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2 Introduction

didtd

S EQ N
—3» volume transport —»  mixing-driven upwelling =  deep-water formation
—» wind-driven upwelling ~~~~» internal waves ~~p heat fluxes

®  wind </ diapycnal mixing —~~p freshwater fluxes

- ==~ profile of Drake passage 00 seaice

Figure 1.1: A simplified schematic of the zonally-integrated meridional overturning cir-
culation in the Atlantic Ocean. From Kuhlbrodt et al. (2007)

through their ability to mix the oceans (e.g.. Munk, 1966; Munk & 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 turbulent 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 al., 2006; Kunze et al., 2006; Visser, 2007). However. no
combination of these processes will result in a mean oceanic MOC in the absence of
surface buoyancy fluxes and wind-driven upwelling.

The observed oceanic stratification and MOC 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 accommodate a more rapid
MOC (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 vet 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 CO, (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 CO,; and potential climatic feedbacks (Rintoul, 2011).
Shifts in the state of the MOC, and thus atmosphere-ocean CO, fluxes, have been
suggested as a possible trigger mechanism for palacoclimate change (e.g., Toggweiler
et al., 2006). Hence greater knowledge of the MOC 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-Bénard 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 common 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 al., 2004). For instance, the horizontal (meridional) variation of
buovancy 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 flow 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 deep water sinking occurs as localized outflows from
marginal seas or semi-enclosed basins (Dickson & Brown, 1994; Orsi et al., 1999;
Schott et al.. 2004). The submarine topography in these regions strongly influence






Chapter 2

Background

2.1 The Oceanic MOC

The latitudinal distribution of net radiation at the top of the atmosphere (Fig. 2.1:
Jarkstrom 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 svstem. 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 mindful of the coupled nature of the system

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

f [/‘/\.I/ )
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Figure 2.2: Zonally-integrated annual mean heat transport (in PW north) for latitude.
The blue, red and black lines represent the ocean, atmosphere and total, respectively, with

the shading showing the 2o range. From Fasullo & Trenberth (2007)

as a whole. and interpret the results as such.

Surface waters of the oceans at latitudes equatorward of approximately 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 surface
currents, heavily influenced and steered by atmospheric 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 (Stommel, 1962: Munk. 1966: Winton.
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 & Griffiths, 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 & Wunsch. 1998).
a configuration that gives a maximum overturning for a minimum upwelling veloc-
ity and minimum potential energy (Winton, 1995). Some of the upwelling occurs
as advection along isopycnal surfaces that outcrop to the ocean surface as a re-
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Figure 2.3: Longitudinal section through the Brazil Basin of diapyenal diffusivity inferred

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

where w (ms™') and & (m®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 MOC. The right-
hand term refers to the diffusive heat flux from the surface downward through the
water column. 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 &
10-*m?s ', which requires an input of 2.1 TW of mechanical energy to the oceans
to power the mixing (Munk & 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 (E,) of
the ocean by raising the centre of mass of the water column (e.g., Munk & Wunsch,
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 subsequently
exposed to an increased diapycnal diffusion (mixing). The final state will indeed have
a higher centre of mass and an increased E, relative to the initial state. However,

when the initial stratification is the result of the Munk (1966) advection-diffusion






























$2.2 Horizontal Convection 19

Figure 2.7: The convective circulation of Coman et al. (20065). The left- and right-hand

endwalls are heated and cooled. respectively. From Coman et al. (2006b ).

o

MMM

R

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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N = h{) e '|‘ Seoih | o=p.-p 0h/2
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v p=py+Ap $ h/2

Figure 2.12: Calculating E,, E}, and E, for the two boxes in Figure 2.11. Adiabatically
resorting Fig. 2.11a does not change the density field, thus E, = E, and E, = 0. Adia-
batically resorting Fig. 2.11b returns the density field pictured in (c): in this case E, > E},
and E, > 0. Adapted from Hughes et al. (2009)

= g/ pzdV, (2.7)
JV

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

potential energy defined as,

Ey=g / pze dV, .8)
JV

where z, 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,

Be =K, —Ey =g / p(z — 2,)dV. (2.9)
JV

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, z, 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 @y, is given by

Dy = —py 7{ zBdA, (2.10)
Ja

where py is a reference density of the fluid and B is the buoyancy flux per unit area
(m*s~?) imposed at the surface of area A.

