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Abstract

This is a review of theories governing growth and evolution of thermohaline intrusive
motions. We discuss theoriesbased on eddy coefficients and salt finger flux ratios, and on
molecular Fickian diffusion, drawing relationships and paralels where possible. We
discuss linear theoriesof various physical configurations, effects of rotation and shear, and
nonlinear theories.

A key requirement for such theoriesbecoming quantitatively correct isthe development and
fieldtesting of relationships between double-diffusive fluxes and average vertical gradients
of temperature and salinity. While we have some ideas about the functional dependencies
and rough observational constraints on the magnitudes of such flux/gradient relationships,
many questionswill not be answered until usable"flux laws" exist. Furthermore, numerical
experiments on double-diffusive intrusions are currently feasible, but will have more
quantitative meaning when fluxes are parameterised with such laws.

We conclude that more work needs to be done in at least two areas. First, tests of linear
theory against observations should continue, particularly to discover the extent to which
linear theories actually explain the genesis of intrusions. Second, theoretical studies are
needed of the nonlinear effects that control the evolution and finite amplitude state of
intrusions, since these determine thelateral fluxes of salt, heat, and momentum.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 3

1. Introduction

Inversionsin temperature and salinity occur in most oceanic CTD casts, and are a signature
of thermohaline intrusions, produced by lateral sheared advection across lateral water mass
gradients. They are typically "thermohaline" in origin — self-driven by the release of
potential energy via vertical double-diffusion, and cause latera mixing that is slow and
steady but comparable to stirring by baroclinic eddies (cf. Joyce et al, 1978).

The dynamical mechanism behind thermohaline intrusions is ssimple but subtle, and was
first elucidated by Stern (1967) and later in laboratory experiments by Turner (1978).
Consider a situation with lateral gradients of temperature and salinity (figure 1), and a
vertical stratification that supports salt fingering. If a perturbation consisting of alternating
shear zones is superposed, the lateral advection and lateral T/S gradients act to produce
aternating vertical T and S gradients that will aternately enhance and weaken the existing
salt fingers. This produces flux convergences that tend to reducethe T and S perturbations.
However, because the buoyancy flux for salt fingers is upgradient (a downward density
flux), the fluxes will make the warm, salty perturbations become less dense and the cool,
fresh perturbations more dense. If the initia perturbation has a slight slope (as shown)
such that the warm, saline perturbations slope upwards from the warm, salty side, then the
density perturbations will act to reinforce the initial motion. The warm salty layers thus
become anomalously light due to the flux convergence, and "slide upwards' from the warm
salty side, with the converse occurring to the cool fresh layers. The linear instability works
viaapositive feedback |oop:

1. lateral, long-intrusion, sheared advection

2. aternately strengthened and weakened gradientsand salt finger fluxes
3. aternately positive and negative density perturbations

4. dloping density perturbations create pressure perturbations

5. pressure perturbations accelerate the original advective motions.

Sincevelocity is anti-correlated with S and T perturbations, the lateral intrusive heat and salt
fluxes aredowngradient. Sincethereis asystematic density perturbation, thereis an along-
intrusion (and slightly downwards) density flux towards the warm, salty side. If the
diffusive fluxes dominate, the slope and along-intrusion density flux are reversed.

Intrusions cause significant lateral fluxes, and a main goal is to provide a parameterisation
for these fluxes. The aim of most intrusion theoriesis to understand the mechanisms of
formation, growth, evolution, and eventua finite-amplitude limitation, since these affect the
lateral fluxes created.

The main factor preventing a quantitative understanding is the fact that we cannot yet
successfully predict or parameterise the vertica fluxes in a double-diffusive oceanic
environment. In an environment with sharp interfaces and well-formed layers, |aboratory
lawsfor double-diffusive and turbulent entrainment fluxes are well-established (cf. Turner,
1973), adthough observational tests in the C-SALT experiment have been problematic
(Schmitt, 1994). However, layer formation and growth in a turbulent, sheared oceanic
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environment, or double-diffusive fluxesin amore uniform gradient, are not well understood,
and it is fair to say that no fully tested parameterisations exist to predict average vertical
fluxes in terms of average gradients. Despite this, a great deal of progress has been made
using eddy diffusivity parameterisations building on that of Stern (1967) as well as
molecular diffusivities. In the oceans the use of molecular diffusivities to analyse the
development of intrusions that are of order 10m thick is certainly inappropriate. So why
should oceanographers be interested in this body of work? One reason is that the results
from the two approaches often have strong paralels, with the results in one field having
direct analoguesin the other. Another reason is that the sequence of instabilities leading to
intrusions begins with those involving molecular fluxes. In the following sections we
summarize many of the laboratory experiments that motivated the studies, look at linear
theory based on eddy diffusivites, compare this with theory using molecular diffusivities,
look at the effectsof rotation and baroclinic shear and then discuss finite amplitude theories.

2. Linear theories
2.1 Linear theories based on eddy diffusivity parameterisation

Uniform gradient configurations

Linearized instability theories predict exponential growth, and therefore give no inherent
limitations on the eventual amplitude or lateral fluxes. However, intrusion scales, slopes,
physics and growth rates can be predicted, provided the vertical fluxes, double-diffusive and
otherwise, can be accurately parameterised. Stern's  (1967) vertica diffusivity
parameterisation incisively captured the major effect of salt fingers. He parameterised the

vertical salt flux BFs by an eddy diffusivity, Ks, and linked the heat flux o F to the salt flux

(rather than the temperature gradient) viaaflux ratio, y;  which s, for salt finger mixing, less
than 1.

0S
F=KB—
BFs=KB—

aF; =y (BFs

(1)

where a and 3 arethethermal expansion and haline contraction coefficients, respectively.

Stern (1967) considered the linearized growth of laterally-sloping perturbations in infinite
vertical and lateral T and S gradients with horizontal isopycnals. Stern's instability theory
showed how lateral intrusions could be driven by salt finger flux convergences. The theory
was groundbreaking because, in addition to discovering a new mechanism to drive lateral
fluxes, it showed how the intrusions must slope relative to isopycnals, and estimated the
growthrate. Stern aso clearly showed that turbulent mixing that produces equal turbulent
diffusivities for salt and heat, cannot drive intrusions.

