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Abstract 

The meridional overturning circulation of the global oceans is thought to be a result 

of an interplay, not yet well understood, of surface buoyancy fluxes, wind-driven 

upwelling and turbulent mixing. One factor believed to be important to this in-

terplay is the latitudinal distribution of the surface buoyancy fluxes. The resulting 

convective circulation can be modeled in idealized laboratory experiments and nu-

merical solutions. The convection has a mmiber of features in connnon with the 

meridional overturning circulation and is used in this thesis to examine the effects 

of topography and turbulent mixing. This work is motivated by the need to better 

understand the roles that topographic sills and mixing play in the oceans. 

A set of laboratory experiments is used to explore the effect of a partial barrier 

(modeling a sill in an ocean basin) on the global density structure of an overturning 

circulation. The experiments with a steady-state circulation forced by a gradient in 

either surface temperatures or heat fluxes, show that the sill will influence the density 

field when the sill depth is less than twice the boundary layer (or thermocline) depth. 

The overflow over shallow sills interacts directly with the surrounding thermocline 

stratification, decreasing the abyssal density relative to an ocean with no sill and 

increasing the density difference across the sill. The experiments show that the effect 

of the sill depends on the surface boundary conditions, with a larger response for 

conditions approaching a prescribed distribution of temperature rather than of heat 

flux. Application of the results to the North Atlantic circulation suggests that the 

Greenland-Scotland Ridge is shallow enough to lead to a significant reduction of the 

density of North Atlantic Deep Water, and this is consistent with the conclusions 

from an analysis of water mass properties. 

A set of numerical solutions is used to investigate the effect of a sill on an 

overturning circulation from an energetics viewpoint. Specifically, the numerical 

solutions provide a means to test three methods of defining a reference potential 

energy state of no motion, a necessary exercise that is complicated by the presence 

of topographic barriers. The first method finds the true unique reference state as 

a local mininmm in potential energy to which the water will relax adiabatically 

under the influence of gravity alone; this is achieved by an iterative process and 

can be computationally exj^ensive. In the second method the domain is simplified 

by ignoring minor basins and calculating the reference state of the largest basin 

only. These two methods are applied, along with a third method that neglects the 

influence of topography, to the numerical solutions for an overturning circulation 

driven by surface buoyancy fiuxes in an idealized multi-basin domain. The method 

that ignores topography underestimates the potential energy of the reference state, 

resTilting in an overestimate of available potential energy. However, it is found that 

the method used to determine the reference state does not significantly affect the 

calculated rate of energy input from surface buoyancy fiuxes, which is the quantity 
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of dynamic importance to the maintenance of the circulation. For a simple case of a 

ridge that defines a relatively small high-latitude basin within a much larger basin, 

the presence of the ridge increases the available potential energy by a large amount 

if the sill is shallow. (The same condition found experimentally to give mixing of 

the dense overflow with the overlying less dense thermocline water.) The surface 

buoyancy forcing, on the other hand, is insensitive to the presence of the ridge. 

A second set of laboratory experiments is used to examine the effects of exter-

nally imposed rates of small-scale mixing on the overturning circulation forced by 

differential surface buoyancy fluxes. The destabilizing component of buoyancy flux 

was imposed in a turbulent plume of saline water that sank full-depth against one 

end wall of the experiment. The stabilizing component of buoyancy flux was supplied 

by a continuously replenished layer of fresh water that maintained a fixed density 

at the surface. A known rate of mechanical stirring was imposed by horizontal rods 

continuously traversed through the full depth of the experiment. The rate at which 

tracer and buoyancy is transported vertically in the interior can be parameterized 

by a vertical diffusivity, which is estimated using: (a) transport across the boundary 

layer, and (b) the Munk advective-diffusive balance. These estimates for the diffusiv-

ity are found to be consistent and they collapse all the measured data to a single line. 

For weak or no external stirring, internal processes maintain a level of vertical trans-

port approximately 200 times larger than that expected by molecular diffusion and 

it is argued that this includes a component that is not irreversible mixing but which 

is instead advection due to turbulent entrainnient into the sinking plume. Thus the 

paranieterizations of vertical diffusivity over-estimate the mixing rate. When the 

added stirring (and conseciuent mixing) provides the dominant contribution to the 

total vertical transport, measurements of the equilibrated circulation show a depen-

dence of boundary layer thickness and overturning transport on the mixing rate in 

accord with a theoretical model. With reference to the oceans, it is shown that the 

primary effect of mixing (with energy sourced from winds, tides and convection) is to 

deepen the thermocline, thereby influencing the buoyancy entrained by the plume. 

Thus, it is concluded that the advective transport of buoyancy by the plume, and 

not vertical mixing, is crucial for coupling the surface to the abyss. 
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Chapter 1 

Introduction 

1.1 The Meridional Overturning Circulation of 
the Oceans 

The difference between insolation and outgoing radiation at Earth's surface leads 
to a net heating at low latitudes and a net cooling towards the poles, requiring a 
net latitudinal heat transport for Earth to maintain an approximate thermal equi-
librium. This heat is transported by the mean large-scale circulation of the closely 
coupled atmosphere-ocean system. The present-day setting is one in which the ma-
jority of the total heat is stored in the oceans but transported in the atmosphere 
(e.g., Bryden k Imakawi, 2001; Trenberth k Caron, 2001; Wunsch, 2005). While 
most of our daily experiences are more directly affected by the state of the local 
atmosphere, we require a good knowledge of ocean dynamics to understand and 
predict our ever-changing climate. 

The length scales of ocean motions range from tiu-bulent eddies to large-scale 
currents and gyres. To first-order, the zonally-integrated ocean circulation is com-
prised of a large-scale meridional overtiu'ning (Fig. 1.1; Kuhlbrodt et al, 2007). The 
governing physics of this oceanic meridional overturning circulation (MOC) are not 
well understood and remain an active area of oceanographic research, to which the 
current study will contribute. 

The MOC is a result of two primary forces: surface buoyancy fluxes (e.g., Winton, 
1995; Marotzke k Scott, 1999; Hughes k Griffiths, 2006) and surface wind stress 
(e.g., Toggweiler k Samuels, 1998; Webb k Suginohara, 2001; Gnanadesikan et ai, 
2005). For the first, the latitudinal distribution of surface buoyancy fluxes (e.g., the 
sum of heating, cooling, evaporation, precipitation, river discharge, etc.) leads to 
dense waters forming at high-latitudes and sinking as localized gravity currents. The 
dense sinking waters are heavily constrained by topography as they fill the ocean 
basins, and are balanced by a broad upwelling and entraimnent of ambient water into 
the dense gravity currents. The range of densities observed throughout the oceans 
are maintained by surface buoyancy fluxes alone. In the second, the prevailing 
atmospheric winds at certain locations (particularly in the Southern Ocean and 
at continental boundaries) establish a divergent velocity field in the surface waters, 
leading to an oceanic upwelling to maintain continuity. It is these two forces, surface 
buoyancy fluxes and surface wind stress, that result in the MOC. 

There are many other processes of profound importance to the MOC, primarily 
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F i g u r e 1.1: A simplified schematic of the zonally-iiitegrated meridional overturning cir-

culation in the Atlantic Ocean. From Kuhlbrodt et al. (2007) 

through their ability to mix the oceans (e.g., Muiik. 1966; Muiik k Wunsch, 1998; 

Wunsch & Ferrari, 2004). Atmospheric winds impart a large amount of energy into 

the upper ocean, some of which goes into surface and internal gravity waves, leading 

to an increase in ttu'bulent mixing. Tides act on the full-depth of the ocean and, 

through interaction with bottom topography, mix the deep ocean. Both winds and 

tides are able to excite and sustain a broadband internal wave field, enabling their 

respective influences to propagate throughout the global oceans and maintain an 

increased level of mixing. The biosphere also contributes to the turbulent mixing of 

the oceans (e.g., Dewar et a/., 2006; Kunze et al, 2006; Visser, 2007). However, no 

combination of these processes will result in a mean oceanic M O C in the absence of 

surface buoyancy fluxes and wind-driven upwelling. 

The observed oceanic stratification and !\1()C can coexist only if there is a con-

tinual down-gradient transport of density. This transport is enhanced by mixing, 

which acts to broaden the vertical density profile and acconnnodate a more rapid 

M O C (e.g., Munk, 1966; Bryan, 1987; Park & Whitehead, 1999; Hughes & Griffiths, 

2006). It is the interplay between the surface buoyancy fluxes, wind-driven up-

welling and turbulent mixing that is of primary importance to the MOC. However, 

a detailed physical understanding of the role of mixing is yet to emerge. 

In addition to heat, the oceans store and globally redistribute large amounts of 

carbon dioxide. While the oceans are currently a net sink of atmospheric CO2 (e.g., 

Sabine et al, 2004), this may not have always been the case (e.g., Broecker. 1982; 

Toggweiler, 1999). There is current concern into how the oceans, in particular the 
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Figure 1.2: The 'polar' end of a laboratory experiment of horizontal convection driven 
by thermal boundary conditions of a piecewise uniform temperature difference at the base 
of the tank. This laboratory experiment is inverted relative to the oceans. 

Southern Ocean, will respond to anthropogenic global warming, especially in terms 
of their ability to absorb CO2 and potential climatic feedbacks (Rintoul, 2011). 
Shifts in the state of the MOC, and thus atmosphere-ocean CO2 fluxes, have been 
suggested as a possible trigger mechanism for palaeocliniate change (e.g.. Toggweiler 
et a/., 2006). Hence greater knowledge of the i\10C is required to better understand 
Earth's changing climate. 

1.2 Horizontal Convection 
Differential buoyancy fluxes along a single horizontal boundary of a fluid establishes 
an overturning circulation known as 'horizontal convection" (after Stern, 1975). Hor-
izontal convection is fundamentally different to the more commonly studied forms 
of convection, such as Rayleigh-Benard and Grashof convection, in which buoyancy 
is transported between the horizontal and vertical boundaries, respectively. Ideal-
ized laboratory experiments and numerical solutions for horizontal convection have 
a number of features in conunon with the MOC, and have been used to help under-
stand the role that surface buoyancy fluxes might play in the latter (e.g., Rossby, 
1965; Mullarney et ai, 2004). For instance, the horizontal (meridional) variation of 
buoyancy fluxes in horizontal convection (and the global oceans) leads to a (pole-
ward) transport of heat in a (surface) boundary layer and highly localized sinking 
plumes situated in (high latitude) regions where the buoyancy flux is destabilis-
ing (Fig. 1.2). There is a (deep) horizontal return How and a broadly distributed 
(upwelling) flow towards the forcing boundary surface. 

Only simple rectangular box geometries have been used in experiments with hori-
zontal convection, thus excluding some physical processes fundamental to the MOC. 
For instance, the majority of deej) water sinking occurs as localized outflows from 
marginal seas or semi-enclosed basins (Dickson & Brown, 1994; Orsi et a/., 1999; 
Schott et al., 2004). The submarine topography in these regions strongly influence 
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the sinking, mixing and lateral spreading of these waters. Bottom topography also 

tends to dam dense water in abyssal basins and restrict exchange flows between 

basins (Whitehead, 1998; Hansen & 0sterhus, 2000). Climate models suggest that 

the overturning circulation in the Atlantic Ocean is particularly sensitive to pertur-

bations, and this is attributed to the complex topography of the North Atlantic and 

Nordic Seas (Ganopolski & Rahmstorf, 2001, 2002). The role that topography plays 

in the global MOC, and implications for the dynamics and transport of heat by the 

circulation, are largely imknown. 

Most experimental work on horizontal convection has considered only buoyancy 

forcing, where the internal transport of heat is by advection, molecular diffusion 

and any mixing generated by the convection itself. Turbulent mixing powered by 

external sources of mechanical energy (e.g., winds, tides, biosphere, etc.) is widely 

thought to play an important role in the ocean, and has been shown to strongly 

influence the circulation in experiments with horizontal convection (Whitehead & 

Wang, 2008). However, a complete understanding of the effect of turbulent mixing 

in horizontal convection is yet to emerge. 

1.3 Layout of this Thesis 

The current study is motivated by the need to better understand the [jotential 

roles that topography and tiu'bulent mixing play in the MOC. These effects will 

be introduced into idealized and controllable laboratory experiments and numeri-

cal solutions for horizontal convection. The first section of this thesis reports the 

results of laboratory experiments with topograjjhy, which is introduced in the form 

of a bottom ridge that defines a sub-basin and allows an exchange flow over the 

top of the ridge (or sill). The presence of the topography influences the overturn-

ing circulation if the topograi)hy is large enough. The exi)eriment8 investigate the 

effect of the topography size and geometry, and i)ositiou relative to the buoyancy 

sources. The second section of this thesis reports numerical solutions for horizon-

tal convection with topography. These solutions extend the laboratory experiments 

with topography to investigate the influence of the topograi)hy on the energy budget 

of the circulation. The final section of this thesis rejjorts laboratory experiments 

with horizontal convection in which mechanical mixing is imposed on the circula-

tion (using stirring rods to mimic turbulent mixing generated by the winds, tides 

and biosi)here in the oceans). We examine how the circulation and density field are 

modified by the mixing. 

An overview of previous work is given in §2. The laboratory experiments and 

numerical solutions for horizontal convection with topography are presented in §3 

and §4, respectively. Laboratory exi)eriments with horizontal convection and an 

external input of mechanical energy are j)reserited in §5. 



Chapter 2 

Background 

2.1 The Oceanic M O C 

The latitudinal distribution of net radiation at the top of the atmosphere (Fig. 2.1; 

Barkstrom et al, 1989) requires a latitudinal transport of heat in order for Earth to 

maintain a thermal equilibrium. This heat transport is performed by the mean large-

scale circulations in the tightly coupled atmosphere-ocean system. The coupling of 

the atmosphere and ocean plays an important role in the latitudinal heat transport. 

However, there is merit in studying the heat transport processes of the atmosphere 

and ocean individually, so long as we are mindhil of the coupled nature of the system 

Figure 2.1: Global map of net radiative flux for April 1985. From Barkstrom et al. 

(1989) 
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d) Annual-Zonal Means [PW] 

Figure 2.2: Zonally-iiitegrated annual mean heat transport (in PW nortli) for latitude. 
The blue, red and black lines represent the ocean, atmosphere and total, respectively, with 
the shading showing the 2cr range. From Fasullo & Trenberth (2007) 

as a whole, and interpret the results as such. 

Surface waters of the oceans at latitudes equatorward of ai)proxiniately 20° in 
both hemispheres experience a net heating ( in terms of the zonally-integrated an-
nual mean; Fasullo & Trenberth, 2007). The complicated global network of siuface 
currents, heavily influenced and steered by atmosj^heric wind stress, carry a net 
poleward transport of heat to balance the latitudinal oceanic heat budget (Fig. 
2.2). This oceanic heat is released to the atmosphere at higher latitudes, cooling 
and densifying the surface waters. The formation of sea-ice and subsequent brine 
rejection further increases the density of these surface waters, which eventually be-
come unstable and downwell in very localized regions, occupying less than 1.5% of 
the total ocean surface area (Whitehead, 2000). The downwelling primarily occurs 
as dense gravity currents which follow topography as they sink (Killworth, 2001), 
bringing water from the surface to the abyss (Stonnnel, 1962; Munk, 1966; Wiriton, 
1995). Entrainment of ambient water increases the transport of the sinking gravity 
currents and modifies their properties from those of the high-latitude surface waters 
(Hughes & Grifhths, 2006). The localized sinking is balanced by an upwelling of the 
abyssal and intermediate waters, closing the MOC. Most of this upwelling is thought 
to be broadly distributed throughout the ocean area (e.g., Munk & Wmisch, 1998), 
a configuration that gives a maximum overturning for a minimum upwelling veloc-
ity and minimum potential energy (VVinton, 1995). Some of the upwelling occurs 
as advection along isopycnal surfaces that outcrop to the ocean surface as a re-
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suit of prevailing atmospheric wind stress, particularly in the Southern Ocean (e.g., 

Toggweiler & Samuels, 1998; Webb & Suginohara, 2001; Gnanadesikan et al., 2005). 

The Effect of Topography 

The sinking limbs of the MOC occur in regions of complex topography. The obser-

vation that Antarctic Bottom Water (AABW) originates from the likes of the Ross 

and Weddell Seas (Orsi et a/., 1999), and that North Atlantic Deep W%ter (NADW) 

forms from surface waters transformed in the Nordic and Labrador Seas (Dickson 

<k Brown. 1994; Schott et ai, 2004), might be interpreted as evidence that high-

latitude marginal seas are necessary for the formation of Deep and Bottom waters. 

However, the densification of water in these seas, which is assisted by the restriction 

of circulation by topographic sills, does not necessarily lead to a greater density of 

abyssal ocean waters. Previous studies (e.g., Stommel. 1962; W'inton, 1995) have 

shown that localized dense water formation at high latitudes does not require such 

enclosing topography. This brings into question the extent to which deep and bot-

tom water formation at high latitudes (which is a consequence of the large-scale 

meridional gradient of smiace buoyancy fluxes: Stommel. 1962) is modified by the 

presence of shallow or semi-enclosed seas. The existence of these seas may simply 

make them the preferred sites for the production of densest water, or for the great-

est rate of production of density anomaly {i.e. largest buoyancy flux). The answer 

to the above question and to what abyssal densities would exist in the absence of 

marginal seas cannot readily be determined from observations in the present oceans, 

and is the motivation for the experiments detailed in §3. 

For the purpose of this thesis, a marginal sea is either a relatively shallow semi-

enclosed sea connected to the main ocean basin, or a second deep but smaller basin 

separated from the main ocean by a relatively high {i.e. shallow) topographic sill. 

Dense overflows from such marginal seas are the major contributors to the sinking 

legs of the MOC and help maintain the abyssal density stratification (Saunders, 1996, 

2001). Thus any factors influencing the density or mass flux of these dense overflows 

are likely to affect the abyssal densities and the overall stratification (Bryden & 

Nurser. 2003). 

Topographic sills can give rise to hydraulic control of the mass flux in dense 

overflows (Killworth, 1995: Whitehead, 1998: Hansen k Osterhus, 2007). Control of 

the mass exchange by sills also implies control of the density difference between the 

semi-enclosed sea and the ocean. In a long-term steady state, the lateral density 

difference must be large enough to force an exchange that facilitates a net export of 

heat from the semi-enclosed sea to balance the surface cooling of the sea. Shallower 

sills will tend to give rise to larger density differences. Thus sills could potentially 

govern the abyssal stratification. Simple experiments and numerical solutions have 

demonstrated the effects of sills and relative basin sizes on the density fields in 

two basins connected by a sill overflow when there is a destabilizing buoyancy flux 

into one basin in the form of a turbulent plume (Wong & Griffiths, 2001). Other 

experiments provide a relationship between the surface buoyancy fiux in a marginal 

sea and the resulting baroclinic mass exchange fiux in the sill overflow into an 
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infinitely large basin (Finnigan & Ivey, 1999, 2000; Finnigan et ai, 2001), but these 
studies did not address the role of forcing, circulation and density stratification in 
the large basin. The experiments were not intended to achieve a global equilibrium, 
with zero net surface heat input, as might be supposed for the oceans in a fixed 
climate regime. 

Observations of the Greenland-Scotland Ridge (GSR) overflows (e.g., Voet & 
Quadfasel, 2010; Fer et ai, 2010) highlight the important role that mixing and en-
trainment of ambient waters at the ridge play in setting the properties of NADW, 
ventilating the deep North Atlantic and setting the global ocean density stratifica-
tion. The Strait of Gibraltar is another example of an overflow modified by mixing 
(in the vicinity of Carmarinal Sill) with the North Atlantic lower thermocline wa-
ters, leading to a density difference between the "Mediterranean Waters" in the 
Mediterranean and in the North Atlantic (Bryden et al, 1994). 

The overflows, and particularly the associated entrairmient, are a complicated 
convective process usually unresolved in numerical solutions and GCMs, thus re-
quiring parameterization. Typically, convective parameterizations act to effectively 
invert or homogenize the unstable water column, or perform bulk mixing via large 
vertical diffusion coefhcients prescribed spatially (a priori) or adaptively whenever 
a water column becomes locally unstable (e.g., Marotzke & Scott, 1999; Marshall & 
Schott, 1999). The parameterization of overflows has been identified as a weakness 
of GCMs and is the focus of much current work (e.g., Legg et ai, 2009; Cenedese & 
Adduce, 2010; Danabasoglu et ai, 2010; Wells et ai, 2010). 

T h e Effect of Mixing 

Like overflows, mixing is another process reciuiring parameterization in GCMs. In 
the oceanographic sense, mixing refers to an enhanced rate of diapycnal diffusive 
transport arising from (predominantly) turbulent processes, such as stirring or insta-
bilities in the circulation (shear, convective or otherwise). Observations of velocity 
rnicrostructure infer a background diapycnal diffusivity of 0(10"''') m^ 100 times 
larger than the molecular diffusion of heat, with substantially larger values in regions 
of rough topography (e.g.. Fig. 2.3; Polzin et ai, 1997). Although mixing operates 
on the smallest of length scales, it is thought by many to have a leading order 
influence on ocean density and the MOC. Parameterizations of mixing generally in-
volve manipulating the diffusion coefficients, either globally, spatially or adaptively 
depending on local density and velocity fields or Richardson ninnber (e.g.. Large 
et ai, 1994; Marotzke & Scott, 1999). These parameterizations at tempt to describe 
the roles of unresolved scales and can inadvertently have a leading-order influence 
on the solution. 

An enhanced rate of diapycnal diffusive transport is required for the observed 
stratification and rate of deep water formation to coexist. This relationship between 
mixing and the MOC was described by Munk (1966) as a one-dimensional advective-
diffusive balance; 

DC d^C 
w 
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Figure 2.3: Longitudinal section througii the Brazil Basin of diapycnal diffusivity inferred 

from microstructure observations. From Polzin et al. (1997) 

where w (nis~^) and k (iii^s"^) are the upwelling velocity and diapycnal diffusion 

coefficient of the stratifying species, respectively, and C is the concentration of a 

given tracer. If we consider heat as the tracer of interest, the left-hand term of (2.1) 

reflects the advective heat flux associated with the upwelling of cold deep water 

displaced by the flux of new dense water and required to close the IMOC. The right-

hand term refers to the diffusive heat flux from the surface downward through the 

water cohnnn. For a given stratification to be steady these advective and diffusive 

fluxes must be in balance, such that there is a zero net heat flux at all depths. 

To maintain the observed abyssal stratification against the estimated upwelling of 

the global oceans, the Munk (1966) balance calls for a diapycnal diffusivity of k = 

lO'^^m'-^s'^ which recpires an input of 2.1 T W of mechanical energy to the oceans 

to power the mixing (Munk k Wunsch, 1998; Wunsch & Ferrari, 2004). 

We note here a simple but widespread misconception that by increasing the 

diapycnal diffusivity, or mixing rate, one increases the total potential energy [Ep) of 

the ocean by raising the centre of mass of the water colunm (e.g., Munk & Wmisch, 

1998; Huang, 1999; Wunsch & Ferrari, 2004; Kuhlbrodt et al, 2007). This fallacy can 

arise by considering the case of an initial stratification at rest that is subseciuently 

exposed to an increased diapycnal diffusion (mixing). The final state will indeed have 

a higher centre of mass and an increased Ep relative to the initial state. However, 

when the initial stratification is the result of the Munk (1960) advection-diffusion 
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balance, the equilibrated final state with enhanced mixing will be one where heat is 
mixed downwards to a greater depth in the water column, and therefore decreasing 
the density and Ep of the water column relative to the initial state. 

Diapycnal diffusivity is not a directly measurable entity; rather, it is inferred or 
parameterized from observations of the density or velocity fields, or by tracer release 
experiments (e.g., Gregg, 1989; Ledwell et al, 1993; Kunze & Sanford, 1996; Polzin 
et a/., 1997). Such studies indicate that the background diapycnal diffusivity is an 
order of magnitude smaller than the value required by Munk (1966) and Munk & 
Wunsch (1998). Ocean observations also reveal large spatial variability to the diapy-
cnal diffusivity field that appears correlated with the local complexity, or roughness, 
of the bottom topography (e.g.. Fig. 2.3; Toole et al., 1994; Polzin et a/., 1996, 
1997; Ledwell et al, 2000). Regions have been identified where the mixing rates 
are up to 1000 times larger than the backgrovmd value (Naveira Garabato et al, 
2004; Lauderdale et al, 2008; Per et al, 2010; Voet & Quadfasel, 2010). However, it 
seems unlikely that these isolated regions can account for the globally averaged dif-
fusivity required by the Munk balance (Webb & Suginohara, 2001; Rudnick et al, 
2003). Nevertheless, these localized regions of intense mixing are postulated to 
have far reaching effects on the MOC (Jayne k St. Laurent, 2001; Friedrich et al, 
2011), particularly those regions coincident with deepwater formation sites, where 
the upstream properties of deep and abyssal waters can be significantly influenced 
by enhanced mixing (e.g., Mauritzen et al, 2005). 

The discrepancy between observations and canonical theoretical estimates of di-
apycnal diffusivity remains an outstanding question. The ciuest to find this apparent 
'missing nnxing' has motivated work from an energetics viewpoint (e.g., Mimk & 
Wunsch, 1998; Huang, 1999; Wunsch & Ferrari, 2004; Hughes et al, 2009; Tailleux, 
2009). Central to this approach is identifying the sources of mechanical energy 
that sustain the mixing (observed or otherwise). The wider energy budget for the 
overturning is also under debate, specifically the energy sources and sinks. In one 
view mixing is put forward as a source of mechanical energy {i.e. the driver) for 
the MOC, with the energy for turbulent mixing ultimately connng from winds and 
tides (e.g., Wunsch k Ferrari, 2004). This case has been referred to as "pulling" of 
the circulation by (diabatic) mixing (Visbeck, 2007); however, the term "pulling" 
has also been used to refer to the (adiabatic) upwelling of deep water as a result 
of the wind-driven Eknian transport of the uj)per Southern Ocean (e.g., W^olfe k 
Cessi, 2011) or even to the hypotheses that the sinking of dense water "pulls" the 
less dense thermocline water poleward. The dynamical alternative (again diabatic) 
is sometimes referred to as "pushing" of the circulation, in which the MOC is forced 
by the sinking of dense water (e.g., Marotzke k Scott, 1999; Marshall k Schott, 
1999). Hughes k Griffiths (2006, 2008) argued that both "pushing" and "pulling" 
hypotheses, in which either sinking or interior mixing is dominant, are misleading 
and that the circulation requires a balance of the two mechanisms. 