Equations 2.7-2.9 can be understood for the illustrated example in Figure 2.11.
We assume both boxes are of equal height and length H and L, respectively, and
that the height of the density anomalies in Fig. 2.11b is h; this is depicted in Figure
2.12 alongside the adiabatically resorted box for the case of Fig. 2.11b. The total



2.2 Horizontal Convection 25

potential energy of Fig. 2.11a is

gpLH*
Bpfa == (2.11)

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

gpLH?
Eb.(u) e g 9 ) (212)
giving an available potential energy of
Ea.(a) = Ep.(u) i Eb.(a) =0. (213)

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

_ 9pL(H = 1)* | glp+ Ap)Lh(H — 4 L 9o~ Ap)LI(H — .

E 2c 2.14
which reduces to.
gpL H?
E, @) = ./,02 3 (2:15)

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

gpLH(H = h) _g(p+Ap)Lh*  glp— Ap)Lh(H —})

Ey ) = 2.16
b.(b) 5 3 5 (2.16)
which reduces to
gpLH?  gApLh(H — 1)
Ey ) = i T : 2- (2.17)
This gives the available potential energy for the case in Fig. 2.11b as
gApLh(H — )
Eu.(b) — Ep.(b) = Eb.(b) = 2 3 (218)

2
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 applying
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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28 Horizontal Convection with a Sill
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[ Power Supply \ L /
and Controller] Heating Mat Heat Exchanger
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Copper Base Sill A
. PP . . g ~ Base Plate Thermistors

D Polystyrene Insulation. Ceramic Insulation I Access Tubes Temperature Profiles
l :

Figure 3.1: Schematic diagram of the apparatus for the experiments with an imposed
heat flux. Vertical dotted lines show the location of the six profiling thermistors: one
thermistor each for the profiles closest to the endwalls, and two thermistors ecach for
the other two profiles (one on, and the other 0.1 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 L; /L, = 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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ROOM
TEMPERATURE
THERMISTOR

¢ GGING COMPUTER

POWER SUPPLY CONSTANT
FOR TEMPERATURE
HEAT MAT BATH

Figure 3.2: A photo of the laboratory used for the experiments of horizontal convection

impeded by a sill.
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X >

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; Ly/Ls =1/4, 1 and 4, from left to
right.

with a response frequency of 142Hz and an absolute accuracy of O(0.1)°C. Tem-
peratures were monitored to indicate when the flow had reached thermal equilib-
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 5mms~'. A further
four thermistors were positioned in the copper base plate; located at (z, y) =
(100, 75). (100, 230), (1150, 75) & (1150,230) mm. 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) LabVIEW program. For long-time logging the
100 Hz samples were stored until 1000 samples had been collected (10 seconds) and
the 10s 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 requires 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 temperature 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 I"lnkv® digital ohm meter (39IVRMS) for
6 bath temperature settings spanning 5 65°C. As a check for hysteresis, the bath
temperature was first increased in steps through the range and then decreased in
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0.0008
0,008
—
v
N
~ 0.0034
o
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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 & Hart, 1968):

1 :

T=a +b(InR) + ¢ (In R)?, (3.1)
where T is the temperature in Kelvin and R is the resistance in ohms. and a. b and
¢ 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 Fluke®
digital ohm meter. The output voltages of between 15 and 21 resistance settings
(selected to ensure the output 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.

1 . .
z=d+eV + fV2+gVP RV, (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 R is the resistance in ohms and V' is the voltage in volts, and d. e, f, 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 Rp and L,/L,. dimensionless parameters governing the experiments
were a Rayleigh number (either Ra based on the imposed temperature difference or
Ray based on the imposed flux),

3 » rd
Ra = ‘ZO_A_ZE_ or R(l}.- = M‘ (33)
VK p(',,l/h"r°
the aspect ratio,
= 2 (3.4)
- Sy L . .
and the Prandt]l number,
124
B (3.5)
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Table 3.1: Experimental conditions and calculated values for key dimensionless parame-

ters defined in the text. Boundary conditions of imposed heat flux and imposed tempera-

ture difference are denoted by “fluz” and “AT”, respectively.

Exp. | B.Cs | Watts | Rap (Ra) | Sill | Rp | Li/Ls | /D | Nu| Ry

1 fluzx 280 1.85 x 10 | flat 1 1/4 | 0.055 | 145 | 17.79
2 flux 280 2.06 x 10'* | flat | 0.05 1/4 | 0.203 | 103 | 0.8005
3 fluz 280 1.97 % 10* | flat | 0.1 1/4 ]0.103 | 133 | 1.601
4 flux 280 1.89 x 10'* | flat | 0.15 1/4 | 0.064 | 142 | 2.668
5 flux 280 1.87 x 10** | flat | 0.2 1/4 | 0.059 | 144 | 3.558
6 fluz 280 L.87 5 102+ | flat | .0.25 1/4 | 0.060 | 144 | 4.447
7 fluz 420 3.74 x 10'* | flat | 0.1 1/4 |0.077 | 144 | 1.797
8 fluz 210 1.30 x 10 | flat | 0.1 1/4 |0.134 | 125 | 1.420
9 fluz 420 3.53 x 10'* | flat 1 1/4 | 0.049 | 152 | 20.41
10 fluz 210 1.22 x 10** | flat if 1/4 |0.062 | 135 | 16.13
11 | AT ~ [ (626x10") |flat| 0 | 1/4 |0.055| - 0