Stern's (1967) parameterisation ignored viscosity, and found the growth rate to increase
without bound with the vertica wavenumber — a "blue catastrophe’. Toole and Georgi
(1981) added a constant eddy viscosity, A, to Stern's theory, and found the growth rate to
maximize at a particular wavenumber, leading to a prediction for the vertical wavelength (i.e.,
twice the thickness) of the fastest-growing intrusions:
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where N is the buoyancy frequency, ys the salt finger flux ratio, and BS is the lateral
salinity gradient, converted to density equivalent. The growth rate scales roughly as the

diffusion time, H2/Ks. The scales and growth rates depend on the unknown eddy
diffusivities for salt and momentum, which are not well-constrained, but reasonable values
tend to predict scalesin fair agreement with observations.

Joyce et a (1978), Posmentier and Hibbard (1982), and Posmentier and Kirwan (1985)
noted that double-diffusive interleaving can cause largelateral fluxes of salt, heat, and mass,
and tha the density flux must have an upgradient component. McDougall (1985a)
considered these effects quantitatively and how the vertical component of the density flux
compared with thevertical double-diffusive fluxes between layers.

Walsh and Ruddick (1995a) noted that the perturbations to the salinity and temperature
gradientsalso cause variations in the density ratio (seefig. 1) that are significant even in the
linearized theory. Since salt finger fluxes increase with decreasing density ratio, the effect
of these perturbations is to significantly enhance flux convergences. Walsh and Ruddick
(1995a) show how this effect is equivalent to an enhanced salt diffusivity, with an
enhancement of a factor of about 20 for density ratio of about 1.6. For parameters
appropriate to Meddy Sharon (Armi et a, 1989), this resulted in a doubling of the fastest-
growing layer thickness, and a quadrupling of the growth rate. They also show that eddy
viscosity dependence on density ratio does not enter linearized theories to first order.
Walsh and Ruddick (1995b, 2000) considered the effects of similar dependence of the
finger flux ratio on density ratio, and demonstrated an instability similar to that of Huppert
(1971) that may aid formation of layers. Walsh and Ruddick (2000) found that adding a
background turbulent diffusivity, with equal turbulent heat and salt diffusivities, supressed
thisinstability by causing the effective flux ratioto increase with density ratio.

Non salt-finger parameterisations

Walsh and Ruddick (1995a) realized that their eddy diffusivity formulation with density
ratio dependence could be mapped to the diffusively stratified case (see their section 7b).
They compared the predicted intrusion wavelength and "slope”, measured as density change
per unit salinity change along the layers, to the observations of Ruddick (1993) in both
finger and diffusively stratified zones, finding excellent agreement. . As discussed in section
2.2, thisformulation can also be used to directly compare with theories based on molecular
diffusivities or the case of stable stratification with unequal heat and salt turbulent
diffusivities, which can lead to intrusion growth as discussed in the review by Gargett (2001,
thisissue).

Frontal configurations

The theories of Stern (1967) and Toole and Georgi (1981) had constant vertica and
horizontal property gradients in an infinite domain, yielding perturbation equations with
constant coefficients. Consequently the medium has no inherent scale other than that
defined by diffusivities and stratification parameters (eg. 2). Niino (1986) considered the
effectsof afinite-width front, with salinity that increased linearly over a finite width D, and
was constant outside that region. He found the intrusion properties depended on the
magnitude of a dimensionless number |oosely analogousto a Rayleigh number:
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He found that a finite front was always unstable to intrusions and identified two regimes:
the large-R regime and the small-R regime. Theseregimescould be identified in termsof his

stratification parameter Y = g(l—y f)Béz/ N?, with the large-R regime prevailing when

R>R, =2x10°(1+ u)* andthesmall-Rregimewhen R<R_, = 40(1+ 1)**. When R
islessthanR,_ thenthefront is narrow and the vertical scale of the intrusions is similar to

that found by Ruddick and Turner (1979 - see section 3). When R is greater thanR,,,the
front is wide and the vertical scale and growth rates of the intrusions are essentialy those
predicted by Toole and Georgi with their model which assumed linear gradients of infinite
extent.

2.2 LinearTheories based on molecular diffusivities

There are two approachesto parameterising the intrusion-scale fluxes in double-diffusive
systems. One is the Stern (1967) eddy-diffusivity parameterisation (section 2.1). The
second approach, exemplified by Thorpe, Hutt and Soulsby (1969), uses (Fickian)
molecular diffusivities. Thisapproach has several advantages:

1. Molecular diffusivites have known values and behaviour, in contrast to the poorly known
gradient flux lawsfor salt fingers.

2. Such instability theories often can be closely reproduced in laboratory experiments,
allowing close observational comparison.

3. In situations with boundaries, such as laboratory tank experiments with heated sidewalls,
the appropriate boundary conditions are known.

A disadvantage of molecular diffusivity-based theories is their focus on laboratory scales
and phenomena, rather than oceanic, resulting in much smaller predicted layer scales and
growthrates. Molecular diffusivities have horizontal as well as vertical fluxes, compared to
the vertical fluxes in the Stern parameterisation. Consequently, molecular-based theories
such as that of Holyer (1983) dlow salt fingers as one mode of instability. It can
sometimes become difficult to clearly separate intrusive, fingering, and overstable double-
diffusive modes of instability. However, we will see that the results obtained using
molecular diffusivities are often closely related to those obtained using different flux laws.
Thus an understanding of processes gleaned from studying intrusions ruled by molecular
diffusivities may help in understanding processes in the ocean which have different flux
laws, and vice versa.

