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Symbols, Abbreviations and Acronyms
- Thermal expansion coe ecient

- Saline expansion coe cient or meridional derivative of the Coriolis fre-
quency

- Energy dissipation per unit mass
- Mixing e ciency

- Di usivity

- Dynamic coe cient of viscosity
- Molecular coe cient of viscosity
- Density

- Surface wind stress. In vector form this is the 3-D wind stress vector
consisting of components 1y, Ty, T,. In scalar form it is the zonal wind
stress



p - Pressure
q - Volume Transport
Qn - Northern hemisphere sinking
Qs - Southern Ocean upwelling
Qu - Low latitude upwelling
S - Salinity in parts per thousand
T - Temperature
THC - Thermohaline circulation

u - 3-D velocity vector consisting of components u, v, w
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Figure 1.1: A highly simplified schematic of the thermohaline circulation. This
conveyor belt visualization of the thermohaline circulation was put forward by
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which processes are dominant in supplying energy to the oceans.
Having identified the processes most important for providing energy to the
thermohaline circulation, in Chapter 3 some original calculations are presented
using a simple model of the thermohaline circulation which incorporates these
processes. The nature of the circulation and depth of the pycnocline are investi-
gated under various parameter regimes. Chapter 4 examines multiple equilibria
in the thermohaline circulation and addresses the paradox of multiple equilibria
in a mechanically driven ocean when traditional ideas of multiple equilibria rely
on opposing thermal and haline forcing.
Finally in Chapter 5, a summary of the study is given, the 26269(i)2(e)3.56148(r)-2.26269(.)-
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Energetics of the General
Circulation

2.1 The Requirement for Mixing Energy
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dissipation: If, in an experiment on turbulent flow, all of the control parameters
are kept the same, except for viscosity, v, which is lowered as much as possible,
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Figure 2.1: Meridional neutral density section in the central Pacific Ocean, from
Wunsch & Ferrari (2004). Notice that below the pycnocline (at approximately 700
m) and away from the Southern Ocean upwelling the isopycnals are approximately
horizontal. This led Munk (1966) to introduce a one-dimensional balance between
advection and di usion as a process for maintaining the stratification.
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sea floor, and rewriting this as

/ue-ﬁd
A
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un-physically, confined to x < 0. The solution is omitted here (however see
Munk & Wunsch (1998), Appendix B). Where u = 0, (2.9) is reduced to the
Munk (1966) balance between vertical advection and di usion, which has a scale
depth of approximately 100 m associated with di usivity Kpg over the entire
ocean basin. As u - oo, the basin average di usivity tends to the boundary
value of k = 10~* m?s~! giving a scale depth of 1 km. Assuming a typical basin
width of 10000 km, it was shown that the solution approached the u = 0 case for
u < 0(0.1) mms~! and the u — oo case for u = O(1) mms~—!. Typical mesoscale
circulation rates in the ocean are usually well above the 1 mms~! required for
the solution to approximate the u — oo case. The upshot of this is that it seems
that horizontal advection is capable of transporting T,S characteristics into the
ocean interior. Of course, this model is far from realistic, not only in its lack
of dimensionality but also in its treatment of u as a constant everywhere in the
domain, which is clearly not the case in reality. However, despite these short-
comings, the model may provide an adequate description of the process by which
lateral homogenisation occurs.

Marotzke (1997) considered the e ects of boundary processes on a full ocean
general circulation model (GCM) forced simply by a tendency to restore tem-
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Figure 2.2: Comparing the meridional overturning circulation (a) and meridional
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The former will be denoted ®;4.. The internal energy balance for the same fluid
parcel is

i(pl) + - plu+Fq—pcky T— %ng S =—p -u+p, (211)

ot 0S
where 1 is the internal energy and F,.q represents any radiative flux between
the atmosphere and ocean, where a flux from the atmosphere to the ocean is
positive, which occurs near the surface. The pc,kr T term simply represents
the irreversible di usion of heat, with c, the specific heat of sea water at constant
pressure. The final gradient term on the left hand side, (0hg/0S)pks S, is the
salinity di usion term. This represents the generation of heat in the fluid due to
solution energy of salt, with hg = | + p/p. Note that there are two terms which
occur on the right hand side of both (2.10) and (2.11) with opposite sign. These
are the routes of conversion between kinetic and internal energy. The p - u
term, known as the ‘compressive work’ is the main, reversible route of conversion
between kinetic and potential energy, while p represents the generation of heat
through the viscous dissipation of kinetic energy (i.e. friction).