The potential sources of mechanical energy to the oceans are currently believed 
to be the winds, tides, surface buoyancy fluxes, bio-locomotion, geothermal heating 
and atmospheric pressure loading. However, an imderstanding of exactly how these 
physical [)r()cesses coui)le and their ralative imi)()rtanc:e in sustaiinng the MOC is 
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lacking and a topic of mucli debate. Munl^ & Wunsch (1998) estimate that 2.1 T W 
of mechanical energy is required to generate the mixing necessary to sustain the 
observed stratification, and assert that winds and tides are the only contributors 
capable of providing this amount of energy. They reason that surface buoyancy 
fluxes can be neglected because they act to expand and contract the oceans at the 
same geopotential, such that there is no significant change to the total potential 
energy {Ep), and therefore they are unable to provide any significant contribution 
of mechanical energy to the circulation. This argument was taken further with the 
hypothesis that surface buoyancy fluxes cannot maintain an overturning circulation 
in the absence of an additional source of mechanical mixing; a view that has been 
adopted more widely (e.g., Huang, 1999: Wunsch & Ferrari. 2004; Wang & Huang, 
2005: Kuhlbrodt et al., 2007) and often erroneously associated with the theory of 
Paparella & Young (2002) and postulate of Sandstrdni (1908, 1916), both of which 
will be reviewed in more detail in §2.2.3. However, as pointed out by Hughes et al. 
(2009), this reasoning is flawed because it fails to distinguish between Ep and avail-
able potential energy (E^, as defined by Oort et al, 1994; Winters et al, 1995); this 
will be covered in detail in §2.2.4. Indeed, it has been demonstrated experimentally 
that an overturning circulation can be established and sustained without an exter-
nal source of mechanical mixing (e.g., Rossby, 1965; Miller, 1968; Mullarney et al., 
2004; Coman et al., 2006a, 2010). 

Neglecting surface buoyancy fluxes as a significant contributor to the MOC has 
far reaching consequences. First and foremost, the absence of surface buoyancy 
fluxes will lead to a homogenous ocean, which is obviously not consistent with ob-
servations. The sinking of dense water at high-latitude (a direct result of surface 
buoyancy fluxes) supplies buoyancy to all depths and ventilates the deep ocean, 
and in doing so sets and maintains the stratification. Convection arising from sur-
face buoyancy fluxes ostensibly provide a means of contributing to the tTu-bulent 
mixing of the ocean. Entrainment into the dense sinking currents is one form of 
such buoyancy-driven mixing and has a substantial influence on the abyssal density 
(as revealed by measured overflow dilution. Mauritzen et al., 2005) and overturning 
strength. Additionally, the sinking currents provide an efficient advective coupling 
of surface conditions with the abyss (Winton, 1995; Hughes & Griffiths, 2006). Ne-
glecting surface buoyancy fluxes requires this coupling to be achieved by turbulent 
mixing in a diffusive manner, at great expense energetically. 

As mentioned above, atmospheric winds at certain locations are capable of sus-
taining a divergent velocity field in the surface waters, leading to an oceanic up-
welling to maintain continuity (e.g., Toggweiler & Samuels, 1998; Webb & Sugino-
hara, 2001; Gnanadesikan et al., 2005). The consequences of STich an upwelling for 
the energy budget are not included in previous accounting (Munk & Winisch, 1998), 
and would reduce the energy required to maintain the observed stratification. An-
other potential source of mechanical energy often overlooked is the biosphere, which 
consumes an estimated ~ 63 T W of chemical power (Behrenfeld & Falkowski, 1997). 
As a conservative estimate, if 1% of this power is converted into mechanical energy, 
the contribution from the biosphere is comparable to that from the winds or tides 
(e.g., Dewar et al., 2006; Kunze et al., 2006; Visser, 2007). The contributions of 
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mechanical energy arising from geothermal heating and atmospheric pressure load-

ing are believed to be 0(10"^) T W and therefore not significant (Wunsch & Ferrari, 

2004). 

There is strong evidence that mixing plays an integral role in the M O C (Bryan & 

Cox, 1967; Bryan, 1987; Park & Whitehead, 1999; Park & Bryan, 2000, 2001; Hughes 

& Griffiths, 2006), but a clear understanding of this role is yet to emerge. Approach-

ing the problem from an energetics viewpoint has raised additional questions and 

revealed much about the complex nature of oceanic mixing global circulation. The 

aim of this thesis is to improve the understanding of the relationship between mixing 

and the MOC. 

2.2 Horizontal Convection 

2.2.1 Fundamental Experiments and Principles 

Given that we cannot test the dependence of the actual M O C on variables, we must 

use models to understand the processes involved. One process believed to play a 

role in the M O C is the latitudinal distribution of surface buoyancy fluxes. A simple 

laboratory model of this process is one which prescribes heating and cooling at one 

horizontal boundary of a fluid. Such boundary conditions give rise to an overturning 

circulation known as 'horizontal convection' (after Stern, 1975), a particular class of 

thermal convection recently reviewed by Hughes & Griffiths (2008). 

A thought experiment proposed by Stonnnel (1962) suggested that differential 

heating at one horizontal boundary would lead to an asymmetric overturning cir-

culation where the downwelling is highly localized and the upwelling is broadly 

distributed. This was put forward to explain the observed smallness of sinking re-

gions in the global oceans. The thought experiment motivated Rossby (1965) to 

perform laboratory experiments, in which a linear gradient of temperature was pre-

scribed to the base of an enclosed and insulated rectangular tank of water. For 

practical reasons this forcing arrangement is inverted relative to the oceans, how-

ever the convective circulation can be compared to that of the M O C providing the 

flow is Boussinesq. The asynnnetry l^etween the horizontal scales of upwelling and 

downwelling legs predicted by Stornniel (1962) was observed (Fig. 1.2). Rossby 

(1965) described the circulation as largely two-dimensional and independent across 

the width of the tank, with subsequent laboratory studies reporting additional small-

scale three-dimensional turbulence (e.g., Mullarney et ai, 2004). A boundary layer 

is established at the base of the tank; the differential heating maintains a horizontal 

density gradient in this layer, resulting in a flow towards the heated end of the tank. 

The boundary layer directly feeds a plume which rises against the endwall at the 

heated end. The plume is turbulent and entrains ambient fluid as it rises and it 

forms an outflow along the top of the tank, supplying buoyancy to the uppermost 

regions of the tank. Fluid in the plume outflow slowly downwells through the inte-

rior of the tank and is either entrained horizontally into the plume or recycled back 

into the lower boundary layer, closing the convective circulation. 
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As suggested by Rossby (1965), the asyniinetric nature of the overturning circu-
lation in experiments with horizontal convection has been shown to be qualitatively 
insensitive to the temperature distribution along the forcing boundary (Pierce & 
Rhines, 1996; Mullarney et aL, 2004; Wang & Huang, 2005; Wahlin et ai, 2010), 
including in the rotating case (Hignett et ai, 1981; Speer & Whitehead, 1988; Park 
& Whitehead, 1999). The asymmetric circulation was initially thought to arise 
from the relative efficiencies of the heat transfer processes {i.e. advection of heat 
in the plume compared to diffusion of heat in the interior, Rossby, 1965). It was 
later shown on energetic gromids that an asymmetric configuration achieves a given 
overturning for a nnninium upwelling velocity and mininmm potential energy (Win-
ton, 1995). The asynnnetry of convection has been shown to be retained when the 
buoyancy fluxes vary non-monotonically with distance or becomes two-dimensional. 
For example, Coman et al. (2010) report on the convection arising from a forcing 
boundary with two regions of destabilizing buoyancy fiux separated by a central 
region that provided stabilizing buoyancy. Their circulation involved two plumes, 
of which the dominant plume (that having maxinmm buoyancy) traversed the full-
depth of the tank, with the weaker plume outfiowing at an intermediate level where 
it reached neutral bTioyancy. Incorporating a second plume weakened the interior 
stratification relative to that arising from a single plume of equal (total) buoyancy 
flux. An example of the converse distribution of buoyancy was used by Miller (1968), 
who performed experiments with a temperature distribution at the forcing boundary 
that varied smoothly from a destabilizing flux in the centre to stabilizing fluxes at 
the two ends of the box. This forcing arrangement removed the plume from either 
endwall, allowing it with an extra degree of lateral freedom and leading to increased 
unsteadiness in the circulation. 

The potential oceanographic application for horizontal convection was first raised 
by Sandstrom (1908, 1916), who reported on the convective circulation arising from 
heating and cooling at opposite ends of a long tank of water, in which the relative 
vertical positions of the heat source and sink were varied. Defant (1961) stated as 
a postulate drawn from empirical conclusions of Sandstrom (1908, 1916) that "a 
closed steady circulation can only be maintained in the ocean if the heat source 
is situated at a lower level than the cold source". Jefl'reys (1925) argued theoreti-
cally that this postulate is incorrect because it discomits diffusion. This has been 
interpreted by some to imply that surface buoyancy fluxes can only give rise to a 
'slow, diffusively-driven' circulation (Huang, 1999), an interpretation is at odds with 
numerous observations of laboratory experiments with horizontal convection (e.g., 
Rossby, 1965; Mullarney et ai, 2004; Wang & Huang, 2005). The use of Sandstrdm's 
reports as outlined above are confused as his experiments certainly included the dif-
fusion of heat, and yet he reported no sustained circulation. Indeed, Coman et al. 
(2006a) recreated the experiments of Sandstrom (1908, 1916), finding a significant 
steady circulation is maintained for all experiments with an imposed horizontal gra-
dient of buoyancy and concluding that the original observations were in error. Thus, 
there is no physical basis, experimental or otherwise, that supports this conclusion 
of Sandstrom (1908, 1916). 

It is worth elaborating on the depth of the circulation. The overturning cir-
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dilation of equilibrated horizontal convection is confined to the depths to which 

buoyancy is able to be supplied by the forcing boundary (Hughes & Griffiths, 2008). 

For example, Wunsch & Ferrari (2004) and Kuhlbrodt et al. (2007) argue that so-

lar radiation only penetrates into the top 100 in of the ocean water column, thus 

any circulation established by buoyancy forcing alone will be confined to above this 

depth. Additionally, in the original publication Sandstrom (1908) himself, showing 

great insight, concluded that the oceanic circulation will penetrate to the depth of 

mixing, which at that early time he suggested might be around 1000 m. Both of 

these cases rely on diffusive processes (albeit turbulent in the latter) to supply the 

buoyancy to depth and set the vertical extent of the circulation. A more efficient 

means of supplying buoyancy to depth is via advection in the plume. In this process 

the plume entrains buoyant ambient water (including from within the surface bound-

ary layer) and advects it to depth. It makes good physical sense that the depth of 

the circulation is inherently related to the depth at which the plume outflows. The 

question is now. what determines the vertical extent of the plume? 

When the boundary conditions are steady and the circulation is in equilibrium, 

there is a zero net buoyancy flux through any level (Paparella & Young, 2002; 

Hughes & Griffiths, 2006; Hughes et al, 2007), such that the buoyancy supplied by 

the plume to any level is balanced by a buoyancy fiux in the ambient. The only 

input and output of buoyancy for the volume is the forcing boundary, and the most 

buoyant (in the case of forcing at the base) is located in the plume where it leaves 

the forcing boundary. The maximum horizontal difference in buoyancy is at the 

forcing boundary, and this is always larger than the maximum vertical difference in 

buoyancy (Rossby, 1998; Hughes & Griffiths, 2008). That is, as soon as the plume 

water separates from the forcing boundary it's buoyancy decreases via interaction 

with ambient fluid. For the entire plume to become neutrally buoyant at an inter-

mediate depth requires the region beyond that depth to have a buoyancy excess. 

This implies a finite stratification at the level of the plume outflow, across which 

the buoyancy excess will diffuse (violating the zero net buoyancy flux condition for 

equilibrium), eroding the anomaly and eventually reestablishing a full-depth plume. 

The only ways for a partial-dei)th plume to be in a steady equilibrium state is when 

there is an additional source of buoyancy distant to the forcing boundary to main-

tain the buoyancy excess, or if there exists a non-diffusive interface that {)revents the 

erosion of the buoyancy excess and maintain the zero net buoyancy flux condition. 

It remains possible that the long-time equilibrium state of horizontal convection 

supports a fluctuating circulation in which the i)lume outflow depth oscillates as 

would be the case for a well-mixed interior. 

Rossby (1965) identifies three dimensionless parameters important to the equi-

librated circulation; these were generalized by Hughes & Griffiths (2008) to be the 

Rayleigh or flux Rayleigh number, 

rto. Ah = or RdB = (2.2) 
l^rnl^m ^ml^rn 
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respectively, the aspect ratio of the tank, 

A = j , (2.3) 

and the Prandtl number of the fiuid, 

Pr = — , (2.4) 
l^m 

where Afe (nis~^) is the imposed buoyancy difference or B (m^s~^) is the imposed 

buoyancy flux (per unit width spanwise), is the kinematic viscosity of the fluid, 

K,m is the diffusivity of the stratifying species, and D and L are the tank depth and 

length, respectively. The style of the imposed boundary condition determines which 

Rayleigh number is appropriate. 

Using a scaling analysis to balance viscous and buoyancy forces in the boundary 

layer, Rossby (1965), Hignett et al (1981) and Mullarney et al. (2004) derive and 

experimentally verify relationships between the appropriate Rayleigh rmniber and 

boundary layer thickness, volume transport and heat transport as, 

^ ^ r ^ R a f ^ ^ R a f , iVn ^ i ^ a ' f ~ ( 2 . 5 ) 
L Kr. 

where 5 (m) is the boundary layer thickness, is the volume transport 

(per unit width spanwise) in the boundary layer, and Nu is the Nusselt number, 

which characterizes the rate of convective buoyancy transport relative to the con-

ductive transport, calculated as. 

These scaling relationships were further supported by the results of immerical 

solutions by Beardsley & Festa (1972), and, following conipTitational advances, by 

Rossby (1998), Paparella & Young (2002), Siggers et al. (2004), Mullarney et al. 

(2004), Ihcak & Vallis (2011) and Scotti & White (2011). Such immerical solutions 

are able to overcome some of the practical constraints faced by the laboratory ex-

periments, particularly to explore a wider range of parameter space. However, the 

munerical solutions have their own limitations, especially in relation to resolution. 

Laboratory experiments with horizontal convection have predominantly em-

ployed heat as the stratifying species by prescribing either a distribution of con-

stant temperature or heat flux at a horizontal boundary (Rossby, 1965; Mullarney 

et ai, 2004). The Prandtl number of these experiments is therefore of order one, as 

it is in the oceans. However, using heat to provide the buoyancy does have some 

{)ractical limitations. For exami)le, thermally-driven experiments are i)rone to in-

sulation problems, have a small range of usable temperatures (and thus densities), 

and heat has a relatively large diffusion coefficient. Hence the Rayleigh number is 

limited, and heat transfer through the sidewalls is difficult to eliminate. This mo-

tivated Pierce & Rhines (1996) to turn to salt to provide solutal buoyancy fluxes; 
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Figure 2.4: The experimental setup used by Pierce & Rhines (1996). The sloping endwall 

forces the sinking fluid to act as a gravity current as opposed to a vertical plume, altering 

the entrainment dynamics. From Pierce & Rhines (1996). 

they report on the convective flow that arises from surface fiuxes of fresh and saline 

water located at opposite ends of a rectangular tank (Fig. 2.4). A series of sinks, 

situated at the surface between the sources, actively pumped water out of the tank 

to maintain approximately constant volume. Although their experiments did not 

achieve equilibrium, they observed the full-depth asymmetric circulation character-

istic of horizontal convection. Whitehead & Wang (2008) extended the experiment 

of Pierce & Rhines (1996) to impose turbulent mixing, as described below in §2.2.3. 

The forcing arrangements of Pierce & Rhines (1996) and Whitehead k Wang 

(2008) both impose constraints on the density field at the location(s) of the 

sink/spillway. The density of the water exiting the tank must approach the av-

erage of the source waters, and thus the density field is sensitive to the depth of the 

sink/spillway. In §5 we describe laboratory experiments with solute-driven horizon-

tal convection where this constraint is removed by using boundary conditions that 

maintain a layer of fresh water at the surface and impose a flux of saline water into 

the tank. 

The generalized theory of Hughes et al. (2007) builds upon those of Peterson 

(1979) and Hughes & Griffiths (2006) to combine models for a turbulent entraining 

plume and an ambient return flow of the interior, coupled at all depths, such that 

there are no undetermined parameters (Fig. 2.5). This model is referred to as a 

'recycling box' model, in contrast to the 'filling box' model of Baines & Turner 

(1969), for which, like horizontal convection, entrainment into the plume plays a 

significant role. For instance, altering the entraimnent characteristics of the i)lume 

by simply changing the geometry or location/configuration of a plume of given 

buoyancy flux will lead to a significant global effect on the flow and density fields 

(e.g.. Miller, 1968; Pierce & Rhines, 1996; Paparella & Young, 2002; Hughes et al, 

2007; Conian et al, 2010). It is interesting to note that the recycling box theory 

is strictly inviscid (and in the solution the Prandtl and Rayleigh numbers always 
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Figure 2.5: A schematic of tlie 'recycling box' mociel of Hughes et al. (2007). A point 
source (or line source) of heat maintains a localized region of upwelling (represented the-
oretically as a turbulent plume). Cooling is distributed uniformly over the base such that 
there is a zero net heat flux into the volume. From Hughes et al. (2007). 

appear as a product), whilst viscosity was thought to play an important role in 
setting the dynamic balance in the boundary layer scaling of (2.5). Despite this, 
the model of Hughes et al. (2007) gives solutions consistent with the high-Rayleigh 
number laboratory experiments and ntunerical solutions of Rossby (1965, 1998); 
IMullarney et al. (2004). It warrants fiu'ther verification. 

2.2.2 The Effect of Topography 

Regions of deep-water formation have been referred to as the Achilles heel of the 
climate system (e.g., Broecker. 1997), where the large-scale overtinming circidation 
is sensitive to local factors. One such factor is submarine topography, which is 
prevalent in marginal seas, semi-enclosed basins and continental shelves, where much 
of the deep-water formation occurs. The extent to which the MOC is influenced by 
topography is unclear, and is the motivation for the experiments detailed in §3. To 
date, all experiments with equilibrated horizontal convection have been performed 
in simple rectangular boxes. 

Wong & Griffiths (2001) were motivated by the significant topogra})hy of deep-
water formation sites to introduce a vertical partition to the enclosed volume of a 
filling-box. The barrier restricts the horizontal spreading of fluid and leads to a 
circulation characterized by different stratifications in each basin (Fig. 2.6). The 
basin directly ventilated by the turbulent plume 'fills' as per a filling-box and over-
flows to the second basin. The overflow is denser than the fluid of the second basin 
and sinks against the barrier as an overflow phnne which entrains the ambient fluid. 
Fhiid in the ventilated basin is denser and has a stronger stratification than that in 
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Figure 2.6: A single plume in a two-basin filling-box model showing the overflow across 
the sill. From Wong & Griffiths (2001). 

the second basin. The stratification of the fluid above the barrier becomes virtually 
identical to that expected for a single-basin filling-box. The height of the barrier 
and relative basin size are of first order importance to the circulation. 

It has long been established that two endwalls of an enclosed volume held at 
different constant temperatures will drive a convective circulation dominated by 
narrow boundary layers against the vertical endwalls, with the interior evolving to 
become approximately linearly stratified (e.g., Simpkins k Chen, 1986). Conian 
et al. (20066) introduce a vertical sill to such a convective configuration (Fig. 2.7). 
The convective flow was in a laminar regime and the vertical partition significantly 
altered the thermally-equilibrated steady-state circulation. The temperature fields 
in the two chambers are very different with the development of a near-stagnant 
"very cold chamber" developing between the barrier and cool endwall. Atop the 
cold chamber is a fast overflow that is formed predominantly of fluid detrained from 
the narrow boundary layer adjacent to the cold endwall. The region above the 
partition develops a number of horizontal shear layers. No change in heat transport 
occurred unless the height of the partition was greater than 80% of the total tank 
depth, under which conditions the heat transport rapidly decreased to zero as the 
partition height was increased to the full height of the box. 

Experiments investigating the influence of topography on convection arising from 
surface buoyancy fluxes have been limited to semi-enclosed vohunes. For instance an 
analytical model proposed by Phillips (1966) considers the buoyancy driven exchange 
across a sill (Fig. 2.8), motivated by the observed circulation within the Red Sea. 
The Phillips Red Sea model exhibits a circulation limited to the depth above the 
barrier. This model was built upon by, among others, Tragou & Garrett (1997) 
and Maxworthy (1997) to include a turbulent vertical diffusivity and allow for a 
hydraulically critical sill exc:hange, respectively, which leads to a circulation that 
occupies the entire basin region. Such studies focus on the circulation within the 
semi-enclosed basin or marginal sea and treat the large-scale ocean circulation as an 
infinite source of water with no feedback from the semi-enclosed basin 
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Figure 2.7: The coiivective circulation of Comaii et al. (20066). The left- and right-hand 
endwalls are heated and cooled, respectively. From Coman et al. (2006b). 

Figure 2.8: Sketch of the streamlines in a convective motion driven by a uniform surface 
buoyancy flux, with a barrier of depth D far from a vertical boundary at x = 0. From 
Phillips (1966) 
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Basin 

Figure 2.9: Sketch of the flow pattern for a serni-enclosed basin where the surface above 

the smaU basin is maintained at a constant density. From Finnigan & Ivey (1999). 

Finnigan & Ivey (1999, 2000) and Finnigan et al. (2001) reported laboratory and 

numerical experiments with buoyancy driven exchange flows. Figvu'e 2.9 depicts their 

arrangement, in which they found the circulation maintains a well-mixed basin and 

an exchange across the sill into the (effectively) infinite reservoir. Although they 

achieved a steady-state circulation in the small basin under an imposed density 

boundary condition, they did not attempt to attain a global equilibrium having a 

zero net buoyancy flux. They reported that the exchange across the sill in their 

laboratory experiments was hydraulically critical. 

2.2.3 The Effect of an External Input of Mechanical Energy 

Paparella & Young (2002) revisited the work of Sandstrom (1908, 1916) and pre-

sented a special case when the postulate is rigorous; that is, in the limit of k —y 0 

for a fixed Prandtl number. They use this case, which removes the objection of 

Jeffreys (1925), to pose the 'anti-turbulence theorem": if the only forcing is non-

uniform heating applied at the surface of a Boussinesq fluid and if the viscosity, i/, 

and thermal diffusivity, K, are lowered to zero, with Pr == U/K fixed, then the energy 

dissipation e also vanishes. Wi th this strict definition of turbulence, Paparella & 

Young (2002) argue that horizontal convection is not truly turbulent, thus an ocean 

exposed to surface buoyancy fluxes alone could not exhibit the observed small-scale 

marine turbulence; therefore, it is the winds and tides that energise the turbulent 

motions and enable the ocean circulation to transport heat. However, in this van-

ishing limit of K ^ 0 the heat flux into the volume also vanishes, resulting in a 

null circulation. This limit is known to be inappropriate to the oceans (or any fluid 

with a finite diffusivity), and thus conclusions drawn from it are limited. The claim 

that surface buoyancy fluxes alone cannot sustain turbident motions is at odds with 

many laboratory experiments (e.g., Mullarney et al, 2004; Conian et ai, 2010) and 

numerical solutions (e.g., Paparella & Young, 2002; Mullarney et ai, 2004; Scotti 

k White, 2011). Despite this, authors continue to use the theorem of Paparella 

& Young (2002) to vindicate the postulates of Sandstrom (1908, 1916) and justify 

discounting the role of surface buoyancy fluxes in maintaining the M O C 
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Figure 2.10: The experimental setup of Whitehead & Wang (2008). From Whitehead & 
Wang (2008). 

The experimental observations of Sandstroin (1908, 1916) and theorem of Pa-
parella & Young (2002) imply that a distribution of surface buoyancy alone carmot 
maintain an overturning circulation in the absence of diffusion (k —> 0). This is often 
interpreted to mean that surface buoyancy forcing cannot maintain an overturning 
circulation in the absence of mixing, and that this mixing requires an additional 
source of energy (e.g., Kuhlbrodt et al, 2007; Ihcak & Vallis, 2011). Diffusion is 
required to transfer buoyancy to and from the surface, and this transfer of buoyancy 
is enhanced by mixing. In fact, for an overturning circulation arising from surface 
buoyancy forcing to be in equilibrium, the surface buoyancy fluxes are necessarily 
balanced by the (irreversible) mixing (Hughes et al, 2009). In this sense both diffu-
sion and mixing are required for surface buoyancy forcing to maintain an overturning 
circulation. However, the mixing can be energized by sources other than an external 
input of mechanical energy, for instance, instabilities in the convective circulation 
itself. 

Experimental studies of turbulent mixing generally involve stirring an initial 
stratification and tracking the evolution of the density field in time (e.g.. Linden, 
1980; Fernando, 1991; Holford & Linden, 1999: Whitehead & Stevenson, 2007). 
The mixing or diapycnal diffusion cannot be measured directly and is inferred from 
measurements of the density and velocity fields. Such experiments find the diapycnal 
diffusion for a given stirring (dependent on the geometry of the tank) to be sensitive 
to the initial stratification and motion of the agitator (e.g., the Richardson number), 
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thus limiting the results to very specific conditions. Nevertheless, they demonstrate 
repeatable methods capable of providing an external input of mechanical energy and 
which can be adapted for experiments with horizontal convection. 

Recent work has investigated laboratory experiments with solute-driven horizon-
tal convection that incorporated turbulent mixing (Whitehead & Wang, 2008). The 
boundary conditions were similar to those of Pierce & Rhines (1996), with sources 
of fresh and saline water located at opposite ends of a rectangular tank (Fig. 2.10). 
A passive spillway ensured the volume of the tank remained constant at all times, 
and the experiments were run long enough to achieve an equilibrated state. Al-
though the initial stage of the experiment is driven by the forced buoyancy input 
flux, the system approaches a state in which the boundary conditions are that of 
imposed salinity (density). The thermal equivalent of such boundary conditions is a 
prescribed distribution of constant temperature. A vertical rod was oscillated hor-
izontally through half of the tank length. The turbulent wake of the vertical rod 
stirred the density field and provided an external source of mechanical energy. They 
found the addition of turbulent stirring deepened the surface boundary layer and 
freshened the average density of the tank. They reported the level of turbulence to 
be dependent on the velocity of the vertical rod but did not quantify the enhanced 
diapycnal diffusivity; nor do they directly measure the rate of overtiuiiing. The 
mechanical energy input by the rod was estimated to scale as the velocity of the rod 
cubed, but it is not known how much of this energy was dissipated and how much 
went into raising the background i)otential energy. 

It is well established that the rate of overturning increases with parameterized 
diapycnal diffusion in numerical solutions and GCMs of convectively-driven circula-
tions (e.g., Bryan, 1987; Park & Bryan, 2000. 2001; Hughes & Griffiths, 2006; Ihcak 
& Vallis, 2011). It is often the case that large diapycnal diffusivities are required 
to ensure the solution is numerically stable for given spatial and temporal resolu-
tions, or for computational efficiency, leading to si)urious estimates of overturning. 
This sensitivity is often taken advantage of to time the numerical models to better 
reproduce observations, without considering the physical implications such as the 
additional energy sources required to perform the extra mixing (as explained by 
Rahmstorf, 2002; Wunsch & Ferrari, 2004). Counter-intuitively, a course-resolution 
model will occasionally out-perform (in the sense of reproducing observations) a 
fine-resolution model, calling into question the scale-independence of the parame-
terizations. 