12 AT - (1.48 x 10'?) | flat | 0.05 1/4 | 0.083 | - | 0.8224
13 .| AT (157 x 10'2) | flat | 0.1 | 1/4 |0.091 1.645
14 AT (1.56 x 10'2) | flat | 0.125 | 1/4 | 0.074 2.284
15 AT (1.56 x 10'%) | flat | 0.15 1/4 | 0.062 2.741
16 AT (1.55 x 10'?) | flat | 0.25 1/4 | 0.056 | — 4.569
ILj¢ AT : (1.55 x 10'?) | flat 1 1/4 | 0.055 | - 18.28
18 fluz 280 2.10 x 10* A% 0.1 L/4 0183 | 1257 1779
19 fluz 280 1.99 x 10 V | 0.15 1/4 | 0.088 | 135 | 2.668
20 flux 280 1.96 x 10" A% 0.2 1/4 | 0.074 | 137 | 3.558
21 flux 280 1.98 10 V | 025 1/4 ] 0.066 | 139 | 4.447
2% flux 280 1.89 x 10™ V | 0.95 1/4 | 0.057 | 142 | 16.90
23 AT = (1.38 x 10*2) | flat | 0.05 1 0.695 | — | 0.8224
24 AT = (1.61 x 10'2) | flat | 0.05 4 0:880 [ — | 0.8224
25 AT = (1551082 fat | 015 1 0.065 2.741
2% | AT | - |(155x102) |flat| 015 | 4 |o0065| - | 2.741
27 flux 280 2.21 x 10'* | flat | 0.05 1 0.890 | 88 | 0.8005
28 fluz 280 2.24 x 10" | flat | 0.05 4 0.880 | 113 | 0.8005
29 fluz 280 1.90 x 10" | flat | 0.15 1 0.069 | 141 | 2.668
30 flux 280 1.90 x 10" | flat | 0.15 4 0.055 | 141 | 2.668
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Figure 3.6: Photos of experiments with an imposed temperature difference and a flat
sill for Rp values of (a) 0.15, (b) 0.1, (¢) 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 '“H'“.“I
region. Potassium permanganate crystals were dropped into the bottom boundary laver
at the mid-point of the box, where they dissolved. The tracer was advected with ”‘“_ flisis
beginning with mixing through the convective mixing laver 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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Figure 3.7: Photos of experiments with an imposed flux and a flat sill with Rp
0.15. (b) 0.1 and (¢) 0.05. Only the left-hand (heated) half of the tank is shown.

tracer was added as in figure 3.6.
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Figure 3.8: Vertical profiles of normalized temperature, T,(z) = (T(z) — T.)/(AT).
where T 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
(#1-6), (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-depth in the (a) small basin and (b) large
basin, and (¢) the normalized temperature difference AT, between the two basins. where
T,(D/2) = (T(D/2) - T.)/(AT): (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 Rp — 0, T,,(D/2) in the small and large basins will approach
the limits of 1 and 0, respectively (recall that AT will however continue to increase)
thus AT, (D/2) will approach 1.

. and
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Figure 3.10: Normalized thermal boundary layer thickness d/dy as a function of normal-
ized gap height Rp = (D — Dg)/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 dp measured in control cases having
identical boundary conditions but no sill.

maximum at Rp = 0.1 as the gap was closed, due to the reduction of heat through-
put (§ decreases towards a value slightly greater than &, as Rp approaches 0). For
imposed heat flux no boundary layer thinning was measured at Rp > 0.05 as the
heat throughput remained fixed (although it is again expected that ¢ will decrease
to a value slightly greater than &, as Rp 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 number is expected to
decrease to 0 as Rp — 0, based on the unbounded increase in base plate temperature
difference for Rp — 0.

Four additional experiments (#7-10 in Table 3.1) were conducted at two other
imposed heat fluxes, 210 and 420 W, for Rp = 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 numbers (Rossby, 1965; Mullarney et al.. 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 flux of 280 W
and flat (star) and V-shaped sills (solid circles). The Nusselt number is expected to go to
zero for Rp — ().