The potential energy balance is given by

a(:Dtide
ot '’

%(pd)) + - (pdu)=pu- d+p (2.12)
where ® is as before. The pu- ® term is also present in (2.10), but with an
opposite sign. This represents a reversible path between kinetic and potential
energy — the route which must be taken for turbulent mixing to maintain the
oceanic stratification and permit the existance of the thermohaline circulation.
The equations (2.10) — (2.12) can be converted to global energy budgets by
integrating over the global ocean and applying Stokes’ Theorem. This gives

%///VPE dv :—/ApE(u—us)-ﬁdA—/A(pU+u E) -ndA

—P+C—-D, (2.13)

18
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%///Vpl dv =—//Apl (U—us)-ndA

_// (Frad — PCpKt T-— %sz S/ -AdA—C+D,
A
(2.14)

i/// pod dv =—// pCD(u—uS)-ﬁdA+/// paq)tide dv +P  (2.15)

where us is the free surface velocity. The script characters P, C and D are
the volume integrals of the conversion terms in (2.10)—(2.12) and so are energy
transformations rather than sources,

P://Vpu- ® dv, C:///Vp -uav, D=//Vp dv.

The first term on the right hand side of each of the equations (2.13)—-(2.15) repre-
sents advection through the free surface. Making the fairly safe assumption that
the ocean is in an approximate steady state, we must have that [[,(u—us) =0.
Therefore, for any energy to be advected across the surface there must be a cor-
relation between E, ©(c)3.56148(0)-2.5(7J/R1[())-[()3.15306(1)0.23893] TJ/R147411.9552Tf2753077(
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lateral side boundaries can be written as

//A dA[pEw+pwj /// dV pgw — p
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Figure 2.3: Four year average wind input and deviations from it. (a) ©™ - ug ,
E?g)ag Eg - Vg, (©) Ty, (d) Tyvg . All units are Wm~—2. Adapted from Wunsch

22
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the time averaged scalar product of surface horizontal wind stress, T, and surface
horizontal geostrophic velocity, vy. Due largely to a lack of data, many of these
studies have been very crude, and hence are likely to be inaccurate. For example,
the study in 1994 by Oort et al relied on ship drift data to compile a geostrophic
velocity and wind climatology to obtain wind stresses. This study, as that of
Fofono before, arrived at a value 2 TW of work on the general circulation (a
huge amount when one considers that only just over 2 TW of mechanical mixing
energy is required to sustain the circulation).

Wunsch (1998) used the same approach, but split the work into mean and
fluctuating parts,

W=1 " vy +(T vy,
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How does the wind impart energy to the general circulation? Wunsch & Fer-
rari (2004) noted that one cannot define a unique pathway by which atmospheric
kinetic energy is transferred into the oceans. Any wind stress on the surface
will cause in an Ekman process, generating a finite vertical velocity, wg. This
results in an upward or downward deflected isopycnal which will raise or lower
the potential energy of the ocean respectively. However, by
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In the time average, water evaporates in the tropics, lowering the centre of
mass of the ocean here, with a corresponding amount of precipitation increasing
the potential energy in the high latitudes through an elevation in the free surface.
During its transport, however, the fresh water loses heat to the atmosphere, the
overall e ect of this process is to lower the energy of the oceans. Huang (1998)
estimated the net work through fresh water transport at —10~2 TW as a global
average. Again, due to the large relative uncertainties involved, this is generally
approximated as zero when making energy budgets.

