3 m

0.95 m

T (°C)
Figure 8.28: Temperature profiles from an experiment in which the stabilising
buoyancy flux was provided by the input of cold water. In this experiment the
temperature of the source water was T0 = 7.1 °C and the buoyancy flux ratio was
Bstable j B T — 0.335. (a), (6) and (c) are profiles from x = 0.1, 0.3 and 0.95 m, respec
tively. The solid line
is the profile taken from before the source input began. The
other profiles were taken at times (after the introduction of the source input): —
20min, ■• • 4h 53min a n d -------7h 10min.
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F t (basal heat flux/unit area)
source

Figure 8.29: Model of the salt layer. The water added at the source with volume
flux Q(m3s-1) and salinity anomaly ß A S = Ssource — Sint is retained in the salt
layer of length C(t) and height H(t). U0 is a convective velocity scale that we take
to be the velocity of the oncoming boundary-layer flow. Heat is gained through the
base (0 < L < 0.6 m) and lost through the upper interface with fluxes FT and FH,
respectively. The salt flux through the upper interface is Fs . The ratio of the fluxes
is R f = ßFs Cp/aFH.

also necessary for the two-cell circulation to remain in place (once established) for long
periods. Without the salt in the lower layer, the partial depth convection returns to
full-depth convection almost immediately after the source input has stopped.

8.8

A m odel of th e salt layer

We consider a simple box model of the salt layer as illustrated in figure 8.29. The following
simplifying assumptions are made:
• The layer is both horizontally and vertically well-mixed in salinity and temperature.
• The temperature and salinity in the box interior remain constant in time and
tially uniform throughout the time for growth and breakdown of the layer.
justify this because the experimental measurements in the box interior show
very gradual changes in the temperature and salinity relative to the timescales
which changes occur in the salt layer.

spa
We
only
over

• The properties of the layer change sufficiently slowly so that steady state flux laws
can be used.
• Mechanical entrainment into and out of the layer can be neglected. This assump
tion can be justified by calculating a Richardson number for the salt layer Ri =
g(—a A T + ß A S ) H / u 2. We find Ri > 0(10), implying that the entrainment flux
across the interface is very small (e.g. Turner, 1973, chap. 9).
• The length of the layer is less than the heated section of the base.
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We define TL(t), S L(t), C(t) and H(t) as the temperature, salinity, length and height,
respectively, of the salt layer. The salt layer is fed from a source at a volume flow rate
Q m 3s_1 and the salinity of the source is Ssource%o. The layer loses both heat and salt
across the interface giving buoyancy fluxes agFH/cp and gßSsourceFs , respectively. Tint
and Sint are the temperature and salinity of the water in the tank interior and are assumed
to remain constant. U0 is the velocity of the oncoming boundary-layer flow, which opposes
the advance of the salt layer. Other quantities remain as defined in § 2. We assume that
the source water input begins at t = 0.
Mass conservation gives
Qt = £(t)WH(t),

(8.3)

w

(8-4)

Experimental observational allows estimation of the magnitude of the respective terms
in the momentum equations. It appears that the advance of the layer at early times is
predominantly governed by a balance between the buoyancy of the salt layer and the
viscous drag on its interface. In contrast, at later times, the evolution of the salt layer is
expected to be controlled by a balance between the inertia of the oncoming flow and the
buoyancy of the layer.
Consider a frame of reference moving with the convective circulation. The viscous
stress on the upper interface (per unit volume) is given by
(L

duL
(8.5)
pon(t) dz z=n
where u L is the velocity of the salt layer in the above frame of reference. A horizontal
velocity that varied linearly with 2 within the salt layer would give duL/d z = u L/'H.
However, the velocity gradient is expected to be greatest close to the interface and hence
the stresses there will be largest. We therefore write du L/ d z = c\uL/'H where c\ > 1 is
a constant of order 1. Thus, the interfacial drag can be expressed as c\uuL/7i(t)2, where
Ap(t) = - a A T L(t) + ß A S L(t) = -a. (TL(t) - Tint) + ß (S L(t) - S int). Transforming back
to the laboratory frame by using u L = U0 + dC/dt the interfacial stress is
ci

n{ty

( 8. 6 )
’

We describe the evolution of the salt layer length using two terms balancing the buoyancy:
gAp(t) H(t)
po

c(t)

_ v { U0 + f ) , _ (U0 + % f
Cl

H(ty

+C2

c(t)

The first term on the right-hand side of (8.7) is the interfacial stress. The second term
is the inertia term, where C2 is a constant of order 1. Huppert &; Simpson (1980) obtain
an expression for the velocity of a shallow gravity current u = 1.19^/gAp/p0h. In the
above formulation (the second term on the right in equation 8.7), this would correspond
to a value of C2 = 0.71. A similar (but not identical) value is expected to apply in the
balance (8.7) as the buoyancy controls in part the propagation of the layer. We will later
investigate the relative importance of the two terms on the right-hand side of (8.7) from
the solutions. The ratio of the viscous to the inertial term is
vC(t)
vC(t)
1 = H(t)2u L = Hit)* (U0 + f ) ’
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with the inertia becoming dominant at around 7 <^C 1.
The scaling analysis for the velocity of the convective flow in the boundary-layer (§ 2.3)
and the empirically determined constant (§ 4.2, figure 4.7) give UQ~ 0.45525/^T/L&ox.ftaF1/,3.
On substitution of this expression with L^ox = 1.25 m and (8.4) for h(t ), (8.7) becomes
(after some rearrangement)

Q g t ( - a A T L(t) + 0 A S L(t))
c2WC{t)

dC
dt

/ c i \ f uC(t)3W 2\

\ c 2) V 2

)

/ Ci \ 1sW2C(t)3
\ c 2)

0.3642rer Rar l/:i.

(8.9)

For the experiments in § 8, heat is added to the salt layer at a constant rate FT per unit
area. Therefore, the heat content of the layer is described by

C(t)H(t)TL()t ) = FTC(t)W - F„C(t)W.

(

Similarly, the salt is added at a constant rate throughout the experiment, while the flux
out of the layer is proportional to the length. Therefore, the salt content of the layer is
described by

P ojt (H(t)C(t)WASL(t)) = p0Q Saource - Fs C(t)W.

(8.11)

In order to solve the set of equations (8.9), (8.10) and (8.11), parameterizations of the
fluxes <y.FI{ and ßFs across the diffusive interface are required. Many formulations for
these fluxes have been suggested. However, a single parameterization for a large range of
stability ratios has yet to be established. In particular, difficulties arise when extrapolating
laboratory flux laws to the oceans (Kelley et al., 2003). Some possible parameterizations
are discussed below in § 8.8.1

8.8.1

P a ra m eteriza tio n s o f th e flu x es across a d iffu sive interface

In a seminal paper, Turner (1965) used dimensional arguments to conclude that the tur
bulent transport of heat across a diffusive interface must be of the form

aFH = A 1(R„)(a A T ) i / 3 ,(8.12)
where A\ has units of velocity and is a function of the stability ratio Rp. Turner (1965)
also conducted a set of experiments in which two layers separated by a diffusive interfaces
were heated from below. The interfacial fluxes were calculated by measuring the time
evolution of temperature and salinity in the two layers. Good agreement was obtained
between the results and the predicted form (8.12). Huppert (1971) later suggested that
the experimental results of Turner (1965) could be fitted by a law of the form

F h = 3.8 R~2,
a

(8.13)

s P

SP

where FH = FH/ F H is the dimensionless heat flux and F' is the ‘solid plane’ value (see
e.g. Turner, 1973). This value is the conductive heat flux that would arise if the same
temperature difference was maintained across a solid perfect conductor (so that wave
motions, turbulent transfer and diffusion of salt are prevented) and is
SP

Fh = 0.085 pQCp

agK T_

1/3

AT4/ 3.