An early geostrophic theory derived by Bryan k Cox (1967) Incorporates the 
vertical advective-diff'usive heat balance and balances the meridional density gra-
dient with the zonal velocity. The theory predicts the overturning to scale with 
diapycnal diffusivity as $ ~ for the case of an imposed temperature difference 
at the sm-face. This theory was extended to the case of an imposed heat flux and 
predict the slightly weaker dependence of $ ~ KI^'^ (Park & Whitehead, 1999). The 
non-rotating case is addressed by the recycling box model of Hughes et al. (2007), 
who show for a fiux condition, the overturning to scale as $ - KI^'^. These theories 
consider the total diapycnal difiusivity which is irreversible and includes molec-
ular diffusion and turbulent contributions from both external sources of mechanical 
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Figure 2.11: Both boxes have the same total potential energy, bnt only (b) possesses 
available potential energy and will result in a flow. From Hughes et al. (2009) 

energy and internal instabilities arising from the circulation itself. 

2.2.4 The Role of Available Potential Energy 

Heating and cooling at the same geopotential (e.g., approximately the case for the 
ocean siu'face to within a couple of meters) results in a small total change in potential 
energy [Ep] Huang, 1999: Paparella & Young, 2002). This observation been used to 
support the theory that surface buoyancy fluxes are unimportant in (and perhaps 
even unable to contribute to) the energy budget of the I\I()C (e.g., Huang, 1999; 
Wunk k. Wunsch, 1998; W'unsch & Ferrari, 2004). Thus, it has been proposed 
that turbulent mixing in the oceans, and hence the M O C as a whole, is driven 
by other sources of energy {i.e. winds and tides). However, this reasoning fails 
to recognize the important distinction between the total potential energy and the 
available potential energy {E^, e.g., Oort et ai, 1989, 1994; Hughes et ai, 2009; 
Tailleux. 2009). For instance, consider the simple example in Figure 2.11. The 
total potential energy in boxes is identical, but a flow will only occur in (b). This 
is because it is not in gravitational equilibrium and possesses available potential 
energy. 

Recent work (Tailleux, 2009; Hughes et ai, 2009) has built on the framework 
proposed by Lorenz (1955) and Winters et al. (1995) to decompose the total potential 
energy into that which is 'available' to promote fluid motions and that which is 
not: namely the available gravitational potential energy, Ea, and the reference (or 
background) potential energy, Eb, respectively. Surface buoyancy fluxes produce 
available potential energy at the expense of the background potential energy. For a 
circulation to be in steady state, this rate of generation of Ea is necessarily balanced 
by the rate of irreversible mixing, which returns energy to Eh- The rates of transfer 
of energy between the various reservoirs is important to the maintenance of the 
MOC, and not the total amount of any given reservoir (Hughes et al, 2009). 

Following Winters et al. (1995), the total potential energy of a Boussinesci fluid 
with a linear equation of state is given by. 



24 Background 

Figure 2.12: Calculating Ep, Eb and Ea for the two boxes in Figure 2.11. Adiabatically 

resorting Fig. 2.11a does not change the density field, thus Ep = Ef, and Ea = 0. Adia-

batically resorting Fig. 2.11b returns the density field pictured in (c); in this case Ep > Ef, 

and Ea > 0. Adapted from Hughes et al. (2009) 

(2.7) Ep = g pzdV, 

where p is the density of the fluid and z is the vertical coordinate. The reference 

potential energy defined as, 

Eb = g pz. dv, (2.8) 

where is the height to which a fluid element will move if the entire domain is 

adiabatically resorted to be stably stratified and in a state of no motion. 

The available gravitational potential energy is defined as the difference between 

the total potential energy and reference potential energy, 

Ea = Ep - Eh = g / p{z-z, 
Jv 

\dV. (2.9) 

This is the energy available to promote motion {i.e. for conversion to kinetic energy). 

In addition to determining the reference and available potential energy, is also 

required in order to calculate the rate of supply of energy by surface buoyancy fluxes 

into available potential energy. Adopting the notation of Hughes et al. (2009), this 

conversion rate, referred to as the surface buoyancy forcing $^2, is given by 

= -Po <P z.BdA, (2.10) 

where po is a reference density of the fluid and B is the buoyancy ftux per unit area 

(ni^s"^) imposed at the surface of area 

Equations 2.7-2.9 can be understood for the illustrated example in Figure 2.11. 

We assume both boxes are of ecjual height and length H and L, respectively, and 

tliat the height of the density anomalies in Fig. 2.11b is /),; this is depicted in Figiu'e 

2.12 alongside the adiabatically resorted box for the case of Fig. 2.111). The total 
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potential energy of Fig. 2.11a is 

_ gpLH^ 
- 2 • 

The adiabatically resorted box is nnchanged for Fig. 2.11a such that the reference 
potential energy is 

_ gpLII^ 
- — ^ — , (2.12) 

giving an available potential energy of 

-E'a,(a) = " = 0. (2-13) 

For the case shown in Figure 2.11b, calculating the total potential energy requires 
the siun of the contributions of each of the individual water masses, 

gpL{H-hf , g{p + ^p)Lh{H-^) ^ g{p - Ap)Lh{H - ^ 
^p.(fe) = 2 2 2 ' ^ ' 

which reduces to, 

_ gpLH^ 
- 2 ' 

the same value calculated for the case in Fig. 2.11a. Adiabatically resorting Fig. 
2.11b gives the density field shown in Fig. 2.12c, for which the potential energy is 

gpLH{H-h) , + , g{p - Ap)Lh{H -
Ĵ b,{b) = ;; + ^ + ^ , (2.15) 

w /hich reduces to 

_gpLH' gApLhjH -
- — 2 2 • ^ ' 

This gives the available potential energy for the case in Fig. 2.11b as 

gApLh{H - I ) 
Ea,{b) = — Eĥ î b) = , (2.18) 

which is positive definite. The density field in Figure 2.11b is produced from that 
of Fig. 2.11a by introducing no net buoyancy, and this can be achieved by api)lying 
surface buoyancy fluxes with a zero net flux. Any process that leads to an increase in 
the depth (h) and magnitude (Ap) of the near-surface density anomalies produced 
from the surface buoyancy fluxes will increase the available potential energy of the 
system; one such process is mixing. 
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Chapter 3 

Horizontal Convection with a Sill 

111 this chapter we explore the effect of a sill in laboratory experiments with 
theriiially-driven horizontal convection. The experiments are conducted in a rectan-
gular tank that is differentially heated from below. A partial-depth vertical barrier, 
modelling a topographic ridge, divides the tank into two coupled basins. We in-
vestigate how the equilibrated circulation and density field depends on the height, 
cross-sectional shape and lateral position of the barrier. W'e find the barrier influ-
ences the interior (abyssal) density when the deepest point of the barrier (from the 
surface) is less than twice the thickness of the boundary layer, such that water over-
flowing the barrier interacts directly with the boundary layer water. An application 
of the results to the North Atlantic circulation suggests that the Greenland-Scotland 
Ridge is shallow enough to lead to a significant reduction of the density of North 
Atlantic Deep W'ater owing to interaction of the southward flowing dense overflow 
with the northward flowing therniochne water, consistent with the conclusions from 
an analysis of water mass properties. 

3.1 Experiments 

3.1.1 Apparatus 

The experiments with horizontal convection and a topographic sill were carried out 
in a tank with internal dimensions of length L = 1.25 ni, width W = 0.305 m, and 
depth D = 0.2 m (Fig. 3.1). The tank was identical to that used for the imposed 
temperature experiments of JVIullarney et al. (2004), which was twice the width of 
that used for their imi)osed flux experiments. The tank incorporated a 10 mm thick 
copper base and was fllled to capacity with de-aired water. The acrylic sidewalls 
were double-glazed, the lid was triple glazed, and the gaps filled with argon; the 
endwalls were 20 mm thick. The entire tank was thermally insulated with 0.1m 
expanded polystyrene foam board encased in ahuniiiium foil. The experiments were 
conducted in a special constant temperature laboratory (Fig. 3.2) held at 30±0.3 °C, 
where the temperature control operated on a high frequency cycle of period ~ 15 
minutes, giving little time for the fluctuations to conduct into the tank. The copper 
base was in direct contact with heating and cooling systems; either two water heat 
exchangers (each 0.6 x 0.305 in), or one water heat exchanger and an electric heating 
mat. The heat source and sink were insulated from each other by a 50 mm spacer 
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F i g u r e 3.1: Schematic diagram of the apparatus for the experiments with an imposed 
heat flnx. Vertical dotted hnes show the location of the six profiling thermistors; one 
thermistor each for the profiles closest to the endwalls, and two thermistors each for 
the other two profiles (one on, and the other O.f m off, the centerline). The normalized 
temperature profiles (Fig. 3.8) are from the two centerline thermistors above the cold 
plate, and the mid-depth temperatures (Fig. 3.9) are from the thermistors closest to the 
endwalls. The sill is shown for a basin length ratio L1/L2 = 1/4, but ratios of 1 and 4 were 
also used. Cross-stream sections of the flat and V-shaped sill geometries (rotated from 
the vertical plane across the tank width) are also shown. A uniform heat flux is delivered 
to the base on the left half. For runs with imposed temperature difference, the heating 
element and underlying ceramic insulation were replaced with a heat exchanger identical 
to that shown under the right half of the base and connected to a second water bath. In 
both systems at thermal equilibrium there was a zero net heat input to the tank. 
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Figure 3.2: A photo of the laboratory used for the experiments of liorizontal convection 

impeded by a sill. 



30 Horizontal Convection with a Sill 

placed between them. The direct transport of heat between the source and sink by 
conduction along the copper base was estimated from a numerical solution of the 
heat equation and found to be less than 0.3% of the total heat input. The insulating 
side and endwalls extended downwards to completely surround the heating/cooling 
system and the whole arrangement was insulated beneath by 0.1 rn of foam board. 

One set of boundary conditions consisted of a uniform, constant (input) heat 
flux, FT through one half of the base, and a uniform, constant temperature on the 
other half of the base. The total heat input from the heating power controller was 
set between 210 and 420 W {FT = 1148 and 2295 Wm-^, respectively) and most 
runs were with 280 W {FT = 1530 Wni"^). The microprocessor based controller 
held the input power constant to within 0.1 W. The applied temperature at the 
right-hand half of the base was maintained by recirculating water at 16±0.02°C 
from a Julabo constant temperature bath. In steady state the applied heat input 
must be matched by the time average rate of heat removal at the cooled region. 
Hence this case is referred to below as "imposed heat flux" (Table 3.1). The second 
set of boundary conditions consisted of the same applied temperature on the right 
half of the base and a higher applied temperature, from a second water bath at 
40±0.02°C, on the left half. Thus the temperature difference in the base was held 
at AT = 24 °C, and this case is hereinafter referred to as "imposed temperature 
difference". This teniperatiu'e difference was chosen to match that measured in 
a reference experiment with an imposed heat flux of 280 VV (and no sill) so that 
conditions were almost identical apart from the nature of the boundary conditions. 

Topographic sills were simple vertical barriers of 50 mm thick impermeable 
polystyrene foam that sealed against the tank walls and lid. The barriers were at the 
top of the tank rather than against the base, as the whole system was inverted rela-
tive to the oceans for practical reasons. For the majority of the experiments the sill 
was positioned to give a ratio of basin lengths L1/L2 « 1/4, with the smaller basin 
on the left over the heating region. This choice creates one relatively small basin at 
the end having destabilizing buoyancy flux, and leaves some of that buoyancy flux 
applied directly to the larger basin. The basin length ratios of L1/L2 ^ 1 and 4 
were also examined (Table 3.1). The barrier height Ds was such that normalized gap 
heights BT) = {D- Ds)/D, (recall D is the depth of the box) varied over the range 
0 < i?D < 1 for imposed temperature difference and 0.05 < RD < I for imposed 
heat flux (note that RD 0 was not a useftil limit in the latter case because the net 
heat flux into the small basin would lead to an unlimited temperature increase). A 
small number of experiments were carried out to examine the effect of a non-uniform 
sill height: in these runs the sill had a full-width V-shape removed from its base and 
of height D - DN at the apex, as a crude representation of an ocean channel (Fig. 
3.1). In these cases the norniahzed gap height, defined as RQ = {D ~ DM)/D, was 
varied over the range 0.1 < < 0.95, where D^ is the height of the triangular 
opening at its vertex. For these V-shaped sills, only imposed heat flux was used and 
the length ratio of the two basins was fixed at L1/L2I/4. 

Eight Thermometries Fastip thermistor probes (FP07) were inserted into the 
tank through access tubes in the lid (Fig. 3.3); when used along with associated 
active bridge circuits these were able to detect temperature changes of ()(0.01)°C 
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Figure 3.3: A plan view of the box showing thermistor and sill positions. The black dots 
represent the positions of the thermistors suspended in the water column; the hollow dots 
show those able to be vertically profiled through the tank. The red and blue dots represent 
the locations of the thermistors in the hot and cold ends of the base plate, respectively. 
The three lateral positions of the sill are also depicted; I/1/I/2 ~ 1/4, 1 and 4, from left to 
right. 

with a response frequency of 142 Hz and an absolute accuracy of 0(0.1)°C. Tem-
peratures were monitored to indicate when the fiow had reached thermal ecjuilib-
rium (a period of approximately 3-4 days, depending on the initial water tem-
peratures and boundary conditions), and the profiling thermistors were subse-
quently used to measure the temperature field. The six profiling thermistors 
were traversed through the depth at a constant velocity of 5nmis"^ A further 
four thermistors were positioned in the copper base plate; located at {x, y) = 
(100, 75), (100. 230), (1150, 75) k (1150, 230) nnn. A thirteenth thermistor was sus-
pended in an open glass beaker and dedicated to logging the room air temperature. 

Signals from the thermistors were sampled at 100 Hz by a dedicated computer 
using the National Instruments (NI) Lab VIEW program. For long-time logging the 
100 Hz samples were stored until 1000 samples had been collected (10 seconds) and 
the 10 s average was saved. For vertical temperature profiling, samples were collected 
at 100 Hz and a windowed-average based on 10 successive samples (0.1 seconds) was 
saved, giving a vertical resolution of 0.5 mm at the 5mms~^ profiling speed. 

3.1.2 Temperature Measurement Calibration 
Each thermistor had a resistance that is temperature dependent and recjuires routine 
calibration. Calibration of the thermistors involved submerging them in the Julabo 
constant temperature bath alongside a Hart Scientific® thermistor probe. The Hart 
probe was coupled to a digital readout and provided temi)erature readings rated to 
an accuracy of 0.005°C between 0 and 60°C. A 30 second average of the resistance 
of each thermistor was recorded using a Fluke® digital ohm meter (89IVRMS) for 
6 bath temperature settings si)anning 5 65°C. As a check for hysteresis, the bath 
temperature was first increased in steps through the range and tlien decreased in 
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Figure 3.4: A typical calibration curve for a thermistor. The line is the best fit of 
Equation (3.1). 

steps, with two resistances recorded at each of the temperature settings for each 
thermistor. 

The resistance R of each thermistor was related to temperature by the Steinhart-
Hart equation (Steinhart k Hart, 1968): 

- = a + b{lnR)+c{lnR)\ (3.1) 

where T is the temperature in Kelvin and R is the resistance in ohms, and a, b and 
c are constant coefficients. The coefficients were found by fitting the form (3.1) to 
the set of calibration measurements (of R and T from the digital ohm meter and 
Hart probe) for each thermistor; an example of a fit is shown in Figure 3.4. 

During experiments the resistances of the thermistors were monitored by a set of 
bridge circuits, which output voltages proportional to R and logged by the LabVIEW 
program. The bridges require routine calibration, whereby a resistance box provided 
a known resistance to each active bridge in turn and the output voltage was recorded. 
The fixed resistance provided by the resistance box was measured by the F l u k e ® 
digital ohm meter. The output voltages of between 15 and 21 resistance settings 
(selected to ensure the outi)ut voltage spanned the range 1 to 10 V) were recorded. 
The process was repeated twice for all 13 bridge channels. The recorded resistances 
and voltages were fitted by a polynomial of the form. 

- = d + eV + fV'^ + gV^ + hV\ (3.2) 
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Figure 3.5: A typical calibration curve for a bridge. The line is the best fit of Equation 

(3.2). 

where H is the resistance in ohms and V is the voltage in volts, and d, e, / , g, 
and h are constant coefficients. The coefficients were found using the KaleidaGraph 

program and recorded for each bridge; an example of a fit is shown in Figure 3.5. 

The calibrations of the thermistors and bridges were routinely tested and found to 

remain stable for the experimental period. 

3.1.3 Dimensionless Parameters 

In addition to Ro and L1/L2, dimensionless parameters governing the experiments 

were a Rayleigh number (either Ra based on the imposed temperature difference or 

Rap based on the imposed flux), 

gaATL-' gaFrL' 
Ra = or ita/r = -. 

UKT pCpUKr^ 

the asi)ect ratio, 

and the Prandtl number, 

Pr = 
Kt 

(3.3) 

(3.4) 

(3.5) 
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where g is the acceleration due to gravity, and a , u, KT, p and Cp are the thermal 

expansion coefficient, kinematic viscosity, thermal diffusivity, density and specific 

heat capacity of water, respectively. The Nusselt number, 

= (3.6) 

characterizes the rate of convective heat transport relative to that due to molecular 

conduction in the case of no flTiid motion, and can be used to relate the two Rayleigh 

numbers as, 

RaF = NuRa. (3.7) 

The water properties required to calculate the Ra, Rap, Pr and Nu are derived using 

the temperatures measured at mid-depth of the interior region. The density model 

for water is that of McCutcheon et al. (1993), and u, KT and Cp are interpolated 

from values tabulated in Batchelor (1967). Small variations in Ra and Rap for 

experiments driven by identical boundary conditions arise from minor changes in 

the water properties. 

The focus in this study is on the effect of a sill. The other global parameters were 

therefore fixed as far as was practical. The aspect ratio A = 0.16 and the Prandtl 

number Pr = 4.7±0.2, the latter depending slightly upon the teniperatiu'e in each 

experiment. Unless stated otherwise (Table 3.1), the results are for runs with a 

basin length ratio L1/L2 ~ 1/4 and either an imposed heat flux of 280 W {Rap = 

1.85 X IQi") or an imposed temperature difference of AT =24 °C {Ra = 1.55 x 10^^) 

The Rayleigh number achieved was large enough for the plume to be turbulent and 

the circulation to be in the entrainment regime of horizontal convection (Hughes & 

Griffiths, 2008). 

3.1.4 Experimental Procedure 

The tank was completely filled with de-aired water of room temperature' and the 

thermal boundary conditions were applied. A 3-4 day period of adjustment was 

allowed for each experiment to reach thermal equilibrimn. Once this state was 

achieved, 13 vertical profiles were taken of each experiment over a period of 1- 2 

days; a vertical profile consists of traversing six thermistors simultaneously through 

the entire depth of the tank. The 13 vertical temperature profiles were averaged 

to give a single vertical profile from each thermistor. Differences between the 13 

profiles were discernible only 

in the bottom 20 nnn over the heated base where the 

thermistors traversed through small-scale convective eddies (Mullarney et a/., 2004). 

Temperature data is generally presented here in normalized form, Tn{z) = 

{T{z) - Tc)/AT, where T{z) is the temperature measured at depth 2, T^ is the 

fixed temperature of the cooled boundary and AT is the temperature difference 

between the heated and cooled regions of the boundary in the same experiment 

(measured in the copper base). In the cases of an imposed heat flux, A T was free to 

' 5°C de-aired water was used for the experiments in which Lg was varied (exp. #18 25) 
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Table 3.1: Experimental conditions and calculated values for key 
ters defined in the text. Boundary conditions of imposed heat flux 

dimensionless parame-
and imposed tempera-

Exp. B.C.s Watts Rap {Ra) Sill RD Li/L; S/D Nu 
1 flux 280 1.85 X 10̂ 4 fiat 1 1/4 0.055 145 17.79 
2 flux 280 2.06 X fiat 0.05 1/4 0.203 103 0.8005 
3 flux 280 1.97 X lOi^ fiat 0.1 1/4 0.103 133 1.601 
4 flux 280 1.89 X 101" fiat 0.15 1/4 0.064 142 2.668 
5 flux 280 1.87 X lOi" fiat 0.2 1/4 0.059 144 3.558 
6 flux 280 1.87 X fiat 0.25 1/4 0.060 144 4.447 
7 flux 420 3.74 X IQi" flat 0.1 1/4 0.077 144 1.797 
8 flux 210 1.30 X lO '̂i fiat 0.1 1/4 0.134 125 1.420 
9 flux 420 3.53 X fiat 1 1/4 0.049 152 20.41 
10 flux 210 1.22 X IQi'' flat 1 1/4 0.062 135 16.13 
11 AT - (6.26 X lO^i) flat 0 1/4 0.055 - 0 
12 AT - (1.48 X 1012) flat 0.05 1/4 0.083 - 0.8224 
13 AT - (1.57 X 1012) flat 0.1 1/4 0.091 1.645 
14 AT - (1.56 X 1012) flat 0.125 1/4 0.074 2.284 
15 AT (1.56 X 1012) flat 0.15 1/4 0.062 2.741 
16 AT (1.55 X 1012) flat 0.25 1/4 0.056 - 4.569 
17 AT (1.55 X 1012) flat 1 1/4 0.055 - 18.28 
18 flux 280 2.10 X 101" V 0.1 1/4 0.153 125 1.779 
19 flux 280 1.99 X 101" V 0.15 1/4 0.088 135 2.668 
20 flux 280 1.96 X 101" V 0.2 1/4 0.074 137 3.558 
21 flux 280 1.93 X lOi" V 0.25 1/4 0.066 139 4.447 
22 flux 280 1.89 X lOi" V 0.95 1/4 0.057 142 16.90 
23 AT - (1.38 X 1012) flat 0.05 1 0.695 - 0.8224 
24 AT - (1.61 X 1012) flat 0.05 4 0.880 - 0.8224 
25 AT - (1.55 X 1012) flat 0.15 1 0.065 - 2.741 
26 AT - (1.55 X 1012) flat 0.15 4 0.065 2.741 
27 flux 280 2.21 X lOi" flat 0.05 1 0.890 88 0.8005 
28 flux 280 2.24 X lOi" flat 0.05 4 0.880 113 0.8005 
29 flux 280 1.90 X lOi" flat 0.15 1 0.069 141 2.668 
30 flux 280 1.90 X 101" flat 0.15 4 0.055 141 2.668 
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adjust to ensure the imposed heat flux was accoimnodated. The thermal boiuidary 
layer thickness S is defined here as the region accommodating 98% of the top-to-
bottom temperature difference, based on the two profiles above the cooled region in 
the large basin. The heat transport for the experiments with imposed flux boundary 
conditions is characterized by the Niisselt number (3.6). 

As the aim was to obtain accurate temperature measurements, removal of the 
sidewall insulation was undesirable and only brief intervals ( < 30 min) of flow vi-
sualization were carried out during which no measurable temperatiu'e perturbations 
were detected. Potassium permanganate crystals were dropped through access tubes 
in the tank lid. 

In a separate calibration experiment the cooling was turned off and the water 
in the tank was stirred and heated above the temperature of the room, before the 
heating was turned off, and the subsequent cooling rate of the water in the insulated 
tank measured. This gave the bulk heat loss from the water in the tank to the room 
as 1.013 X { T t a n k - T i a b ) (hi Watts). Applying this heat transfer coefficient to the flow 
experiments implies that, in general, 0.5% of the total heat input to the tank was 
lost to the room. For the cases with either very large sills and imposed heat flux, or 
a larger imposed heat flux (exp. # 2 , 7, 9, 27 & 28), sections of the tank reached up 
to ~ 50°C, for which we estimate the total heat lost to the room approached 3.5% 
of the total heat input. The conductive heat transfer through the barrier forming 
the sill was calculated for the worst case to be 0.2% of the total heat input. 

3.2 Results 
The circulation (e.g., Fig. 3.6) was similar to that in previous observations of hor-
izontal convection with no sill (e.g.. Fig. 1.2 and the descriptions of Rossby, 1965; 
Mullarney et ai, 2004). There was a stable thermal boundary layer above the cooled 
portion of the base. Water in the boundary layer flowed continually from the cooled 
region of the base to the heated portion, where a convective mixed layer (CML) was 
maintained. The CML was the result of local convective instabilities on the heated 
boundary and was capped by the overlying stable boundary layer stratification. For 
small and moderate sifl heights {i.e. for RQ > 0.15), the depth of the CML increased 
towards the endwall of the tank, at which point all the overlying stratification had 
been eroded and the CML carried most of the boimdary layer transport into an 
unsteady, buoyant endwall plume which rose into the small basin. The small basin 
was kept well-mixed above the level of the sill by the turbulent convection that was 
free to rise from the base while being swept in a basin-scale overturning. For the 
highest sills (smallest gaps, RD < 0.15), the vertical extent of the CML was instead 
linnted by the warm well-mixed region above the level of the sill. A small fraction 
of the boundary layer transport did not acquire sufficient buoyancy to rise in the 
plume and was returned above the boimdary layer in a weak horizontal intrusion. 
The horizontal extent of this weak intrusion was steady and finite, and deternnned 
by balancing the rate at which intrusion water was being supplied by the boundary 
layer with the rate at which intrusion water was being recycled back into the lower 
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boundary layer. Water was continually displaced from the small basin in a sill over-

flow that supplied a turbulent buoyant plume in the large basin. (In contrast, recall 

that for cases without a sill and hence no small basin, there was a single plume 

against the tank endwall; Mullarney et a i , 2004). Entrainment of ambient water 

from the large basin into the overflow plume maintained a weak stable density strat-

ification throughout the depth of the large basin. The large-scale circulation was 

dependent in detail upon the sill geometry, but included the boundary layer flow to-

wards the small heated basin, entrainment into the endwall plume and sill overflow, 

an overflow plume outflow along the top of the tank, and a broad downward flow in 

the large basin towards the forcing boundary. 

3.2.1 The Effect of Sill Depth 

The effect of a sill on the water properties (temperature) in the main basin is the 

key question of oceanographic interest. The effect is likely to depend of sill depth. 

In the experiments, sill depth is represented by the normalized gap height RD and 

its effect on the circulation is illustrated by Figures 3.6 and 3.7. When the gap was 

large, no direct interaction is apparent between the sill overflow and the relatively 

cooler boundary layer flow at the tank base. However, when RD ^ 0.15, the over-

flow and the (cooler) boimdary layer were forced to interact in the vicinity of the 

sill. This interaction increased the range of temperatures in the overflow, leading 

to an increased proportion of overflow water not sufficiently buoyant to be fully in-

corporated into the phmie and rise through the depth of the large basin. It instead 

formed a weak horizontal intrusion of steady and finite length at the level of the sill; 

intrusion water was recycled into the lower boundary layer. Thus, the intrusion also 

introduced an alternate circulation pathway for boimdary layer fluid that bypassed 

the small basin. This pathway is dominant for very small gaps {Rp < 0.05), for 

which exchange across the sill was strongly restricted. In this extreme, a larger 

proportion of the water from the boundary layer was present in the plume that rose 

through the depth of the large basin (Figures 3.6c,d and 3.7c). In the limit where the 

gap was closed, circulation in the large basin resembled that expected for horizontal 

convection in a box of reduced length L2 and reduced heat input. 