Uniform gradient configurations

Holyer (1983) studied the instabilities of the Toole-Georgi configuration (infinite, density-
compensating horizontal T and S gradients, uniform vertical gradients) assuming that the
fluxes aredriven by molecular diffusivities. She found that the fluid was always unstable to
intrusions whenever horizontal temperature and salinity gradients were present. The
principal difference is that in this case warm salty water moving towards cooler fresher
water will lose heat faster than salt as the diffusivity of heat, K, is much larger than the
diffusivity of salt, k. Thesedifferences were borne out by observations of opposite sense

intrusion slopes in thelaboratory experiments of Ruddick and Turner (1979) and of Holyer,
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Jones, Priestly and Williams (1987). In the Ruddick and Turner experiments the fluxes
were dominated by salt fingers, causing the warm salty intrusions to become less dense (see
fluid parcel B in figure 1). In Holyer et a (1987) the fluxes were dominated by molecular
diffusivities. The dominance of the molecular heat flux over the molecular flux of salt
caused warm saline intrusions to lose heat and become more dense, thus causing reversed
slope.

If the effects of horizontal diffusion are neglected, it is possible to quantitatively relate the
Toole-Georgi (1981) theory to one based on molecular diffusivites, using the Walsh and
Ruddick (1995a) model. Walsh and Ruddick (1995b) parameterise fluxes allowing Kg

andy todependon R

BF. = KRB
afF; =y ((R))BK
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In fact, egs. (4) can be used to map the theory of Walsh and Ruddick (1995b) directly on to
that of Holyer (1983), for the case of small intruson sope. Consider how this

parameterisation appears if the diffusivities are in fact molecular, with constant values Kt
andks. If K¢(R, ) =Kg,whichis constant, thentheflux ratio must be

Yi(R) = RKy /K, (5)

which is generally much larger than one and increases with density ratio. The fact that the
flux ratioincreaseswith density ratio allows intrusive layersto form in the manner of Toole
and Georgi (1981), but resultsin stablebehaviour to the "flux convergence” layer formation
mechanism of Walsh and Ruddick (1995b). The fact that the effective flux ratio is greater
than one meansthat the temperature flux exceeds the salinity flux in density terms, causing
warm, salty intrusions to become cooler and more dense, resultingin slopes opposite to that
infigure 1, and in qualitative agreement with Holyer (1983).

Heated sidewall configurations.

The experiments of Thorpeet al (1969) had well-understood sidewall boundary conditions:
fixed wall temperature, a no-slip condition and no salt flux through the vertical walls. In
their theoretical analysis they assumed a strong salinity gradient which had the result that
the convection consisted of thin almost horizontal layers, and so all fluxes were at leading
order vertical. Thus, both Thorpe et a (1969) and Kerr (1989) investigated the stability of
stably stratified fluids with lateral temperature and salinity gradients and found thin almost
horizontal layered convection with diffusion of heat and salt in the vertical direction only.
Thorpeet al. expressed their results in terms of a pair of Rayleigh numbers; however Kerr
(1989) showed that the natural parameter for this problem, and for related problems such as
heating asalinity gradient from asinglesidewall, is
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where 1 =k /k, IS the ratio between the salt diffusivity and the heat diffusivity, v the

kinematic viscosity, D thewidth of theslot and S, the mean vertica salinity gradient (here
N® =-gBS). Sinceboth Thorpe et a (1969) and Kerr (1989) assumed gAT = BAS it

can be seen that the stability parameters Q (eg. 6) and Niino's R (eq. 3) are essentialy
identical.

The physical interpretation of Niino's parameter R may not at first be clear and was not
given by Niino, but some insight can be derived by derivation of the form of Q by a
mechanistic argument given by Kerr. One difference between the two theoriesis that for a

heated slot in a laboratory thereis a critical value Q =4321t* required for instabilities to
develop while in the oceans fronts are always unstable. Thisis related to the fact that the
Stern (1967) parameterisation supposes that the T-flux depends on the gradient of S, and
not T, so that the T-equation is not "damped" by a diffusive term. In the case of molecular
fluxes, both viscosity and diffusion of the density perturbation moderate the process,
causing acriticaity (Kerr, 1989).

The theory of Kerr (1989) was primarily concerned with intrusions growing at a single
sidewall. He assumed that the vertical salinity gradient was strong in the sense that the scale
H is much smaller than the horizontal scales of the temperature and salinity gradients.
Provided this assumption was valid the theory could be applied to the instantaneous wall
temperatures and profiles, ignoring the slow time evolution due to the horizontal diffusion
of heat. In thislimit thefluxesof heat and salt are, to leading order, purely vertical except in
thin boundary layers near the wdls. Depending on the rate of heating of the walls it is
possible for intrusions to grow even though the final temperature difference corresponds to
stability.

A situation where thereare not direct anal ogues between the eddy viscosity and molecular-
based parameterisationsisin thelateral heating of a salinity gradient in a vertical slot when
thevertica gradientsare not strong. We have seen that for strong salinity gradientsthereis
aparalel between theinstabilities first examined by Thorpe et al. and ocean instabilities at a
finite front examined by Niino (1986). However, for weaker salinity gradients there are
four other modes of instability in a vertical slot (Kerr and Tang, 1999) none of which are
likely to have oceanic parallels. They al requirehorizontal gradientsat least as strong as the
vertical gradientsand give riseto instabilities that have height comparable to or greater than
their width.

Melting iceblock configurations.

Huppert and Turner (1980) showed in a series of laboratory experiments that melting icein
salt-stratified water produces aregular sequence of intrusive layers, and found that their
thickness is proportional to the temperature difference between the ice and the environment,
and inversely proportional to the ambient density gradient. Thisresult issimilar to the
laboratory and theoretical findings of Thorpe, Hutt and Soulsby (1969) for layers produced
in asalt stratification by heating asidewall. The differenceisthat in the case of a heated
sidewall, the lateral salt flux is zero at the wall, while in the case of melting ice the freshwater
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flux and the (negative) heat flux are linked. In the laboratory experiments, and presumably
in the field, such intrusions appear to be driven by diffusive interface fluxes, and rise
upwards from the cold surface as they spread outwards. This causes difficulty in retrieving
fresh water from melting icebergs towed to low latitudes to provide drinking water.