(8.14)
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The function A \ ( R p) can be obtained from (8.12), (8.13) and (8.14) /

k

2 \ 1//3

A i ( R p) = 3.8R~2 x 0.085pQcp f ^

)

•

(8-15)

An alternative parameterization was proposed by Taylor (1988), who examined the evolu
tion of a similar system with particular attention to the small density ratios (1.2 < Rp <
2.47). In his experiments a two-layer diffusive system was heated from below and cooled
from above. He found a fit to his results of the form
Fh = 3.2(±0.1 ) R ;2-1(±0-2).

(8.16)

Turner (1965) argued that the salt flux should be dependent only on the stability ratio
and the temperature flux, i.e. that the buoyancy ratio of fluxes R f = ßFs Cp/aFH should
be a function of Rp only. His experimental results confirmed this. The flux ratio exhibited
an abrupt change of behaviour in the vicinity of Rp = 2 and he suggested a piecewise
linear fit of the form
R f = 1.85 —0.85R p

for 1 < R p < 2,

(8.17a)

R f = 0.15

for R p > 2.

(8.176)

The sudden change in behaviour was attributed to the increasing importance of turbulent
motions in transporting both heat and salt across the interface as it approaches static
stability. In contrast, for Rp > 2, molecular processes play a dominant role. The value of
R f = 0.15 for R p > 2 is slightly higher than the theoretical value predicted by Linden &;
Shirt cliffe (1978). Their result states th a t in a steady state the ratio of buoyancy fluxes is
equal to the square root of the ratio of the molecular diffusivities (Rp = r 1/2 « 0.1). This
difference was attributed to additional convective activity which occurs in the experiments
with heat and salt as the two components. Taylor (1988) suggested an alternative fit of
the form
R f = 0.224R p2 - 0.855R p + 0.967

for 1.2 < Rp < 1.91,

(8.18a)

R f = 0.15

for Rp > 2.

(8.186)

Thislatter fit should not be extrapolated to R p = 1 as it is expected that R f must tend
to 1 asRp —►1(Turner, 1965; Crapper, 1975). Furthermore, these flux parameterizations
are not thought to apply if the stability ratio across the interface is large (Rp > 6). In
this case, these parameterizations underestimate the temperature flux (e.g. Marmorino &
Caldwell, 1976; Newell, 1984). However, the stability ratio across the interface of the salt
layer of the present experiments will be Rp < 6 for most of its evolution with the exception
of the initial adjustment period.
In order to retain the simplest form of the heat and salt equations, we continue here
with the Huppert (1971) parameterization (8.13), although we investigate the sensitivity
of the results to the different parameterizations. Using the parameterization (8.13) and
the expression for H(t) (8.4), the temperature equation (8.19) becomes
1/3

Po°pQ TL(t) + 1

FTC{t)W —0.323 p0CpW

ATL(t
. (8.19)
m (a(/3ASV.M
)2
) ) 10/ 3
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Figure 8.30: Flux law parameterizations for a heat/salt diffusive interface (from
Taylor, 1988). Taylor’s (1988) experimental results are shown and the solid line is the
suggested parameterization (8.18). The dashed line is Turner’s (1965) parameteriza
tion. The bold line (— ) shows an alternative form of flux parameterization that is
investigated in § 8.8.3.

The experiments of Turner (1965) and Taylor (1988) were all conducted with large
Rayleigh numbers (defined as Ra = g a A T h 3/KTis) of order 108, where the convective flow
is fully turbulent. However, the Rayleigh number (based on the temperature difference
across the interface of the salt layer) in the present experiment is estimated to be O(105) O(106), implying weak turbulence. We therefore argue that the use of the constant value
Rf = 0.15 throughout the calculation will not be too inaccurate in a first approximation.
The molecular processes will play the dominant role in controlling the fluxes for a longer
time than in the experiments described by Turner (1965) and Taylor (1988). However,
we expect that this value of Rf = 0.15 will shift to 1 as Rp —►1 and so we later test the
sensitivity of the solutions to different parameterisations (see figure 8.30). Using (8.8), the
salinity equation (8.11) becomes
1/3

ßQ

(a

8 .8.2

s L(t) + t ^

Q ß S source ~ 1.5

X

0.323 p 0 C p W

(a A T J t)r *
( 0 A S L(t))2
( 8 . 20)

S o lu tio n s

The equations (8.9), (8.19) and (8.20) were solved numerically using a first-order time
stepping scheme. For convenience, we set c\ = C2 = 1 for the moment. We show in
§ 8.8.3 that the solutions are insensitive to changes in these constants. In order to improve
numerical stability, (8.9) was solved in the form
d£
■ ¥ =

Q g ( - a A T L( t ) + ß A S L(t))t

c m

+ d t + '

( T,,

"q h ~ )

~ u°

(8 -21)

The above equation (8.21) is singular at t = 0, so in most cases the time-stepping process
was started with initial conditions t = 150 s, C = 0.05 m (giving H & 2 mm), S L = Ssource

A
C,
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t ( s)
Figure 8.31: The solution curve for the model using parameter values corresponding
to those in experiment 60. Properties of the salt layer: (a) length, (b) height, (c)
temperature, (d) salinity and (e) is the value of the stability ratio across the interface.
The short initial adjustment period (as the solution path was approached) involved
large stability ratios but these have been omitted from the graph. The dashed line in
(e) shows Rp = 1.

