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256 MODELING ATMOSPHERIC AND OCEANIC FLOWS

model's history, any given model might have one or the
other climate.

The possibility of abrupt transitions is present in many
areas of geophysical fluid dynamics. Virtually every natu-
ral body of fluid has two components that affect density
and thereby the buoyancy flux of convection: temperature
and water vapor affect air density, temperature and salin-
ity affect ocean water density; temperature and different
elements such as silicoil, magnesium and hydrogen (water)

affect the mantle density; temperature and sulfur affect the
Earth's core, and heat and helium affect star density.

All aspects discussed above concerning abrupt thermo-
haline transitions have contributed to the motivation of
producing the laboratory studies reviewed in this paper.
In comparison to the many numerical and box models,
so far, only a few laboratory experiments have produced
these abrupt thermohaline transitions. The motivation to
develop experiments with abrupt thermohaline transitions
was also prompted by the fact that physical observations
of thermohaline transitions in the ocean are unknown in
historical or modern times. Therefore, before such experi-
ments were completed, there were no direct scientific obser-
vations of the many theoretical ideas from simulations
and models concerning abrupt thermohaline transitions.
Devices to investigate abrupt thermohaline transitions
require very precise controls of temperature, salinity, and
in some cases, pumping rates. Gener ally, heat loss must
be minimtzed too. Theory provides information on the
parameter ranges required for hysteresis. This imp oftant
information was used to design the devices. First, the flow
must be driven by two components. Buoyancy force from
temperature and salinity vanattons suffices for this. Fur-
thermore, the bound ary conditions must allow a flux of
heat and salinity into the fluid at different rates. Then, the
transitions are found when the buoyancy forces generated
by temperature and salinity oppose each other.

Section L3.2 of this chapter reviews experimental obser-
vations of abrupt thermohaline transitions in the labora-
tory. This author and colleagues have performed all exper-
iments, and much of the material is covered in White'
head [2009]. Also, there is always a possibility that instead
of an abrupt transition, the system oscillates back and
forth between the two flow modes. Experiments that find
such temperature and salinity oscillations are described in
Section 13.3. Virtually no numerical simulations or ocean
models produce similar oscillations, and their mechanism
needs more investigation.

I3.2. FOUR LABORATORY EXPERIMENTS
SHOWING ABRUPT THERMOHATINE

TRANSITIONS

Experimental apparatus used to find abrupt
thermohaline transitions typically has one chamber

containing fluid that is either heated or cooled. I : :

chamber is connected by a passage consisting of Sor- ;

sort of opening to a reservoir kept at constant lr":r
perature and salinity. Al1 known devices with eno'.:i-
precision to measure the range of hysteresis are sketc:: " -
in Figure 13.1. The first one, called the box experin:"'
(Figure 1 3. 1a), has a well-mixed chamber conlle ' r *
laterally to a reservoir of fresh water at ambient rc,, --

temperature (20' C) by two tubes one above the oi:r"'

[Whitehead 1996, 1998]. The chamber is heated be, kn

with a metal plate, and salt water is pumped int,
sponge at the top surface. Heating causes water in . ;
chamber to become lighter, but in contrast, the salt u ",.. '

influx causes it to become denser. The time const.i,i'
for temperature and salinity are controlled by salt \\.: ";'
pumping rate, chamber surface area, and depth.

The second, called the slot experiment (Figures 1l -

and I3.2), is like the first except that a tube replaces :';
sponge salinity source at the top of the chamber, an; .:

vertical slot replaces the two tubes lWhitehead et al.. ?("|r 'r
Internal mixing from sinking of the salt water under : I ;

sponge is significantly reduced compared to the box e\r\d"
iment. Therefore, the possibility of one or more der:" '

layers within the chamber exists.
The third one, called the layered experiment (Figu:r"

13.lc and 13.3), has the chamber connected to a rrr; '
voir with three tubes at the top, middle, and botl.''r-