Laboratory experiments with melting ice-blocks in unstratified seawater have shown a cold,
fresh convecting, doubly-diffusive boundary layer adjacent to the ice surface, with
complicated physics and opposing buoyancy effects due to the combined action of
freshwater and latent heat of cooling (Josberger and Martin, 1981). Similar boundary
layersoccur inthe stratified experiments above, and likely in the field, and are undoubtedly
involved in theformation and driving of intrusions. Kerr (1991) has suggested approximate
boundary conditions for this situation. However, intrusive layer formation due to melting
iceblocks has not to our knowledge been studied theoretically.

2.3 Effects of rotation and baroclinic shear

Eddy diffusivity parameterisations

The earliest theory of intrusions in a sheared, rotating flow is not thermohaline, but is
double-diffusive in nature. Mclntyre (1970) considered the stability of a baroclinic shear
flow in either rectangular or circularly symmetric geometry. Diffusion of momentum and
density was parameterised by eddy coefficients with ratio equal to the turbulent Prandtl

number, . Density was considered as a single component, equivalent to equal eddy
diffusivities for heat and salt. MclIntyrefound both steadily growing and oscillatory modes
with slopes that depend on ¢ and the Richardson number of the shear. The mechanism of

instability involves differential diffusion of mass and momentum (and indeed requires
o # 1), using either the baroclinic potential energy or the kinetic energy of the shear flow.
The mechanism is discussed by Ruddick (1993) in a parallel manner to double-diffusive
thermohaline intrusions following thefluid parcel argumentsof Charney (1973).

Tooleand Georgi (1981) included the effects of planetary rotation but not baroclinic shear
in their theory of thermohaline intrusions, and aso found an overstable mode - one which
has short-term physics similar to an inertial oscillation, but with growing amplitude due to
double-diffusion.

McDougall (1985a) considered the possibility of intrusive growthas "slab" layers using the
formulation of Tooleand Georgi but assuming uniform layer propertieswith interfacial flux
laws. This has the advantage of reducing the PDE system to a system of ODE's and
alowing the vertical fluxes to be specified in terms of layer T and S differences following
laboratory "4/3" flux laws. This demonstrated a direct equivalence to the Toole-Georgi

theory, with squared vertical wavenumber m2 in Toole and Georgi (1981) becoming m in
McDougall (19854a). McDougall (1985a) showed that, in the absence of mesoscale shear,
the fastest-growing layers have a significant along-front tilt sufficient to balance Coriolis
forces and dlow the intrusive velocities to remain in the cross-frontal direction.
Additionally, the growth rate and slope of the fastest-growing modes are not affected by
Corioliseffects

Mol ecular diffusivities
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A study of intrusions using molecular diffusivities corresponding to the Toole and Georgi
(1981) configuration was carried out by Kerr and Holyer (1986). This extended the work
of Holyer (1983) by adding the effect of rotation about a vertical axis. Kerr and Holyer
(1986) derived the same conclusion as McDougall (1985a): the growth rate of the fastest
growing mode is not affected by rotation about a vertical axis, nor is the slope of the
intrusionsin thedirection of the horizontal gradients, but that these intrusions do develop a
slope in the perpendicular horizontal direction. A study by Worthem, Mollo-Christensen
and Ostapoff (1983) aso included the effects of vertical rotation on intrusions driven by
infinite uniform gradients, but also included horizontal rotation and shear (which lead to
horizontal density gradients). Becauseof the shear the modes of instability with along front
slope were excluded, and so the effect of rotation wasto reducethe growth rate of the fastest
growing mode.

Finite width fronts

How rotation about avertical axis affects oceanic fronts of finite width was investigated by
Yoshida, Nagashima and Niino (1989). They discovered that rotation enhanced the
instability of the front to intrusions as well as introducing a slope to the intrusive layers
along thefront. When therotation ratewasincreased plots of the growth rate as a function
of the wavenumbers of the instabilities show a second maximum developing which for
sufficiently high rotation rates becomes the most unstable mode. This new mode of
instability has amuch larger vertical scale. Again, amost identical behaviour isfound for an
equivalent problem where the effect of rotation on convection in a salt stratified fluid
between differentially heated vertical boundarieswasinvestigated (Kerr 1995). Thereit was
shown how these new rotational modes consist of fluid moving in almost horizontal closed
paths which are driven by the vortex stretching and compression caused by the small vertical
motions in the verticaly adjacent convection cells. This is the same mechanism for the
instabilities found using the oceanic parameterisation, but again the understanding of the
mechanism came through a study using molecular diffusivities. An earlier theoretical study
using molecular diffusivities by Chereskinand Linden (1986) assumed that the instabilities
did not develop any slope parallel to thewalls of the slot. In this case the instabilities were
stabilized by therotation. This assumption was appropriate for many of their experiments.
They looked at intrusions growing from a central heated circular cylinder. For a given
height of intrusions the slope paralel to the wall can only take discrete values, and so for
weaker rotation rates it is appropriate to assume no slope in this direction. For larger
rotation ratestheintrusionsin their experiments appear to no longer be axisymmetric.

Kuzminaand Rodionov (1992), and May and Kelley (1997) investigated the possibility of
baroclinic, double-diffusive intrusion growth in what amounts to a triple-diffusive system -
one with rotation, shear, and lateral T-S gradients. They consider the case of low and high
shear, with and without alongfront slope, and delineate conditions under which the growth
rate may be enhanced or diminished by baroclinic energy release. In addition, two new
interleaving modes are predicted by May and Kelley (1997) that are mixed double-diffusive
and baroclinic instabilities.

Equatorial intrusions

How important double diffusive processes are for the formation and maintenance of
intrusions near the equator is as yet an open question. Richards (1991) shows that the
observed vertical and horizontal scales are consistent with linear double diffusive layering
instability on an equatorial beta plane. However, the later work of Edwards and Richards
(1999) demonstrates that inertial instability applied to the equatorial ocean also has very
similar characteristics to the observations makingit difficult to discriminate between the two
formation mechanisms. Edwards and Richards (1999) develop a theory of combined
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double-diffusive-inertial instability. In this case a third class of instability is found which
has an oscillatory behaviour. The oscillatory behaviour can be attributed to differential
diffusion of density and momentum, as discussed by Mclntyre (1970).