and T l = Tint + 1.5 °C. Apart from a short period of transient adjustment, the solutions
were found to be insensitive to the initial conditions for all the parameter combinations
examined. This solution was the same for all cases in which the solution did not go
numerically unstable. In a few cases, the initial conditions had to be varied slightly for
the initial trajectory to latch onto the solution. A time step of 0.5 s was used in all
calculations, although the solutions proved to be insensitive to this. The input heat flux
(per unit area) was used to calculate FT and RaF.
The solution procedure was stopped once either L > 0.65 m or R p < 1.06, whichever
occurred first. The first criterion corresponds to the salt layer reaching the cooled part
of the base, which has not been included in the model. At this point in the experiments,
the salt layer is stabilised by the cooling. Hence we consider these cases to fall into the
flooding regime. The second criterion corresponds to the salt layer overturning. The
precise value of the stability ratio at overturn is unknown, but it is expected to be close
to 1 (measurements by Turner (1965) and Taylor (1988) do not reach lower than about
Rp RS 1.1). We choose the constant value R p = 1.06 to represent the breakdown, although
it would be possible to choose other values in the range 1 < Rp < 1.1.
Figure 8.31 shows the solution curves from the equations using the same parameters as
the laboratory experiment 60, which fell into the oscillatory regime. Measurements from
this laboratory experiment were shown in figures 8.4 and 8.7. The qualitative evolution
of the salt layer is captured reasonably well by the model. It reproduces the rapid initial
lengthening and warming of the salt layer seen in the laboratory experiments, whereas the
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salinity remained almost constant until the length had reached around 0.12 m. After this
point, the salinity of the layer started to decrease rapidly, while the temperature and length
both grew slowly to a maximum. As in the laboratory experiments, the layer retracted. In
contrast to the laboratory experiments figure 8.4, the model showed no fluctuations in the
length of the salt layer. In the experiments, these fluctuations were of order 20 mm and
were due to the vigorous convection at the nose, but turbulent mixing is not included in the
model. The model temperature and salinity decrease to approximately constant values.
The temperature curve is a similar shape to that from the stationary thermistor within
the salt layer (thermistor 1) in most experiments in the oscillatory regime (see figures
8.5 and 8.6). At this time, the opposing contributions from temperature and salinity to
the density anomaly across the interface (aATL and ß A S L, respectively) approximately
balance each other. Therefore, Rp is close to 1, the layer has little excess buoyancy, and
the heat and salt fluxes across the interface are large. The layer slowly became less stable
and reached the criterion for overturn (R p < 1.06) at 7119 s.
The quantitative agreement between the model solutions and the laboratory measure
ments is also reasonable. In the model, the length of the salt layer reached a maximum
of 0.26 m and then settled down to the constant length 0.23 m, whereas the layer in ex
periment 60 reached a maximum length of 0.23 m and then retracted to around 0.2 m.
Correspondingly, the height of the salt layer obtained in the model (32 mm) was slightly
smaller than the measured height of the layer (33-36 mm). The thermistor traverses show
an average temperature in the layer at overturn of TL « 33.3 °C, which compares well to
the model value of T, « 32.5 °C. Figures 8.7b and c give salinities in the layer varying
from approximately 0.6 — 1.2 %o, in agreement with the model prediction of a salinity of
0.756 %o (at the overturn). Although the exact timescale for overturn was set arbitrarily
by the criterion R p —> 1.06, the model gives a breakdown at 7119 s. This timescale is
in good agreement with figure 8.7, which shows the breakdown event actually occurred
around 7320-7800 s. Additionally, the initial rapid extension of the salt layer occurs over
about a quarter of the whole cycle in both the model and the laboratory measurements.
A solution using parameters from experiment 49, which fell into the intrusion regime,
is shown in figure 8.32. The qualitative evolution is similar to that described above. This
experiment had relatively weak thermal forcing (FT = 789 W m-2 ), and in order to find a
solution path which locked onto the solution curve, a large initial temperature had to be
used. Hence, the solution shows a sudden drop in temperature during the initial adjust
ment stage. The main difference between these results from those shown in figure 8.31
is that the model predicts a salt layer which extends much further along the tank 0.45 m
(with a height of 0.032 m) before Rp —►1.06 at the larger time t = 12730 s. The experi
mental measurements give the length and height of the layer as the nose lifted off and the
time for lift off (Rp —►1 locally at the nose), as 0.39m, 0.055 m and t & 13280s, respec
tively. We can equate the lift-off time of the nose with the time the breakdown criterion
is reached, as the model assumes the layer is horizontally uniform. Consequently, there
is also no independent method of recognising the two regimes (overturn and nose lift-off)
from the solutions. However, the agreement between the model temperature predictions
and the observations is again very good. Thermistors 1 and 2 show that the temperatures
within the salt layer were around 26.5-29.5 °C compared to the predicted temperatures
around 26.9 °C (with a maximum of 28.7 °C). No salinity measurements were made in this
experiment.
The solutions were also calculated using parameters from experiment 58, which fell into
the flooding regime (8.33). Corresponding measurements from the laboratory experiment
are shown in figures 8.21 (length measurements) and 8.20 (salinity fields). The time-
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F igu re 8.32: The solution curve for the model using parameter values corresponding

to those in experiment 49. Properties of the salt layer: (a) length, (6) height, (c)
temperature, (d ) salinity and (e) is the value of the stability ratio across the interface.
The short initial adjustment period (as the solution path was approached) involved
large stability ratios but these have been omitted from the graph. The dashed line in
(e) shows Rp = 1.

stepping procedure quickly locked onto the solution trajectory, which was followed until the
length of the salt layer exceeded 0.65 m, at which time the layer was still relatively stable
with Rp = 2.41. At this point we conclude that the solution must fall into the flooding
regime. The time taken for the salt layer to reach to the cooled half of the base is much
shorter in the model ( ~ 1336s compared to ~ 3000s in the laboratory experiments). The
layer is also relatively thin (4.2 mm) compared to that seen in the laboratory experiment,
and this is attributed to the rapid advance of the layer. The predictions of temperature
and salinity within the layer are in good agreement with the measured data. Estimates
from the measured salinity fields place the average salinity within the layer as 6-7 %o, and
the model prediction is 6.4 %o. The traverses show the temperature inside the layer was
36-38 °C at thermistors 1 and 2, a range which includes the model prediction of 36.7 °C.

Figure 8.34 shows the ratio 7 of the viscous to the inertial term from the solutions
in figures 8.31-8.33. The ratio evolves from values of 7 significantly greater than one to
values less than 1 in each experiment, thus indicating a transition from a buoyancy-viscous
to a buoyancy-inertia balance. The model solutions for experiment 58 (in the flooding
regime) imply that the advance of the salt layer was controlled by the interfacial stress
throughout the duration of the experiment.
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0.004

Figure 8.33: The solution curve for the model using parameter values corresponding
to those in experiment 58. Properties of the salt layer: (a) length, (b) height, (c)
temperature, (d) salinity and (e) is the value of the stability ratio across the interface.
The short initial adjustment period (as the solution path was approached) involved
large stability ratios but these have been omitted from the graph. The dashed line in
(e) shows Rp = 1.
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Figure 8.34: The evolution of the ratio of viscous to inertia terms in the model solu
tions with parameters from experiment 60 (— ), experiment 49 (— ) and experiment
58 (— ). The solution curves in these three cases are shown in figures 8.31, 8.32 and
8.33. The initial increase in 7 occurs during the initial period of adjustment while
the procedure locked onto the solution curve.
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F igure 8.35: Evolution of the ratio of viscous to inertia terms, 7 , in the model
solutions from experiment 60, with varying values for the constants c\ and C2 (8.7).
The set of constants are given in table 8.2. Lines correspond to values of C1/C2 = 1 of
1 (— ), 1.4 (— ), 0.714 ( ), 1.25 (— ), 1 ( ) and 1.5 ( ). Note c\/c 2 increases with
the curves to the right, showing the prolonged and increased importance of interfacial
stress over inertia.

8 .8 .3

S e n s it iv it y o f s o lu tio n s t o c o n s ta n ts a n d flu x p a r a m e te r is a tio n s

The sensitivity of the solutions to small changes in the constants c\ and C2 was examined
(equation 8.7). Both constants are expected to be 0 (1 ) with c\ > 1. Increasing c\ or C2
increases the relative im portance of the viscous or inertial terms, respectively. The two
constants are independent but increasing c\ or decreasing C2 , have equivalent effects on
the shape of the curve. Therefore, it is only the ratio c \/c 2 th a t controls the shape of the
solutions, whereas the magnitude of th e solutions is controlled by the magnitude of C\ and
C2- For C1/C 2 > 1, the salt layer remains in the viscously controlled regime for longer (see
figure 8.35) and hence the layer expands at a slower rate. This results in smaller fluxes
across the interface and therefore values of TL, S L are larger and it takes longer for the
overturning criterion to be reached. The opposite effect happens for c \/c 2 < 1. However,
the differences from the solution with c\ = C2 = 1 are relatively small. This is clearly seen
in figure 8.36, which shows the solution curves for the set of constants shown in table 8.2
for a single experimental param eter set. The abrupt changes in the length for the cases
with c \/c 2 = 1.25 and c \/c 2 = 1.5 are attributed to numerical instability at the point of
breakdown. Hence, we conclude the solutions are not sensitive to the choice of constants
and th a t the model formulation is robust.
We investigated the sensitivity of th e solutions in figures 8.31 to the choice of flux
param eterization. The same param eter set was used in each case for four different parameterizations. The first flux param eterization ( R p = 0.15 for all Rp) was used for most
solutions. We refer to this as the ‘constant param eterization’. The sensitivity of the
constant param eterization to slight perturbations was tested by considering an arbitrary
param eterization in which the flux ratio increases in a linear fashion from 0.15 at some
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Figure 8.36: The solution curve for the model using parameter values corresponding
to those in experiment 58 and a range of values for the constants c\ and C2 in the
length equation (8.9). Table 8.2 shows the values for the constants. In each plot lines
correspond to a ratio of c\/c 2 = 1 — , 1.4 — , 0.714 — , 1.25 — , 1
and 1.5
Properties of the salt layer: (a) length, (6) height, (c) temperature, (d) salinity and
(e) is the value of the stability ratio across the interface. The short initial adjustment
period (as the solution path was approached) involved large stability ratios but these
have been omitted from the graph.