The two types of boundary condition gave qualitatively different circulations 

when the gap was small. For imposed heat flux the sill exchange flow must accom-

modate a fixed proportion of the heat input (which depends on the lateral position 

of the sill), whereas there is no constraint on the heat transport for imposed tem-

perature difference. Consequently, the stable boundary layer and sill overffow were 

confined to more rapidly flowing (and thinner) layers for smaller gap heights with 

imposed flux conditions (Fig. 3.7). Wi th imposed temperature difference, on the 

other hand, the smaller gap tended to shut off the exchange flow (Fig. 3.6c). Cori-

vective instabilities at the heated base then mixed throughout the small basin the 

small proportion of water that passed through the gap. Note that for imposed tem-

perature difference and R p = 0 (Fig. 3.6d), there was a weak horizontal intrusion 

from the base of the plume: a possible explanation for this particular case is that the 

tank length is effectively shortened and the Rayleigh number reduced sufficiently to 



38 Horizontal Convection with a Sill 

a) 

0 

d) 

Figure 3.6: Photos of experiments with an imposed temperature difference and a fiat 
sin for RD vahies of (a) 0.15, (b) 0.1, (c) 0.05 and (d) 0. Just over half of the tank is 
visible: the field of view extends 0.75 m from the left-hand end and incorporates the heated 
region. Potassium permanganate crystals were dropped into the bottom boundary layer 
at the mid-point of the box, where they dissolved. The tracer was advected with the flow 
beginning with mixing through the convective mixing layer over the heated plate. The 
weak horizontal intrusions at the sills are visible; in photos they appear prominent due 
to their steady nature and minimal dilution of the tracer dye, but in reality they do not 
significantly modify the circulation. 
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b). 

jm 
• c) 

Figure 3.7: Photos of experiments with an imposed flux and a flat sill with Ro = (a) 

0.15, (b) 0.1 and (c) 0.05. Only the left-hand (heated) half of the tank is shown. Dye 

tracer was added as in flgure 3.6. 
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support the intrusive regime of horizontal convection (Hughes & Griffiths, 2008). 
Examples of vertical profiles of normalized temperature r „ ( z ) in the large basin 

are shown in Figure 3.8. The profiles show that the temperature field was almost 
unchanged by the presence of a sill, for a given set of bovmdary conditions, if the 
normalized gap height was not small {Rd > 0.15). Slight thickening of the thermal 
boundary layer and warming (towards the temperature of the heated base, r „ = 1) in 
the basin interior was measured as the gap was decreased from Ro = I to Bp = 0-15. 
The effects of the sill depth on interior temperatures and on the difference between 
the two basins are summarized in Figure 3.9, where normalized temperatures at 
mid-depth are shown as a function of gap height. Hughes et al. (2007) predict 
Tn{D/2) = 0.87 for the imposed heat flux experiments with no sill, consistent with 
our results. The temperature difference between the two basins (Fig. 3.9c) was 
very small for Rd > 0.15, a further sign that the sill did not significantly impede 
the circulation. The thermal boundary layer thickness, plotted in Figure 3.10, is 
normalized by that measured for identical boundary conditions in the absence of a 
sill and is unchanged for Rd > 0.2, or only slightly increased for 0.1 < ^ 0-2. 

For R o ^ 0.15 the presence of a sill resulted in a global modification of the 
temperature field (Figures 3.8a,b, 3.9, 3.10). Although the details show some de-
pendence upon boundary conditions, a number of consistent features emerge. As 
the gap height was decreased below R o = 0.15, the temperature diflFerence between 
the two basins increased (Fig. 3.9c). This increase follows a warming of the small 
basin and allows buoyancy forcing to maintain an exchange fiow across the sill. For 
imposed heat fiux the exchange must carry (at least) all the heat input from the 
base of the small basin, and the lateral temperature difference is expected to in-
crease without bound as Rq 0. (Although not apparent in Fig. 3.9b the range of 
temperatures measured in the large basin increased monotonically as Ro decreased 
for all Ro-) In contrast, for the case of imposed temperature difference there is no 
requirement for the exchange to carry a particular amount of heat or mass, and 
the small basin approached the boundary temperature. The large basin too was 
relatively warmer for 0.1 < R q < 0.2, but by a lesser amount, whereas for R o ^ 0 . 1 
there was a sharp drop in the normalized temperature of the large basin (Figures 
3.8b and 3.9b; the range of temperatures in the large basin also begins to decrease 
below very small values of Ro)- For the case of an imposed heat fiux this sharp 
decrease in normalized temperature can be partially attributed to an increase in AT 
resulting from the restriction of mass and heat transport across the sill. 

The modification of the temperature field for small gaps is also evident in the 
boundary layer thickness 5, which we compare to the thickness 5o vmder identical 
surface boundary conditions but without the sill (Fig. 3.10). For R o < 0.2, the 
boundary layer was thicker. We attribute this to the formation of the strong hori-
zontal intrusion near the level of the sill (Figures 3.6 and 3.7), which coincides with 
a reduction of heat removed from the box by conduction to the cooled bovuidary 
for imposed temperature difference and with an increased temperature difference 
across the boundary layer for imposed heat flux. However, for dimensionless gap 
heights Ro <0.1, the boundary layer thickness was more strongly dependent upon 
the boundary conditions. For imposed temperature difference it thinned from a 
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0.6 0.7 

T(z ) 

Figure 3.8: Vertical profiles of normalized temperature, Tn{z) = {T{z) — Tc)/{AT), 

where Tc is the temperature measured in the cooled base. Each plotted profile represents 

an average from two thermistors positioned in the large basin above the cooled plate, where 

horizontal temperature variations are small. Note that the vertical axis is logarithmic and 

height is normalized by the total depth: (a) imposed heat flux experiments with a flat sill 

(b) imposed temperature difference experiments with a flat sill (#11-17), and (c) 

experiments with a V-shaped sill (#18-22). 
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Figure 3 .9 : Normalized temperatures T„ at mid-deptli in tlie (a) small basin and (b) large 
basin, and (c) the normalized temperature difference A T „ between the two basins, where 
Tn(D/2) = (T(D/2) - Tc)/{ATy. (diamond) imposed temperature difference and flat sill; 
(star) imposed heat flux and flat sill; (solid circle) imposed heat flux and V-shaped sill. 
For imposed heat flux with R o -)• 0, T „ ( D / 2 ) in the small and large basins will approach 
the limits of 1 and 0, respectively (recall that A T will however continue to increase), and 
thus ATn{D/2) will approach 1. 
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Figure 3.10: Normalized tliermal boundary layer thickness S/5o as a function of normal-

ized gap height Rd = ( D — Ds)/D for flat and V-shaped sills. Data are for boundary 

conditions of imposed heat flux (star) and imposed temperature difference (diamond) with 

a flat sill, and for imposed heat flux with a V-shaped sill (solid circle). The normalization 

is in each case based on the boundary layer thickness (5o measured in control cases having 

identical boundary conditions but no sill. 

maximum at ^ 0.1 as the gap was closed, due to the reduction of heat through-

put ((5 decreases towards a value slightly greater than 5o as Rd approaches 0). For 

imposed heat flux no boundary layer thinning was measured at Ro > 0.05 as the 

heat throughput remained fixed (although it is again expected that 5 will decrease 

to a value slightly greater than as Rd approaches 0). 

The variation of Nusselt number with dimensionless gap size is shown in Figure 

3.11 for the imposed heat flux experiments. The increase in AT as Rp decreased 

below 0.2 (with heat input held constant) led to a monotonic reduction in Nusselt 

number with decreasing gap size (Fig. 3.11). The Nusselt immber is expected to 

decrease to 0 &s Rd 0, based on the unbounded increase in base plate temperature 

difference for 0. 

Four additional experiments (#7-10 in Table 3.1) were conducted at two other 

imposed heat fluxes, 210 and 420 W. for Rd = 0.1 and 1. The results were similar 

to those with an imposed heat flux of 280 W, although measurements indicated that 

the sill had a relatively greater effect on the temperature field for smaller imposed 

heat fluxes. This behavior can be attributed to a thicker boundary layer for smaller 

Rayleigh niuubers (Rossby, 1965; Mullarney et ai, 2004), and we return to these 

results in §3.3. 
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Figure 3.11: Nusselt numbers for the experiments with an imposed heat fiux of 280 W 

and flat (star) and V-shaped sills (solid circles). The Nusselt number is expected to go to 

zero for Bp —>• 0. 

3.2.2 Non-Uniform Sills 

Cross-stream variation in the sill height caused the overfiow to be concentrated in 

the vicinity of the niaxirnuni sill gap, at the centre-line of the tank. The V-shaped 

sills (#18-22 in Table 3.1) presented only a small obstruction to the flow close to 

the tank base, where the boundary layer flows into the small basin, but a much 

greater obstruction (in terms of the cross-sectional area) at the heights where the 

sill overflow is exiting the small basin. For most gap heights > 0.1) the overflow 

carried sufficient horizontal momentum to cause the buoyant plume to separate from 

the vertical side of the sill, subsequently rising through the large basin at an angle 

of ~ 30° to the vertical (Fig. 3.12). The separated plume was initially laminar 

but unsteadiness and turbulence developed as it rose. This separation behaviour in 

the laboratory is attributed to greater momentum of the relatively narrow overflow 

through the apex of the V-shaped gap compared with the uniform overflows for flat 

sills, and is therefore also a result of the vertical sides of the sill and is unrealistic in 

the ocean context. However, the experiments offer useful insight into relevant flow 

dynamics associated with entrainrnent into the plume. For the largest gap examined 

(i?D = 0.95) the overflow phnne reached the top prior to the onset of unsteadiness. 

For the smallest gap {RD = 0.1) the overflow remained attached to the side of the 

sill (Fig. 3.12d). Otherwise, the circulation details were almost identical to those 

observed with a flat sill and the same gap. 

The shape of the sill led to only minor changes in the temperature field. Nor-

malized temperature profiles in the large basin (Fig. 3.8 a,c) and for a given RQ 
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Figure 3.12: PhotograpliK of experiments with an imposed heat flux and a V-shaped sill 

with RD = (a) 0.95, (b) 0.2, (c) 0.15 and (d) 0.1. Only the left-hand (heated) half of the 

tank is shown. Potassium permanganate crystals were dropped into the bottom boundary 

layer in the small basin on the left. 
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show that the temperature throughout the flow is shghtly warmer with a V-shaped 
sill (see also Fig. 3.9a,b). Cross-stream variation of the sill height also resulted in 
a larger boundary layer thickness for a given R p (Fig. 3.10), which we suggest is 
due to blocking of the boundary layer and return flow by the sill geometry. The 
increased boundary layer thickness is consistent with the slight warming in the inte-
rior of the large basin, thus maintaining the temperature gradient in the boundary 
layer for conduction to the cooled plate to accommodate the imposed heat through-
put in the how. The increased temperature difference also implies a smaller Nusselt 
rmrnber Nu than for a flat sill with the same maximum gap height (Fig. 3.11). 
Note however that the temperature difference across the sill was independent of sill 
shape (Fig. 3.9c). Hence the interior buoyancy difference driving the exchange flow 
is determined primarily by the maximinn gap height. 

3.2.3 Effects of Sill Position 

An additional eight experiments (#23 30 in Table 3.1) were carried out to inves-
tigate the effect of lateral sill position; the basin length ratio was changed from 
L1/L2 = 1/4 to 1 and 4 for both types of bomidary conditions, with fiat sills having 
Ro = 0.05 and 0.15. The position of the sill played only a minor role in all exper-
iments with RD = 0.15 and no significant differences were measured. However, the 
position of the sill had a significant influence on the circulation for the smaller gap 
height {RD = 0.05) with both types of boundary conditions. For L1/L2 = 1 and 
4 the basin to the right of the sill (no longer the larger basin, but cooled by the 
base) contained an overturning circulation that was largely confined to the lower 
1/5 to 1/3 of the tank. This shallow overturning was attributed to the large tem-
perature range of water feeding the sill overfiow from the left-hand basin, which for 
these sill positions had a stratified therinocline overlapping the depth of the sill. 
The exchange flow across the sill in these cases was minimal, except for the case 
of L1/L2 = 1 and an imposed heat flux in which the exchange must accommodate 
all the heat transport. The circulation in the left-hand basin (which was bounded 
below by all the heated base) resembled that of standard horizontal convection, 
with the exception of the experiment with an imposed temperature difference for 
LxjL-i = 1. In this exceptional case, the absence of any differential heating in either 
basin, coupled with the restriction presented by the sill, means that there is little 
reinforcement of a large-scale overturning. Instead of the boundary layer feeding 
into an endwall plume, convection was observed above the thermal boundary layer 
throughout nmch of the left-hand basin. 

The Nusselt numbers for the experiments with imposed heat flux investigating 
the effect of sill position (Exps. # 2 , 4 & 27- 30) are shown in Figure 3.13; they are 
I)lotted for Ls = L i /L . The Nusselt number of the control case is shown by the 
blue line. For RD = 0.15 there is no significant difference in Nu observed for any sill 
position. For RD == 0.05 there is a minima in Nu at Ls = 0.5, with Nu approaching 
the value of the control case as Ls goes to 0 or 1. 
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F igure 3.13: Nusselt number of the experiments with imposed heat flux at the difl'erent 

sill positions (Exps. #2, 4 & 27-30). The green and red triangles represent the experiments 

with RD = 0.15 and 0.05, respectively. The blue line is the Nusselt number of the control 

experiment with R o — i-

3.3 Discussion 

The results show that the influence of a sill on the basin-scale circulation becomes 

especially strong when the stable boundary layer flow interacts directly with the sill 

overflow, tending to reduce the buoyancy of the sill plume and modify the range of 

densities in the large basin. We therefore define RQ = {D - Ds)/So = B.D{D/5Q), 

where 4 is the boundary layer thickness in corresponding control cases having the 

same boundary conditions but no sill. Thus the ratio of the gap height and boundary 

layer thickness is the parameter of interest. Given that the boundary layer and the 

counter-flowing overflow at the crest of the sill are of similar thickness, we anticipate 

that RO <2 implies an interaction that impedes the sill exchange flow, modifies the 

boundary layer thickness from the control case and leads to mixing that modifies 

the overall circulation. Note that as the boundary layer thickness (5o is a function of 

Rayleigh mnaber {SQ ~ Rap'^^^] Mullarney et ai, 2004), we might expect a given 

sill to pose less of an obstacle to flow for larger Rayleigh nmnbers. This is indeed 

apparent in Figures 3.14c and 3.15 (triangle symbols, imposed flux increasing to the 

right), where an increased imposed flux returns a decreased inter-basin normalized 

temperature difference and normalized boundary layer thickness. 

The data from Figures 3.9 and 3.10 are replotted as a function of /?o in Figures 

3.14 and 3.15, respectively, together with the additional data from experiments in 

which Rt t f was varied. The normalization largely collapses all the temperature data 

in Figure 3.14 for /?o > 1, irrespective of sill geometry, though a small difference 
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Figure 3.14: Normalized temperature and temperature difference A r „ between the two 
basins at mid-depth as a function of the ratio of gap height to reference boundary layer 
thickness in the absence of a sill: Experiments with a flat sill and an imposed flux of 280 W 
(stars); a range of imposed fluxes (triangles, inputs of 210, 280 and 420 W, increasing to 
the right); an imposed temperature difference (diamonds); and with a V-shaped sill and 
imposed heat flux (circles). The North Atlantic observations of Figure 3.17 are plotted as 
magenta dashed lines; the method for calculating the position of the lines is described in 
§5. 
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Figure 3.15: Normalized thermal boundary layer thickness 5/5o as a function of Rq for 

flat and V-shaped sills. Symbols as defined in Fig. 3.14. The red dashed line represents 

the theoretical boundary layer thickness for Rd=0 and an imposed heat flux (allowing a 

50% smaller heat flux and a 25% shorter box length available to the circulation owing to 

the closure of the sill passage); thus a maximum of (5/5o exists in the range 0 < Rd < 0.05. 

between imposed temperature and imposed flux boundary conditions (Fig. 3.14a,b) 

is apparent. The normalized boundary layer thickness (Fig. 3.15) similarly collapses 

for Ro> 1, again with a small dependence on the boundary conditions. Importantly, 

Figures 3.14 and 3.15 show that the influence of a sill on the circulation is apparent 

for 2 < /?o < 4, and strong for Rq < 2. A significant dependence on the boundary 

conditions develops for i?o < 2. 

Partial blocking of the boundary layer flow by the sill alters the temperature 

stratification in the large basin (see Fig. 3.8) and shifts the normalized temperature 

at mid-depth in the large basin closer to that of the cooled boundary (Fig. 3.14b; 

note that this corresponds to an increased range of temperatures, except for imposed 

teniperattn-e difference at very small Rq). The normalized temperattire at mid-depth 

in the small basin approaches that of the heated boundary for large sills (Rq —> 0. 

Fig. 3.14a). Larger temperature differences are required to drive the exchange flow 

across larger sills (smaller Ro\ Fig. 3.14c), causing the water entering the overflow 

plume in the large basin to be more buoyant. As the overflow is the source of the 

most buoyant water in the large basin, the range of tem{)eratures (and therefore the 

deep stratification) in that basin is increased. The restriction of the sill exchange 

also results in an intrusion into the large basin at levels comparable with the sill, 

and the intrusion results in a thicker thermal boundary layer (as measured on the 

basis of a vertical temperature profile). 
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3.4 Application 

Transformation of snrface waters into what eventually becomes North Atlantic Deep 
Water (NADW) occurs in the Labrador and Nordic Seas (Hansen et ai, 2004). The 
outflow of dense water from the Nordic Seas must overcome the Greenland-Scotland 
Ridge (GSR), but no equivalent topographic feature exists in the Labrador Sea. The 
two main paths that the dense waters take across the GSR are the Denmark Strait 
(DS) and the Faroe Bank Charmel (FBC) (Fig. 3.16), at 620 and 840 m depth, 
respectively (Samiders, 2001). These channels might be criidely approximated as 
V-shaped sills having RD ~ 0.15 and 0.2, respectively (taking the North Atlantic 
Ocean as 4000 m deep). The base of the therrnoclirie in the North Atlantic at 
latitudes south of the GSR is found at a depth of approximately 1000 m. We are 
unable to predict the exact depth the thermocline would take in the absence of the 
GSR ((̂ o) as we cannot accurately account for the effects of winds, Goriolis and other 
processes involved in setting the thermocline depth of the North Atlantic. However, 
it is unlikely that the value of (!)o would be less than 400 in (a value required to give 
i?o > 2), and therefore we expect the GSR to be characterized by dimensionless gap 
heights Ro < 2. Thus the experimental results imply that these sills will have an 
ocean-wide effect on the density field and circulation. A verifiable prediction from 
the experimental results is that the restriction of the circulation results in significant 
modification of the dense overflow plume waters by interaction with thermocline 
waters in the vicinity of the GSR. As outlined below, this prediction is consistent 
with observations. 

The Labrador and Nordic Seas each account for approximately 1 / 3 of the total 
transport of NADW flowing south in the North Atlantic (Hansen et al, 2004), En-
trainrnent of ambient water into the GSR overflow j^lumes contributes the final third 
of the total production rate of NADW. This entrainment doubles the GSR overflow-
transport (Dickson & Brown, 1994) and significantly modifies the properties of the 
sinking plumes. Our experiments demonstrate a means by which the modification 
may depend on whether the overflow plume at the sill is shallow enough for it to 
interact with the thermocline. In the case of the Denmark Strait Overflow (DSO) 
the plume has a maximum warming rate of 0.4 to 0.5 °C per 100 km during the first 
200 km downstream of the sill (where the biflk of the slope plume descends through 
the thermocline), and a decreased warnnng rate of 0.05-0.1°C per 100km for the 
remainder of the descent before reaching Cape Farewell (Voet & Quadfasel. 2010). 
The Faroe Bank Channel Overflow (FBCO) undergoes intense mixing with overly-
ing thermocline waters within the FBC, diluting the entire FBCO (Fer et ai, 2010) 
Once the FBCO plume has exited the FBC and sunk below a depth of 1200 m the 
rate of change, with downstream distance, of the outflow plume properties is much 
reduced in potential temperature-salinity {0-S) space; Mauritzen et al. (2005) have 
already attributed this to the overflow no longer encountering and entraining ther-
mocline waters. In addition, nnxing rates for the GSR overflows have been fotmd 
from hydrographic data to be 10 times higher than further downstream (and 100 
times greater than the background nnxing rate; Lauderdale et a/., 2008). 

Fig. 3.17 shows the range of 0-S properties that characterize the dense southward 
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flowing waters entering the DS and FBC (green and blue thick bars, respectively), 
where mixing proceeds (in the region boinided by the green and blue broken lines) 
with the overlying, much warmer and saltier thermochne waters (large green and 
blue circles). The properties of these mixed waters, which then sink beyond the ther-
mochne depths, are shown by the small green and blue circles. The temperature and 
salinity of the overflows are increased by approximately 1 °C and 0.1 psu during this 
stage due to the interaction with thermochne waters. At greater depths the over-
flow plumes entrain North Atlantic intermediate water (red circle), which causes 
a relatively small modification of the overflow properties (in the region bounded 
by magenta broken lines), before forming the deep western boundary current that 
rounds Cape Farewell (magenta circle) at depths of 1900 — 3000 m and enters the 
Labrador Sea (yellow circle). The waters from the GSR overflow phmies then in-
teract with waters in the Labrador Sea before exiting as NADW (black diamond). 
Thus the increase in temperature and salinity during the transformation from GSR 
source waters to NADW is seen to occur almost exclusively in the GSR overflows, 
with most of this change occurring as a result of interaction with the thermochne 
waters. 

The properties of Antarctic Bottom Water and Arctic Ocean Water are included 
in Figure 3.17 (black circle and square, respectively); while Arctic Ocean Water (the 
ultimate source water for the GSR overflows) is significantly denser than AABW, 
the NADW is less dense and overlies AABW. This raises the question of what role 
the GSR might play in influencing the relative densities of AABW and NADW. The 
experimental results show that the presence of a sill increases the density difference 
between basins (regardless of surface bovmdary conditions) and we expect to see the 
greatest response in the density of abyssal waters in the main (lower-latitude) basin: 
NADW will be warmer (assuming temperature is the main player in density) than 
with a small (or no) sill. The experiments also show that the range of temperatures 
(i.e. strength of the stratification) in the main basin is increased by a significant sill, 
implying that the GSR causes North Atlantic surface waters to be warmer. This 
adds to the global influence of the GSR. 

Other oceanographic observations lend support to the hypothesis that the GSR 
has a global influence. In Figure 3.14 key potential densities (shown by dashed 
horizontal lines as we lack a robust measure of Bo for the GSR) are normalized in 
the same manner as the experimental data: these are the potential densities of the 
Arctic Ocean ( > 2000 m deep) and upper North Atlantic water immediately south 
of the GSR, which are representative of the range of densities that interact in the 
vicinity of the sill, as well as the potential densities of the southward flowing waters 
entering the GSR and the NADW. If the GSR were to have little influence on the 
circulation, we would expect the normalized mid-depth density (Figure 3.14a,b) to be 
approximately 87% of the normalized density range (see Hughes et a/., 2007) and to 
have negligible density difference across the sill (Figure 3.14c). This is clearly not the 
case, supporting the case that the GSR leads to a decrease in the potential density 
of the NADW (and an accompanying small increase in the potential density of the 
high-latitude waters). This represents a major influence on the density structure of 
the ocean. 
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Figure 3.16: Schematic of Denrnarlc Strait Overflow (green) and Faroe Bank Channel 
Overflow (blue) pathways across the Greenland-Scotland Ridge. The locations of the 
water properties used to generate Figure 3.17 are shown; the green and blue bars and 
cross-haired circles show the overflow source and outflow locations, respectively. Figure 
generated in GeoMapApp utilizing the Global Multi-Resolution Topography synthesis of 
Ryan et al. (2009). 
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Figure 3.17: Characteristic potential temperature-salinity (d-S) diagram for the water 
masses involved in the Greenland-Scotland Ridge exchange. The water mass properties 
(taken from Saunders, 2001; Locarnini et ai, 2010; Antonov et al, 2010) are the dense 
southward flowing waters entering the Demnark Strait and Faroe Bank Channel (green 
and blue bars, respectively), the relatively warmer and saltier overlying thermocline waters 
(large green and blue circles, respectively) and the overflow plumes sinking beyond the 
thermocline depths (cross-haired green and blue circles, respectively). These overflow 
plumes entrain North Atlantic intermediate waters (red circle) to give the deep western 
bomidary current rounding Cape Farewell (magenta circle) and entering the Labrador Sea 
(yellow circle), subsequently exiting as North Atlantic Deep Water (black diamond). The 
dashed lines indicate mixing triangles coloured as per their respective product waters. 
Antarctic Bottom Water and Arctic Water are shown by the black circle and square, 
respectively. 
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3.5 Conclusions 
The effect of a topographic sill on the convective circulation in a model rectangular 
basin forced by a meridional gradient of surface heating has been investigated. The 
sill is assumed to divide the model ocean into a small (high-latitude) basin, in which 
a sinking plume is situated, and a main (lower latitude) basin. Various sill sizes, 
shapes and surface boundary conditions have been examined, yielding a robust set 
of principles for the large-scale overturning circulation in ocean basins. 

The presence of a sill interrupts the large-scale overturning circulation in the 
model. Nevertheless, a sill overflow of relatively dense water (in the ocean orienta-
tion) from the small to the large basin feeds a plume that maintains a large-scale 
overturning throughout the main basin (and extending into the small basin at depths 
above the sill) that is otherwise qualitatively similar to that throughout the domain 
in the absence of any sill. Indeed, laboratory measurements show that a sill has 
little dynamical effect on the density structure if there is no interaction between the 
sill overflow and the surface thermal boundary layer (or thermocline) waters at the 
sill exchange. 

The overturning circulation in the laboratory experiments was found to be 
strongly restricted when the topography is large enough to ensure the overflow in-
teracts directly with the boundary layer. The water in the small basin is well-mixed 
and, in the ocean sense, is close to the densest in the entire model ocean. Entrain-
ment of relatively warm water from the thermocline into the sill overflow affects both 
the bulk density and the density structure in the main basin. In general, the density 
of abyssal water in that basin is reduced while the range of densities is increased 
(relative to a case of no sill), leading to a stronger density stratification. 

The results have been applied to the exchange of North Atlantic waters across 
the Greenland-Scotland Ridge and the formation of NADW associated with these 
overflows. We find clear evidence of entrained thermocline waters in the NADW 
that is consistent with a strong role for these topographic sills in the basin-scale 
circulation. The topographic constriction of these sills leads to NADW that is 
warmer than it would be if the sills were absent. Further reasoning has suggested 
that the Greenland-Scotland Ridge could lead to the modification of water properties 
on a global scale because of the interaction of NADW and AABW. It seems likely 
that feedbacks involving a modification of the surface circulation and buoyancy 
fluxes are an important part of this process. 