3. Finite-amplitude Theories

Linear intrusion theories predict fastest-growing scales and slopes, but also give no
information on the secondary instabilities or processes that guide the evolution of and serve
to limit intrusion growth at finite amplitude. Since typical growth rates (O(day)) are much
shorter than the lifetime of fronts, intrusions may spend most of their lifetime in a finite-
amplitude state, and so fluxes are probably limited by the processes that control intrusion
amplitude.

We know that at the smallest scales, fluxes are governed by molecular diffusivities, so
theories like that of Holyer (1983) should apply. However, it is likely that in fact several
instabilities occur in sequence, beginning with linear salt fingers, followed by nonlinear
flux-limiting instabilities that govern finger fluxes, followed by linear intrusive instabilities,
followed by one or more nonlinear processes that govern the evolution of thermohaline
intrusions. As the intrusion amplitude becomes large, inversions in T and S can form,
alowing the formation of diffusive-sense thermohaline convection above the warm, saline
intrusions. Such a cascade of instabilitiesis difficult to understand or model through all the
important stages, and is currently impossible to model numerically. Hence, many finite-
amplitude theories attempt to parameterise the double-diffusive fluxes, and investigate the
nonlinear behaviour of theresulting intrusions.

Joyce (1977) develops a model that uses conservation of heat and the observed intrusive
finestructure gradient variance to estimate lateral heat flux in terms of an assumed vertica
diffusivity. He makes no dynamical assumptions, and does not even assume double-
diffusive mixing, although the need to assume a value of the vertical diffusivity is a major
difficulty. The model has been applied in many observational situations, resulting in lateral
diffusivities ranging from O(1) to O(1000) m?s-1. Application of the Joyce (1977) model
requires finescale observations, and so cannot be used to predict lateral diffusivites in
situations where the intrusive finestructure is unknown, such as in genera circulation
models.

Ruddick and Turner (1979) found in a series of laboratory experiments that the intrusion
scale was proportional to the cross-frontal salinity contrast. They set out a mechanistic
argument for the redistribution of heat and salt by intrusive advection followed by salt finger
rundown, and considered the potential energiesinvolved. They were able to deduce bounds
for the vertical intrusion scales that were supported by the laboratory observations, and
consistent with a variety of published ocean observations. The resulting estimate for the
intrusionscaleis:

_3(L-y)gpAS

H
2 N?

(7)

Where N is the buoyancy frequency, and BASis the density contrast due to the cross-frontal

salinity change, measured along isopycnals (and therefore equal to the density contrast due
to the cross-frontal temperature change). Thisformis similar to that found by Thorpe et al.
(1969), Chen et al. (1971) and othersfor heated sidewall in a salt stratification, and Huppert
and Turner (1980) for melting icein salt stratified water. However, McDougall (1986) used
argumentson the T-S planesimilar to those of Ruddick and Turner (1979) to show that the
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evolution postulated by Ruddick and Turner predicts T-S structures inconsistent with
oceanic observations. The neglect of the diffusive interface by Ruddick and Turner may
explain the problems noted by McDougall.

McDougall, (1985b), considered the finite-amplitude evolution of the "dlab” model of
McDougall (1985a), and showed how inversions form to create a diffusive interface, which
enters the flux balance significantly. McDougall (1985b) found that a steady three-way
balance can occur involving lateral advection, finger fluxes, and diffusive fluxes, and argued
for such a finiteeamplitude steady state. The evolution to a similar state in a one-
dimensional numerical model is illustrated in two figures below, from Walsh and Ruddick
(1998), anumerical study of intrusion dynamics.

Figure 2 shows the S, T, velocity, density, and density ratio profiles in one experiment, at
dimensionlesstimes O (top row), 6000 (middle row), and 16800 (bottom row). The initial
state is unstable to salt fingering, with a density ratio of 1.6. Sinusoidal perturbations
develop and grow exponentially, as shown in figure 1, until inversions in salinity form as
shown in the middle row. At thistime, regions that are stablein T and S form and grow
until inversionsin T alow the formation of diffusive convection. The quasi-steady state at
long time (bottom row) shows alternating finger and diffusive regions, each separated by
convecting zones (positive density gradient).

Figure 3 shows the evolution of the double-diffusive regime versus dimensionless time and
depth. Theappearance of S-inversions at t=6000 marks the beginning of the formation of
stableregions. A short time later, the amplitude grows enough to allow a T-inversion and a
diffusive region to form, followed by the appearance of convecting zones at t=7000, and the
adjustment of this stateto equilibrium.

Merryfield (2000) considers the growth of intrusions to finite amplitude, and deduced
conditions under which intrusions were unlikely to grow to the point of forming inversions.
These "half-grown" intrusions are argued to remain as verticaly periodic weakly intrusive
structure, giving a possible mechanism for the formation of thermohaline staircases.

Ruddick, Phillips and Turner (1999) present a detailed analysis of the laboratory
experimentsinitially described by Ruddick and Turner (1979), and conclude that the lateral
fluxes can be deduced from observations of the"nose" velocity, ¢, of the intrusions, and that
the nose velocity is well-fit by the scaling relation:

c= 0.005 NH (8)

They develop a kinematic theory, based on the heat and salt conservation equations, that
considersthelateral structureand incorporatestheintrusive noses. They justify the scaling
relation for the nose velocity in an ad-hoc fashion, while noting that a complete analysis
incorporating the momentum equations would be necessary to completely justify it. Their
solution suggests that asimilarity form solutionis feasible.

In the previous sections comparisons between theories based on flux laws appropriate for
the oceans and those based on molecular diffusivities show very strong paralels. However,
when it comes to nonlinear theory we find that there are some results that have been
obtained in onefield that do not have analoguesin the other. Sometimes this is because no
clear parallel exists from one to the other, while at other times it is because the equivalent
theory has not been attempted or is inappropriate.