[Whitehead et al. , 2005, Whitehead and Bradley 2005"' '

is cooled from above instead of heated from belou'. i.i:
the reservoir contains a layer of fresh water with salt \\ i'. ";"
below it, with both layers kept at 20 C by aheat tran>t;"
device labeled ILE in Figure 13.3. An early exploratt''l
upside-down version of this 3-tube experiment hac
chamber heated from below with a layer of salty \\ ii:; -

on the bottom below fresh water in the reservoir. Tl
device is the first to document reproducible thermoheti:: :

oscillations fteRaa 2001]. Earlier runs by Bulgakor ;,i: -
his collaborators with the slot experiment also obser'- ,-,"

oscillations, but they were not reproducible.
The fourth, called the cavity experimenr (Figure 1 3. 1 ;

is geometrically the simplest. There is simply a cavin -

the floor of a reservoir of fresh water at 2A" C. The c.,'.
ity is heated at the bottom, and salt water is pumped ir::
tt at a steady rate. The salt water is heated in the cari:''
and it either spills out of the top lip of the cavity, u'h:" -

lies slightly above the floor of the reservoiE or it rise. .;'
a thermal to the top of the reservoir. The reservoir ha- .
specially designed drain at both top and bottom so it c.' -

be flushed well enough to maintain fresh water at 20' (

The experiments have progressively greater degrees r
freedom. The box experiment has well mixed water insrc.
the chamber so that no layers exist. The flows are limite -
to two modes in and out of the top tube, with corrc-
sponding flow out and in of the bottom tube. The sl'':
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Figure 13.2.  Side view of  the s lot  exper iment wi th

ferent modes of  f low at  the same values of  dr iv ing

The top panel shows the temperature mode and

panel  shows the sal t  mode. BW rendi t ion of  a

lWhitehead et al . ,  2 003I .

converted to the temperature mode by inserting a >:l
paddle into the chamber through the slot and mixiri-
the temperature mode exists, the flow can be con\ .: '

to the salt mode by inserting the paddle near the sai.:
source tube and suppressing the local turbulent mi-.
Soon, a layer of salty water forms along the bottotl
the salt mode forms.

The results are best summartzed by plots of dimett.
less temperature and salinity versus scaled bath tetl:' "
ature (Figure 13.4). For these runs, the value of sa,:'
difference, and the pumping rates of salt water for the ̂
slot, and cavity experiments are each kept at one col.]>
value. Experimental runs with different values of punr:-
rate were also studied in many of the papers, but fcr
are inferior due to poorer coverage over patameter sl. .

so they add little to the story. In all experiments, one '
plete run must always be conducted over a long ettt'. -
time span to become convincingly steady. The rece -'
time is at least an hour and sometimes much lonec:"
regions of hysteresis, the two corresponding points '''

the same driving parameters are determined by hou
particular run was initiated. One can start from &Ir e .:l
run or start the apparatus with either fresh or salt\. \\ . .

in the chamber. Tiansitions can be triggered by inse: .

tempotary blocks in some of the tubes or by stirritti
mentioned above. Naturally, in points without hyster-"
the same point is found no matter how the flow is sttli *

Scaling the laboratory results is quite simple. The i:.
temperature, the temperature in the chamber, and the :,.r
ity of water in the chamber arc plotted here usin-s
density difference between salt and fresh water: T'
aT* l f rSo,T = uT lBSs, and S = S/So, where c i r i :
coefficient of thermal expansion for water at 20" C.
the density coefficient of salinity, and Se is salinity ol'
salt water pumped in at the source or, in the case ot-
layered experiment, the salinity of deep water. Since \\ .: I

water has lower density than cold, the scaled temperti. . '

is inversely proportional to density but the scaled saii:
is proportional to density. Thus, if scaled temperature .'
salinity are plotted together, (Panels a and c) the two opf
ing effects overlie each other and it is immediately obsef .. .

as to whether temperature or salinity affects density il
strongly. This is not true for Figure 13.4 panel b, wherc :

scaled salinity is subtracted from unity to make the fig, "

clear when compared to theory (shown by the curves I
Figure T3.4 shows a number of points. First tl-

sity change from salinity always dominates over den.
change from temperature in the Salt Mode and deti.
change from temperature always dominates over d. "

sity change from salinity in the Temperature Mode.
expected. Second, the range of hysteresis is greatest for
box experiment and less so for the rest. A close relat:
between the experiments and box model theory sinr: .