Cl
1
1.4
1
1
1.2
1.2

C2
1
1
1.4
0.8
1.2
0.8

c i/c 2
1
1.4
0.714
1.25
1
1.5

line colour
—
—
—
—

Table 8.2: Values of the constants from equation 8.7 used to test the sensitivity of
the solutions to changes in these parameters. The corresponding set of solution curves
are shown in figure 8.36.
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Figure 8.37: Sensitivity of the solution curves to different flux parameterizations
for the parameter values of experiment 60. The solutions obtained using the Huppert
(1971) parameterization 8.13 and R f = 0.15 throughout are shown by — and match
the solutions in figure 8.31. — shows the results with the Taylor (1988) flux parameterisations (8.8.1) and (8.18), while the solutions using the parameterisations from
Huppert (1971) and Turner (1965), (8.13) and (8.17) are shown by — . The green
line shows results using an arbitrary flux parameterization of the form Rf = 0.15 for
Rp > 1.1 and Rf = —8.5Rp + 9.5 for Rp < 1.1, used to test the sensitivity of our
solutions from figures 8.31-8.33 to slight changes in the flux parameterization.
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critical RPc to R j = 1 as Rp —> 1 (as hypothesized must occur). In this case, RPc was
taken to be 1.1. This is referred to as the piecewise linear parameterization. The other
two parameterizations used were the Taylor (1988) parameterization (equations 8.8.1 and
8.18), and the Huppert (1971) and Turner (1965) parameterizations, (8.13) and (8.17).
The results are shown in figure 8.37. The constant and piecewise linear parameterizations
give almost identical results, except that the breakdown criteria Rp < 1.06 is reached
earlier with the latter parameterization. This is because, once RPc = 1.1 is reached, the
rate of salt lost from the layer increases dramatically and hence the layer becomes unsta
ble sooner. Similarly, the Taylor (1988) and Turner (1965) parameterizations also lead
to a shorter overturn timescale and smaller temperature and salinities in the layer at the
point of overturn. Compared with the constant and piecewise linear parameterizations,
the length is shorter when the overturn criterion is reached. This is because the breakpoint
at which the flux ratio increases happens at lower Rp (at Rp = 1.91 and 2, respectively)
resulting in a lower excess buoyancy in the face of the oncoming flow, which forces the layer
to retract further. The effect is most pronounced for the Turner (1965) parameterization
because the curve for the ratio of fluxes is steeper.
We conclude that the model is reasonably robust to changes in the interfacial flux
parameterization, although the Turner (1965) parameterization for flux ratio gives both
qualitative and quantitative results furthest from the laboratory observations. The other
curves are qualitatively similar. In all cases, the timescales are roughly the same, espe
cially given that different overturning criteria might be more appropriate for the different
parameterizations.

8 .8 .4

D iscu ssio n

Despite a large degree of simplification, the model is internally consistent and captures
the large-scale behaviour of the salt layer. We note that, in the laboratory experiments,
the salt layer usually consisted of a stack of layers and interactions between these multiple
layers does modify the behaviour. Despite this, the model accurately reflects the transition
between the regimes in which the layer destabilises (with at least some part of the layer
lifting off the base) and the flooding regime in which the salt layer remains directly adjacent
to the base at all times. The predicted times for overturn were reasonably close to those
observed in the laboratory, although exact times cannot be obtained as there are currently
no accurate flux parameterizations for Rp very close to 1 (owing to the highly unstable
nature of diffusive convection in this range of stability ratio).
Preliminary results with a range of forcing parameters indicate the time for overturn is
independent of Q and depends on the product of ß A S and FT. However, we have not yet
determined the functional dependence. The length of the layer appears to be controlled
by the salinity buoyancy flux, while the temperature and salinity at overturn depend on
only the salinity anomaly of the source water. Further work will continue to investigate
the relationships between the external variables and flow behaviour.
The model was also tested with sets of parameters corresponding to experiments which
fell into the quasi-steady regime. In these cases, the model gave solutions in which Rp —►
1.06 while the layer was relatively short ( ~ 0.1m). The solutions were qualitatively
similar to those shown in figures 8.31 and 8.32. Although, this may reflect the smaller
scale overturning events seen in this regime (§ 8.2), we hypothesize that it is most likely a
consequence of the neglect of mass flux out of the salt layer. In the laboratory experiments,
it was clear that the interface was disrupted by turbulent eddies and plumes, representing
mechanical entrainment and a loss of volume from the layer. In our model, all of the
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added source volume remains in the salt layer. The solution plots show the height of
the layer continuing to increase once the layer has reached a constant length. Including
a parameterization of the mass, heat and salt transported out of the layer will allow
for the height to reach a steady-state value. Following Taylor (1988), we expect the
entrainment velocity ue to vary as the inverse of the Richardson number, i.e. ue oc Ri~l .
The Richardson increases as the regimes pass through the transitions from the quasi
steady to the flooding regime. Thus, the salt layer will lose relatively more mass in the
quasi-steady case, so the addition of a mass flux term will be relatively more important to
the quasi-steady regime. This will be the subject of future work. The application of this
model to the polar halocline is discussed in §9.2.

C hapter 9

Im p lic a tio n s for th e m erid io n al
o v e rtu rn in g c irc u la tio n of th e
oceans
9.1