Chapter 4 

Numerical Solutions for 
Overturning Circulations with 
Topography 

We report numerical solutions for thermally-driven overturning circulations with 
topography and a parameterized tiu'bulent mixing. These solutions are primarily 
used to investigate the convective flow from an energetics viewpoint. Analysis of 
the energy budget of the overturning circulation requires knowledge of the available 
gravitational potential energy in the flow and the mechanical power input from sur-
face buoyancy fluxes. Both in turn require calculation of an appropriate reference 
state of no motion. Defining this reference state is complicated by the presence of to-
pographic barriers. Two methods of addressing this issue are proposed and applied, 
along with a method that neglects the influence of topography, to an overturning 
circulation driven by surface buoyancy fluxes in an idealized multi-basin domain. 
The method that ignores topography underestimates the potential energy of the ref-
erence state, resulting in an overestimate of available potential energy. However, it 
is found that the method used to determine the reference state does not significantly 
affect the calculated rate of energy input from surface buoyancy fluxes, which is the 
quantity of dynamical importance to the maintenance of the overturning circulation. 
For a simple case of a ridge that defines a relatively small high-latitude basin within 
a much larger basin, the presence of the ridge increases the available potential energy 
by a large amount only if the sill is shallow enough for the dense overflow to mix 
with the overlying less dense thermocline water. The surface buoyancy forcing, on 
the other hand, is insensitive to the presence of the ridge. Additionally, we compare 
the results of the numerical solutions with those from the laboratory experiments of 

§3. 

4.1 Methods to Determine the Reference State of 
a Multi-Basin Domain 

Current frameworks for calculating a:,, (see §2.2.4 for the definition of z^) seek the 
global minimiun potential energy (Winters et ai, 1995; Huang, 2005; Hughes et ai, 
2009) by adiabatically resorting the entire domain into a single stable stratification, 
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Figure 4.1: Diagram of an initial two-fiuid density field (a) and the three reference states 

of no motion achieved by three different methods of resorting (defined in the text). 

thus returning density p as a single function of This is sufficient for an ocean 

without topography. However, to physically achieve the global mininuun state would 

require that all basins are able to communicate and exchange water masses at all 

depths. The oceans have topographic barriers that divide the oceans into basins 

and tend to act as weirs, damming dense water that lies nears the bottom into one 

or more of the basins while water at shallower depths is free to flow across the whole 

domain. There is no consensus as to the correct reference state to use for calculating 

ẑ , (and thus Eb) in a complex domain. 

To illustrate the problem, consider the simple case depicted in Figure 4.1a. The 

domain contains water of two density classes, with pi < p2, and is divided into 

two basins by a vertical barrier. A 'Single-Basin Resort' (SBR) of the water having 

different densities will return the global minimum potential energy (Fig. 4.1b). To 

physically achieve this state, a portion of the water of density p2 that is initially at 

a level lower than the top of the barrier (the sill) must be raised to flow over the sill. 

Raising this water even temporarily requires an energy input. Therefore this is not 

the state of no motion to which the domain will adiabatically relax in the absence 

of forces other than gravity. 

A physically plausible method would find the state of rnininnnn potential energy 

that the fluid can reach whilst respecting the impermeable topography. We refer 

to this method as 'Multi-Basin Relaxation' (MBR, Fig. 4.1c) and will be described 

in detail in §3. The final state achieved by the MBR method recognizes that a 

topographic ridge is able to support the dense water in the right-hand basin at 

a level higher than the depth of dense water in Figure 4.1b, thereby returning a 

larger value of Eb and a smaller value of Ea- The MBR method returns p as a 

function of for each basin and accounts for the fact that, although topograj^hy 

can support dense water higher in the water column, the potential energy associated 

with this water is not 'available' to the system. The MBR method will retiuii a 

true, unique reference state for a multi-basin domain. The potential energy of this 

reference state is a local minimum in potential energy with respect to perturbations 

of the resorted density field, rather than the global minimum in potential energy 

given by the SBR method. However, the resorting must be an iterative process and 
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F igu re 4.2: (a) An idealized domain with an arbitrary density field and basin configu-

ration used to demonstrate the proposed methods. The reference state calculated by the 

SBR method is shown in (b). 

can be computationally expensive to calculate for the complex three-dimensional 

topography and density fields of the oceans. 

An alternative approach is to ignore the volume below the level of the sill in 

all but the largest basin; effectively 'capping' the minor basin(s) at the level of the 

sill and resorting the remaining volume into a single stratification. We refer to this 

method as the 'Capped-Basin Resort' (CBR, Fig. 4.Id). The resorting methods used 

to achieve the resorted domains of Figures 4.1c and d will return no difference in 

the available potential energy of the simple case shown in Fig. 4.1a, and we propose 

that it may represent an adequate approximation to the true reference state for the 

complex density distribution and topography of the oceans. 

In order to demonstrate the various methods we use the arbitrary density field 

and idealized two-dimensional topography depicted in Figure 4.2a. The methods 

are equally applicable to three-dimensional basins, topography and density distri-

butions. The reference state calculated by the SBR method is shown in Figure 4.2b. 

This is the global minimum potential energy and allows for the densest waters (ini-
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tially located in basin D) to occnpy all basins irrespective of topography. It is a state 

that is not attainable by adjustment under gravity alone from the initial conditions. 

4.1.1 Multi-Basin Relaxation ( M B R ) 

The 'Multi-Basin Relaxation' method seeks the state of no motion that the fluid will 

approach by adiabatic gravitational adjustment. The solution is found by iteration, 

first identifying the basins of the domain, then adiabatically rearranging the fluid 

such that each individual basin is stably stratified. The 4 basins (A-D) of the 

idealized domain in Figure 4.2a occupy the full depth of the water cohunn and are 

defined by the 3 sills and endwalls. The lower portion of each basin is completely 

enclosed by topography, where contact forces balance gravitational forces. Exchange 

with the adjacent basin(s) is able to occur at depths above the sills. 

In the resorting method each basin is individually rearranged such that it is 

stably stratified and in it's state of minimum potential energy (iteration # 1 in Fig. 

4.3). This rearranged state results in unbalanced horizontal pressure differences 

between adjacent basins at depths above the enclosing topography and would give 

rise to inter-basin exchange at these depths. However, there is one basin (C in this 

example) for which this first iteration state below the depth of the sill cannot be 

altered by inter-basin exchanges; this is the basin containing the densest water at 

the top of the sill such that any water able to be exchanged from another basin is 

not sufficiently dense to enter the enclosed lower region. Thus, the topographically 

enclosed region of this basin is isolated, by way of stratification, from the rest of the 

domain and plays no part in subsequent rearrangements; we refer to this isolated 

region as being 'locked' from the domain. Water above the sill and overlying the 

locked region is included into the adjacent basin (B), completing the first MBR, 

iteration. It is important to note that the locked region is not necessarily associated 

with the highest sill nor the densest basin {i.e. not basin D in our example). 

The second iteration begins by identifying the remaining basins (A, B & D) of 

the domain, less the locked region, then rearranging these basins into their respective 

stable states (iteration #2 in Fig. 4.3); basins A & D will be mialtered from the 

previous iteration. The densities at the top of the topographically enclosed regions 

of each stably stratified basin are again compared and a second locked region is 

identified (D in this example). The fiuid overlying the second locked region becomes 

part of the adjacent basin (B), and the second iteration is complete. 

This iterative process contiimes until the entire volume of the domain has reaciied 

a stable state; n iterations are required for a domain of n basins. The MBR method 

returns the unique density distribution from which the reference potential energy 

is calculated for the nmlti-basin domain. The order in which regions are locked is 

not predetermined by topography and strongly depends on the density field at each 

iteration, corresponding to an evolving field as the water adjusts adiabatically 

The final stable density profiles of the four regions are shown in Figure 4.5a 

(dashed blue); it is from these density profiles that Ef, is calculated, namely. 
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F igure 4.3: The evolution of the density field in the domain from that in Figure 4.2a 

through the four-stage iterative process of the MBR method. The first iteration identifies 

the basins of the domain (A D, indicated by the dashed lines) and adiabatically resorts 

each basin individually. The lower enclosed region of basin C (indicated by the transparent 

region) is 'locked' for the second iteration, with the remainder of basin C incorporated 

into basin B. Basin D is the next basin to be locked, with the overlying region becoming 

part of basin B. For the final iteration the enclosed region of basin B is locked. 
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Figure 4.4: The reference state calculated by the CBR; the transparent regions are 
'capped' and treated as solid. 
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for n basins, each associated with a different density profile and Figure 4.5b 
shows the value of at the upper surface for the initial state. This quantity is used 
(with Q) to calculate the energy input from surface buoyancy fluxes. Note that 
the surface waters are not confined to their initial basin by the bottom topography. 
The obvious discrepancy in the final density profiles and of the surface waters 
determined by the different methods will result in a difference in calculated £'{,, Ea 
and We test the significance of this difference for a buoyancy forced overturning 
circulation in a multi-basin domain. 

4.1.2 Capped-Basin Resort (CBR) 

A multi-basin domain can be simplified by 'capping' the enclosed regions of minor 
basins; the water within the enclosed region is ignored and the remaining single 
basin is resorted to find the field of the initial state. This 'Capped-Basin Resort' 
approximation is expected to be valid if the capped regions occupy a small fraction 
of the total volume of the domain, and if the density fields of the 'capped' regions 
at any stage of the gravitational relaxation do not significantly difi'er from those 
generated by the M B R method (e.g., the dense water formation occurring in the 
capped basins simply fills them with dense water). The CBR method is motivated 
by the configm-ation of the global oceans: large basins (Atlantic, Pacific, Southern 
and Indian Oceans) are topographically separated from relatively small polar basins, 
where nnich of the surface cooling and dense water formation occurs. As no part 
of the surface of the domain will ever be included in the capped region, will 
be defined over the entire surface and <I>fc2 can be calculated. For an overturning 
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Figure 4.5: The final density profiles (a) and corresponding z* (b) of the surface waters 
in the initial state (Fig. 4.2a), for the reference states of no motion calculated by the S B R 
(red), M B R (dashed blue) and C B R (green) methods. 

circulation driven by surface buoyancy fluxes the range of densities at the surface is 
much wider than in the interior, hence will range up to the niaxiniuni depth of 
the uncapped region. 

For the example in Figiu'e 4.2a, the CBR method caps the volumes enclosed by 
the sills in basins B, C and D, ignoring the water in these regions and treating it as 
solid (Fig. 4.4). The water initially located in the remaining region is adiabatically 
resorted to return a single stable stratiftcation (shown by the green line in Fig. 4.5a), 
from which we can find an approximate field of Zh< (Fig. 4.5b) and values for Eb, Ea 
and $(,2-

4.2 Numerical Solutions 

4.2.1 Testing and Performance of the Model 

Numerical solutions were used to test the proi)osed methods of determining the ref-
erence state of a multi-basin domain, and expand upon the parameter space covered 
by the laboratory experiments with horizontal convection. The MITgcni (Marshall 
et al, 1997) was used, selecting non-hydrostatic mode to model the Boussinesq flow 
in an ideahzed non-rotating domain, which is 1600 m deep. 300 km long and 500 m 
wide. The domain was two grid cells wide with a periodic condition at the lateral 
boundary to ensure the circulation remains two-dimensional. The convective cir-
culation was forced by an imposed surface heat flux which had a half-sinusoidal 
distribution, antisymmetric about the centre of the domain with an amplitude 
Qo = 250 such that there was a zero net heat flux into the domain. The 
model was run on National Computational Infrastructure (NCI) National Facility. 

Three grids were tested to determine the dependence of the inunerical solutions 
on model resolution. The grids were of lengthxdepth of 256x64, 384x96 (Fig. 4.6) 
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Table 4.1: A table of the three grids tested. Az and Ax refer to the minimum vertical 

and horizontal grid spacing, respectively. All grids tested have a maximum Ax and Ax of 

90 ni and 7500 m, respectively. 

Grid L x D Az (rn) Ax (rn) 

Low 256x64 5 500 

Medium 384x96 2.5 250 

High 512x128 2 100 

Grid 

-500 

e 
N 

100 150 Y (km) 

Figure 4.6: The grid of medium resolution used for the munerical solutions (384x96). 

The figure is vertical axis is exaggerated 85 times the horizontal. 

and 512x128; these are referred to as •low', 'medium' and 'high' resolution. All 

three grids increased in vertical and horizontal resolution towards the surface and 

sinking regions, respectively (Tab. 4.1, Fig. 4.6). The models were run for 50 

model days with identical parameters and at the lowest value of vertical diffusivity 

{Ky = that will be investigated. It has been shown previously that 

the boundary layer at the forcing boundary is of prime importance to horizontal 

convection. Thus, any grid used to model an overturning circulation driven by 

surface heat fluxes must be able to adequately resolve this feature. 

Figure 4.7a,b show profiles of the final 5 day mean temperature through the 

upper 20 ni in the regions of surface heating and cooling, respectively, for each of 

the grids tested. The surface temperatures for the medium and high resolution grids 

are in good agreement. Both of the higher resolution grids capture the temperature 

inversion in the cooling region. The temperature profiles for the low resolution grid 

bears little resemblance to those of the other test cases. We determine that the grid 

of medium resolution is adequate for the numerical solutions in the test domain. 

The independence of the solution on the tirnestep is tested for St = 1, 2 & 5 

seconds. The model was rim for 50 model days with the same configuration as above 
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Equatorial Polar 

Figure 4.7: Profiles of temperature tlirough the upper 20 in of the lieated and cooled 

regions. The three resolutions are shown by the red (low), green (mediiuii) and blue 

(high) lines. 

for each St. Figure 4.8a shows a time log of ininimuin and inaxiinuni temperatures 

in the domain. There is good agreement between all the tiniesteps tested; thus, we 

turn to the computational performance. Figure 4.8b shows the total processor time 

per 10 model day period for the three timesteps tested. The timestep St = 2s was 

selected for use in the numerical solutions. 

The resolution and timestep testing were performed on 32 CPUs. We tested 

the parallel performance of the model by running it on 8, 16, 32, and 64 CPUs. 

The model was run at the medium resolution with St = 2 over 3 model days for 

each of the cluster sizes. Figure 4.9a,b show the NCI service units and wall time, 

respectively, per model day for each of the cluster sizes. It is concluded that 32 

CPUs provides the optimal ratio between the two metrics. 

4.2.2 Model Setup 

The MITgcm was run using the grid shown in Figure 4.6. The domain has sloping 

endwalls (8% gradient) to allow the deep sinking to occur as a gravity current. We 

set no-slip conditions at the bottom and endwall boundaries, and an implicit free 

surface. Density is given by a linear equation of state as a function of heat alone, 

with the thermal expansion coefhcient, specific heat capacity, and reference density 
.-3 

prescribed at a = 2 x Cp = 3900 Jkg-^ "C^V and po = 1000kgm 

respectively. The coefficients of diffusion of heat and momentum were chosen to 

be equal {i.e. turbulent Prandtl number Pr^, = 1) but anisotropic; the horizontal 

coefhcients were fixed at K'h = 15 ni'̂  for all runs, and the vertical coefhcients arc 

varied between Ky = 10"^ to The flux Rayleigh number (2.2) covered 

by the numerical solutions is Rap = 2.2 x 10 '̂' to 2.2 x lO'̂ .̂ 
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Figure 4.8: Figure (a) shows a log of minimum and maximum temperatin-es for the three 

different timesteps tested. Tiiere was no significant difference for the range tested, so we 

turned to the computational performance. Figure (b) plots the average CPU time per 10 

model day period for each of the 6t tested. 

NCI Service Units 
3 

2.5 
tn 
I 2 

SI 
0) 
tfl 

o 1 
z 

0.5 

0 

Elapsed t ime 

• 
• • 

• 

• 8 . 
• 16 
• 32 
• 64 

20 40 60 
Number of CPLIs 

80 20 40 60 
Number of CPUs 

Figure 4.9: Scaling performance per model day; 384x96 grid, St = 2. 
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Table 4.2: Table of the numerical solutions; the columns list the domain, vertical diffu-
sivity, Sd/Sq, the mean temperature differences at the surface (AT/j) and top-to-bottorn 
in the large basin {ATy). 

R,un # Domain Ky (M^S-I) Sd/^0 A T , (°C) AT; (°C) 
1 1 10-'^ - 1.16 0.81 
2 2 10-2 0.79 1.48 0.83 
3 3 10-2 0.45 2.24 0.87 
4 4 10-2 0.79 1.48 0.83 
5 5 10-2 - 1.67 0.83 
6 1 10-3 3.28 2.63 
7 2 10-3 2.12 3.16 2.56 
8 3 10-3 1.19 3.60 2.75 
9 4 10-3 2.12 3.12 2.55 
10 5 10-3 - 3.17 2.68 
11 1 10-4 - 8.49 7.46 
12 2 10-4 7.66 8.65 7.84 
13 3 10-4 4.31 8.49 7.79 
14 4 10-4 7.66 8.60 7.82 
15 5 10-4 - 8.60 7.77 
16 1 10-5 - 20.5 19.3 
17 2 10-5 35.7 20.8 19.5 
18 3 10-5 20.1 20.6 19.3 
19 4 10-5 35.7 20.7 19.4 
20 5 10-5 - 20.3 18.9 

The model was run in five cliffereiit domains (Fig. 4.10): (1) a simple single basin, 
which we use as a control case; (2 & 3) two basins of equal depth separated by a 
sill that occupies 90% and 95% of the domain depth, respectively; (4) two basins of 
unequal depth separated by a sill: and (5) a single basin tha t incorporates a shelf 
region. The sills for domains (2 & 4) have a parabolic profile with the maxinuun 
water depth Sp = 160 m beneath the free surface and located entirely within the 
region of high horizontal resolution (the 'polar' end). It divides the domain into 
a large and small basin; one half of this sill serves as the shelf slope for domain 
(5). The depth of the sill vertex for domain (3) was So = 90 ni. The depth of 
the enclosed region of the small basin was reduced, effectively to zero for domain 
(5), to make a comparison between an enclosed basin region and a shelf. The small 
basins of domains (2-4) account for 13%, 13% and 9% of the total domain volumes, 
respectively. 

The three methods return identical results for domains (1) and (5); these are 
included in the study to illustrate the influence of a sill on the circulation. §3 and 
Stewart et al. (2011) show that a sill will significantly alter the global density field 
(relative to the case of no sill) only if the shallowest point of the sill [So] is less 
than twice the depth of the thermocline (5o) in the control case. This implies tha t 
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the energetics of the circulation will be similar for all domains having SD/SQ > 2, 

so long as the influence of the sill is adequately accounted for when determining 

the reference potential energy state. Twenty cases are examined (Tab. 4.2); each 

of the five domains for four different values of which was varied in order to 

achieve different thermocline depths. If the numerical solutions behave similarly to 

the laboratory experiments, the influence of the sill is expected to be significant only 

for Runs #2- 4 & 8, where the diffusivity and sill geometry give SD/SQ < 2. 

The models were initialized with the entire domain at T = 20°C; due to the 

zero net heat flux the mean temperature of the domain remained constant at this 

initial value. The forcing was applied and the circulation allowed to come to thermal 

equilibrium (a period of up to 1600 model days). At thermal equilibrium the three 

methods were used to determine values for and $(,2 for each time step. Ea is 

given by Equation (2.9) adapted for a multi-basin domain, 

E , = E p - E , = g [ p z d V - T g I pz» dV„ (4.2) 
Jv Jv, 

where n is the number of basins in the domain (ra = 1 for the SBR and CBR 

methods). Equation (2.10) gives $(,2 in terms of buoyancy, and can be expressed in 

terms of heat, 

= i z .QdA, (4.3) 

where a and Cp are the thermal expansion coefficient and specific heat capacity, 

respectively, and Q is the heat flux imposed at the surface A. Both Ea and ^ ^ were 

normalized by the total mass of the fluid volume to allow for comparison between 

the different domains. 

4.3 Model Results 

4.3.1 Equilibrated Circulations 

Figure 4.11 shows the 100-day mean equilibrated temperature fields for solutions 

with Ky = 10"^ m^ in each of the five domains; this value of /v„ is shown because 

it allows the effect of the sill to be demonstrated with a linear colour scale. The 

mean circulation overturned the full-depth in all of the domains. The surface heating 

over the 'equatorial' half of the domain established a thermocline in which relatively 

warm water was transported to the 'polar' end to the domain. The thermocline 

water cooled along the way and upon reaching the polar end the surface had become 

the coldest water in the domain. This cold surface water sank against the endwall 

as a gravity current, outflowing at the bottom of the domain. The gravity current 

warmed, owing to entrainment of ambient water as it sank, resulting in the density 

of the outflow at dej^th being less than that at the surface. The return upwelling 

was broadly distributed along the length of the basin. 

For the numerical solutions with a sill (domains 2-4), the sinking gravity current 

mixed and ventilated the small basin below the level of the sill, as shown in previous 
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Figure 4.11: The mean tempera tu re fields of the equilibrated circulations for solutions 
with = l O - ^ m ^ s - ^ 
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Figure 4.12: Time log of tlie total potential energy less the initial potential energy, nor 
malized by the total mass of fluid in each domain, for the solutions with Ky = 10 - 3 m 2 s - i . 

laboratory experiments (§3 and Stewart et ai, 2011). For A'„ < the 
density of the well-mixed region is that of the gravity current at the level of the sill, 
beneath which the gravity current no longer accesses ambient waters of different 
densities and ceases to evolve in density. Water was continually displaced from the 
small basin in a sill overflow, representing a baroclinic exchange with the overlying 
less dense thermocline water. The shelf regions in the solutions with domain (5) 
were well-flushed by entering thermocline water and exiting dense water. The sill 
and shelf overflows sank to the bot tom of the large basin against the sill and shelf 
slope, respectively, and again were balanced by a broad upwelling throughout the 
large basin. 

There existed a periodic t ime-dependence to the circulations similar to tha t de-
scribed in Hughes et al. (2009). Surface water which was not dense enough to 
penet ra te the underlying stratification a{)peared to collect at the polar end and 
continue to cool, deepening the thermocline in this region. Eventually this water 
became dense enough to sink as the aforementioned gravity current, giving a peri-
odic intermittericy to the deep sinking. The thermocline quickly readjusted as the 
overlying surface waters sink, initiating an internal gravity wave which propagated 
into the interior along the thermocline. Upon reaching the equatorial endwall, the 
internal gravity wave was reflected and returned to the polar end as a surface wave. 
The propagation speed of the surface wave was significantly faster than tha t of the 
internal gravity wave. The t ime tha t the surface wave reached the polar endwall 
aj jpeared to be coincident with the subsequent sinking 'pulse' of surface water. In-
terestingly, there was no t ime-dependence to the circulations for So/^o < 2; we 
a t t r ibu te this to the two-layer critical exc-hange at the sill decoupling the sinking 
pulse from the larger basin. As in the case of Hughes et al. (2009) the oscillation 
ampli tude (relative to the mean) was larger for smaller Ky. The calculated values 
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Figure 4.13: Profiles of temperature with depth for solvitioris with Ky = 

The profiles are taken through the endwall gravity current (blue), sill exchange and over-

flow current (dashed green), and the interior (red). 
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Figure 4.14: Profiles of temperature with deptli for solutions with Ky = ni^ s 

The profiles are taken through the end wall gravity current (blue), sill exchange and over-

flow current (dashed green), and the interior (red). 
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of Ea and <I>62 were therefore averaged over a period of 500 model days. 

Figures 4.13 and 4.14 plot the temperature with depth at three different locations 

in each of the domains for Ky = 10"''̂  and 10"^ m^ respectively. The locations of 

the profiles are in the sinking gravity current (blue, shown to the depth at which it 

encounters bottom topography), the interior of the large basin (red), and at the sill 

exchange and in the sill overflow current (dashed green). The profiles in the interior 

and above the sill are vertical, whilst those in the endwall and overflow currents are 

terrain following to capture the density evolution of the currents with depth. For 

all solutions in domain (1), the two temperature profiles virtually overlap at depths 

below the thermochne. For solutions with SD/SQ < 2 the temperature profiles in 

the sinking gravity current and interior are distinctly separate at all depths. All 

solutions in domains (2-5) show good agreement between the sill overflow current 

and interior throughout most of the lower depths. Temperature profiles through the 

region above the sill clearly show the baroclinic nature of the exchange. 

4.3.2 Comparison to Laboratory Experiments with Topog-

raphy 

The performance of the rmmerical model is compared to the aforementioned labo-

ratory experiments. We determine the influence that the sill has on the mmierical 

solutions and test this against the findings of §3. 

Domains (2-4) have semi-enclosed regions akin to the small basin of the labo-

ratory experiments. The solutions for domain (1) are used as control cases for the 

various values of A'^; from these we determine the respective values of RQ = Sp/So 

for each of the mmierical solutions. (Recall that So is the shallowest depth to the 

sill and SQ is the thickness of the region which incorporates 95% of the top-to-bottom 

temperature difference in the control cases.) 

The 100-day mean temperature fields were used to calculate 5o and the tem-

peratures at mid-depth in the small and large basins. For domain (4) the bottom 

temperature in the small basin is used, although the small basins of domains (2-4) 

and the laboratory experiments are so well-mixed that the temperature is virtually 

independent of depth below the level of the sill. These mid-depth temperatures 

are normalized by the range of temperatures for each solution and shown in Figure 

4.15a,b for the relevant value of RQ-, the difference between these mid-depth tem-

peratures is plotted in c. Also shown are the equivalent normalized temperatures at 

mid-depth from the §3 laboratory experiments with flat sills (reproduced from Fig 

3.14). 

There is good agreement between the rmmerical models and laboratory exper-

iments. One key result from §3 is that a sill will significantly infiuerice the global 

density structure if i?o < 2; we find this result is robust. Interestingly, there is good 

agreement between the hulk properties of the laboratory experiments and nmnerical 

solutions, despite the latter not resolving either mixing at the sill or entrainnient 

into the plume. This suggests the parameterization of the sub-grid processes by the 

enhanced horizontal and vertical difi'usivities in the numerical solutions is adequate 

for modeling the dynamics of the large-scale circulation. 
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F igure 4.15: Normalized temperatures at mid-depth in the small (top) and large (middle) 

basins, and the difference between them (bottom). The results from §3 for laboratory 

experiments with flat sills and an imposed temperatiu'e difference (blue diamonds) or heat 

flux (red stars) are compared with these from the mnnerical solutions in domains (2-4) 

represented by the cyan diamonds, green squares and hollow magenta squares, respectively. 

There is good agreement between the laboratory experiments and the numerical solutions. 
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Figure 4.16: Time logs of normalized Ea (top) and <I>b2 (bottom) calculated by the 
different methods for domain (2) and Ky = lO^^m^s"^ (Run #7) . 

4.3.3 The Dependence of Ea and on the Reference State 
Time series of the values of E^ and (I>b2 calculated by the three methods for Runs 
# 7 - 9 are shown in Figures 4.16-4.18. For all cases the SBR method returned signif-
icantly larger values of E^, with the MBR and CBR, methods showing good agree-
ment. All three methods returned similar values of <̂ 1,2- The t ime dependence of 
the circulations is evident for the solutions with SQ/SQ > 2 (Rmis # 7 & 9). 