2.4.5 Atmospheric Pressure Loading

The free surface of the ocean responds to changes in atmospheric pressure loading.
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required for the maintenance of the stratification is provided from drag of the the
general circulation, 0.1 TW directly and 0.1 TW from mesoscale eddies. It should
be noted that the figures we are using here are just the generally accepted values,
and the uncertainties are hopelessly large — “at d056(e)-265409



Chapter 3

A Two Layer Model of the
Thermohaline Circulation

In the previous sections we have seen that two of the most important factors
in controlling the thermohaline circulation are wind input, most of which goes
into the Southern Ocean, and vertical mixing which is essential to maintain the
oceanic stratification. We now present some original calculations and analysis
of a variation of a model first proposed by Gnanadesikan (1999), which includes
both of these factors in a simple and highly idealized model of the thermohaline
circulation, in an attempt to gain a better understanding of how there factors
a ect the circulation. The model involves three key processes, namely northern
hemispheric sinking, low latitude upwelling and an Ekman driven upwelling in
the Southern Ocean, partially balanced by an eddy return flow. These processes
are parameterized in terms of the depth of the pycnocline, an area of the ocean
where density rapidly increases with depth, and which generally delineates the
surface mixed layer from the abyssal ocean.

3.1 Formulation

The ocean is assumed to consist of two layers, a surface layer and the abyssal
ocean which are separated by the pycnocline. The setup Gnanadesikan used,
shown in Figure 3.1, was justified by an observational section of the potential
density in the Atlantic Ocean. Throughout most of the ocean, the pycnocline
is approximately horizontal (constant depth), extending to the surface in an ap-

30
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km, and A = 2.44 x< 10'* m2. The Southern Ocean wind stress, T, is of course
variable, however it is believed to lie between 0.1 and 0.2 Nm~2. In this study
values of T ranging from 0 to 0.3 Nm—2
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3.2 Solutions in Limiting Scenarios

In a steady state, the model, as shown in (3.9), is a cubic poly
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and we can divide through by D to obtain the quadratic eqaution

g 2 4 AilLy TLy
—D D - =
2f LS pf

(3.12)

Note that by doing this we lose one of the solutions to (3.11), however this
is simply the solution where D = 0, which in the case of K, = 0 implies no
overturning circulation. As (3.12) is quadradic, we can find two solutions, D,
and D,, where

_AL,+\/‘AL,\ + 29'TL.,

pf2
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Figure 3.3: Pycnocline depth in the
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in the Southern Ocean and low latitudes is by a significant deepening of the py-
cnocline. This deepening also reduces the upwelling in the low latitudes. Figure
3.3 shows the depth of the pycnocline when Q,, = 0 in the T, A; parameter space.
Notice that in much of the space the pycnocline obtains an unrealistically large
depth. This is necessitated in order to remove fluid from the surface layer in the
limit t/pf - Ai/Lj. Figure 3.3 also shows that when K, is small, the pycno-
cline depth is more sensitive to wind stress, particularly when this is also small.
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3.6 Summary

Gnanadesikan (1999) proposed a simple two layer model of the thermohaline
circulation. By identifying and parameterizing a small number of processes key
to the existence of the circulation in terms of the depth of the pycnocline, D,
fluid transports could be found by solving a cubic equation in D.

The solutions and behaviour of this model were investigated analytically in
limiting scenarios and numerically for the full equation. It was shown that when
Southern Ocean processes are neglected the circulation strength follows a power
law found in other work involving numerical general circulation models, for ex-
ample Marotzke (1997), Bryan (1987). It is unclear whether or not this is coin-
cidental. When interior upwelling was neglected, it was found that, in the limit
of no eddy return flow, the circulation was controlled by the E
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Multiple Equilibria in the
Thermohaline Circulation

We have seen in the previous chapter that the model of the thermohaline cir-
culation proposed by Gnanadesikan (1999) has only one equilibria for a realistic
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of these boxes is given by
lalS: = (lal + E) Sy,

or equivalently

The modulus signs are needed here as no assumptions have been made about the
direction of the circulation. Assuming that the transport is a linear function of
the density di erence, we have

q =k (aAT — BAS),
and thus
[alg — kaAT|q| + KBESy = 0. 4.1)

The strength of the circulation is thus given by a quadratic equation in g, the
transport. In the case where q > 0, (4.1) becomes

q° — KaATq+ kBES, =0,
which has two real root for
ka? (AT)?
— 7 >
4BS,

Assuming standard values of a = 2 x 1074 K1, B = 0.8 x 1072 (Yp) !, k =
0.5x 10 m3s—!, AT =20 K, S, = 35 %, two real solutions exist when

E.