One casewhere therepossibly isa parallel is in the investigation of the onset of secondary
instabilities in growing intrusions driven by molecular diffusivities (Kerr 1992). Here it
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was shown that growing intrusions could develop a secondary instability which are
essentialy intrusions growingin the core of the primary intrusions. These could lead to the
mixing of the core of the intrusions. However, this mechanism is only important in the
stage between the initial onset of instabilities and the establishment of fully developed
intrusions, an intermediate stage that has not been observed in the oceans and may not be
important there. Conversely, theoriesinvolving the modification of the vertica flux laws
dueto the modified vertical temperature and salinity gradients and the shear caused by the
intrusions do not have aparallel inthestudy of intrusions driven by molecular diffusivities.
Thereis clearly aparalel in the behaviour of fully developed intrusions that may be possible
to exploit in the study of some fully developed intrusions driven by heating a salinity
gradient from a sidewall, but this has not been done. Another area where there have been
nonlinear results derived for intrusions driven by molecular diffusivities, but no equivaent
for those driven by eddy fluxes is the weakly nonlinear analyses of Hart (1973), Kerr
(1990) and Young and Rosner (1998). They showed that the instabilities in vertica slots
and at heated sidewalls predicted by linear theory were al subcritical and so small amplitude
intrusions would not be observed whenthe lateral gradients were only just greater than that
requiredto initiate intrusion, but instead the intrusion would be expected to evolve to alarge
amplitude. These analyses showed that there was a tendency for the counter-rotating
convection cellspredicted by linear theory to evolve in such a way that the layers with fluid
rising at the hot walls and sinking at the cool walls would grow, while the intrusions with
circulation in the opposite sense would fade away. There cannot be any equivalent theory
based around the Stern flux lawsfor ocean fronts as intrusions always have a finite growth
rate and so they are never marginaly unstable. For similar reasons there can be no
equivalent of the energy stability analysis of Kerr (1990) who showed under what
conditions arbitrary intrusions would be expected to decay for molecular diffusivities.

4. Remaining questions
4.1 The cornerstone

What are appropriate vertical gradient flux laws for avertical double-diffusive stratification
in which staircases have not formed (i.e., the gradient or "irregular steppy" situation)? Do
they depend on the background level of turbulence, shear, or finescale interna waves? Once
this difficult question is answered, it will be straightforward to model intrusive situations
numerically. So far, it has been argued on dimensional grounds (Kelley, 1984) and
assumed by those attempting to model the effects of double-diffusive processes, that the
diffusivities are primarily afunction of density ratio, with salt/heat flux ratio that is similar
or equal to that found in the laboratory . Kelley (1984, 1986, 1988, 1990) uses dimensional
arguments to collapse observational data on diffusive layer scales and develop gradient
diffusivity lawsfor diffusive stratification. Although similar functional forms have been
assumed for salt fingers (Schmitt, 1981), observational data on layer thicknesses have not
had similar success (Schmitt, 1994).

Despite our lack of detailed knowledge of vertical gradient double-diffusive flux laws, the
Stern (1967) flux ratio formulation and presumed density ratio dependence has been used
to model intrusions theoretically (Walsh and Ruddick, 1995a,b) and numerically (Walsh
and Ruddick, 1998, 2000), as well asto investigate the effects of vertical double-diffusion
on water mass properties and transports in general circulation models (Merryfield et a,
1999, Zhang et a 1999). The use of such flux formulations in circulation models exhibiting
thermoclinicity raises the question: can lateral intrusions form in such models? Although
there is no obvious reason why not, it is likely that the fastest-growing intrusions have
vertical scales smaller than the vertical model resolution. The effects of such sub-grid scale
instabilities has not been investigated.
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4.2 Dynamical Questions

A major dynamical question that is still unanswered is. "do linear theories adequately
explain the intrusions we observe?' While a number of intrusion observations have been
reported, there has been no systematic study designed to address that question. For
example, do the slope and wavelength of intrusions aways match those of the fastest-
growing intrusions? Such questions are difficult to answer because of the lack double-
diffusive gradient-based flux laws, discussed above. However, a great deal is now known
about double-diffusive fluxes, and closer, more systematic comparison between
observations and theory is feasible.

What do the Coriolis effect, and baroclinic velocity shear do to continuously stratified
intrusions? Such questions have been addressed for linearized growing intrusions
(Worthem, Mollo-Christenson and Ostapoff, 1983, Y oshida, Nagashima and Niino, 1989,
Kuzmina and Rodionov, 1992, May and Kelley, 1997), and in a laboratory experiment
(Chereskinand Linden, 1986 - heated sidewall, no shear), but the effects on finite-amplitude
steady stateintrusions have not been investigated. Such models predict along-front slopes
for intrusions, reminiscent of the geostrophic balance, but Carmack et al. (1998) find along-
front slopes to be much smaller than expected. May and Kelley (1997) hypothesize that
vertical along-front shear can suppress the slope, but much work remains.

What is theimportance and effect of the vertical recirculation within intrusions? Ruddick et
a (1999) observed that the horizontal velocity in laboratory intrusons exceeded the nose
velocity by a factor of about 3.7, and this implies a significant vertical recirculation within
theintrusions. What is the effect of such avertica velocity on thefinger fluxes?

What istheroleof the"noses'? In other words, intrusions must end somewhere, and in the
laboratory they end in nose-like features reminiscent of the nose of a collapsing wake or
mixed region. Do they serve simply to connect the intrusive regions, with double-diffusive
fluxes, to non-intrusive regions, with sheared horizontal velocities? Or do noses play a
much more significant rolein determining the speed of advance of intrusions? Are "noses’
like the one noted by Marmorino (1991) in the C-SALT staircase involved in the
maintenance of the T-S signature of layers in thermohaline staircases? Are intrusive
dynamicsinvolved in theformation of layers (Merryfield, 2000)?