Therm ally-forced flow

In considering the relevance of the buoyancy-driven flow to the meridional overturning
circulation of the oceans (the MOC), we first recall the absence in the computations and
experiments of geostrophic balance, mean flows due to surface wind stress and internal
mixing by wind and tides. Hence, the model is governed by a buoyancy-friction balance
in the boundary layer, the largest scales are two-dimensional, and there is no wind stress
or vertical Ekman pumping. In contrast, the MOC is likely to be described by geostrophic
scaling (Bryan & Cox, 1967; Park & Whitehead, 1999; Park & Bryan, 2000), the flow is
three-dimensional and the upper boundary layer may be strongly influenced by the effects
of wind stress. Despite these differences, however, the non-rotating convection can instruct
us on some of the fundamental dynamics of the zonally averaged overturning in a closed
single hemisphere ocean basin. The effects of planetary rotation are not important in a
first approximation because lateral transport in the deep ocean interior is rapid compared
to vertical transport (Munk & Wunsch, 1998). Therefore, horizontal density differences
are small compared with the vertical differences and the density structure of the ocean
interior can be approximated as one-dimensional.
The stably stratified bottom thermal boundary layer in the experiments is analogous
to the ocean thermocline, the vertical plume represents the deep downwelling that occurs
in tightly confined locations near high-latitude boundaries, and the flow along the top of
our box represents the expected abyssal return flow in the oceans. Comparing the shape
of the vertical density profiles in the experiments and numerical solutions to those in the
oceans (figure 9.1a), we see substantial similarity, particularly in the strong stratification
in the thermocline and the very small density gradients at abyssal depths. It is not
surprising that some aspects of the density structure differ, given that we have not scaled
the data to allow for the different parameter values or for the different geometry of the
plume. In particular, and with the present scaling, the abyssal density gradient in the
tank is smaller than that in the oceans. The two-dimensional numerical solution gives a
still smaller density gradient. However, the abyssal gradient (figure 9.16), though small
compared to that in the boundary layer, is dynamically important since it is required for
the plume to penetrate through the full depth of the basin. This gradient also supports
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Figure 9.1: Vertical profiles of (a) dimensionless density, p, and (b) the square of
normalised buoyancy frequency, N 2/ N 2, from an experiment (fine solid line), the
corresponding numerical solution (fine dashed line), and the oceans (bold lines). The
applied heat flux in the experiment was 140 W and FT = 1556 W m~2 in the laboratory
experiment. For easy comparison of shape, depth has been normalised by the total
depth D [z — 0 being the forcing boundary in each case). The dimensionless density
has been set to p = 0 at the forcing boundary and p = 1 at the opposite horizontal
boundary and N 2 — gAp/pD, where Ap is the top-to-bottom density difference.
The ocean depth is taken to be 4000m, giving N 2 = 7.41 x 10- 6 rad2s-2 . In (a)
and (b), the laboratory curve is a horizontal average of vertical profiles taken at five
locations along the box, the numerical solution is a horizontal average over the box
(run 3 in table 5.1), and the ocean profiles are potential density averages over the
northern hemisphere (bold dashed line), southern hemisphere (bold dotted line) and
global ocean (bold solid line). Ocean data comes from the Levitus 1994 data set
(http://iridl.ldeo.columbia.edU/SOURCES/.LEVITUS94/). In (b), the temperature
gradient outside the boundary layer was calculated by differentiating an exponential
fit to the data, while the gradient in the boundary layer was found by differencing the
data. This approach provides a reliable description of the data except at the edge of
the boundary layer where there is an artificial discontinuity in gradient. The ocean
data is a global mean and is taken from Peixoto & Oort (1992, p. 197).
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internal waves and influences turbulence.
Application of the convective scaling of § 2 to the ocean predicts a thermocline thickness
(h ~ 60m) that is much smaller than the measured depth (~ 1000m), a temperature dif
ference (ÖT ~ 13°C) about half the observed value and a volume flux ( k ~ 4 x 107 m3s-1 )
that is somewhat larger than the estimated net poleward flux of surface waters (of order
1 x 107 m3s-1 in each hemisphere, Houghton et al. 1996, p. 212). Here, we have taken
L = 107 m, a = 2 x 10-5 K_1 in the deep cold interior, a total heat flux of 2 x 1015 W
in each hemisphere, giving an average surface flux FT = 20 W m -2 at low latitudes, and
the measured turbulent mixing coefficient k t = v
10_5m2s_1. Hence, the boundarylayer scaling of horizontal convection (2.33, h /L ~ RaF~1^ ) apparently fails to describe
the ocean thermocline. We note that the geostrophic scaling leads to the dependence
V ~ av2/ 3 and V ~ ÖT1/3 (Bryan & Cox, 1967), and a similarly small thermocline thick
ness of order 100 m1. On the other hand, we observe that the boundary-layer thickness for
the experiment and ocean in figure 9.1 appears to scale only with the total water depth.
This scaling that is predicted in the turbulent plume and ‘recycling box’ model of Hughes
& Griffiths (2004). The boundary-layer analysis of §2.3 does not apply in the oceans
because the boundary layer (and meridional heat flux) is driven in part by wind stress
and is not described by the buoyancy-friction balance of the experiments.
The laboratory model is of relevance to the dynamics of the deep circulation, where
buoyancy forces may drive sinking and dominate the equatorward abyssal flow. The
laboratory model demonstrates how the mass flux in the boundary layer must be ac
commodated both in the sinking plume and in the interior. In the latter, a Munk-like
(1966) balance between vertical advection and diffusion is required with interior diffusivity greater than the molecular diffusivity. The uptake of buoyancy in the experiment is,
however, governed by the molecular diffusivity because the boundary-layer flow is charac
terised by low Reynolds number and bounded by a no-slip surface. Were the molecular
diffusivity (k = kt = 1.4 x 10~7 m2 s-1) also relevant to uptake of buoyancy at the ocean
surface, the dissipation prediction (1.1) implies e = 1 x 10-12m2s~3, using the measured
difference of 3.1 kg m-3 between the average bottom potential density and the average
surface potential density, and an ocean depth of D = 4000 m. This value of e is approx
imately 100-1000 times smaller than values observed in the ocean interior. However, for
uptake by molecular diffusion, we still predict levels of abyssal turbulence comparable to
that in the laboratory. Below a depth of 2000 m, the buoyancy frequency N i < 10- 3 s-1 ,
v = 10- 6 m2s_1 and the ratio e /u N f > 1. This value of the ratio becomes larger if we
use the smaller local values of AT at greater depths, and is similar to the laboratory value.
In addition to this, if the energy in the interior is to be supplied by buoyancy forcing
alone, the values of the measured ocean dissipation rate e suggests that the diffusivity
characterising the uptake of buoyancy at the ocean surface is 100-1000 times greater than
the molecular value. This view is qualitatively consistent with the presence of a turbulent
surface layer in the oceans (with the turbulent mixing there energised primarily by winds)
and measured upper-ocean vertical diffusivities of order 10~5 — 10_4m2s_1, although a
spatial variability of dissipation rates might again locate most of the oceanic dissipation
in the sinking plumes rather than in the interior. However, both the similarity of the
dimensionless volume-averaged dissipation rate to that in the experiments and the cou
pling of e with the rate of buoyancy uptake (whether by molecular or turbulent processes)
at the surface, suggest the possibility of a steady-state ocean that can adjust the rate of
—

how ever, this scaling is found to be consistent with the predictions of a class of three-dimensional
general circulation models (Park &; Bryan, 2000) (another GCM in which the thermocline thickness is
allowed to vary with latitude yields the diffusivity dependence V ~ k^ 3, Bryan 1987).
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Figure 9.2: Comparison of the temperature profiles predicted by the recycling box
model(dashed line) (Hughes, Griffiths & Mullarney, 2004b) with the profiles obtained
in the laboratory experiment with an applied heat flux of 140 W, solid line (§ 4). The
laboratory profile is an average of profiles taken at five horizontal positions. The depth
has been made dimensionless by the total depth D and the profiles have been inverted
so that they correspond to the oceanic orientation. The predicted temperature profile
is referenced to the measured average temperature at z /D — 1.