3.2.2 Non-Uniform Sills

Cross-stream variation in the sill height caused the overflow to be concentrated in
the vicinity of the maximum 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 (R, > 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 entrainment into the plume. For the largest gap examined
(Rp = 0.95) the overflow plume reached the top prior to the onset of unsteadiness.
For the smallest gap (Rp = 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 Rp
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S

Figure 3.12: Photographs of experiments with an imposed heat flux and a V-shaped sill

with Rp (a) 0.95. (b) 0.2, (¢) 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

laver in the small basin on the left.
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Figure 3.13: Nusselt number of the experiments with imposed heat flux at the different
sill positions (Exps. #2.4 & 27 30). The green and red triangles represent the experiments
with Rp = 0.15 and 0.05. respectively. The blue line is the Nusselt number of the control
experiment with Rp = 1.

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 Ry = (D — Ds)/dy = Rp(D/dy).
where J, 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 R, < 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 4§, is a function of
Rayleigh number (dp ~ Rap~"%; Mullarney et al., 2004), we might expect a given
sill to pose less of an obstacle to flow for larger Rayleigh numbers. This is indeed
apparent in Figures 3.14¢ 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 Ry in Figures
3.14 and 3.15, respectively, together with the additional data from experiments in
which Rap was varied. The normalization largely collapses all the temperature data
in Figure 3.14 for Ry = 1, irrespective of sill geometry, though a small difference

~
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Figure 3.14: Normalized temperature and temperature difference AT, 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 ut: 28(i 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

o
.
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Figure 3.15: Normalized thermal boundary layer thickness §/d as a function of Ry for
flat and V-shaped sills. Symbols as defined in Fig. 3.14. The red dashed line represents
the theoretical boundary layer thickness for Rp=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 §/8; exists in the range 0 < Rp < 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 Ry 2 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 £ Ry < 4. and strong for Ry < 2. A significant dependence on the boundary
conditions develops for Ry < 2.

Partial blocking of the boundary laver 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
temperature difference at very small Ry). The normalized temperature at mid-depth
in the small basin approaches that of the heated boundary for large sills (R, — 0,
Fig. 3.14a). Larger temperature differences are required to drive the exchange flow
across larger sills (smaller Ry: Fig. 3.14¢). causing the water entering the overflow
plume in the large basin to be more buovant. As the overflow is the source of the
most buoyant water in the large basin, the range of temperatures (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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Figure 3.16: Schematic of Denmark 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 (6-S) diagram for the water
masses involved in the Greenland-Scotland Ridge exchange. The water mass properties
(taken from Saunders, 2001; Locarnini et al., 2010; Antonov et al., 2010) are the dense
southward flowing waters entering the Denmark 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
boundary current rounding Cape Farewell (magenta circle) and entering the Labrador Sea
(vellow 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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b) SBR c) MBR d) CBR

Figure 4.1: Diagram of an initial two-fluid density field (a) and the three reference states

a) Initial

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

thus returning density p as a single function of z,. This is sufficient for an ocean
without topography. However, to physically achieve the global minimum 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 low across the whole
domain. There is no consensus as to the correct reference state to use for calculating
z, (and thus Ej) 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 p; < ps. 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 p, 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 minimum potential energy
that the fluid can reach whilst respecting the impermeable topography. We refer
to this method as ‘Multi-Basin Relaxation’ (MBR. Fig. 4.1¢) 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 E, and a smaller value of £,. The MBR method returns p as a
function of 2, for each basin and accounts for the fact that, although topography
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 return 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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Figure 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. 4.1d). The resorting methods used
to achieve the resorted domains of Figures 4.1¢ 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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Figure 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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CBR

Figure 4.4: The reference state calculated by the CBR: the transparent regions are
‘capped’ and treated as solid.

Ep = Zg}/ pzai dV;, (4.1)
v,

=]

for n basins, each associated with a different density profile and z.. Figure 4.5b
shows the value of z, 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 z, of the surface waters
determined by the different methods will result in a difference in caleulated E,. FE,
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 z, 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 differ from those
generated by the MBR 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 configuration of the global oceans: large basins (Atlantic, Pacific. Southern
and Indian Oceans) are topographically separated from relatively small polar basins.
where much 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, z, will
be defined over the entire surface and ®; can be caleulated. 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 SBR
(red), MBR (dashed blue) and CBR (green) methods.

circulation driven by surface buovancy fluxes the range of densities at the surface is
much wider than in the interior, hence 2, will range up to the maximum depth of
the uncapped region.