The values of Ea for each case in domains (2-4) are plotted in Figure 4.19a-
c, respectively, along side Ea of domains (1) and (5) for comparison. The three 
methods return identical values and thus we only plot the SBR method results. 
For Ds/60 > 2 the MBR and CBR methods return similar values of Ea for all 
domains. However, the SBR method returns an apparent 10- to lOO-fold greater 
Ea (compared with the other methods) for domains (2-4). In general, for a given 
Ky the MBR and CBR methods return similar values of Ea across all 5 domains. 
The exceptions to this are the solutions with DS/SQ < 2, (Runs # 2 - 4 & 8 shown 
as enlarged symbols), for which the influence of the sill is expected to be global 
(Stewart et aL, 2011); in these cases the MBR and CBR methods return values of 
Ea for domains (2-4) tha t are much larger than tha t of the respective domain (1). 
This is a real physical difference, with the sill causing a large increase in horizontal 
density difference and available potential energy. As with the smaller values of K 
there is good agreement between the MBR and CBR methods for domains (2- 4)' 
while the SBR, method again overestimates Ea-
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Figure 4.17: Time logs of normalized E^ (top) and <I>fc2 (bottom) calculated by the 
different methods for domain (3) and Ky = (Run #8 ) . 
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Figure 4.18: Time logs of normalized Ea (top) and <I>(,2 (bottom) calculated by the 
different methods for domain (4) and Ky = (Run #9 ) . 
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Figure 4.19: The values of normalized Ea (a-c) and (d) calculated by the SBR 
(crosses), MBR (circles) and CBR (triangles) methods for the domains 1 5 (magenta, blue, 
black, red and green, respectively). The values of Ea for domains (2 -4) are compared with 
those of domains (1) and (5) in (a-c), respectively. The solutions with SD/SQ < 2 (Runs 
# 2 - 4 & 8) are shown by enlarged symbols. 
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Figure 4.20: The fractional errors for Ea (a) and (b) of the SBR (crosses) and CBR 

(triangles) methods relative to the MBR. The blue, black and red points represent the 

domains (2), (3) and (4), respectively. 

The surface buoyancy forcing $62 calculated using the three methods is com-

parable for each of the domains (Fig. 4.19d). This suggests that any of the three 

methods are suitable to use to calculate the rate of energy input from buoyancy. 

4.4 Discussion 

The numerical solutions provide a means to evaluate the methods of estimating 

available potential energy and rate of mechanical energy input by surface buoyancy 

fluxes in an idealized oceanic context. The results indicate that for deep sills or thin 

thermoclines {Dg/S > 2), the true values of Ea and $(,2 (given by the MBR method) 

are comparable irrespective of the presence of topography in the domain. We assume 

that the MBR method gives the unique physically relevant reference state, and use 

this state to test the veracity of the computationally simpler methods. The fractional 

errors in Ea and <I>(,2 given by the SBR and CBR methods for domains (2- 4) are 

plotted in Figure 4.20. Most obvious is the gross overestimate of Ea by the SBR 

method. The CBR method, on the other hand, overestimated Ea by only 10-30% 

for both domains; the error in Ea is smaller for domain (4), which has a smaller 

capped basin. This error will generally be smaller for smaller capped basin volumes. 

The SBR method appears to increasingly overestimate Ea for small Ky, despite 

these circulations existing further into the regime of > 2 and exhibiting no 

significant dependence of density structure on the domain. This can l)e explained 

by the profiles in Figure 4.21; these plot the difference in temperature between the 

interior and small basin as a function of depth for all the solutions performed in 

domain (2). The differences are largest in the uj^per 1% of the domain depth, with 

the size of the differences decreasing towards the level of the sill. Below the level 

of the sill the temperature differences generally increase with depth; the exception 

to this is Run #2, for which SD/SQ < 2 and the temperature difference continues 
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Figure 4.21: The temperature difference between the large and small basin as a function 
of normalized depth for the numerical solutions in domain (2); Runs # 2 (blue), 7 (red), 
12 (green) & 17 (black). The left plot shows the full depth of the domain (note the 
logarithmic scale of the ordinate); the right plot focusses on depth below the level of the 
sill, which is indicated by the dotted line. 

to decrease through the whole depth. For Runs # 7 , 12 & 17 the temperature 
difference increases towards, and reaches, a niaxiniurn value below the level of the 
sill. The depth at which this maximum temperature difference is reached is higher 
in the water colunm for the lower values of The small basin is intermittently 
ventilated by the dense gravity current, which brings dense waters to all depths and 
maintains the stratification. For small values of Ky, this dense water is unable to 
diffuse (vertically) out of the enclosed region and must be displaced by relatively 
younger sinking water. This leads to the enclosed region of the small basin "filling" 
with the densest water, maiirtaining the temperature difference with the interior up 
to the level of the sill. As Ky increases, the effect of vertical diffusion reduces the 
temperature difference through the upper part of the enclosed region. The ability 
to diffuse out the dense water in the small basin leads to a reduction in the across-
sill temperature difference, thus reducing the relative error introduced by the SBR 
method. 

In terms of $(,2, both simple methods returned values close to the true value. 
The details depend on size of basin and results from the simple methods are closer 
to that from the M B R method in the case of domain (4) than for (2) and (3); this 
makes good physical sense given the smaller fractional volume of the small basin in 
domain (4). For Ky = IQ-^m^s"^ in the present configurations the SBR method 
returns a value of that is approximately 5% smaller than that from the MBR 
method. 

For all three methods the majority of the surface waters tended to end up in the 
largest basin. Therefore, the values of for the surface water are most sensitive 
to the stratification in the largest basin, which is predominantly set by the end-
wall gravity current or the sill/shelf overflows. For thin thermoclines or deej) sills 



§4.4 Discussion 79 

[ S D / S O < 2 in the present solutions) the small basin is well-mixed below the level 

of the sill: the gravity current falling into this region and the displaced overflow 

water are of equal density. The [)rofiles of density with depth in the overflows of 

domains (2-5) were identical to that of the endwall gravity current in domain (1). 

As such, the stratification in the large basin, and hence at the surface, are largely 

insensitive to the presence of the sill. 

The weak dependence of on the resorting method can be understood via 

Equation (2.10); essentially, $(,2 is the surface integral of the product of the imposed 

surface buoyancy flux (which in this case is given by B = gaQ/cpPo) and for 

the surface water. The regions of maxinmm D can potentially give rise to large 

differences in provided in these regions are affected by the choice of resorting 

method. However, the warmest and coldest waters of the domain are found in these 

same regions. As any of the resorting methods will move these waters to the top 

and bottom of the water column, respectively, the methods will yield similar for 

the surface water and thus <I>),2- Differences in at locations where B is relatively 

small are not of leading order when calculating 

This raises the issue of the sensitivity of terms in the available potential energy 

loop (Hughes et ai, 2009) to the kind of surface boundary conditions. Specifi-

cally, would remain insensitive to the resorting method for a prescribed surface 

temperature distribution or relaxation boundary condition? In these cases we can 

expect that the maxinmm amplitude of surface heat fluxes will not necessarily be 

collocated with the warmest and coldest waters of the domain, possibly giving rise 

to significant differences in $62 as calculated by the various methods. 

Another issue concerns parameterizations and resolution of convection in GCMs, 

where statically unstable density gradients are not permitted. While these have al-

ready been shown to render the available potential energy loop irrelevant to the 

model output (Hughes et ai, 2009), the same issue arises in regards to the hydro-

static criterion often incorporated into the analysis of ocean data sets. In such cases 

for the surface waters will not be the full depth of the domain. Thus it is not clear 

whether $^2 remains insensitive to the resorting method for a hydrostatic ocean. 

The role of the Arctic Ocean in the overall global circulation provides an ideal 

case to apply the findings of this study. The Arctic Ocean is completely enclosed 

below depths of 840 ni (Saunders, 2001), the maximum depth of the Greenland-

Scotland Ridge which separates the relatively dense Arctic Ocean from the Atlantic 

Ocean. The Arctic basin contains 1.4% of the global ocean volume with an aver-

age depth of 1205 m (Eakins & Sharman, 2010) and we estimate the total enclosed 

volume of the Arctic Ocean is less than 1 % of the global ocean. Our results indi-

cate that the topography physically increases Ea by 0(10), as Ds/S < 2 (Stewart 

et ai, 2011). In addition, neglecting the topography when calculating the available 

potential energy (the SBR method) leads to a very substantial overestimation of 

Ea. where as the CBR method will adequately account for the global influence of 

the Greenland-Scotland Ridge when calculating E^. In terms of the dynamically 

important quantity, the power ini)ut from surface buoyancy fluxes tlie rela-

tively small Arctic Ocean contains both the densest surface waters and regions of 

maximum surface buoyancy fluxes, and thus any of the three methods tested will 
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suffice. 

4.5 Conclusions 
We have proposed a method (Multi-Basin Relaxation) for calculating the reference 
state of potential energy and hence the available potential energy for a multi-basin 
domain. The method returns the unique physically relevant state of no motion to 
which the fluid would relax by adiabatic adjustment under the influence of gravity 
alone. For complex basin topography this calculation is complicated and time-
consuming. 

A computationally simpler method (Capped-Basin Resort) is also examined that 
estimates the reference state by ignoring the influence of minor basins. The results 
of both methods proposed here are compared with an existing method (Single-Basin 
Resort) that neglects all pooling of dense water behind topography, using a simple 
model of an overturning circulation driven by surface buoyancy fluxes in an idealized 
multi-basin domain. For the two-dimensional flow solutions the rectangular model 
basin includes a topographic ridge that defines a relatively small sub-basin at the 
polar end. If the available potential energy is estimated without taking into account 
the pooling of dense water behind the topographic barrier, the estimate is much 
greater than the true available potential energy. 

The rmmerical solutions indicate that topography increases the available poten-
tial energy when the ridge is high enough to cause the dense overflow to interact and 
mix with the overlying therniocline, but causes little difference in the rate of me-
chanical energy input by surface buoyancy fluxes. Considering the relative size and 
density of the Arctic Ocean, we conclude the comi)utationa]ly efficient Capijed-Basin 
Resort method will adequately account for the global influence of the Greenland-
Scotland Ridge. On the other hand, all of the three methods tested are adeciuate 
for calculating the surface buoyancy forcing of the global oceans, and this is the 
quantity of dynamical importance. 



Chapter 5 

Horizontal Convection with an 

External Input of Mechanical 

Energy 

W'e turn oTir attention to laboratory experiments that investigate the effect of ex-

ternally imposed rates of tiu'bulent mixing on a buoyancy-driven overturning circu-

lation in a rectangular tank. Buoyancy was supplied at the surface by an imposed 

flux of saline water, with the rest of the surface maintained at a fixed sahnity by a 

continuously replenished layer of fresh water. Mechanical mixing was provided at a 

controlled rate by a pair of horizontal rods continuously traversed through the full-

depth of the experiment, enhancing the total diffusive transport to a known amount 

that could be calibrated for each rod velocity. The dependence of the density field 

structure and overturning transport on the mixing rate is found to be in accord 

with a theoretical model. With reference to the oceans, it is shown that the primary 

effect of mixing (with energy sourced from winds, tides and convection) is to deepen 

the thermocline, thereby influencing the properties of the abyssal ocean by modi-

fying the environment through which the turbulent plume sinks and entrains. The 

advective transport of buoyancy by the plume, and not vertical mixing, is crucial 

for coupling the surface to the abyss. 

5.1 Experiments 

5.1.1 Apparatus 

The convection experiments were performed in an acrylic tank with internal di-

mensions of length, depth and width 1.2m x 0.6ni x 0.08m (Fig. 5.1); a vertical 

partition wall was inserted such that the model basin in which the overturning cir-

culation was to be measured (and which will be referred to as the 'working volume') 

was 1.16 ni x 0.53 m x 0.08 ni {Lx Dx W, respectively). Thus the aspect ratio was 

fixed at ^ = 0.457. Fresh and saline water were gravity-fed from two constant-head 

supplies to the upper right- and left-hand ends of the working volume, respectively. 

The vertical partition at the left hand end allowed an overflow at the top, thus 

maintaining a constant working volume. The experiments were carried out in a 

laboratory held at 20 ± 1 °C and all water entering the tank was equilibrated to the 
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Figure 5.1: Schematic drawing of the experimental setup for experiments #1 -9 (for Exp 

#10 & 11 the sahne source is relocated to the bottom left-hand corner of the experiment). 

The fresh water source maintained a layer of fresh water at the top of the experiment, above 

the working volume; the fresh layer leaves in the overflow of the partition. The saline water 

source at upper left of the tank produced a turbulent plume that sank to the bottom of the 

tank against the partition; note the lip at the upper left-hand corner. Ultrasonic Doppler 

Velocimeter measurements using a vertical beam were taken at the discrete locations along 

the dashed horizontal firrow. The stirring rods repeatedly traversed the full-depth from 

the top of the partition wall to the base. The conductivity-temperature probe was profiled 

vertically through the full-depth at a fixed horizontal position. 



^5.1 Experiments 83 

laboratory temperature. Nevertheless, the tank was insulated on all sides by 30 nnn 
of expanded polystyrene foam board; this was removed only for short periods for 
flow visualization. 

hi a separate, well-mixed and insulated reservoir 400 L of saline water were pre-
pared. This saline water was continuously recycled through one of the constant-head 
supplies, from which the same saline water was gravity-fed into the tank via a small 
tube at a constant volume flux. The outlet of the small tube directed the sahne wa-
ter upward, as a jet, into the upper left-hand corner of the working volume, where 
a small 'lip' separated the sahne water from the overflow. This 'lip' prevented the 
immediate escape of sahne water from the working volume into the overflow, and 
also allowed the momentum of the jet to reshape the saline source into a full-width 
(line) endwall plume that was turbulent at all levels below the corner. The volume 
flux and the density of the sahne source were held constant for all experiments at 
Qs =35.42mm'^s"^ and ps « 1022kgm"^ (salinity Ss « 0.034kg/kg), respectively, 
thus imposing the buoyancy flux per unit tank width), 

(5.1) 

supplied to the tank. The coefficient of expansion /3 for salt has the value 0.69 and, 
with the salinity of fresh water Sj = 0 kg/kg, substituting (5.1) into (2.2) gives a 
flux Rayleigh number RaB = 5.7 x 10̂ ® for the experiments. The Prandtl (Schmidt) 
number (2.4) was held fixed at Pr = 671. 

A 200 L reservoir of fresh water (p/ ~ 998.3 kg m~^) was maintained at constant 
volume by a ballcock set plumbed to the filtered mains water supply. This water 
was contiiuiously recycled through the second constant-head supply, from which 
a portion was gravity-fed to the tank via a small tube at a constant rate. The 
fresh water entered at the surface through a small chamber that had a porous base 
designed to remove excess momentum, create a smooth outflow, and maintain an 
overlying layer of fresh water there; the volume flux per unit width was Qf = 
83.33 nnn^s"^ The fresh water flowed along the length of the tank and exited in 
the overflow above the partition wall. It is the interface between this layer of fresh 
water and the underlying denser waters that defined the upper surface of the working 
volume. The boundary condition at the upper surface was therefore a constant and 
uniform density, corresponding to fresh water. Unlike the injection of saline water 
into the working volume, note that the transport of fresh water across the upi)er 
surface was free to adjust to that required by the internal dynanncs of the vohuiie. 

The boundary conditions closely approximate a surface maintained at constant 
buoyancy, except for a line source of destabilizing buoyancy at one end, as used in 
the theoretical models of Hughes & Griffiths (2006); Hughes et al. (2007) and which 
is argued therein to be sinnlar to the thermal boundary conditions applied in the 
applied heat fiux experiments of Mullarney et al. (2004). In a steady-state, both the 
amount of salt and volume in the working section nnist be constant. The volume of 
the working section was maintained by the overfiow and, although a steady volume 
input was associated with the sahne source, this was small relative to the measured 
overturinng circulation. The rate that salt entered the volume (kgs~') from the 
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saline source was balanced by a diffusive flux into the layer of fresh water at the 
upper surface and a small advective transport associated with the finite volume 
flux of the saline source. In the hypothetical non-diffusive limit no salt could exit 
the experiment for a time and the volume would initially evolve as a filling box 
(Baines & Turner, 1969) before completely filling with homogeneous saline water 
and eventually balancing the salt content through a very small volume flux of large 
density in the overflow (having salinity and volume flux equal to the saline source). 

Profiles of salinity/density were measured through the depth of an experiment 
using a PME MicroScale Conductivity and Temperature probe (Model 125) mounted 
to a computer-controlled traversing mechanism. The conductivity probe was cali-
brated before each profile and a few small-volume water samples were withdrawn 
during each profile to enable the cahbration accuracy to be monitored (see §5.1.2). 
The probe was immersed in the fresh water layer when not in use. 

Vertical velocities in the sinking plume were measured using a Signal Process-
ing 8 MHz Ultrasonic Doppler Velocimeter (UDV) transducer (Model DOP2000) 
directed upwards from underneath the left-hand end of the tank. The transducer 
could be translated horizontally along one quarter of the tank length, and was 
acoustically coupled with the acrylic base through a thin gel layer. Good-cjuality 
velocity data were obtained by pre-seeding the circulation in the tank with near 
neutrally-buoyant pliolite particles (70 125 î im diameter, which were pre-wetted in 
a salt solution of density p^). The vertical component of velocity was obtained at 
240 intervals along the vertical beam line to a distance of 180 mm above the base, 
at 0.5 s intervals. 

Mechanical Stirring 

Mechanical agitation was generated in the fiow (in addition to the stirring associated 
with the convection) by a pair of coplanar horizontal rods that were oscillated and 
contiimously traversed through the full depth of the tank. The rods were stainless 
steel, each 1.12 m in length and I = 8 mm in diameter, with their axes separated 
by two 32 mm struts and extending along the length of the tank. Small spacers 
ensured that each of the rods remained parallel to and equidistant from the closest 
respective sidewall. The rods were suspended by stainless steel wires (diameter 
0.02 mm) from a frame above the tank. This frame was suspended by a nylon 
line that was repeatedly wound on and off a spool, which was mounted off-axis 
on a computer-controlled AmmMics "SmartMotor". This complicated arrangement 
was designed_to drive the rods at a vertical velocity consisting of a constant mean 
component (F, alternately upward or downward between reversal points at the top 
and bottom) and a relatively high frequency sinusoidal fluctuation { V ) , 

V{u,t) = + V'{u,t) = ^ + ^-^.svniut), (5.2) 

where the velocity is expressed in terms of the diameter I of the stirring rods and uj 
the angular velocity of the spool rotation (Fig. 5.2). The motions generated'by the 
stirring rods have length scale I and, within each period of siinisoidal oscillation, the 
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Figure 5.2: The design of tiie spool used for tiie experiments. The black dots represent 

horizontal pins, located at radius 3//4 and 31/2 from the rotational axis, upon which the 

nylon supporting line is wound. For a constant co, the velocity of the stirring rods is that 

given by Equation (5.2). 

rods are first displaced in the direction of V by 31 and then by 1.5/ in the opposite 

direction. Advection of tracer in the rod wake over large vertical distances was 

thus prevented, and the consequent mixing can be represented as a Fickian diffusion 

process. The time taken for the stirring rods to pass through the depth ranged from 

14 to 189 s (infinite for a; = 0), with the associated periods of oscillation ranging from 

0.48 to 6.71s (also infinite for uj = 0). Uniform stirring was imposed throughout 

the working volume and the time between stirring events was nuich less than the 

overturning timescale of the circulation ( ~ 2 x 10'"̂  s). Active stirring at any given 

location occurred for the fraction 31/D « 0.045 of the total time (an intermittency 

coincidently similar to that in the ocean thermocline, Gregg, 1987). 

Cal ibra t ing the M ix i ng I npu t 

The overall effect of the rods was to introduce small-scale three-dimensional mo-

tions that stirred the density field, causing irreversible diapycnal mixing. The time-

averaged rate of mixing was measured for each level of stirring in calibration exper-

iments starting with a two-layer stratification (fresh water overlying saline water) 

and conducted in the same apparatus as the actual experinients (Fig. 5.3). A known 

quantity of i)assive dye tracer {KMnOi) was addexl initially to the saline water and 

the subsequent evolution of the concentration field was measured optically. Light 

passing through the flow was attenuated by an amount dependent upon the local 

dye concentration, and a high resolution digital camera (Nikon D300 DSLR) was 
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0.53m 

1.16m 

Figure 5.3: An example of the initial state of a calibration experiment. The approximate 
location in the experimental apparatns is indicated. The dashed rectangle outlines the 
region of interest, the evohition of which is shown in Figure 5.4. 

used to measure the relative attenuatioii field at many times during each cahbration 
experiment (which lasted of O(IOO) traverses of the stirring rods). 

A uniform background light field was achieved by using PALIGHT foamed PVC 
sheeting and a bank of fluorescent lights. The Nikon D300 DSLR digital camera 
was set to capture 8-bit RGB Tagged Image File Format (TIFF) images with the 
maximum possible resolution (4288 x 2848 pixels). The focus and white balance 
settings were manually preset to concentrate on a region of interest of height and 
length approximately 360 x 90 mm (2000 x 500 pixels), respectively, and centered 
at the initial density interface. For a tank full of un-dyed fresh water, an image 
of this region was found to be uniformly white to ±1 bit in 256 over the three 
RGB channels; such an image served as a reference to which all other images were 
compared. 

The initial density of the lower layer ranged between 1011 1028 kg nr^ in order 
for the calibration experiments to cover the expected range of bulk densities of the 
convection experiments. The concentration of the potassium permanganate dye in 
the lower layer was selected to avoid the regime of non-linear optical responses^ for 
the addition of fresh water to the dyed solution. This concentration was 10- 20 /ig 
of K M n 0 4 per litre of saline solution. 

The tank was filled to a depth of 265 nmi with a preniixed solution of salt 
K M n O i and water at room temperature. A polystyrene boat with a porous base 
(sponge and tissue paper) was floated atop this dyed layer. Fresh water at room 
temperature was carefully added to the tank through the porous base of the boat, 

An optically saturated solution has no detectable change in light attenuation for tlie addition 
of fresh water, and a non-linear regime exists between tliis saturation concentration and that whicli 
has a linear response iii light attenuation for the addition of fresh water 
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Figure 5.4: Progression of tlie region of interest for V = 23.1tnnis 
the stirring rods is visible in tlie two early photos. 

The shadow of 

establishing a sharp interface between the two layers. The working volume of the 
tank was completely filled, the boat removed and the stirring rods activated at a 
predetermined V. performing the identical stroke it would for the convection exper-
iments. The camera captured images of the tank at regular time intervals for the 
duration of the calibration experiment. This procedure was repeated twice for each 
V setting, each time with a different density difference between the initial layers. 

Ten different V settings were investigated from 0 to 40.5 nmi s^^ (Table 5.1). The 
duration of the calibration experiments ranged between 10^ and 10^ s; for large stir-
ring rod velocities the tank became well-mixed relatively quickly, such that further 
evolution of the density field was no longer visually detectable. The time interval 
between photos varied for the different experiments between 90 and 1560 seconds 
depending on V; each repeat experiment used a slightly different time interval to 
avoid aliasing with the position of the rods. 10-20 images of each experiment were 
analyzed using the Image Processing Toolbox of MATLAB. 

The green channel of the images was found to be most sensitive to the presence of 
K M n O i dye. The green channel of the region of interest was loaded into MATLAB 
and the 500-pixel horizontal average taken to produce a single vertical profile of 
green channel intensity. A filter was applied to each image to remove the shadow 
cast by the stirring rods should they be in the region of interest when the image was 
taken (see Fig. 5.4); this filter linearly interpolated across either side of the rods. 
Each profile was normalized by that of the reference image and the minimum value 
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Table 5.1: List of Calibration Experiment parameters. Quantities are V the mean veloc-
ity of the stirring rods, Apc the initial density difference, the photo interval and experiment 
duration times, and KE the calibrated diffusivity. 

Exp. # V (mms- i ) Ape (kgm-^) Photo, Exp. time (s) KE ( •s-1) 
1 0 16.8 1200, 24000 2.89 X 10-9 
2 0 27.0 1560, 31200 2.44 X 10-9 
3 2.9 30.7 1250, 25000 1.22 X 10-« 
4 2.9 18.0 1500, 30000 6.93 X 10-9 
5 5.8 21.7 1000, 18000 4.91 X 10-s 
6 5.8 14.2 950, 19000 1.10 X 10-^ 
7 8.7 19.5 1000,18000 1.48 X 10-^ 
8 8.7 27.4 970, 14550 2.34 X 10-^ 
9 11.6 17.3 620, 12400 4.58 X 10-^ 
10 11.6 29.1 640, 12800 4.94 X 10-^ 
11 17.4 24.2 540, 10800 1.16 X io-« 
12 17.4 15.7 560, 11200 1.26 X io-« 
13 23.1 20.4 576, 10944 2.59 X 10-6 
14 23.1 28.6 550, 10450 1.45 X 10-® 
15 28.9 19.4 471, 6123 3.16 X 10-6 
16 28.9 28.5 393, 4716 3.53 X 10-6 
17 34.7 19.3 210, 3150 6.16 X 10-6 
18 34.7 24.9 250, 3000 5.02 X 10-6 
19 40.5 19.2 90, 1440 1.36 X 10-5 
20 40.5 27.8 100, 1200 1.91 X 10-5 
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Figure 5.5: An example of the typical evolution of G* for a calibration experiment. The 

initial profile is the widest, with the profiles narrowing in time. The evolution depicted 

here takes place over a period ~70 minutes, with each profile separated by ~7 minutes, 

and is in response to a t^ = 28.9 mm 

of the green channel for the initial image, 

GB{z)-G{z,t) 
G*{z,t) = 

GB{Z) -

(5.3) 

where G*{z,t) is the profile of normalized intensity at time t and depth z (relative 

to the initial interface position), GB{Z) is the profile of intensity for the reference 

image, and Gî min is tlie niininmm intensity vahie of the green channel in the region of 

interest for the initial image. The camera automatically api)lied a filter to the image 

to smooth highlights prior to saving each TIFF file, resulting in an asymmetry of G* 

about the interface such that G*(0, t) / 0.5. Thus, a quadratic was fitted to G* that 

removed the effect of this filter. Tfie niunber of images analyzed for each experiment 

was limited to those which had a range of G* > 0.5; this criteria excluded any images 

of a well-mixed tank. The progression of G* through a typical experiment is shown 

in Figure 5.5. 

Care was taken to ensure the initial stratification was as close as possible to 

a step function. However, practical limitations required that a virtual t = i) be 

calculated for each exi)eriment and the correction made to t for eac'h image. 