buoyancy-driven abyssal mixing such th a t the downward diffusive heat flux matches the
cooling flux to the deep ocean in the plume. If the rate of mixing does not adjust to
match the plume buoyancy flux then the flow cannot be steady and either the interior
must adjust or the depth of plume penetration must decrease.
The ‘recycling box’ model (Hughes & Griffiths, 2004 and Hughes, Griffiths & Mullar
ney, 2004a,b) explores the abyssal dynamics. This dynamical model builds on the unsteady
filling box model originally described by Baines & Turner (1969) and provides a descrip
tion of a steady state flow with zero net buoyancy flux at the surface. In this model, the
only forcing available to provide momentum to the mean overturning flow is assumed to
be the buoyancy. Entrainm ent into the plume drives a recirculation at depth and sets the
density stratification (as in the thermally-forced experiments in §4 and 5). The model
successfully predicts the magnitude of the overturning circulation and the vertical den
sity structure in the interior. An analytical solution for a two-dimensional non-rotating
‘recycling box’ with a line plume is derived in Hughes et al. (2004a,6). Figure 9.2 shows
the excellent agreement between the predicted density profile and the measured density
profile, assuming over the molecular level of diffusion in the interior. A somewhat greater
diffusivity would give a thicker boundary layer and bring the theoretical solution more
into line with the experiment.
A three-dimensional adaption of the model describes geostrophic slope plumes with
entrainm ent and uses param eter values appropriate for the oceans (Hughes &; Griffiths,
2004). The model predictions for the magnitude of the ocean overturning circulation and
vertical density structure in the interior are again in excellent agreement with measured
profiles (figure 9.3). Another key feature of the circulation model is th a t, for the predic
tions to be consistent with the ocean, an average vertical diffusivity k of O(10- 5 ) m 2 s-1
is required, a value th at is in agreement with ocean measurements (Gregg, 1989; Ledwell,
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Figure 9.3: Comparison of density profiles predicted by the model presented in
Hughes & Griffiths (2004) and the potential density profiles cr0 from averaged from
the Levitus 1994 data set. The ocean data is from the Northern Hemisphere (long
dash) and the Southern Hemisphere (dot-dash). Results are shown from the solutions
using an average vertical diffusivity of k = 10~5 (solid line) and k = 10-4 (short
dashed line). The figure is taken from Hughes & Griffiths (2004).

Watson & Law, 1993; Kunze & Sanford, 1996; Matear & Wong, 1997). Hughes & Grif
fiths (2004) also present an analysis of the energetics of the buoyancy-driven circulation
that leads to an independent prediction of a basin-averaged diffusivity of k , « 10-5 m2 s“ 1.
Other models require a vertical diffusivity of 10~4 m2 s-1 (Munk, 1966; Munk & Wun
sch, 1998). Given the good agreement between the ‘recycling box’ model and both the
laboratory and ocean measurements, and that the spatial and temporal scales are widely
separated, we conclude that the buoyancy-driven flow is of importance to the oceans and
that the laboratory model may be a useful approximation of the meridional overturning
circulation.
The observed sensitivity to initial conditions in the adjustment toward the long-time
equilibrium state reflects the fine balance required for the vertical plume to penetrate
the full depth of the box in the experiments. Even a small reduction of the heat flux
(when applied instantaneously) was sufficient to temporarily change the depth to which
the plume rose. The partial depth circulation that resulted was observed in both the
laboratory experiments and numerical simulations. Thus, we speculate, as many other
authors have done, that changes in the ocean MOC resulting from changes in surface
forcing might involve a reduction in the penetration depth of the high-latitude sinking. A
decrease in cooling at the ocean surface may lead to such a reduction in surface density, and
could possibly be caused by warming resulting from an increase of CO2 in the atmosphere.
Barring further changes in boundary conditions there will be an eventual return to full
depth convection when the abyssal stratification has adjusted to make the net heat (and
water) fluxes vanish. However, the transient flow pattern can persist for long period of
time, of the order of the diffusion timescale through a significant fraction of the ocean
depth. There is potential for further examination of transient adjustment and cases with
unsteady forcing.
The case with an additional destabilising heat flux applied to the opposite boundary
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may also be of relevance to the effect on the overturning circulation of the geothermal
heat flux through the ocean floor. Even a small flux though the sea-floor (compared
to the flux added at the surface) will make the circulation more vigorous and unstable.
The dynamical role of this heat flux is often overlooked as it is such a small percentage
(around 1 %) of that ‘applied’ at the surface. However, the appropriate comparison is with
the heat flux supplied to the abyssal ocean in the descending plume. We conclude that
the geothermal heat flux may assist full-depth overturning and may quicken the process
by which a partial-depth glacial circulation regime returns to a full-depth circulation.

9.2

Therm ohaline flow

Despite the simplifications made in the laboratory model, some parallels can be drawn
with modes of ocean circulation. The salt layer which formed in the source region in
the experiments can be viewed as an analogue of the polar halocline. The ‘quasi-steady’
regime, which arose for small values of the buoyancy flux ratio, corresponds to a circulation
with continuous Bottom Water formation. Hence, this is probably the mode of circulation
most closely related to our present day climate.
The oscillatory regime exhibits large-amplitude self-sustained oscillations in tempera
ture and salinity near the interface depth, corresponding to the formation and breakdown
of the halocline. Consequent small-amplitude fluctuations in the velocities of the deep
flow (near the top of the tank) were hypothesized to occur in the experiments, but this
remained untested due to the difficulty in obtaining full-field velocity measurements. It
was found that the oscillation period varies from around 0.7 to 1.4 times the convective
ventilation timescale. If extrapolated to the oceans, this would correspond to an oscillation
timescale of around 1000-2000 yr. (Here, the ocean ventilation timescale of approximately
1400 yr was found from 30 Sv of deep sinking filling an ocean of average depth 3780 m
and surface area 3 .6 x l0 14m2; Gill, 1982). Fluctuations on timescales within this range
are characteristic of the Dansgaard-Oeschger cycles (Dansgaard et al., 1993). These cy
cles consisted of rapid warm and cold climate shifts and an oscillation in the strength of
the meridional overturning circulation. Deep sea cores have revealed that the cycles are
also correlated with variations in sea surface temperatures in the North Atlantic (Bond
et al., 1993). The temperature signals present in the Dansgaard-Oeschger cycles were
asymmetric and show some general similarities with those seen from thermistor records
in the experiments. The abrupt ocean warming occurred over timescales of a few years
to decades, whereas the cooling followed over a few centuries (Taylor et al., 1993). In
the inverted laboratory orientation this corresponds to the build up of the salt layer and
corresponding warming near the base, followed by a period of warm temperatures and
then abrupt cooling as the halocline breaks down. The maximum signal was from a point
that was crossed by the halocline, although the same signal was recorded in the interior
with much smaller amplitude.
The intrusion and flooding regimes in the experiments both involved a reduction in
the density of the ‘surface’ water leading to a shut down of the large scale circulation and
halting of deep water production. A similar cessation of deep convection in the ocean
is referred to as a ‘polar halocline catastrophe’ (Bryan, 1986). These catastrophes have
been found to occur in past climates and in many forms of climate models (e.g. Weaver
& Sarachik, 1991). Once this shut off of deep convection has occurred, the laboratory
system exhibits hysteresis behaviour. The overturning circulation does not resume until
much later (on timescales much larger than the ventilation timescale). A similar hysteresis
is hypothesized to apply in the oceans (Marotzke &; Willebrand, 1991; Stocker & Wright,
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1991; Rahmstorf, 1995). However, the process by which the meridional overturning cir
culation resumes is much more complicated, involving a change in the Earth’s radiation
balance owing to the increased sea ice cover in the glacial periods. In the laboratory
experiments, the surface boundary conditions have been held fixed and the two-cell sys
tem evolves slowly, eventually reaching a fine balance in which the densities of the upper
and lower cells are comparable. At this point the actual overturning event happens very
quickly, signalling the transition from a partial-depth to a full-depth overturning. Similar
rapid reorganisations are thought to have occurred in the oceans (e.g. at the end of the
Younger-Dryas cold period, Dansgaard et al., 1989).
The intrusion regime, with the destabilisation of the nose of the salt layer, corresponds
to an oceanic situation in which a tongue of relatively fresh and cold water is subducted
below the thermocline as it spreads equatorward. This behaviour is identified in the
oceans, particularly with Antarctic Intermediate Water, the low salinity signal of which
can be traced as far north as 20 °N. Double-diffusive convection, mainly as salt-fingering,
in the intrusion regime enhances vertical mixing (Ruddick & Richards, 2003). However,
we have not obtained estimates of the resulting vertical mixing rates. In general, in the
oceans the polar regions are stratified in the diffusive sense.
In the laboratory experiments, the propagation of the salt layer appeared to be gov
erned by a balance between the buoyancy and the sum of the viscous stress on the interface
and the inertia of the oncoming flow. The buoyancy-friction balance was dominant at ear
lier times and the flow underwent a transition to a buoyancy-inertia balance at later times.
In the oceans, the polar halocline is relatively long and thin and characterised by large
Reynolds numbers. Thus, it may not be governed by the same balance. It is more likely
to involve a buoyancy-friction (with the turbulent Reynolds stresses) or a geostrophic bal
ance and may not ever fall into a buoyancy-inertia regime, (which may only be applicable
if considering a sudden large release of freshwater such as a meltwater pulse, rather than
a steady release). However, it was found that, if the inertia term was not included in the
model momentum balance for the laboratory runs, the behaviour of the salt layer does not
change significantly. The shape of the curves remain qualitatively similar but the timescale
for Rp to decrease to the critical value (for a fixed value of the viscosity coefficient) was
slightly shorter. Thus, it may be appropriate to simply replace the molecular viscosity
value used to describe the laboratory flow, with a turbulent value for the upper ocean.
The main result that the transitions between regimes depends on the ratio of the
buoyancy fluxes naturally raises the question of what the value of the flux ratio is for the
present climate. We recall that the salinity buoyancy flux and thermal buoyancy flux are
given by B s = gp0ß A S Q and BT = agFTLW /2cp, respectively. We use p0 = 1025 kgm -3
and Cp = 3990 J k g -1 °C_1 for seawater at 20°C (Gill, 1982). In order to compare with the
ratios from the laboratory experiments, the expansion coefficient needs to be evaluated at
the average interior temperature. Hence, we use a = 7.81 x 10-5 o C-1 as appropriate for
T0 = 2°C (Gill, 1982). The heat flux applied to the oceans surface in a single hemisphere
is estimated to b e approximately 1.5-2 PW (Houghton et a l , 1996; Macdonald, 1998). The
freshwater volume flux (defined here as sum of the excess of precipitation over evaporation,
river run off and pack ice and icebergs which leave the ice sheets) into the high latitudes
of the Northern and Southern Hemispheres can be estimated as 0.45 Sv and 0.2735 Sv,
respectively (1 Sv = 106 m3 s-1) (Open University Oceanography Course Team, 1989). An
estimate for the source salinity anomaly ß A S can be obtained from the difference between
the reference density p0 = 1025 kg m-3 and the density of freshwater p = 998.2 kg m-3 at
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20 °C. These values lead to flux ratios
-=r- = 0.01 to 0.13
BT