For the example in Figure 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 stratification (shown by the green line in Fig. 4.5a),
from which we can find an approximate field of z, (Fig. 4.5b) and values for E;. E,
and $gp.

4.2 Numerical Solutions

4.2.1 Testing and Performance of the Model

Numerical solutions were used to test the proposed 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 MITgem (Marshall
et al., 1997) was used. selecting non-hydrostatic mode to model the Boussinesq flow
in an idealized 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 Wm™2, 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 numerical solutions
on model resolution. The grids were of lengthxdepth of 256 x64, 384x96 (Fig. 4.6)



62 Numerical Solutions for Overturning Circulations with Topography

Table 4.1: A table of the three grids tested. Az and Az refer to the minimum vertical
and horizontal grid spacing, respectively. All grids tested have a maximum Az and Ax of
90 m and 7500 m, respectively.

Grid LxD | Az (m) | Az (m)
Low 256 %64 5 500
Medium | 384x96 2.5 250
High | 512x128 2 100
Grid
-500
E
~N
-1“
~1500"
50 100 1300““) 250 300

Figure 4.6: The grid of medium resolution used for the numerical solutions (381x96).
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
(K, = 107°>m?s~") that will be investigated. It has been shown previously that
the boundary layer at the forcing boundary is of prime importance to lmriiontal
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 20m 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 timestep is tested for 8t = 1. 2&5
seconds. The model was run for 50 model days with the same configuration ns.abovc
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Figure 4.7: Profiles of temperature through the upper 20m of the heated and cooled
regions. The three resolutions are shown by the red (low), green (medium) and blue
(high) lines.

for each of. Figure 4.8a shows a time log of minimum and maximum temperatures
in the domain. There is good agreement between all the timesteps 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 df = 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 6 = 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 MITgem 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 coefficient, specific heat capacity, and reference density
prescribed at @ = 2 x 107°C™', ¢, = 3900Jkg™'°C~', and py = 1000 kgm?,
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
coefficients were fixed at K, = 15m?s™! for all runs, and the vertical coefficients are
varied between K, = 107 to 107 m?s~'. The flux Rayleigh number (2.2) covered
by the numerical solutions is Rap = 2.2 x 10% to 2.2 x 10%2,
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Figure 4.8: Figure (a) shows a log of minimum and maximum temperatures for the three
different timesteps tested. There 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 8t tested.
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Figure 4.9: Scaling performance per model day; 384x96 grid, ¢ = 2.
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Figure 4.10: The 5 domains used for the numerical solutions.
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Figure 4.12: Time log of the total potential energy less the initial potential energy, nor-

malized by the total mass of fluid in each domain, for the solutions with K, = 10~ m?s~'.

laboratory experiments (§3 and Stewart et al., 2011). For K, < 10 2m?s™!, 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 bottom 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 time-dependence to the circulations similar to that de-
scribed in Hughes et al. (2009). Surface water which was not dense enough to
penetrate the underlying stratification appeared 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 intermittency 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 that of the
internal gravity wave. The time that the surface wave reached the polar endwall
appeared to be coincident with the subsequent sinking ‘pulse’ of surface water. In-
terestingly. there was no time-dependence to the circulations for Sp/dy < 2 we
attribute this to the two-layer critical exchange at the sill decoupling the sinking
pulse from the larger basin. As in the case of Hughes et al. (2009) the oscillation
amplitude (relative to the mean) was larger for smaller K,. The calculated values
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Figure 4.13: Profiles of temperature with depth for solutions with K, = 103 m2g-!
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 depth for solutions with K, = 107 m* g1,
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 4.15: 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 temperature difference (blue diamonds) or heat
flux (red stars) are compared with these from the numerical 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 F, (top) and ¥4 (bottom) calculated by the
different methods for domain (2) and K, = 107*m?s~ ! (Run #7).

4.3.3 The Dependence of F, and ®,, on the Reference State

Time series of the values of E, and ®,, calculated by the three methods for Runs
# 179 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 ®4,. The time dependence of
the circulations is evident for the solutions with Sp/d > 2 (Runs #7 & 9).

The values of E, for each case in domains (2-4) are plotted in Figure 4.19a-
¢, respectively, along side E, of domains (1) and (5) for comparison. The three
methods return identical values and thus we only plot the SBR method results.
For D,/dy > 2 the MBR and CBR methods return similar values of E, for all
domains. However, the SBR method returns an apparent 10- to 100-fold greater
E, (compared with the other methods) for domains (2-4). In general, for a given
K, the MBR and CBR methods return similar values of E, across all 5 domains.
The exceptions to this are the solutions with D,/dy < 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
E, for domains (2-4) that are much larger than that 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. vs
there is good agreement between the MBR and CBR methods for domains (2~-4);
while the SBR method again overestimates F,,.
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Figure 4.17: Time logs of normalized £, (top) and ®; (bottom) calculated by the
different methods for domain (3) and K, = 107*m?s~! (Run #8).