E < 0.7 Sv (approx.),

and are given by

kaAT + ka2 (AT)? — 4kBES,

> (4.2)

When E =0, (4.2) reduces to

q =0, KaAT Sv
=0, 20 Sv.

In the case where q < 0, there exists only one real solution to (4.1). The

47
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Equilibrium transport (q) against freshwater transport (E)

Figure 4.2: Solution of (4.1) showing multiple stable equilibria and a mechanism
by which the thermohaline circulation could collapse, jumping from one stable
equilibrium to the second. Solid lines show the stable equilibria and the dashed
line represents an unstable equilibria.

combined solutions are shown in Figure 4.2. Here the solid lines represent stable
modes of the thermohaline circulation and the dotted line represents an unstable
mode. The upper solid line represents the state the thermohaline circulation is in
currently, whereby a large amount fluid sinks in the northern hemisphere driven
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sity gradients in the fluid. Such a system, as argued by Sandstrom and others,
can only remove energy from the fluid, and thus cannot maintain a circulation.
However, when one looks back at the assumptions which have been made, the
di erences between the two box, the two layer and the energetic ideas are not so
vast. One of the key assumptions made for the two box model is that both of the
boxes are well mixed. Such an assumption means that a turbulent field within the
ocean is being implied, but no energy source is related to provide this. From the
earlier discussions we know that the energy required for this is provided primarily
by the tides and the winds, which clearly cannot be included in such a simple
model. This situation is quite similar to that in the two layer model considered
earlier. Then a constant upwelling in the low latitudes, K,, was assumed, again
implying some turbulent field, and again without any associated energy source.

4.2 Multiple Equilibria in General Circulation
Models

One of the first investigations into multiple equilibria in the general circulation
using a coupled atmosphere-ocean general circulation model was carried out by
Manabe & Stou er (1988). They started the integration from a state where the
atmosphere was dry, isothermal and at rest, and the the ocean was isothermal,
at rest and had a uniform salinity. Once the model had reached a steady state,
Manabe & Stou er conducted two experiments. In the first they forced the
model by restoring the surface salinities to the observed profiles on a timescale
of 30 days, while in the second this forcing was not included. Two quasi-stable
equilibria were found which were qualitatively similar to the two states found
in the Stommel (1961) model. The solution where the thermohaline circulation
exists arose from the first experiment where surface salinities were restored, and
the second equilibria, where there is no large overturning in the north Atlantic was
simply achieved by integrating the model forward from the aforementioned initial
conditions. That the existence of a thermohaline circulation requires the extra
forcing comes as no great surprise. The sinking of the thermohaline circulation
in the northern Atlantic is controlled largely by sinking of water that has become
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between the low latitudes and the southern hemisphere. In the two box model,
the collapse occurs when the northern sinking falls below ap
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becomes a sinking of around 4 Sv, balanced by an upwelling of similar magnitude
in the low latitudes, which has reduced only slightly. In the collapsed state the
pycnocline depth becomes very sensitive to the Southern Ocean eddy di usivity.
This happens because in the absence of northern sinking, the only process which
can remove fluid from the surface layer is the Southern Ocean eddy return flow.
As the eddy di usivity is lowered, the pycnocline depth must increase to allow a
similar amount of fluid to be returned to the abyssal layer.

Figure 4.4 shows the steady-state solutions in the t, K, parameter space.
Again the solutions are for the northern sinking solution where it exists, which is
everywhere other than where T and K, are suitably small. Again in the collapsed
state a sinking of between 5 Sv and 10 Sv in the southern hemisphere is balanced
by a similar upwelling in the low latitudes. In the collapsed state the pycno-
cline depth is very sensitive to the wind stress and increases with it, a response
necessary to allow the removal of the extra fluid upwelling into the surface layer.