The profiles of normalized intensity G*{z,t) for each time t were then fitted to 
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the solution for Fickian diffusion: 

/ 2 ^ 

where KE and is the (best-fit) diffusivity. The profiles were accurately described by 
the error function and Figure 5.6 shows the diffusivities obtained. Over the range 
KE ~ - the diffusivities are well described by the empirical 
relationship KE = 0.027 ^ The best-fit diffusivity KE = 2.67x m^ s " ' mea-
sured for y = 0 is a factor of two larger than the accepted coefficient of molecular 
diffusion (K„, = 1.39x 10"^m'^s-^, Washburn (2003) for NaCl in water at 20°C); 
the difference is likely a consequence of additional convective transport arising from 
imjjerfect insulation during the ~ 24 hoiu' calibration run. Although the case with 
no additional mechaincal stirring serves well to anchor the calibration results, the 
contribution to the total vertical salt transport of molecular diffusion down the mean 
gradient is expected to be negligible at the non-zero stirring rod speeds used. Thus 
the product of KE and the local density gradient is proportional to the density fiux 
due to the externally imposed stirring. Hence, KE will be referred to here as the 
externally imposed diffusivity while recalhng that it also refiects the component of 
transport due to molecular diffusion down the mean gradient and approaches 
when there is no mechanically-induced mixing. No physical argument is offered for 
the particular functional relationship between KE and V found here, which may be 
valid only for the present apparatus and stirring style. The motion of the stirring 
rods was particularly violent for V > 34.7nuns" ' and a good fit to (5.4) was not 
possible; we take this velocity as the upper limit for which the apparatus and method 
are useful. 

5.1.2 Measurement Calibration 

The PAIE MicroScale Conductivity and Temperature probes had a specific bridge 
circuit which output voltages logged by the National Instruments (NT) LabVIEW 
program. The temperature reading was calibrated by fitting the recorded voltages 
for known temperatures to the equation, 

\ n { V i T ) - V o ) = a + ^ , (5.5) 

where V{T) is the output voltage for temperature T (in Kelvin), V; is the reference 
voltage 

output by the briclge without the probe, and n and h are constant coef-
ficients. A Hart Scientific® thermistor probe is used as a reference for T. The 
output voltages for 5 different temperatures spanning 10 to 30°C are used to calcu-
late the calibration coefficients. The temperature calibration was routinely tested 
throughout the ex])eriniental period. 

The conductivity was calibrated by fitting the output voltages measured for 
standard solutions of known conductivities to the equation. 

V{C)-Vo = h*C, (5.6) 
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Figure 5.6: KE as a function of V. The solid lines are the calibrated values of KE for 
V — 0 (i.e. no rods), with the dashed line showing the accepted value for the molecular 
diffusion of salt in water = 1.39x10^® ni'^s^^ Washburn, 2003). The circles are the 
data used to develop the ke = 0.027 V^'^ relationship, shown by the dotted line. The 
largest value of V tested exceeded the practical limits of the apparatus. 

where V{C) is the output voltage for conductivity C (siemens per meter), K is 
the reference voltage output by the bridge without the probe, and h is a constant 
coefficient. The conductivities of the standard solutions were calculated from the 
salinities, which were in turn calculated from the standard sohitions' densities. The 
densities of the standard solutions were measured by an Ariton-Paar precision den-
simeter (Model D1MA5000) to an accuracy of 5 parts in 10^. The sahnities, S, in 
weight percent, of the standard solutions are given from their densities by Eciuation 
2.3(d) of Ruddick & Shirtchffe (1979), 

Sip) = 1.41397(p - po) - 0.42868(p - pof - 0.5536(p - pof (5.7) 

where the reference density is po = 0.99823 gcm~^ (the equations of Ruddick & 
Shirtchffe, 1979, are formulated in cgs units). The salinities of the standards are 
then used to calculate the conductivities by Equation 2.G(a) of Ruddick k Shirtchffe 
(1979), 

C ( 5 ) = 1 5 8 1 5 - 3770 5 ^ + 5617 5 ^ (5.8) 

Three standard sohitions are used to calibrate the i)robe inunediately following each 
profile. 

The profiles of conductivity are converted to salinity and then density through 
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Equations 2.6(b) and 2.3(c) of Riidclick k Shirtcliffe (1979), namely, 

5(C) = 6.331 X 10-''C +8.92 x IQ-^C' + S.l l x 10-®C•^ (5.9) 

and 

p(5) =po +0.70864 5 + 0.12252 + 0.3649 5 ^ (5.10) 

respectively. 

5.1.3 Dimensionless Numbers and Scaling 

The dimensionless parameters describing the equilibrium state of the overturning 

circulation (2.2)-(2.4) are defined as, 

D L^ 
Ras = ^ = 5 . 7x l 0 ' ^ (5.11) 

Pr = — = 671, (5.12) 

A = Y = (5.13) 

The flux Rayleigh number divided by the appropriate Nusselt number {Nu = 

B/KrnAb) gives the usual Rayleigh number {Ra/xf, = AbL^/vrnf^m), where Ab is 

the reduced gravity based on the density contrast between sources that are sepa-

rated horizontally by a length scale of order L. It is important to note that these 

governing i)arameters are defined in terms of the molecular diffusivities Km find î m, 

fluid properties that are known a priori. However, when additional stirring is in-

cluded in the problem, two further governing parameters are required to describe 

the effective (turbulent) diffusivity and viscosity ratios, 

K = = (5.14) 

respectively. 

A boundary layer scaling analysis for the two-dimensional flow in a basin of 

rectangular surface area (Rossby, 1965; Mullarney et al, 2004) gives the boundary 

layer thickness, S, normalized by L, 

^ D -1/6 
L ~ l^rn l^m / 

(5.15) 

This predicts that for fixed buoyancy flux and basin length the boundary layer 

thickness depends on viscosity and diffusivity as 

(5.16) 

In a very different approach, Hughes et al. (2007) obtained a closed solution for flow 

at large Rayleigh numbers by coupling the ecjuations describing a turbulent plume 
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to those for the transport of density by advection and diffusion in the interior of 
the basin. In this inviscid solution the Prandtl and Rayleigh numbers only appear 
as their product, removing all dependence on the viscosity. Furthermore, it was 
assumed that the relevant diffusivity in such a formulation would be the total ef-
fective diffusivity k^, for density resulting from both molecular diffusion (down the 
mean gradient) and that promoted by turbulent stirring of the interior. For the case 
of a rectangular basin (which has a plume descending from a two-dimensional line 
source with an entrainment coefficient of 0.1) this solution gives the boundary layer 
thickness as 

3.95 I ^ ^ ^ ^ ^ ^ 
K* 

(5.17) 

where Ras* and Pr» are defined in terms of the turbulent diffusivity and viscosity 
in place of the molecular values, and the constant is evaluated for a boimdary layer 
thickness that incorporates 95% of the top-to-bottom density difference. In this 
case, again holding the buoyancy fiux fixed, 

S r ^ K ' / ' . (5.18) 

The total diffusivity (and viscosity) would reduce to the molecular value at suffi-
ciently small Rayleigh numbers and no externally imposed mechanical mixing. The 
results (5.16) and (5.18) are then reconciled for a constant (turbulent) Prandtl num-
ber. such that y^ ~ k*, in which case (5.16) reduces to (5.18). Hughes et al. (2007) 
argued that viscosity is ineffective on the large length scales of the interior and hy-
pothesized that at high-Rayleigh-nurnber the flow in the boundary layer, even if it 
is viscous, is set by the interior flow. (We note that when holding Ab fixed in both 
the Rossby scaling and the inviscid model the boundary layer scales as (5 ~ .) 

The model solution of Hughes et al. (2007) also gives the top-to-bottom density 
difference, Apy, and streamfunction maximum, ^max- These predictions scale with 
the diffusivity (holding B fixed) as 

(5.19) 

respectively. This solution was tested using experiments and numerical solutions of 
thermal convection in which the heat input was varied (and assuming = Km), 
with good agreement found for the Nusselt number -- Rayleigh number relation and 
boundary layer thickness (5.17). However, the dependence on diffusivity has not 
been tested explicitly. 

In the experiments reported here the aim is to investigate the dependence of the 
rate of overtunnng for a range of known vertical diff'usivities. While this approach 
does not allow examination of the energetics of convective overtminng with added 
mechanical mixing, it does provide a clear picture of the dynanncs of the fiow. An 
additional aim is to remove the constraint imposed on the density field by the sink or 
spillway in previous work, leaving the densities free to adjust to the surface boundary 
conditions and flow. 
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5.1.4 Procedure 
The working volume and reservoirs were filled with fresh water. Approximately 
12.5 kg of salt were added to the saline reservoir, which was then allowed to thermally 
equilibrate to the laboratory ( ~ Iday). The fresh source, stirring rods and saline 
source were then switched on, and the experiment left to come to equilibrium: a 
state in which there was zero net buoyancy/salt flux into the experiment. The time 
taken to reach equilibrium was largely determined by the 'filling tiniescale' {i.e. 
the time recjuired for the saline source to replace the tank volume ~ 2 x lO^'s); 
each experiment was run for 5-6 filling timescales (25-30 hours) before detailed 
measurements were carried out. Monitoring of the overflow salinity was used to 
further verify eqxiilibration of the exi)eriment. 

Conservation of volume and salt requires the overflow to have the volume trans-
port, 

Qo = Qs + Qf, (5.20) 

and hence the equilibrium salinity, 

5 : = + (5.21) 
Qo 

The overflow salinity was observed to asymptotically approach the value given by 
(5.21) on the filhng tiniescale. 

It is worth noting that the overflow in these experiments does not have the effect 
of the sink or spillway used in previous studies (Pierce k Rhines, 1996; Whitehead 
k Wang, 2008), where water was withdrawn directly from the working volume, 
therefore participating in the circulation. Here the overflowing layer acconnnodates 
the salt transported out of the working volume by vertical diffusion and the large 
throughput of fresh water that keeps the overflow layer constantly flushed. 

After the equilibrium state was reached a profile of conductivity and temperature 
was measured through the depth of the tank 0.17 m from the right-hand endwall, 
which was chosen as a location representative of the interior. The conductivity-
temperature probe was traversed with a velocity and sampling rate that gave a 
vertical resolution of 0.625 nnn. Innncdiately following each i)rofile three standard 
solutions were used to check the conductivity probe calibration. In addition, 3 ml 
water samjjles were taken at depths of 0, 20 and 200 mm below the fresh^saline water 
interface and in the same location as the profile. The densities of the standards, 
samples, sources and outflow were measured to an accuracy of 5 parts in 10^ in an 
Anton-Paar precision densimeter (Model DMASOOO) and used in conjunction with 
the conductivity data (Ruddick k Shirtcliffe, 1979) to produce each vertical profile 
of density. The temperature was measured to vary less that T C through the depth 
(and between all experiments. Fig. 5.7). In order to check the stability of the 
equilibrium state, the profiling and sampling procedure was carried out twice for 
each experiment, separated by at least one filling tiniescale ( ~ 6hours). 

Between conductivity profiles the saline water source was seeded with pliolite 
particles (70 125 fim diameter) for UDV measurements. Profiles of vertical velocity 
were constructed above seven locations 20 mm apart, between 12 mm and 152 mm 
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Table 5.2: Table of experiments; (a,b) denote the two profiles performed for each experi-

ment. Quantities are V the mean velocity of the stirring rods, ke the diffusivity measured 

in the calibration runs, Apn the density difference between the source waters, Apn the 

normalized 'top-to-bottom' density difference, S the boundary layer thickness, and ^max 

Ke ApK (5 ^ max 

Exp.# (mms~^) (ni^s-i) (kgm-^) Ap„ (mm) (nmi^ s"^) 

1(a) 0 2.67 X 10-9 24.31 0.99 13.3 216 

1(b) 0 2.67 X 10-9 24.31 0.99 11.7 216 

2(a) 2.9 9.57 X 10-9 23.53 0.99 12.3 247 

2(b) 2.9 9.57 X 10-9 23.53 0.99 10.1 247 

3(a) 5.8 7.95 X 10-® 22.97 0.98 12.1 238 

3(b) 5.8 7.95 X 10-® 22.97 0.98 12.3 238 

4(a) 8.7 1.91 X 10-^ 23.90 0.92 15.1 264 

4(b) 8.7 1.91 X IQ-^ 23.90 0.92 17.0 264 

5(a) 11.6 4.76 X 10-^ 23.79 0.86 31.2 318 

5(b) 11.6 4.76 X 10-^ 23.79 0.86 46.3 318 

6(a) 17.4 1.21 X 10-® 23.98 0.68 39.6 410 

6(b) 17.4 1.21 X 10-® 23.98 0.69 44.0 410 

7(a) 23.1 2.02 X 10-® 24.11 0.55 50.7 476 

7(b) 23.1 2.02 X 10-® 24.11 0.54 62.3 476 

8(a) 28.9 3.35 X 10-® 24.18 0.42 70.0 538 

8(b) 28.9 3.35 X 10-® 24.18 0.43 98.7 538 

9(a) 34.7 5.59 X 10-® 23.31 0.37 109.4 648 

9(b) 34.7 5.59 X 10-® 23.31 0.35 106.6 648 

10 0 2.67 X 10-9 25.18 1 - 35 

11 17.4 1.21 X 10-® 25.52 1 - 35 

from the left-hand end of the working volume. At each location more than 500 

individual profiles were recorded over a duration of approximately four minutes. 

Both spikes and null readings were first removed from these profiles, which were 

then averaged to give a single profile for each location that was relatively insensitive 

to perturbations introduced by passage of the stirring rods. The mean vertical 

velocity was integrated horizontally, from the endwall to the position where the 

vertical velocity changed sign (thus defining the outer edge of the plume), giving 

the streamfunction in the plume as a function of position. The maximum value of 

the streamfunction, ^max (nnn^s"^), occurred near the top of the plume outflow 

along the base of the tank, and this is taken as the maximum streamfunction value 

for the circulation. 

Eleven experiments were conducted (Tab. 5.2); in nine of these only the mechan-

ical stirring was varied. In two further runs the turbulent plume was eliminated. 

The results are discussed below in terms of the vertical density structure, boundary 

layer thickness, top-to-bottom density difference and maxinunn streamfunction. 



96 Horizonta} Convection with an External Input of Mechanical Energy 

Q 

22.5 
T ( C ) 

F igure 5.7: Vertical profiles of temperature for all of the experiments, showing the 
variation over each and every experiment to be less than 1°C. 

5.2 Results 

5.2.1 Qualitative Description 

The mechanical stirring in these experiments did not (inahtatively alter the large-
scale circulation observed previously in horizontal convection experiments (e.g., 
Rossby, 1965; Mullarney et ai, 2004, Fig. 5.8). The intermittent passage of the 
stirring rods excited local three-dimensional turbulence tha t quickly decayed. In 
the equilibrated convective overturning circulation, the saline source sustained a 
turbulent line plume that descended against the left-hand endwall (Fig. 5.8a). The 
horizontal eutrainnient velocity into the plume (as indicated by the distortion of 
initially vertical dye lines generated by dropping K M n O ^ crystals through the flow) 
varied with depth and was largest in the upi)er one-fifth of the depth. The plume 
penetrated to the tank bot tom only intermittently, as a consequence of large fluc-
tuations induced by the stirring rods throughout the tank. An outflow from the 
plume was established along the base of the tank (Fig. 5.8b), with a depth that 
was approximately one-third that of the working volume. The mean shear in the 
outflow always supported three-dimensional eddies and mixing, but this was less 
vigorous than in the plume. W^ater in the outflow tended to continually displace 
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Figure 5.8: A sequence of photos of the equihbrated circulation of Experiment #1. The 

time since the initial introduction of the dye is shown; the dye was removed from the saline 

source at f = 459 s. Each photo indicates the relative strength of the flow in different parts 

of the circulation: (a) the turbulent plume descending the left endwall; (b) the outflow 

from the plume along the base of the tank: (c) and (d) a relatively dispersed cloud of dye 

indictates the broad upwelling over time of water in the circulation interior. 
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the overlying water column upward (Fig. 5.8c,d). However, the upwelling decreased 

towards the surface, as expected for substantial entrainment into the plume at in-

termediate depths. The overflow of predominantly fresh water in this experiment 

resulted in a negligible transfer of momentrmi to the working volume; other than 

the temporary disruption of the interface with the passage of the stirring rods no 

sustained instabilities were seen and the Richardson number there was estimated to 

be larger than 0(10) in all cases. 

5.2.2 Quantitat ive Measurements 

The measured profiles of density shown in Figure 5.9a are presented in normalized 

form. 

P.(z) = (5^22) 

where Ap = ps—pj is the maximum density difference for each experiment (measured 

between the source water reservoirs), and p{z) is the density calculated from the con-

ductivity measured at depth z. The two profiles measured for each experiment are 

almost coincident (hence only one of these is plotted in Figure 5.9a), verifying that 

the circulation had reached a well-defined equilibrium state. The density structure 

is similar to that measured in thermally-forced horizontal convection (Rossby, 1965; 

Mullarney et al, 2004) and reveals a strongly stratified boundary layer overlying a 

weakly stratified interior. As V increases (with the other parameters held fixed) the 

boundary layer thickens, the water at any given depth freshens, the density gradient 

is everywhere smaller and there is a smaller top-to-bottom density difference. 

The boundary layer thickness S is defined here as the depth below the surface 

that acconnnodates 92.5% of the top-to-bottom density difference; given the shape 

of the density profiles, this threshold was chosen to be as large as j)ossible without 

S being unduly sensitive to the density fluctuations associatcxl with the turbulence 

(some of which are just visible in Figure 5.9a). Thus 5, normalized by the depth of 

the working volume D, is plotted in Figure 5.9b as a function of the ratio KE/Km-

The data indicates two regimes: the boundary layer thickness S is independent of 

the mixing rate KE for Ks/Km < 10^ and for k ^ / k ^ > 10^ the scaling predicted by 

Hughes et al. (2007) is recovered. The constant predicted by this theory is about 

a factor of two greater than that suggested by the measurements. The most likely 

reasons for this difference are that a marginally greater threshold (95%, which was 

impractical to use for the experiments) was used to define the boundary layer in the 

theory and that the saline source does not match an idealized plume close to the 

upper surface. 

Measurements of the top-to-bottorn density difference 

Apv = p{D)-pj, (5 23) 

are presented in normalized form in Fig. 5.9c as an adjusted salinity difference, 

Apv Ap 

= ^ X (5.24) 
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Figure 5.9: (a) Vertical profiles of normalized density for experiments #1-9; two (vir-

tually coincident) profiles were recorded for each experiment - only one is shown. The 

right-most profile is for V = 0, with increasing V trending to the left. Panels (b) and 

(c) show the normalized boundary layer thickness and normalized top-to-bottom salinity 

difference, respectively, as functions of the externally-imposed difFusivity k^;, normalized 

by Km- The dotted lines depict the least-squares fit of the (circled) data in the 'strong 

mixing- regime: 6/D = 1.3 x lO"'^ and PASn = 0.19 re-

spectively. The solid lines are those predicted by the theory of Hughes et al. (2007): 

5/D = 2.1 X 10-'̂  and fSASn = 0.36 respectively. 
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Figure 5.10: Contour plots of the UDV measurements of vertical velocity near the base 
of the plume. 
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Figure 5.11: The maximum volume transport in the phime, normahzed by the vol-
ume transport of the saline source, as a fvmction of ke/kju- The dotted line indicates 
the least-squares fit to the (circled) data in the 'strong mixing' regime: ^max/Qs = 
2.2 {ke/K-mf-"^^• The sohd line is that predicted by the theory of Hughes et al. (2007): 

where p{D) is the density measured at the base and an overbar denotes a reference 
vahie calculated here as a mean over the set of experiments under consideration. 
The adjustment factor Ap/Ap therefore allows experiments with minor differences 
in source water densities to be compared. Two regimes are again evident: l3ASn 
is independent of KE for KE/K^ < 10^ and, for Ke/k.^ > 10 ,̂ decreases with KE in 
agreement with the theory of Hughes et al. (2007). 

Note that Pn{D) 1 and PASn approaches Ap/jj when the mixing is weak 
(Fig. 5.9a,c). This occurs primarily because the boundary layer becomes thinner as 
Ke decreases, reducing the amount of fresh water entrained into the phmie and thus 
carried to depth. The diffusive transport of fresh water to depths below the boundary 
layer is negligible. Fm'thermore, the theoretical model of Hughes et al. (2007) was 
formulated for ideal point and line plume sources that have finite buoyancy flux 
but infinite density. The theory does not describe the weak mixing regime observed 
in experiments because the range of densities in the flow (excluding the plume) 
approaches that imposed by the sources. 

Contom's of the vertical velocities measured by the UDV are shown in Figure 5.10; 
these are used to calculate the maxinnun volume transport (\l'max) in tlie overtiu'ning 
circulation, '̂ max is shown in Fig. 5.11, normalized by the volume flux of the saline 
source. The two regimes are ap{)arent: volume transport was independent of Ke 
for KE/Hm < 10 [i.e. weak mixing), and for KE/i^m > the transport increases 
by a factor of approximately three for a 30-fol(l increase in diffusivity. The latter 
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sensitivity accords with the scahng of Hughes et al. (2007), however, the predicted 
vahie is consistently a factor of two larger than that measured. This difference 
would be consistent with a more rapid than expected decrease with depth of plume 
buoyancy flux associated with a thinner boundary layer, as described above. In 
all cases, entrainment into the plume increases the volume transport by at least a 
factor of six over that supplied by the saline source, confirming that this input can 
be considered small. 

5.3 Discussion 

For sufficiently strong stirring {HE /KTU > 10^) the experiments recover the depen-
dence of boundary layer thickness (5.18), top-to-bottom salinity difference (5.19) 
and total transport (5.19) on turbulent diffusivity as predicted by the model of 
Hughes et al. (2007). The results are also consistent with the buoyancy-viscous 
scaling of Rossby (1965) if molecular diffusivity and viscosity were to be replaced 
in that scaling by turbulent values and the turbulent Prandtl (Schmidt) number 
assumed fixed. 

For experiments with weak stirring (k^/k^ < 10^) the flow and density structure 
are independent of the externally imposed mixing rate. A plausible reason for this 
is an apparent background level of mixing that is i)resent even when no mechanical 
energy is added to the system (aside from available potential energy generated by 
the imposed surface buoyancy fluxes). 

In order to test this hypothesis we first examine more thoroughly the diffusive 
transport of salt. The transport per unit width of salt, Mg (in kgs~^ into the 
working volume is an externally imposed quantity and can be calculated from the 
applied volume flux and salinity difference between the sources, A4 = Ps{Ss — Sf)Qs-
In an equilibrium state Ms must be exactly balanced by a transport out of the 
working vohune. Neglecting the advective transport of salt out of the working 
volume associated with the small volume throughput from the saline source, the 
salt balance is accommodated by diffusion across the upper fresh water interface. 
Hence /3M, = nsLAps/S, where Aps = p{S) - pj is the density difference across 
the boundary layer and KS is the relevant ('total') diffusivity in the boundary layer. 
Thus the 'total diffusivity', obtained independently of the calibration for the external 
mixing, is given by 

HpsiSs - Sf)QJ 
= A i ; ; ! • (5-25) 

The total diffusivity KS is plotted as a function of the external mixing KE (given 
by the calibration runs) in Figure 5.12, where both quantities are normalized by 

There is close agreement between KE and KS for Kb/k,^ > 192, conditions mider 
which the stirring rods provide the dominant contribution to the total diffusivity. For 
I^s/Km < w'̂  the total diffusivity is independent of the externally-induced mixing 
rate, with Ks/Km ~ 2x 10^ - this value will be referred to as the 'apparent background 
mixing rate'. In particular, X 10^ for the experiment with no externally 
induced mixing, which implies that the salt transport through the boundary layer is 
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Figure 5.12: The parameterized diffusivities, KS and KW, plotted as a function of the 

corresponding ke, all normalized by Km- The dotted line has unity slope and passes 

through the origin, indicating where the external stirring sets the total difFusivity in the 

experiment (Kg/Km > 10^). For small levels of external stirring {KE/KTU < 10 )̂ the 

parameterized total diffusivities are much larger than than KE-

always (for the Rayleigh and Prandtl immbers and aspect ratio used here) dominated 

by mechanisms other than molecular diffusion down the mean gradient. 

Another independent method to evaluate the total vertical diffusivity in the 

experiment is that of Muiik (1966). A homogeneous advection-diffusion balance is 

assumed of the form 
..ppnjz) ^ d'pnjz) , , 

where KW is a (uniform) diffusivity and w is a uniform upwelling velocity. The 

ratio Kw/u! is first found by fitting an exponential function to the vertical profile 

of (normalized) density, and substituting into (5.26). The fit yielded an excellent 

approximation to the measured profile in all cases and was insensitive to the do-

main size (which was approximately one third of the working volume depth, below 

the threshold in the surface boundary layer corresponding to 66% of the top-to-

bottom density difference). This ratio is then multiplied by w (calculated as the 

area-averaged upwelling required to balance the measured volume transport in the 

plume) to give the diffusivity KW- This diffusivity is plotted alongside KS as a func-

tion of KE ill Figure 5.12 and also exhibits behavior spanning two regimes. The 

fact that both the boundary layer transport parameterization {KS) and the inte-

rior parameterization of the Alunk form (KW) return approximately the same total 



104 Horizontal Convection with an External Input of Mechanical Energy 

(liff'usivity lends confidence to the value as well as to the nature of this quantity. 
The level of externally-induced mixing at which the regime transition occurs in 

Figure 5.12 is the same as for the boundary layer thickness, top-to-bottom density 
difference and overturning volume trans{)ort. Thus, when these quantities are re-
plotted as functions of KS and KW (Fig. 5.13), the respective data largely collapse to a 
single slope. This raises the (juestion of the origin of the apparent background mixing 
rate. In the absence of external mixing, instabilities and stirring were observed to 
be widespread throughout the circulation with the exception of the upper boundary 
layer. Hence the circulation itself may be able to generate at least some of the total 
irreversible mixing. Another mechanism available to cause vertical down-gradient 
transport of density is horizontal entrainment and subsecjuent vertical advection 
in the plume. In the process, buoyancy (and tracer) is extracted from the upper 
boundary layer and from the interior over a range of depths and re-injected into 
the interior by the plume outflow at a greater depth; this will be either at the level 
of neutral buoyancy (thus not changing the interior buoyancy at that level), or at 
the base of the tank (thus displacing ambient water upwards). The effect of this 
advective transport is a freshening of the ambient water everywhere, i)articularly at 
large depths. Hence the paranieterizations for the total diffusive transport, embodied 
in Ks and kw (Fig. 5.12), include contributions to the vertical transport from 
molecular diffusion down both the mean and stirring-enhanced gradients, and from 
the advective circulation (the latter being an apparent mixing, i.e. not irreversible). 