Domain (4)
0.06 T - - .
~——— 8SBR
- MBR
5 004} CBR |-
o
=
)
w® 0.02 ]
W\/\/\-/\NUV\A
ok \,V‘\AJ‘-/\.‘MA/‘\J\-AJ\I - B - ¢ .A./;.M}‘
0 100 200 300 400 500 600 700 800 900 1000
°
s
P
©
1t 4
0 " 1 i i X " : " X
0 100 200 300 400 500 600 700 800 900 1000

Time (Model Days)
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Figure 4.19: The values of normalized E, (a-c) and ¥y, (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 E, for domains (2-4) are compared witﬁ
those of domains (1) and (5) in (a-c), respectively. The solutions with Sp, /5 < 2 (Runs
#2-4 & 8) are shown by enlarged symbols.
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The surface buoyancy forcing ¥y, 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 (D, /4 > 2), the true values of E, and ®4, (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 £, and @, given by the SBR and CBR methods for domains (2-4) are
plotted in Figure 4.20. Most obvious is the gross overestimate of E, by the SBR
method. The CBR method, on the other hand, overestimated E, by only 10-30%
for both domains: the error in E, 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 E, for small K,. despite
these circulations existing further into the regime of Sp/dy > 2 and exhibiting no
significant dependence of density structure on the domain. This can be 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 upper 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 Sp/dy < 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 maximum value below the level of the
sill. The depth at which this maximum temperature difference is reached is higher
in the water column for the lower values of K,. 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 K, this dense water is unable to
diffuse (vertically) out of the enclosed region and must be displaced by relatively
vounger sinking water. This leads to the enclosed region of the small basin “filling”
with the densest water, maintaining the temperature difference with the interior up
to the level of the sill. As K, 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 n('r()s:;-
sill temperature difference, thus reducing the relative error introduced by the SBR
method.

In terms of ®4,. 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 MBR 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 K, = 1072m*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 z, 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 deep sills
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Figure 5.1: Schematic drawing of the experimental setup for experiments #1-9 (for Exp
#10 & 11 the saline 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 arrow. 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.
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Figure 5.3: An example of the initial state of a calibration experiment. The approximate
location in the experimental apparatus is indicated. The dashed rectangle outlines the

region of interest, the evolution of which is shown in Figure 5.4.

used to measure the relative attenuation field at many times during each calibration
experiment (which lasted of O(100) 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 41 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 10111028 kgm™ 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 l'l‘.\'[)()ll.\‘l‘.\.'l for
the addition of fresh water to the dyed solution. This concentration was 10 20 ug
of K MnOy per litre of saline solution.

The tank was filled to a depth of 265 mm with a premixed solution of salt,
K MnO; 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 the addition
of fresh water, and a non-linear regime exists between this saturation concentration and that which
F
has a linear response in light attenuation for the addition of fresh water.
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Figure 5.4: Progression of the region of interest for V = 23.1mms~'. The shadow of

the stirring rods is visible in the two early photos.

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 40.5mms ' (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 MnQO; 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, Ap. the initial density difference, the photo interval and experiment
duration times, and rp the calibrated diffusivity.

Exp. # | V (mms™") | Ap. (kgm~®) | Photo, Exp. time (s) [ kg (m?s~ ')
1 0 16.8 1200, 24000 2.89 x 1079
2 0 27.0 1560, 31200 2.44 x 107°
5 2.9 30.7 1250, 25000 1.22 x W=
4 2.9 18.0 1500, 30000 6.93 x 10~°
5 9.8 20,7 1000, 18000 491 x 108
6 5.8 s 950, 19000 1.10 x 1077
7 8.7 195 1000, 18000 1.48 x 1077
8 87 e 970, 14550 234 % 1077
9 116 11743 620, 12400 458 x 107F
10 11.6 29.1 640, 12800 4.94 x 1077
11 17.4 24.2 540, 10800 1L.16 x 1075
12 17.4 15.7 560, 11200 1.26 x 107¢
13 23.1 20.4 576, 10944 2,59 x 1076
14 23.1 28.6 550, 10450 1.45 % 107°
15 28.9 19.4 471, 6123 3.16 x 10~°
16 28.9 28.5 393, 4716 3.53 x 10°°
17 34.7 19.3 210, 3150 6.16 x 10-°
18 34.7 24.9 250, 3000 5,02 "% 10°¢
19 40.5 19.2 90, 1440 1:36 %= 10-°
20 40.5 278 100, 1200 197 w552
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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 V = 28.9mms ™',

of the green channel for the initial image,

_ Gp(z) - G(z,t)