Figures 4.5 and 4.6 show the steady state solutions in the A;, K, and T,
K, parameter spaces when the integration was started in the collapsed state
(Dp = 1 m). The fact that these figures di er from Figures 4.3 and 4.4 shows
that the reparameterization of Q,, has indeed introduced multiple equilibria into
the model, rather than simply scaling out the northern sinking for certain sets of
parameters and allowing it to recover if we then revert to the standard parameter
set. This is better seen through the time dependent problem, which we will come
to shortly. In the A;, K, paPameter space, the solutions do not vary a great















CHAPTER 4. MULTIPLE EQUILIBRIA IN THE THERMOHALINE
CIRCULATION






CHAPTER 4. MULTIPLE EQUILIBRIA IN THE THERMOHALINE
CIRCULATION

circulation, it did not support multiple equilibria which are observed in many
other analytic and numerical ocean models.

An investigation into a version of the two box model of the thermohaline
circulation proposed by Stommel (1961) gave an approximate value that the fluid
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Summary and Discussion

Sandstrom’s Theorem, together with the no turbulence theorem of Paparella &
Young strongly suggest that the ocean is not forced by buoyancy exchange at
the surface, but rather that the energy input required to maintain the circulation
comes from other sources in the from of mechanical mixing energy which main-
tains that stratification against the circulation. This, of course, dispels the notion
of a thermohaline circulation driven by freshwater transport and heat exchange
with the atmosphere.

A number of observational campaigns have been carried out to attempt to
quantify how much mixing energy is required to maintain the stratification. A
dichotomy arose here between those studies that implied diapycnal mixing rates
by measuring flow into and out of basins and those that used microstructure mea-
surements to measure diapycnal mixing directly. The former found the required
diapycnal di usivity to be of the order of 10~* m?s~!, while the latter found rates
of only 10~ m2s~—! over most of the ocean, a problem which became known as
the missing mixing problem. The current theories suggest th
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Although a vast amount of work is done by the winds on the ocean totaling some
20 TW, most of this remains in the surface layer and does not penetrate into the
abyss where it would be available for deep ocean mixing.

The largest problem with energetic studies of the oceans is the lack of appro-
priate observations. The launch of satellite missions such as TOPEX/POSEIDON
have provided a much greater coverage of the ocean surface, however observations
in the ocean interior are still incredibly sparse, coming mainly from field cam-
paigns which can only ever cover a tiny proportion of the ocean. This lack of
observations causes the huge uncertainties in the oceanic energy budgets. Al-
though it is possible to fill some of the gaps with model output, it is di cult to
rely on this due to the lack of verification. Itis also di cult
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to parameterize diapycnal mixing any more accurately and so the introduction of
potential energy into the circulation must be accepted. These processes were pa-
rameterized in terms of the depth of the pycnocline, resulting in a cubic equation.
This model, though very simple, captures qualitatively, and to a certain degree
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behind multiple equilibria we turned to a two box model of the thermohaline
circulation first proposed by Stommel (1961). It was seen that salinity gradients
caused by freshwater transport could cause a reversal in the circulation, which
in this semi-hemispheric model caused a sinking in the low latitudes, which is
probably an unphysical result due to the intense heating which occurs in tropical
regions. This collapsed state existed for all non-negative values of freshwater
transport, showing that once the circulation has collapsed there is no reason for
it to revert to a northern sinking state if the climate is restored to its previous
conditions.

Using the results from the Stommel (1961) box model, an attempt was made
to incorporate multiple equilibria into the Gnanadesikan (1999) two layer model.
This was done by reparameterizing the northern sinking term into an implicit
form whereby once the northern sinking weakened to a certain point it was ef-
fectively scaled down to zero, simulating the collapse of the circulation due a
salt feedback. The threshold for this collapse was taken to be similar to that
in the two box model at around 10 Sv. This scaling may lead one to believe
that, unlike other models which exhibit multiple equilibri
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