for the Northern Hemisphere

—^ = 0.19 to 0.25

for the Southern Hemisphere.

and

B rp

We recall the transitions in the laboratory experiments (using the results from both
tanks) occurred at flux ratios of B S/ B T =0.038, 0.067 and 0.155 for transitions between
quasi-steady and oscillatory regimes, oscillatory and intrusion, and intrusion and flooding
regimes, respectively. Hence the ocean values correspond to a flow in the intrusion or
the flooding regime. However, there is substantial uncertainty in the flux estimates and,
in any case, we do not expect the laboratory regime boundaries to be precisely relevant
to the oceans. Geostrophic flow will change the behaviour of the halocline significantly,
with the salt layer spreading expected to develop along the right (or left) hand meridional
boundary for rotation in the Northern (or Southern) Hemisphere sense, whereas the heat
intake can still occur across large surface areas. There are also many other complicating
factors in the oceans, including the formation of the dense waters in the shallow seas
and shelf regions (from which sinking currents emerge as overflows), brine rejection from
sea ice formation, cabbeling and thermobaric effects resulting from the nonlinear density
equation for seawater, and geostrophic controls on the transport of surface water into the
sinking region. We propose, however, that the global (or perhaps basin) ratio of buoyancy
fluxes is a parameter that will play an important role in the thermohaline circulation,
and that values of order 10“ 1 will characterise the transition between deep overturning
and a relatively shallow upper circulation largely (but only temporarily) isolated from the
abyssal waters.

C hapter 10

C onclusions
10.1

Therm ally-forced flow

The circulation forced by differential heating of a horizontal boundary, using smaller aspect
ratios and larger Rayleigh numbers than previously achieved, remains highly asymmetric.
The flow is characterised by a tightly-confined vertical plume at one end of the box and
a broadly distributed return flow in the interior, although there is enhanced return flow
against the opposite endwall. A stably stratified thermal boundary layer is maintained by
diffusion over the region of stabilising boundary flux, and buoyancy forces a flow along the
boundary toward the region of destabilising boundary flux. This advection of stratification
tends to suppress convective instability. However, small-scale convection does occur and
generates a mixed layer which deepens toward the end of the box, where it penetrates
through the stable boundary layer and into the weakly-stratified interior. Both laboratory
measurements and numerical solutions confirm the validity of buoyancy-viscous scaling
laws for the dimensionless heat flux, the boundary-layer thickness and horizontal velocities
in the equilibrium flow (with no-slip boundaries). Hence, the heat flux and the diffusivity
in the boundary layer govern the rate of overturning. In this equilibrium state, the plume
retains just enough buoyancy to carry away from the forcing boundary the mass flux in
the horizontal boundary layer, as required by continuity.
The turbulent vertical plume carries water through the depth of the box, entraining
interior water, and maintaining a small but dynamically important vertical temperature
gradient in the box interior. Similar entrainment and recirculation in the interior was
observed in the solutal buoyancy experiments of Pierce &; Rhines (1996, 1997). The
eddying behaviour in the unsteady plume outflow involved periodic eddy formation a
short distance away from the plume and on a timescale much longer than that of the
eddies in the plume. This contrasts with the case computed by Paparella & Young (2002),
where eddies were formed in the plume (in that case located in the centre of the box)
before they were carried away in the outflow.
The region of small-scale three-dimensional thermal convection in the laboratory exper
iments is embedded within the otherwise stable thermal boundary layer of the large-scale
circulation. A convectively unstable boundary layer also exists in our numerical solutions,
but these solutions allow only two-dimensional rolls aligned across the mean flow. The
CML in the laboratory experiments deepens with distance from the onset of small-scale
convection in a manner consistent with encroachment into the overlying gradient as a
result of warming (the physical equivalent of ‘convective adjustment’ in GCMs). The hor
izontal mass flux in the CML feeds directly into, and becomes, the vertical plume against
the endwall. For each applied heat flux, the system adjusts so that vertical mixing breaks
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through the thermocline only at the end of the box. The full horizontal volume flux car
ried in the thermocline and plume passes through the mixed layer close to the end of the
box. The plume location can be altered by a sufficiently large extremum in boundary
temperature or heat flux remote from the endwalls (Pierce & Rhines, 1996; Paparella &
Young, 2002).
Our experiments indicate that vertical convective mixing (which carries no net vertical
mass flux) in the boundary layer can deepen with distance toward the destabilised end of
the basin (higher latitudes in the oceans) until all of the (poleward) mass flux in the bound
ary layer is involved. At these high Rayleigh numbers heat transfer from the destabilising
boundary is dominated by convection rather than conduction (with diffusion remaining
dominant in the stably stratified region of the boundary layer). In the large-time mean
thermal state, all of the cooled boundary layer must be reheated by the time it reaches
the plume. At the high-latitude end of the box, the convection deepens very rapidly be
cause it penetrates through the full depth of the thermocline and into the much smaller
interior gradient. At this location, the horizontal flow also feeds into a bulk downwelling
and, in this two-dimensional non-rotating case, the ‘deep convection’ and downwelling are
coincident. Conditions of very weak turbulent mixing were present in the interior.
Under some initial conditions the transient flow required a slow diffusive adjustment
before the plume eventually penetrated through the full depth of the box. In transient
cases, irrespective of the initial conditions, the flow evolved toward the same equilibrium
state for given boundary conditions. The flow was found to be very sensitive to even
small reductions in the strength of the thermal forcing, which caused a reduction in the
height to which the plume penetrated and then a longer re-adjustment back to equilibrium
full-depth overturning under the new heat flux.
Numerical investigations also revealed that the addition of a stabilising heat flux ap
plied at the horizontal boundary opposite to the main forcing boundary can stop the plume
from penetrating through the full depth of the tank. Only a small stabilising heat flux is
required to trigger this change. This is because the buoyancy flux carried upwards in the
plume is comparable to that applied at the lid. Applying a destabilising volume flux at
the upper boundary increased the unsteady fluctuations in the flow, in particular by the
generation of a larger number of eddies in the interior.
Extrapolation of results from the laboratory model to the oceans cannot be quanti
tatively precise and requires caution, as the model neglects some dynamically important
features (such as rotation, wind stress and shallow sea topography). However, the model
presented here demonstrates that a strong and turbulent overturning can be maintained
by buoyancy (thermal) forcing alone. This contrasts with the views of some authors who,
following Sandström, have argued that such an active buoyancy-driven circulation is not
possible on energetic grounds (e.g.“There cannot be a convectively-driven circulation of
any significance,” Wunsch, 2000). The model further shows that the overturning will be
full-depth (in the large-time state for fixed boundary conditions), can be at least partially
turbulent, and a thermocline structure similar to that in the oceans can be sustained by
downwelling and entrainment into the descending plume (as in the theoretical model of
Hughes & Griffiths, 2004).