7 (2,1) = ;
( ) GB(:) = Gt’.min

(5.3)

where G*(z,t) is the profile of normalized intensity at time f and depth z (relative
to the initial interface position), Gg(z) is the profile of intensity for the reference
image, and G ,,in 1s the minimum intensity value of the green channel in the region of
interest for the initial image. The camera automatically applied 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,¢) # 0.5. Thus, a quadratic was fitted to G* that
removed the effect of this filter. The number 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 £ = 0 be
calculated for each experiment and the correction made to ¢ for each image.

The profiles of normalized intensity G*(z,t) for each time t were then fitted to
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Equations 2.6(b) and 2.3(c) of Ruddick & Shirtcliffe (1979), namely,
S(C)=6.331 x 1074 C +8.92 x 1077 C? + 3.11 x 1077 C?, (5.9)

and
p(S) = po + 0.70864 S + 0.12252 S* + 0.3649 S°, (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,

BL3 ~
Rap = — = 5.7 x 10%%, (5.11)
Vm Koy,
pr="2" —¢m1, (5.12)
Rm
D
A== =0457. (5.13)

The flux Rayleigh number divided by the appropriate Nusselt number (Nu =
B/, Ab) gives the usual Rayleigh number (Raa, = AbL?/v,,k,,). 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 parameters are defined in terms of the molecular diffusivities «,, and v,,,
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,

(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, 0, normalized by L, ‘

0 —-1/6 BIa\=Ye
ZNR“B/ :< ) J (5.1

-2
Vm Ky,

ot
—
ot
~—

This predicts that for fixed buoyancy flux and basin length the boundary 1
thickness depends on viscosity and diffusivity as

ayer

s 1465, 1/3
6~ vl iy (5.16)

m m

In a very different approach, Hughes et al. (2007) obtained a closed sol
at large Rayleigh numbers by coupling the equations describing

ution for flow
a turbulent plume
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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 ( ~ 1day). 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 timescale’ (i.e.
the time required for the saline source to replace the tank volume ~ 2 x 10%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 equilibration of the experiment.
Conservation of volume and salt requires the overflow to have the volume trans-
port,
Qs = s+ Qp; (5.20)

and hence the equilibrium salinity,

g — QsSs + Qfo
o (20 s

The overflow salinity was observed to asymptotically approach the value given by
(5.21) on the filling timescale.

[t is worth noting that the overflow in these experiments does not have the effect
of the sink or spillway used in previous studies (Pierce & Rhines, 1996; Whitehead
& Wang, 2008), where water was withdrawn directly from the working volume,
therefore participating in the circulation. Here the overflowing layer accommodates
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 0.17m 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 gmfe'a
vertical resolution of 0.625mm. Immediately following each profile three standard
solutions were used to check the conductivity probe calibration. In addition, 3 ml
water samples 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 107 in an
Anton-Paar precision densimeter (Model DMA5000) and used in conjunction with
the conductivity data (Ruddick & Shirtcliffe, 1979) to produce each vertical profile
of density. The temperature was measured to vary less that 1°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 t.,vwi(-e for
each experiment, separated by at least one filling timescale ( ~ 6 hours).

Between conductivity profiles the saline water source was seeded with pliolite
particles (70-125 pm diameter) for UDV measurements. Profiles of vertical velocity
were constructed above seven locations 20 mm apart, between 12 mm and 152 1111.11
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Figure 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 qualitatively alter the large-
scale circulation observed previously in horizontal convection experiments (e.g.,
Rossby, 1965; Mullarney et al., 2004, Fig. 5.8). The intermittent passage of the
stirring rods excited local three-dimensional turbulence that 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 entrainment velocity into the plume (as indicated by the distortion of
initially vertical dye lines generated by dropping K MnO, crystals through the flow)
varied with depth and was largest in the upper one-fifth of the depth. The plume
penetrated to the tank bottom 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. Water in the outflow tended to continually displace
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Figure 5.8: A sequence of photos of the equilibrated circulation of Experiment #1. The
time since the initial introduction of the dye is shown: the dve was removed from the saline
source at t 159s. 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: (¢) and (d) a relatively dispersed cloud of dye