to Stommel's are demonstrated in Whitehead (1996) ;':

the two dif-

parameters.

the bottom

color f  igu re

Figure 13.3. Layered experiment lWhitehead 20091.

bath temperatures between those two temperatures. The
slot experiment is particularly appealing, because artifi-
cial mixing or suppression of mixing eantrigger transition
back and forth. If the salt mode exists, the flow can be
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Hysteresis

' salt mode fff- TemperatureJnode Salt mode lTemperature mode
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experiment, so their existence is only mentioned briefly
at the end of section 4.2 by Whitehead et al. [2003]. The
next observations of oscillations were unexpectedly dis-

covered in an early exploratory upside-down version of

the layered experiment and were both robust and repro-

ducible. The apparutus had a chamber heated from below
with a layer of salty water flowing in along the bot-
tom of a tank containing fresh water. The results afe
reported in a Geophysical Fluid I)ynamics Fellow's report

IteRaa" 20011. This led to the development of the lay-

ered apparutus. The oscillations and their properties are

documented more fully, and a supporting theory is devel-

oped tn Whitehead et al. [2005]. This work was followed by

oscillations reported by Mullarney et al. 120071. They were
unaware of the previous observations of oscillations. As
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in the te Raa apparutus, a layer of salt water flows over a
hot plate on the bottom of a chamber of fresh water, but
the apparatus is more than ten times larger.

The oscillation process in all of these experiments is the

same, and it is very simple. In the layered apparatus, alayer

of dyed freshwater forms at the top (Figure I3.6a). The

interfa se at the base of this layer begins to move down-
ward and the layer becomes much deeper (Figure 13.6b).
Below this is a deeper older layer. The color of the deeper
layer begins to fade dramatically as the freshwater source
to this layer has been blocked by the new top layer. After

some time, the interface between the old layer and the bot-

tom salt water develops large waves that begin to break.
Mixing between this deep layer and bottom salt water
increases and the color difference between the lower layer

I
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t<

0.2 0.4

Figure 13.5. Density from (a) the box experiment and (b) the cavity experiment.

(c)

Figure 13.6. The oscillation cycle. (a) formation of a dyed freshwater layer over a very deep mixed layer of dyed salty water and

clear salty water; (b) deepening of the top layer; (c) overturn and mixing of the deeper layer resulting in clear salt water lying

below the top layer. Thereafter, a new fresh layer forms at the top as in (a). The previous top layer becomes the deep mixed layer,

and the cycle repeats. lFrom Whitehead et al., 2OO5l.
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and numerical simulations. Hysteresis appearc to occupy
a smaller range in experiments that allow more layers of
stratified water in the interior lWhitehead, 20091. In the
cavity experiment the hysteresis range is less than the lo/o
range of resolution. The experiments uncovered nonlin-
ear self-sustained oscillations that are not reported by box
models and numerical simulations. These new oscillations
exist in the hysteresis range of the layered experiment. The
oscillations represent an excursion back and forth between
layer formation and destruction by mixitrg so that the tem-
perature, salinity, and flow patterns lie in two different
" climates. "

Double-diffusion processes include salt fingering, layer
formation and flux between layers of two compo-
nents. The two components affect buoyancy and have
different diffusivities such as temperature and salinity

fTurner, 1973, Schmitt, 1994]. The experiments described
here most strongly indicate that double diffusive heat
and salinity flux is clearly important during layer evo-
lution in a number of the experiments. HoweveE a
close link between abrupt thermohaline changes and
double-diffusion processes is almost completely unex-
plored, even though double diffusion can produce abrupt
transitions (Veronis, 1965, Whitehead 20AD. Experiments
that are designed to clarify the role of double diffusion in
conjunction with abrupt transitions or oscillations would
be valuable. They would form a more complete under-
standing of two-component fluid mechanics.

We are not aware of any existing numerical experiments
that possess no hysteresis with abrupt transitions as in the
cavity experiment. Thus, this issue remains an open area
of rese arch. It is also clear that the manner in which ther-
mohaline flows either oscillate or jump back and forth
between different states as abrupttransitions is still poorly
understood. All these are surprising since both nonlin-
ear oscillations and abrupt transitions are understood
mathematicallv.
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