The theoretical model of Hughes et al. (2007) was fornuilated in terms of a 
total diffusivity k* for irreversible vertical mixing in the interior, which camiot be 
determined in these experiments. This total diffusivity does not include advective 
transport associated with the plume because it is exi)hcitly allowed for in the model. 
Thus K^ will be smaller than the parameterized total diffusivities, ks and Kyy, and 
larger than the diffusivity characterizing externally-induced mixing K,,;. In the strong 
mixing regime is expected to be comparable with KS, KW and KE- The comparison 
of experimental results with the theoretical predictions in Figs. 5.9b, 5.9c, 5.11 and 
5.13 can be viewed consistently in this light. The data and the predictions should 
only be expected to approach the same scaling where the mixing is strong in these 
plots {i.e. for KE/K„I > 10^) and K^ KE as is indeed the case. Although 
KE was varied over four orders of magnitude in these experiments, the corresponding 
variation in KS.W was less than two orders of magnitude; K^ therefore varied by a 
factor intermediate to that of KS.W and KE- Thus, over the range of experimental 
conditions examined, we expect the theoretical scaling based on KS W (because is 
unknown) to yield a weaker than observed increase in boundary layer thickness and 
maxinmm streamfunction, and a stronger than observed decrease in top-to-bottom 
density difference, as is the case in Fig. 5.13. 

In order to further emphasize the phnne's role in vertical transport in the convec-
tive circulation along with the concept of an ajjparent background mixing rate, two 
auxiliary exi)erinients are performed in which the saline source was simply relocated 
to the bottom left-hand corner of the tank. The source density and volume flux was 
the same as in the previous experiments, but the tm'bulent i)lume was eliminated 
from the circulation. This configuration removed all convection and any small-scale 
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Figure 5.13: Panels showing tlie (a) normalized bonndary layer thickness, (b) top-to-
bottom salinity difference and (c) plume outflow as a function of the parameterized total 
diffusivities ks and kw, both normalized by Km- All the data has collapsed and the two 
regimes in Figures 5.9b, 5.9c & 5.11 are no longer evident. The dotted lines represent 
the least-squares fits in terms of the parameterized total diffusivity ks (based on the 
boundary layer transport): 5/D = 5x lO'^ [ks/HmT'^^^ • P^Sn = 4.0 and 
"^max/Qs = 1.24 (Kj/Km)®'^''^- The daslied lines represent the least-squares fits for the 
Munk parameterization: these are 8/D = 2 x IQ-^ (Kvv/'^m)"-^®', PSn = 7.2 { k w / 
and ^max/Qs = The solid hues are the same as those in Figures 5.9b, 
5.9c & 5.11. predicted by the theory of Hughes et al. (2007). 
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instabilities and irreversible mixing that may have been caused by the overturning 

circulation in the previous experiments. In essence, the auxiliary experiments model 

the upwelling or interior leg of an overturning circulation without requiring closure 

by a sinking leg, similar to the implicit assumption used in early attempts to evalu-

ate the vertical diffusivity and interior upwelling velocity in the ocean (Munk, 1966). 

The auxiliary experiments were again run for many filling timescales, once with no 

added mechanical mixing (Exp. #10) and once with added mixing (Exp. #11) in 

the mid-range of the values used for the convection experiments. 

The normalized density profiles for the large-time state in the auxiliary exper-

iments are contrasted to the corresponding runs having the source at the surface 

(Exp. #1 & 6) in Figure 5.14. The relevant observation here is that Pn{D) < 1 

for the exjjeriments with the saline source at the surface, whereas p„{D) = 1 for 

experiments with the som-ce at the bottom and having no i)lume; a plume is needed 

to effectively transport buoyancy to large depths. Removing both the turbulent 

phnne and external mixing led to a stronger stratiftcation tightly confined at the 

surface; waters below this were unstratified and at the density of the saline source. 

The addition of external mixing, in the absence of the plume, deepened the surface 

boundary layer but did not significantly freshen the waters at large depth. In con-

trast, the cases having the source at the surface showed that the turbulent plume 

freshened all of the interior, including the water at the bottom; the phnne outflow 

was always less dense than the saline source. The external mixing in this case again 

acted to thicken the boundary layer, thence increasing the fresh water entrained by 

the turbulent phnne. It is solely via the plume that near-surface water and buoyancy 

are transported to larger depths. 

In the case of the auxiliary exi)eriments, the saline sourc:e at the bottom intro-

duces dense water at a rate that is equal to the sum of the upward mass transports 

by advection and by diffusion at any given level above. The upwelling velocity 

w is independent of depth and is readily calculated from the volume flux of the 

saline source and horizontal area of the working volume. The total diffusivity in the 

auxiliary exi)eriments, whether molecular or dominated by the external stirring, is 

also independent of depth and can be explicitly evaluated by the Mimk balance. In 

contrast, when the source is at the surface, turbulent entrainment into the plume en-

sures that the horizontally-averaged upwelling in the interior is a function of depth. 

In this case, as in the oceans, an application of the Munk balance returns a pa-

rameterized total diffusivity that is larger than the actual diffusivity characterizing 

mixing in the interior and surface boundary layer. 

The values of KW obtained by applying the Munk solution for experiments #1 , 

6, 10 & 11 are plotted against the calibrated external mixing rate KE in Figure 

5.14b, again normalized by In the regime /t£/«:„, > 10^, mixing induced by the 

stirring rods [)rovided the dominant contribution to the vertical transi)ort, whether 

or not there was a plume, and therefore the parameterized total diffusivities'obtained 

with the saline source at the bottom and at the surface are similar; the value for the 

circulation including a plume is only twice as large as for that without. However, for 

no external stirring (ac/j/k™ - 0(1)) there is a factor of approximately 30 between 

the two values of nw- hence the plume entrainment very substantially enhanced the 
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Figure 5.14: (a) Vertical profiles of normalized density for experiments # 1 (red), 6 
(green), 10 (blue) & 11 (black), (b) The parameterized total diffusivity for the same 
experiments as in (a). For large K^ the presence of a plume has little influence on KIV, 
indicating that the external-stirring sets the total vertical transport; this is not the case 
for small KE- (C) shows a close-up of the region outlined in (a); at this scale it is clear that 
even in the case of no external mixing, the plume is able to advect fresh water to depth. 
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paraineterizoxl measure of total mixing (note that kw in the auxihary experiment 

without a pkune is still significantly greater than ke in the case having no external 

stirring because of the stress applied to the working volume by the overflow and the 

spreading of the injected salt). We conclude that depth-dependent vertical transport 

in the convective overturning circulation (recall that '̂ max is at least six times larger 

than Qs) appears in the Munk analysis as a larger parameterized diffusivity. 

A closely related question is whether vertical transport in the global ocean cir-

culation is dominated by internal processes associated with the overturning or by 

mixing induced through external means. The laboratory experiments and previous 

studies provide some guidance. However, we have not varied the molecular diffusiv-

ity and it is not possible to conclude that the rates of irreversible or apparent mixing 

in the oceans scale with the molecular diffusivity. Nor have we shown systemati-

cally what portion of the total vertical transport is due to irreversible mixing {i.e. 

that excluding advective transport in the i)lunie) and how it might depend upon 

parameters such as basin geometry. Nevertheless, the oceans have a parameterized 

total diffusivity kw/Hm ~ 10'' (evaluated from the Munk (1966) analysis at depths 

below 1000 m, and taking Km = lO^'^m^s"' for heat and n^v ~ lO""^ ni''̂  s"^). When 

the contribution to the overall vertical transport from the internal processes of en-

trainment and subsequent vertical advection is made explicit, Hughes <k Griffiths 

(2006) find that irreversible interior mixing characterized by ~ {i.e. 

~ 10^) is sufficient to explain the observed top-to-bottom density difference 

and overturning rate, and this is consistent with the measured global average mixing 

rate of « 1 x lO-^m^s-^ (Toole et ai, 1994; Polzin et al, 1997). Indeed, an order 

of magnitude difference between kw and k* owing to the effect of advective plume 

transport is also consistent with the experimental data (Fig. 5.14b). As ke is in 

turn less than or equal to and hence at least an order of magnitude less than 

Kw, the global oceans will lie in a 'weak mixing' regime (as can be seen from Figure 

5.12), suggesting that the circulation may have limited sensitivity to the level of 

mixing induced by external means. However, the relative contributions from the 

circulation and from external means to irreversible mixing in the interior remains 

an open and interesting question. 

Insights from Perturbed Circulations 

A topical subject is the sensitivity of deep-water formation to perturbations of sur-

face buoyancy fluxes. Palaeo-reconstructions and numerical solutions suggest a sud-

den freshening of high-latitudinal surface waters, arising from physical processes such 

as glacial melt or lake outflows, can lead to a "shut-down" of deep-water formation 

with significant follow-on effects to the climate. 

(Qualitative observations of the response of the laboratory overturning circulation 

to six different types of perturbation are i)resented. In each case the equilibrium 

circulation, with a full-depth plume, was temporarily (in the sense that the circula-

tion is not able equilibrate to the perturbed conditions) exi)osed to a perturbation. 

The temporary perturbations took the form of either increases or decreases of 

p., and Ke (Tab. 5.3). The magnitude of each perturbation was not ciuantified, biit 
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Table 5.3: The types of perturbations temporarily imposed on the equilibrated circula-
tions. Listed in each colunm is the type of perturbation, the depth of the plume penetra-
tion (and thus, circulation) during and innnediately after the perturbation, and the type 
of anomaly produced by the perturbation (relative to the equilibrated state). 

Perturbation Diu'ing Post Anomaly 
Increase Qg Partial Partial Overlying fresh 
Decrease Q^ Full Partial Underlying dense 
Increase Ps Full Partial Underlying dense 
Decrease Ps Partial Partial Overlying fresh 
Increase K^ Partial Partial Overlying fresh 
Decrease KE Full Partial Underlying dense 

was large enough to elicit an observable response. The response of the circulation 
is described in terms of the depth of the plume outflow during and immediately fol-
lowing each of the perturbations. The circulation was insensitive to perturbations 
of Qf , supporting the argument that the surface layer provided by Q/ is an imposed 
buoyancy boundary condition and not a Hux condition. 

The key result is that all perturbations produced a partial-depth plume and shal-
low circulation immediately following the return to steady-state forcing conditions. 
The reason for the shallow circulation state was dependent upon the type of density 
anomaly each perturbation produced. These anomalies fall into two categories; an 
overlying layer of fresh water, or an underlying layer of dense water (relative to the 
equilibrated circulation). An overlying layer of relatively fresh water resulted in the 
plume entraining relatively fresh water from the upper depths of the volume, and 
thus not possessing enough buoyancy to sink full-depth; this is an example of the 
ambient water modifying the buoyancy of the plume. An underlying layer of dense 
water resulted in the plume being insufficiently dense to penetrate into the anoma-
lously dense region. Both styles of anomaly were stably stratified and removed 
through erosion by the turbulent plume. A fiill-depth circulation is re-established 
in a tiniescale ranging from minutes to hours; nuich shorter than that of molecular 
diffusion through the depth of the tank, D'^jK^ « 2 x 10®s ( ~ 6 years). 

The observed responses arising from perturbations of Q^ were surprising. The 
initial response to an increase of Qg was a partial-depth plume which outflowed at an 
intermediate depth, despite the perturbation imposing a larger buoyancy flux. The 
response is at t r ibuted to an increased level of turbulence associated with the saline 
source leading to an increased amount of entrainment into the plume, particularly 
from within the upper boundary layer. The relatively fresh plume led to the de-
velopment of a stronger stable density gradient beneath the outflow. A decrease in 

on the other hand, initially resulted in a less tm'bulent plume, which entrained 
less ambient fluid and remained full-depth. This perturbation led to a lower layer 
of relatively dense water. 

Perturbat ions of p., gave rise to more intuitive responses. Increasing resulted 
in a full-depth plume and led to an miderlying dense anomaly. Decreasing p^ gave 
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rise to a part ial-depth plume and an overlying fresh anomaly. 
The four types of per turbat ions described above are of the form of a sudden 

change in the destabilizing buoyancy flux. Per turbat ions of KE, on the other hand, 
amount to a per turbat ion of stabilizing buoyancy flux given the fixed buoyancy 
surface condition. Increasing KE enabled more fresh water to enter the upper region 
of the working volume. This fresh water was subsequently entrained into the plume, 
leading to a part ial-depth circulation and the formation of an uj)per layer fresh 
anomaly (Fig. 5.15). Decreasing HE reduced the ra te of fresh water mixing into 
the upper region of the working volume and led to a relatively denser plume, which 
continued to sink full-depth and establish a denser deep layer. 

Compar i son wi th Numer ica l Solut ions 

We turn our at tention to the numerical solutions detailed in §4. The four inuneri-
cal solutions obtained in domain (1) span 4 orders of magnitude of A'„ and can be 
compared with the experimental results. The laboratory experiments and niuneri-
cal solutions are characterized by the product of their respective Praiidtl and flux 
Rayleigh numbers (Equations 2.2 and 2.4, using KE or and can also be compared 
to the theory of Hughes et al (2007). 

Figure 5.16a shows the boundary layer thickness normalized by the depth of the 
domain for the laboratory experiments (red stars) and the numerical solutions (green 
s(iuares). There is good agreement between the da ta and the respective predictions 
of the theoretical model. The offset between the laboratory and numerical da t a 
arises from the significant difference in domain length (L = 1.16 and 3 x 10^'m for 
the laboratory and numerical domains, respectively). 

Figure 5.16b shows the measured normalized top- to-bot tom density difference 
against tha t predicted by Hughes et al. (2007). Again, there is good agreement 
between model predictions and the data. It is interesting to note this agreement 
despite entraiinnent into the plume not being resolved in the numerical solutions. 
This suggests that the parameterization of the turbulent mixing (by the increased 
Kh and Ky) is having a similar effect on the density field as tha t which arises from 
entrainment. 

5.4 Conclusions 
Laboratory experiments have examined the overturning circulation forced by dif-
ferential surface buoyancy fluxes and subjected to an imposed level of mec:hanical 
stirring. The experimental design used sources of saline and fresh water to provide 
the buoyancy forcing, and a pair of traversing horizontal rods to provide a controlled 
and calibrated rate of stirring throughout the circulation. The resulting flow resem-
bled tha t observed previously in studies of horizontal convection. An impor tan t 
finding is the dependence of the circulation on the vertical t ranspor t in the circu-
lation: the overturning strength and boundary layer thickness increased with the 
t ransport , but the stratification in the circulation decreased. These dependences can 
be successfully quantified by parameterizing the t ransport as a vertical diffusivity 
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Figure 5.15: A sequence of images depicting the response of an equilibrated circulation 
to a t emporary increase in KE- The t ime s t amp refers to t ime since the dye was intro-
duced; there initially exists a residual amount of dye from an earlier visualization of the 
equil ibrated circulation (Fig. 5.8). A full-depth plume and circulation (evident at i = 98 s) 
is pe r tu rbed by traversing the stirring rods througli the upper 0.2 m of the working volume 
at t = 100s. The rods are seen leaving the tank at t = 148 s. The per turba t ion brings 
an excess of fresh water into the upper region of the working volume; this fresh water is 
entrained by the plume, which is subsequently no longer dense enough to sink full-depth 
and outflows at an intermediate level {t = 234 s). The fresh water anomaly remains after 
the per tu rba t ion ceases as an overlying layer of relatively fresh water. The vertical ex-
tent of the shallow overturning gradually deepens as the turbulent plume erodes away the 
overlying fresh anomaly. A full-depth circulation is reestablished by t = 1348 s. 



112 Horizontal Convection with an External Input of Mechanical Energy 

• * * 

Lab 
MITgcm. E=0,1 
MITgcm. E=0.01 

10 10 10 
Ap , H G M P 0 7 

Figure 5.16: (a) Normalized boundary layer thickness â i a function of PrRaf.^ for the 

laboratory experiments (red) and MITgcm solutions (green); the solid and dashed lines 

represent the theoretical predictions of Hughes et al. (2007) with the entrainment coef-

ficient of = 0.1 and E — 0.01, respectively, (b) The top-to-bottom density difference 

predicted by the theoretical model against the measured values; the solid and hollow 

squares represent theoretical predictions made with entrainment coefficients of E — 0.1 

and E = 0.01, respectively. 

using both the Muiik advectioii- diffusion balance (applied over a range of depths 

in the interior) and an independent estimate of transport at the surface (applied in 

the surface boundary layer). 

Understanding the vertical transport in the circulation is not straightforward, 

however. Three significant contributions to the transport were found: 1) irreversible 

mixing throughout the circulation interior attributable to the imposed mechanical 

stirring, 2) irreversible mixing arising from spontaneous small-scale stirring events 

associated with the circulation itself, 3) and advective transport following the en-

trainment of interior water into the turbulent plume. The latter is a robust feature 

of the circulation at high Rayleigh number. Only the first two contributions cor-

resi)ond to genuine irreversible mixing processes (the combined effect of which is 

denoted by the tm-bulent diffusivity «:*). 

Two circulation regimes were found, depending on the strength of the externally-

imposed mechanical stirring (in tm-n characterized by the turbulent diffusivity ke, 

which is measured from independent calibration experiments without an overtm-ning 

circulation). When that stirring is sufficiently strong, ke is comparable with the 

parameterized vertical diffusivities obtained using either the Muuk balance or an 

estimate based on the surface boundary layer. The characteristics of the circulation 

in this regime closely followed the theoretical predictions of Hughes et al. (2007); 

the boundary layer thickness increased as S ~ k)/'^ and the maxinunn overturning 

transport increased as ^r ~ K Because the theory explicitly includes vertical 

transport by entraimnent into the turbulent plume, this agreement suggests that 

it is also important in this strong mixing regime. Entrainment must occur at all 

depths in the surface boundary layer and nuicli of the interior, giving rapid advective 
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transport of buoyancy from the upper regions to the bottom. External stirring acts 

to deepen the boundary layer by enhancing downward mixing of buoyancy from the 

surface. This leads to a greater buoyancy (at a given level) driving the dense plume 

and larger area of entraimnent, and thence to greater entrainment of fresh water 

buoyancy into the plume. The buoyancy is advected to the bottom and results in a 

smaller top-to-bottom density difference (Hughes & Griffiths, 2006). 

When the externally-imposed stirring is weak, KE is significantly smaller than the 

parameterized vertical diffusivities obtained using the Munk balance and an estimate 

based on the surface boundary layer. The measured stratification and circulation 

were independent of the rate of external stirring and remained unchanged from the 

limiting case of no external stirring, in which it might have been expected that only 

molecular diffusion would operate to give irreversible mixing. The boundary layer 

thickness, for example, was very much greater than that expected for molecular 

diffusion alone. These results are explained in terms of an apparent minimum, or 

background, level of mixing, which in the experiments was some 200 times greater 

than the molecular diffusion of salt. It is concluded that this apparent background 

mixing was generated by internal processes associated with the convection. It has 

been shown that at least a part of the vertical transport is not irreversible mixing; 

this component is associated with the lateral transfer of water between the interior 

and the plume as a result of entrainment. The corresponding vertical transport can 

be interpreted as the downward advection of relatively fresh water entrained into 

the plume at any given height; an equivalent interpretation is in terms of the upward 

advection of relatively saline water in the circulation interior, where the upwelling 

decreases with height (as a result of entrainment). This advective transport is pa-

rameterized as a diffusivity by both the Munk advection-diffusion balance and the 

independent surface boundary layer transport estimate. The irreversible component 

of the background mixing is attributed to flow instabilities in the convective circu-

lation and is qualitatively consistent with laboratory observations of weak stirring 

throughout much of the flow interior. 

The experimental results serve to emphasize several lessons that are directly rel-

evant and of great importance when considering the meridional overturning of the 

oceans. Turbulent mixing arising from energy input to the oceans by winds and 

tides (the external stirring) is available to deepen the boundary layer (thermocline). 

Turbulent diffusion is, however, an inefficient means of transporting heat to warm 

the abyssal depths. Instead, and contrary to much of the thinking of recent decades, 

the primary function of mixing is to modify the upper ocean density. The dense sink-

ing overflows and slope currents then entrain the warmth from the thermocline on 

their way to forming North Atlantic Deep Water and Antarctic Bottom Water. The 

density of deep and bottom waters, and the overturning transport, are determined 

by entrainment and vertical advection by the plumes. In this picture, abyssal mix-

ing plays a significantly lesser qualitative role than has conmionly been suggested. 

Furthermore, the rate of irreversible mixing at abyssal depths required to explain 

ocean measurements is substantially less than that indicated by parameterizations 

based on the total vertical transport of density. 





Chapter 6 

Conclusions 

6.1 Overview and Implications 

Two kinds of laboratory experiments and a set of numerical solutions have been 
used to investigate the effects of topography and mixing on an idealized overturning 
circulation driven by surface buoyancy fluxes. The first set of laboratory experiments 
(detailed in §3) showed that a sill has a global influence on the density structure if 
the sill depth is less than twice the boundary layer (or thermocline) depth. These 
large sills ensure the sill overflow interacts directly with the surrounding thermocline 
water, decreasing the density of the overflow plume and thus the upstream properties 
of the abyssal water. The experiments show that the effect of the sill depends on 
the surface boundary conditions and indicate a larger response for conditions of a 
prescribed distribution of temperature rather than of heat flux. Application of the 
results to the North Atlantic circulation suggest that the Greenland-Scotland Ridge 
is shallow enough to lead to a significant reduction of the density of North Atlantic 
Deep Water, and this is consistent with the conclusions from an analysis of water 
mass properties. During epochs of lower sea level the influence of the Greenland-
Scotland Ridge on the global ocean circulation is predicted to have been even greater 
than present. 

The second set of laboratory experiments (§5) showed that an external input 
of mechanical mixing leads to an increased rate of overturning, thicker thermocline 
and fresher abyss. When the imposed rate of mechanical mixing was the dominant 
contributor to the total mixing, measurements of the overturning rate and density 
structure are in accord with a theoretical model (Hughes et al, 2007), which is 
based on a turbulent plume and a steady state advection -diffusion balance in the 
interior. For small rates of imposed mixing the circulation was insensitive to the 
mechanical mixing, and was greater than that expected for the case of a stratification 
maintained by a balance between molecular diffusion and advection. This behaviour 
is attributed to mixing by instabilities in the convective flow and entrainment into 
the turbulent plume. Application of these physical principles to the oceans suggests 
that turbulent mixing (due to energy sourced from winds and tides) acts primarily 
to deepen the thermocline. Mixing thereby influences the properties of the abyssal 
ocean by modifying the upper ocean environment through which the dense plumes 
sink and from which they entrain water and heat. The bulk transport in the plumes, 
and not vertical mixing throughout the interior, as was previously thought, is the 
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crucial mechanism for transporting heat to large depths. 
The two distinctly different kinds of experiments reported here share a common 

result; the abyssal density is set by the sinking plume and the water it entrains. In §3 
the abyss was freshened by topographically forcing the sill overflow to interact with 
thermocline water. In §5 the abyss was freshened by increasing the depth through 
which the plume accesses thermocline water. Thus in both cases the abyss in fresh-
ened by increasing the amount of buoyancy entrained into the sinking plume. The 
results illustrate that the abyssal density is influenced by the thermocline depth and 
plume entrainment, both of which are strongly influenced by micro-scale processes 
and require parameterizations in GCMs (e.g., bulk mixed-layers, convective adjust-
ment, and turbulent mixing). Care must be taken when interpreting the results of 
GCMs, particularly relating to abyssal densities, where such parameterizations have 
been made. 

The numerical solutions (§4) show good agreement with both sets of labora-
tory experiments and provide an opportunity to investigate the energetics of the 
overturning circulation. In particular, we use these solutions to test three different 
methods of determining the appropriate reference state of no motion for an overturn-
ing circulation in a multi-basin domain. The results show that although the different 
methods give different values of available potential energy, they all return similar 
values for the power input from surface buoyancy fluxes, which is the quantity of 
dynamic importance to the maintenance of the overturning circulation. 

6.2 Further Work 

The findings detailed in this thesis have motivated further questions into the dy-
namics of an overturning circulation driven by surface buoyancy fluxes. All quanti-
tive results presented here relate to equilibrated circulations under steady boundary 
conditions. Recent work uses laboratory experiments to investigate the response 
of an overturning circulation to oscillatory surface buoyancy forcing conditions and 
identify the adjustment tiniescales of the deep-water formation and convective over-
turning (Griffiths et ai, in press). It is likely that incorporating topography into 
such experiments will introduce an additional timescale associated with the venti-
lation time of the small basin. Additionally, the small basin may act as a reservoir 
of dense water such that the influence of the oscillatory forcing on the deep-water 
formation is damped. If this is the case it may go some way to explaining why 
seasonal variability is observed in the Weddell Sea outflow (which does not have a 
substantial sill; Gordon et al, 2010), but not Greenland-Scotland Ridge overflows 
(Macrander et al, 2007). 

The experiments in §5 use a spatially uniform rate of externally imposed me-
chanical mixing. It is known that oceanic mixing is enhanced in regions of rough 
topography and towards the surface. This observed spatial dependence of oceanic 
mixing is thought to be dynamically important to the MOC. The results presented 
here suggest that the most significant effect of the imposed mixing is to deepen the 
thermocline, thus increasing the access of the plume to surface water. It is possible 



3.2 Further Work 117 

to re-calibrate the apparatus used in §5 to incorporate a depth-dependent rate of 
externally imposed mechanical mixing, thus allowing examination of the sensitivity 
of the circulation to mixing at specific depths. 

Using a solute to supply the buoyancy flux has many advantages over heat in 
laboratory experiments. However, the source of destabilising buoyancy in §5 does 
not provide a pure buoyancy flux condition (unlike that in §3): it also imposes a 
finite volume flux and sets a maxinuun density for the experiment. This nmst be 
taken into account when interpreting the results, particularly when comparing to 
the theory of Hughes et al. (2007) which prescribes a buoyancy flux with no limit 
on the density difference. Future laboratory experiments could focus on achieving a 
source of destabilising buoyancy that is closer to a pure buoyancy flux. 

The MOC is thought to be a result of the interplay between surface buoyancy 
forcing, wind-driven upwelling and turbulent mixing. Previous laboratory experi-
ments investigating overturning circulations have generally focussed on surface buoy-
ancy forcing alone, with the more recent addition of turbulent mixing. The boundary 
conditions employed in §5 offer a simple means of introducing surface stress (winds) 
to the overturning circulation by adjusting the flow rate and location of the fresh 
water source. Experiments of this type are already being conducted (K. Matusik, 
personal conmumication). 

The laboratory experiments detailed in this thesis were conducted in a non-
rotating reference frame, and an obvious step is to introduce Coriolis effects. It 
has been shown that the circulations in the laboratory are dominated by small-
scale mixing processes. While rotation may give rise to additional instabilities and 
mixing pathways, practical limitations (e.g., aspect ratio) may not allow access to the 
geostrophic flow conditions reciuired to quantify any influence of planetary rotation. 
R. Griffiths (personal conmumication) has carried out thermally-forced experiments 
with rotating horizontal convection in the same box used in §3. Apart from the 
addition of horizontally-recirculating gyres, the overall flow is qualitatively similar 
to that in the non-rotating case. These experiments could include imposed mixing 
and require extensive measurements of the three-dimensional flow. 

The non-hydrostatic munerical solutions driven by an imposed distribution of 
buoyancy flux (§4) showed that the calculated rate of energy input from surface 
buoyancy forcing is insensitive to the adiabatic resorting method. Many GCMs 
are often run in a hydrostatic mode, incorporate non-linear equations of state and 
prescribe (or relax to) a distribution of surface buoyancy; it is not clear if a solution 
employing any these conditions will display tfie same insensitivity to the adiabatic 
resorting method. 
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