indictates the broad upwelling over time of water in the circulation interior.
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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 #p. 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 1073 (kg /km)"*™ and BAS, = 0.19 (kg /km) 23, re-
spectively. The solid lines are those predicted by the theory of Hughes et al. (2007):
oD =21 % 102 (HE/H,,,,,)O“F’ and BAS,, = 0.36 (kg /km) %", respectively.
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Figure 5.13: Panels showing the (a) normalized boundary layer thickness, (b) top-to-
bottom salinity difference and (c) plume outflow as a function of the parameterized total
diffusivities ks and sy, both normalized by k,,. All the data has collapsed and the two
regimes in Figures 5.9b, 5.9¢ & 5.11 are no longer evident. The dotted lines represent
the least-squares fits in terms of the parameterized total diffusivity rs (based on the
boundary layer transport): 6/D =5 x 107* (gl 10099, BASE = 40(ks/km) "2 and
Wil B =1 1,24 555/ km) 3%, The dashed lines represent the least-squares fits for the
Munk parameterization: these are §/D = 2x 10~ (kw /)" ™!, BS, = 7.2 (Kw [t ) 041
and Wpnae/Qs = 0.66 (K / tim )" M. The solid lines are the same as those in Figures 5.9b,
5.9¢ & 5.11, predicted by the theory of Hughes et al. (2007).
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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 xg the presence of a plume has little influence on sy,
indicating that the external-stirring sets the total vertical transport: this is not the case
for small xz. (¢) 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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rise to a partial-depth plume and an overlying fresh anomaly.

The four types of perturbations described above are of the form of a sudden
change in the destabilizing buoyancy flux. Perturbations of kg, on the other hand,
amount to a perturbation of stabilizing buoyancy flux given the fixed buoyancy
surface condition. Increasing x5 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 partial-depth circulation and the formation of an upper layer fresh
anomaly (Fig. 5.15). Decreasing kg reduced the rate 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.

Comparison with Numerical Solutions

We turn our attention to the numerical solutions detailed in §4. The four numeri-
cal solutions obtained in domain (1) span 4 orders of magnitude of K, and can be
compared with the experimental results. The laboratory experiments and numeri-
cal solutions are characterized by the product of their respective Prandtl and flux
Rayleigh numbers (Equations 2.2 and 2.4, using x5 or K,) 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
squares). There is good agreement between the data and the respective predictions
of the theoretical model. The offset between the laboratory and numerical data
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-bottom density difference
against that 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 entrainment into the plume not being resolved in the numerical solutions.
This suggests that the parameterization of the turbulent mixing (by the increased
Kj and K,) is having a similar effect on the density field as that 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 Inechgmnical
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 that observed previously in studies of horizontal convection. An important
finding is the dependence of the circulation on the vertical transport in the circu-
lation: the overturning strength and boundary layer thickness increased with the

transport, but the stratification in the circulation decreased. These dependences can

be successfully quantified by parameterizing the transport as a vertical diffusivity
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Figure 5.15: A sequence of images depicting the response of an equilibrated circulation
to a temporary increase in xz. The time stamp refers to time since the dye was intro-
duced: there initially exists a residual amount of dye from an earlier visualization of the
equilibrated circulation (Fig. 5.8). A full-depth plume and circulation (evident at ¢ = 98s)
is perturbed by traversing the stirring rods through the upper 0.2m of the working volume
at + = 100s. The rods are seen leaving the tank at £ = 148s. The perturbation 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 = 234s). The fresh water anomaly remains after
the perturbation 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 = 1348s.
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Figure 5.16: (a) Normalized boundary layer thickness as a function of PrRayg for the
laboratory experiments (red) and MITgem 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 £ = 0.1
and E = 0.01, respectively.

using both the Munk advection-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-
respond to genuine irreversible mixing processes (the combined effect of which is
denoted by the turbulent diffusivity x.).

Two circulation regimes were found, depending on the strength of the externally-
imposed mechanical stirring (in turn characterized by the turbulent diffusivity h‘;.;.
which is measured from independent calibration experiments without an overturning
circulation). When that stirring is sufficiently strong, kg is comparable with the
parameterized vertical diffusivities obtained using either the Munk balance or an
estimate based on the surface boundary layer. The characteristics of the cireulation
in this regime closely followed the theoretical prqh(tlmts of Hughes et al. (2007);
the boundary layer thickness inc roa.sod as d ~ K ,/ and the maximum overturning
transport increased as W, ~ K| , . Because the theory explic itly includes vertical
transport by entrainment into the turbulent plume, this agreement suggests that
it is also important in this strong mixing regime. E ntrainment must oceur at all
depths in the surface boundary layer and much of the interior. giving rapid advective
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