We have seen that thereare many areasin the theory of intrusions where there are parallels
between results derived using ocean flux laws and those using molecular diffusivities, and
some areaswhere thereis theory using only one of these. There are also other areas where
theory is lacking for both approaches. For example what determines the stability of
intrusions? In the laboratory and in numerical simulations intrusions growing from a heated
wall are sometimes observed to mergeas they evolve, but later on seem relatively stable. |Is
thereaparallel with the apparent long time and distance stability of intrusionsin the oceans?
Thedynamicsof thefronts of intrusionsis not well understood quantitatively. The ultimate
distance that intrusions will propagate into stratified water from a heated sidewall is not
known. A similar problem existsin the oceans: at afront between two converging bodies of
water how far would intrusions extend into the oncoming flows? The answer to any of these
guestions using either an analysisinvolving molecular diffusivities or salt-finger fluxes will
almost certainly give a strong indication of the results using the other approach. The two
approaches often have strong parallels and should not be considered in isolation.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 15
Acknowledgements

We thank Bill Merryfield, Trevor McDougall, and two excellent reviewers for very helpful
suggestions.

References

Armi, L., D. Hebert, N. Oakey, J. Price, P. Richardson, T. Rossby, and B. Ruddick, (1989).
Twoyearsinthelifeof aMediterranean Salt Lens. J. Phys. Oceanogr. 19, 354-370.

Carmack, E. C,, K. Aagaard, J. H. Swift, R. G. Perkin, F. A. McLaughlin, R. W. Macdonald
and E. P. Jones, (1998). Thermohaline Transitions. In Physical Processes in Lakes and
Oceans. Edited by J. Imberger. Coastal Estuar. Stud. 54: 179-186.

Charney, J.G., (1973). Planetary Fluid Dynamics. In Dynamic Meteorology, P. Morel, ed.,
D. Reidel, Dordrecht, Boston, pp. 128-141.

Chen, C. F,, Briggs, D. G., Wirtz, R. A., Stability of thermal convection in a salinity gradient
dueto lateral heating, Int. J. Heat Mass Transfer, 14, 57-65, (1971).

Chereskin, T. K., and P. F. Linden, (1986). The effect of rotation on intrusions produced by
heating a salinity gradient. Deep-Sea Research, 33, 305-322.

Edwards, N.R. and K.J. Richards, (1999). Linear double-diffusive-inertial instability at the
equator. J Fluid Mech., 395, 295-319.

Gargett, A. (2001). Differential diffusion: an oceanographic primer, Prog. Oceanog. this
issue.

Hart, J.E. (1973). Finite amplitude sideways diffusive convection. J. Fluid Mech. 59, 47-64.

Holyer, J. Y., (1983). Double-diffusive interleaving due to horizontal gradients. Journal of
Fluid Mechanics, 137, 347-362.

Holyer, J. Y., T. J. Jones, M. G. Priestly, and N. J. Williams, (1987). The effect of vertica
temperature and salinity gradients on double-diffusive interleaving. Deep-Sea Research, 34,
517-530.

Huppert, H. E., (1971). On the stability of a series of double diffusive layers. Deep-Sea
Research, 18, 1005-1021.

Huppert, H. E., and J. S. Turner, (1980). Iceblocks melting into a salinity gradient. Journal
of Fluid Mechanics, 100, 367-384.

Josberger, E. G., and S. Martin, (1981). Convection generated by vertical icewalls. Journal
of Fluid Mechanics, 111, 439-473.

Joyce, T. M., (1977). A note on the lateral mixing of water masses. Journa of Physical
Oceanography, 7, 626-629.

Joyce, T. M., W. Zenk, and J. M. Toole, (1978). The anatomy of the Antarctic Polar Front
in the Drake Passage. Journal of Geophysical Research, 83, 6093-6113.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 16

Kelley, D. E., (1984). Effective diffusivities within ocean thermohaline staircases. Journal
of Geophysical Research, 89, 10484--10488.

Kelley, D. E., (1986). Oceanic Thermohaline Staircases. Ph.D. Dissertation, Dalhousie
University, Halifax, Nova Scotia.

Kelley, D. E., (1988). Explaining effective diffusivities within diffusive staircases. In:
Small-Scale Turbulence and Mixing in the Ocean, J.Nihoul and B.Jamart, editors, Elsevier
Oceanography Series, 46, Elsevier, New Y ork, pp.481--502.

Kelley, D. E., (1990). Fluxes through diffusive staircases: A new formulation. Journal of
Geophysical Research, 95, 3365--3371.

Kerr, O.S. (1989). Heating a salinity gradient from a vertical sidewall: linear theory. J.
Fluid Mech. 207, 323-352.

Kerr, O.S. (1990). Heating a salinity gradient from avertical sidewall: nonlinear theory. J.
Fluid Mech. 217, 529-546.

Kerr, 0.S., (1991). Double-diffusive instabilities at a sloping boundary. J. Fluid Mech. 225,
333-354.

Kerr, O.S (1992). Two-dimensional instabilities of steady double-diffusive interleaving. J.
Fluid Mech. 242, 99-116.

Kerr, O.S. (1995). The Effect of Rotation on Double-Diffusive Convection in a Laterally
Heated Vertical Slot. J. Fluid Mech.301, 345-370.

Kerr, O.S. and Holyer, J.Y. (1986). The effect of rotation on double-diffusive interleaving.
J. Fluid Mech. 162, 23-33.

Kerr, O.S. and Tang, K.Y. (1999). Double diffusive convectionin avertical slot. J. Fluid
Mech. 392, 213-232.

Kuzming N.P. and V.B. Rodionov, (1992). Influence of Baroclinicity on Formation of
Thermohaline Intrusions in Ocean Frontal Zones. |zvestiya, Atmospheric and Oceanic
Physics, 28, 804-810.

Marmorino, G. O., (1991). Intrusions and diffusive interfaces in a salt fingering staircase,
Deep-Sea Research, 38, 1431-54.

May, B.D. and D. E. Kelley, (1997). Effect of Baroclinicity on Double-Diffusive
Interleaving. J. Phys. Oceanogr., 27, 1997-2008.

McDougall, T. J., (1985a). Double-diffusive interleaving. Part I: Linear stability analysis.
Journal of Physical Oceanography, 15,1532-1541.

McDougall, T. J., (1985b). Double-diffusive interleaving. Part I1I: Finite amplitude steady
stateinterleaving. Journal of Physical Oceanography, 15, 1542-1556.