10.2

T herm ohaline forced flow

The addition of a stabilising salinity buoyancy flux into the thermally-forced flow mimics
a high-latitude freshwater flux at the ocean surface, makes the flow unsteady and changes
the circulation dramatically. Several regimes of convective circulation were observed. In
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the fixed geometry of the experiments, the transitions between regimes appear to depend
on the ratio of salinity to thermal buoyancy fluxes alone. For small values of the flux
ratio, a small salt layer formed at the source and, after an initial growth period, the layer
remained in what appeared to be a quasi-steady state. The salt layer was characterised
by vigorous convection and mixing. The volume, heat and salinity added to the layer
at the base were lost at an equal rate through the halocline by turbulent diffusion and
penetrative small-scale convection. Small oscillations were observed, in which the top part
of the salt layer destabilised and was swept into the large-scale circulation. Increasing the
ratio of forcing fluxes led to a regime that involved cyclic formation and breakdown of a
large part of the salt layer. Under these conditions each oscillation led to a large pulse of
salt entering the interior, and was also clearly reflected in temperature records throughout
the flow. The pulse of salt temporarily decreased the buoyancy available to drive the
large-scale flow. For intermediate values of the flux ratio, the salt layer grew above the
heated plate, with convection at the nose of the layer becomingly increasingly turbulent,
until the nose eventually lifted off the base. The layer formed a relatively warm and salty
intrusion above the thermal boundary layer, and led to a salt-fingering thermocline. The
intrusion propagated rapidly along the tank, until it extended along the full length of the
tank, thus isolating much of the water column from the forcing boundary. A fourth regime
occurred for very large values of the flux ratio. In this regime, the salt layer remained
directly attached to the base throughout its growth. The layer extended onto the cooled
half of the base, gained additional stability and consequently flooded the full length of the
base. The intrusion and flooding regimes both resulted in a two-cell circulation in which
deep convection ceased to occur. The motion was then predominantly confined to the
relatively warm and salty lower cell, with the end wall plume rising through only a part of
the tank depth. Motion in the upper cell was very slow and was driven by the horizontal
temperature gradient formed by the diffusion of heat across the interface between the cells.
Once the two-cell circulation had formed it was maintained for long periods of time,
even after the salt source had been stopped. In each case after the source input was halted,
full-depth convection was eventually re-established after a period many times larger than
the ventilation timescale had elapsed.
The salt layer usually consisted of a stack of intermediate layers separated by turbulent
diffusive interfaces. However, a model of the salt layer as a single layer matches the
laboratory observations well. It balances the buoyancy driving the layer with the inertia
of the oncoming flow and interfacial stresses. It was found that the overturn timescale was
controlled by the imposed heat flux and the salinity anomaly of the source water (and not
the volume flux of the source). Double-diffusive processes controlled the density structure
within the salt layer (and lower circulation cell).
Some of the modes of circulation seen in the experiments provide simple laboratory
analogues of the present ocean circulation and modes of circulation hypothesized to have
existed during past climates (both glacial and interglacial) or found in general circulation
models. The model shows that a surface freshwater buoyancy flux need only be of order
10_1 times the through-put at the surface in order to shut down the full-depth overturning
and produce a circulation confined to a fraction of the basin depth.

10.3

Further work

Many questions remain unanswered regarding the fundamental dynamics of horizontal
convection and whether it is a good model for the overturning component of the ocean
circulation. The laboratory and numerical convection model presented here could be
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utilised to examine the effects of unsteady forcing in the present single hemisphere (poleto-equator) configuration. The unsteady flow is of particular relevance to the oceans as the
external forcing (solar and atmospheric) is never completely steady. Seasonal variability
occurs on too short a timescale to realistically model in the laboratory, but examination of
the effects of long term variability and trends is desirable. An investigation of the unsteady
cases can address the different effects of sub-tropical and high-latitude perturbations in
surface fluxes. It will offer further insight into the occurrence of the partial-depth con
vection, particularly into the timescales on which full-depth convection is re-established.
Further laboratory work could focus on the use of particle tracking to acquire full-field
velocity measurements. Additional experiments using a freshwater input into a salty am
bient (mimicking brine rejection) will allow investigation of conditions that may give rise
a stratified unventilated ocean. Theoretical work could develop the model of the salt layer
to include mass transport and entrainment into and out of the layer, and extend the model
to ocean conditions.
Further laboratory work is being conducted on a rotating table to examine the addition
of Coriolis effects. This also allows investigation of the possibility of separate sites for deep
convective mixing and downwelling in three-dimensional geostrophic circulation.
Of particular interest is an extension of the present model from the ‘pole-equator’
configuration to a ‘pole-equator-pole’ model. In this case, the piecewdse forcing at the base
must be split into four sections, with the middle two sections of the base (L/ 4 < x < 3L/4)
cooled and the two end sections (0 < x < L/ 4 and 3L/4 < x < L) heated. Unequal
thermal forcing on the end sections is expected to lead to two plumes having different
buoyancy fluxes, thus allowing for the production of both Bottom and Deep Waters and
an investigation of the consequent vertical density structure. Differing salinity fluxes would
additionally result in asymmetric polar haloclines and greater complexity in the range of
timescales arising in the flow.
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