McDougadll, T. J,, (1986). Oceanic intrusions. Some limitations of the Ruddick and Turner
(1979) mechanism. Deep-Sea Research, 33, 1653-1664.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 17

Mcintyre, M.E., (1970). Diffusive destabilization of the baroclinic circular vortex. Geophys.
Fluid Dyn., 1,19-57.

Merryfield, W. J., G. Holloway, and A. E. Gargett, (1999). A global ocean model with
double-diffusive mixing. J. Phys. Oceanogr., 29, 1124-1142.

Merryfield, W. J., (2000). Origin of thermohaine staircases. J. Phys. Oceanogr., 30,
1046-1068

Niino, H., (1986). A linear theory of double-diffusive horizontal intrusions in a
temperature-salinity front. J. Fluid Mech. 171, 71-100.

Posmentier, E. S., and C. B. Hibbard, (1982). The role of tilt in double diffusive
interleaving. Journal of Geophysical Research, 87, 518-524.

Posmentier, E. S., and A. D. Kirwan, (1985). The role of double diffusive interleaving in
mesoscale dynamics. an hypothesis. Journal of Marine Research, 43, 541-552.

Richards, K. J., (1991). Double-diffusive interleaving at the equator. Journal of Physical
Oceanography, 21(7), 933-938.

Ruddick, B. R. (1993). Intrusive mixing in a Mediterranean salt lens: intrusion slopes and
dynamical mechanisms, J. Phys. Oceanogr., 22, 1274-1285.

Ruddick, B. R., and J. S. Turner, (1979). The vertica length scale of double-diffusive
intrusions. Deep-Sea Research, 26A, 903--913.

Ruddick, B. R., O.M. Phillips, and J.S. Turner, (1999). A laboratory and quantitative model
of finite-amplitude intrusions. Dynamics of Atmospheres and Oceans, 30,71-99.

Schmitt, R. W., (1981). Form of the temperature-salinity relationship in the Central Water:
evidence for double-diffusive mixing. Journal of Physical Oceanography, 11, 1015--1026.

Schmitt, R. W., (1994). Double Diffusion in Oceanography. Ann Rev. Fluid Mech., 26,
255-285.

Stern, M. E., (1967). Lateral mixing of water masses. Deep-Sea Research, 14, 747-753.

Thorpe, S. A., P. K. Hutt, and R. Soulsby, (1969). The effect of horizontal gradients on
thermohaline convection. Journal of Fluid Mechanics, 38, 375-400.

Toole JM. and Georgi, D.T. (1981). On the dynamics and effects of double-diffusively
driven intrusions. Prog. Oceanogr. 10, 123-145.

Turner, J. S., (1973). Buoyancy Effectsin Fluids. Cambridge University Press, Cambridge,
367pp.

Turner, J. S., (1978). Double-diffusive intrusions into a density gradient. Journal of
Geophysical Research, 83, 2887-2901.

Walsh, D., and B. Ruddick, (1995a). Double-diffusive interleaving: the influence of non-
constant diffusivities, J. Phys. Oceanogr., 25 (3), 348-358.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 18

Walsh, D. and B. Ruddick. (1995b). An Investigation of Kunze's Salt Finger Flux Laws-
Are They Stable? In Double-Diffusive Convection, A. Brandt and H.J.S. Fernando (eds),
pp. 321-328, AGU, 1995.

Walsh, D., and B.R. Ruddick, (1998). Nonlinear equilibration of thermohaline intrusions. J.
Phys. Oceanogr., 28, 1043-1070.

Walsh, D. and B. R. Ruddick, (2000) Double-diffusive interleaving in the presence of
turbulence: the effect of a nonconstant flux ratio. J. Phys. Oceanogr., 30, 2231-2245.

Worthem, S., E. Mollo-Christensen, and F. Ostapoff, (1983). Effects of rotation and shear
on doubly diffusive instability. Journal of Fluid Mechanics, 133, 297-319.

Yoshida, J.,, H. Nagashima, and H. Niino, (1989). The behavior of double-diffusive
intrusion in arotating system. Journal of Geophysical Research, 94(C4), 4923-4938.

Young, Y., and R. Rosner, (1998). Linear and weakly nonlinear analysis of doubly-diffusive
vertical slot convection. Phys. Rev. E, 57, 5554-5563.

Zhang, J.,R. W. Schmitt, and R.X. Huang, (1999). The Relative Influence of Diapycnal
Mixing and Hydrologic Forcing on the Stability of the Thermohaline Circulation. Journal
of Physical Oceanography, 29(6), 1096-1108.



6/5/02 Oceanic Thermohaline Intrusions. Theory Page 19

Figures
Density 0s .
Flux \A\‘E"ha"”e S(z), T(z) P2

Enhanced™ ~~
fingers /
< /

Figure 1. Linear phase of intrusion growth, with warm, saline water above and to the right. Isohaline
surfaces (dashed lines) slope upwardsto the left. Intrusive perturbations (dashed lines) also slope upwards to
the left, but less steeply. Intrusive velocities are indicated by the gray arrows. Lateral advection by the
intrusive velocities has caused the salinity gradients to be enhanced and density ratio to decrease in the
hatched regions, resulting in increased finger fluxes. In between (dashed lines), the opposite occurs, causing
decreased finger fluxes. The flux convergences causefluid parcel a to become less dense, and fluid parcel b
to become more dense. These density perturbations combine with the intrusion slope to reinforce the
original motion. The vertical profiles of S, T, density, and density ratio are shown schematically on the
right.
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Figure 2. (Reproduced by permission of the American Meteorological Society, from Walsh and Ruddick,
1998, figure7.) Plotsof S (solidline), T (dashed line), velocity, density, and density ratio at three different
times. (Note the figure appears on its side here-- apologies to the reader)
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Figure 3. (Reproduced by permission of the American Meteorological Society, from Walsh and Ruddick,
1998, figure 5.) Evolution of layer thicknes and double-diffusive/convective regime for the model run
shown in figure 2.



