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The Formation of Banded Salt Finger Structure 
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Stepped fine structure of temperature and salinity observed in the Tyrrhenian Sea at a depth of between 
600 and 1400 m is an established feature which has been studied over a number of years. At these depths 
the temperature and the salinity both decrease with depth, so it is tempting to relate this fine structure to 
salt finger convection. Recent observations with an optical device have shown that the fingers do not exist 
continuously across the interfaces between the steps but are found only in certain regions inside the 
interface. This discontinuous finger structure had not been observed previously in the laboratory, and this 
paper describes some experiments in which the breakup of salt fingers in an interface is documented. The 
conditions under which the fingers break up are investigated, and some implications of these new observa- 
tions to the interpretation of oceanic fine structure are discussed. 

INTRODUCTION 

Over the past 20 years the study of salt fingers has evolved 
from their description as an 'oceanographic curiosity' [Stom- 
mel et al., 1956] to their recent discovery in the ocean [Wil- 
liams, 1974]. From an oceanographic point of view, salt fingers 
are important because they provide a means of producing 
large vertical fluxes of heat and salt in a fluid which is stably 
stratified (i.e., the mean potential density increases with 
depth). This fact is especially intriguing because it raises the 
possibility that molecular processes may be important in pro- 
ducing significant vertical transports of heat and salt in the 
ocean. 

Williams [1975] has made direct observations of salt fingers 
in the ocean using an ingenious optical device which produces 
a shadowgraph image of the structure. The clearest examples 
were observed in regions of stepped fine structure in the Tyrr- 
henian Sea and beneath the Mediterranean outflow in the 

eastern Atlantic. In the latter case, beneath the warm saline 
core of Mediterranean water the temperature and the salinity 
both decrease with depth, which is the appropriate distribution 
for salt fingers to form. In this region, stepped fine structure 
consisting of well-mixed layers some 20 m deep separated by 
interfaces with large vertical gradients of temperature and 
salinity have been observed [Tait and Howe, 1968, 1971]. On 
the basis of laboratory experiments with salt fingers, Turner 
[1967] had earlier suggested that this layered structure may be 
formed by salt fingers. 

A convenient way to produce salt fingers in the laboratory is 
to begin with two uniform layers separated by a sharp inter- 
face. The upper layer is warm and salty in comparison to the 
lower layer but is less dense. Salt fingers form at the interface 
and transport heat and salt into the lower layer. The net 
buoyancy flux across the interface is unstable, and this flux 
drives convective motions in each layer. The fingers are ob- 
served to be finite in length and restricted to the interface 
separating the two convecting layers. If all the boundaries are 
insulating to both heat and salt, the system 'runs down' as time 
progresses, and the convection eventually stops when the salin- 
ity in each layer is (approximately) the same. This configura- 
tion was used originally by Turner [1967] and later by Linden 
[ 1973] to study the properties of the salt fingers. 

Several results of these experiments are of relevance to this 
discussion. It was found that as the system ran down, the 
properties of the convection could be described by the instan- 
taneous values of the temperature and salinity differences be- 
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tween the layers. This meant that it was not necessary to 
investigate the history of the system and that the fingers and 
the convective motions progressed through a series of states in 
each of which they were in equilibrium with one another. 
Vertical profiles of temperature were measured, and it was 
observed that the fingers existed in the region of significant 
temperature gradient between the layers. The layers them- 
selves were kept relatively uniform in temperature by the con- 
vective motions. 

This last observation provides the main justification for 
investigating salt fingers in this two-layer configuration, 
namely, that the system represents one unit in the stepped fine 
structure sequence observed in the ocean and as such, mea- 
surements of fluxes made in this context have direct relevance 

to these situations. In the steps measured with an STD such as 
those made by Tait and Howe [1971] it was envisaged that the 
fingers existed in the large gradient interfaces between the steps 
and that the layers were kept uniform by the convective mo- 
tions driven by the finger flux. 

At this stage one fact emerged which threatened to disrupt 
this rather tidy picture. From the STD profiles it was observed 
that the typical thickness of the interfaces between the large 
steps beneath the Mediterranean outflow and those in the 
Tyrrhenian Sea was several meters [Tait and Howe, 1971]. 
Similar results have also been found in the Caribbean [Lam- 
bert and Sturges, 1977]. However, extrapolation of the labora- 
tory measurements of salt fingers indicated that for the tem- 
perature and salinity differences observed between the steps in 
the ocean their length should be approximately 20 cm [Linden, 
1973]. This result is in marked contrast to the picture described 
above, which requires that fingers several meters long should 
be found between the steps. 

Partial resolution of this dilemma has been provided by the 
recent observations using instruments with higher vertical res- 
olution than that of the previously used STD. A number of 
measurements [Williams, 1974, 1975; Molcard and Williams, 
1975] in the regions of the Mediterranean outflow and in the 
Tyrrhenian Sea have revealed that these 'interfaces' are in fact 
not regions of uniform temperature gradient but have a num- 
ber of nonuniformities of smaller vertical scale within them. 

Salt fingers have been observed in these interfaces and are 
found to be restricted to regions where the vertical gradients of 
temperature are largest. The fingers are about 20 cm or so long 
[Williams, 1974], a finding in excellent agreement with the 
earlier predictions. 

It is necessary, then, to modify our picture by noting that the 
fingers are not continuous across the interfaces between the 
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Fig. 1. Microprofile of salinity and temperature in the Tyrrhenian 
Sea. The dark horizontal bands indicate where faint salt fingers were 
obsc?vcd (taken from Williams [1975]). 

large steps but exist in bands inside: the interfaces. These bands 
are the regions of high vertical gradients of temperature and 
salinity. An example of this structure is shown in Figure 1. 
These new observations raise the question of the formation of 
this smaller-scale infrastructure and its effects on the trans- 
ports of temperature and salinity between the steps. The aim of 
this paper is to provide some answers to this question. 

As was mentioned earlier, previous experiments with salt 
fingers at an interface between two layers have started with a 
sharp interface. The fingers have then grown in length as the 
system ran down but at any time are in equil:ibrium with the 
convective motions in the adjoining layers. (The term equilib- 
rium as used in this context is taken to imply that the proper- 
ties of the system are determined by the temperatures and 
salinities of the mixed layers at any given time without refer- 
ence to the history of its development.) Here we shall describe 
some experiments Carried out with fingers which are deliber- 
ately formed out of equilibrium. This is done by making the 
initial fingers of a different length than they would have in 
equilibrium. The adjustment to equilibrium is then monitored. 
it is observed that in some circumstances the fingers break up 
and produce banded infrastructure very similar to that shown 
in Figure 1. 

THE EXPERIMENTS 

The experiments Were carried out in a pcrspex tank 60 cm 
long, 10 cm wide, and 40 cm deep. In order to avoid the 
inconveniences caused by heat loss, sugar and salt were used as 
analogues of salt and temperature, respectively. Thus the 
warm saline layer over a cold fresh layer is modeled by an 
aqueous solution of sugar over an aqueous solution of salt. We 
will use the familiar notation of T for the faster diffusing 
component (salt) and $ for the slower diffusing component 
(sugar); with molecular diffusivities K•, and Ks, respectively. 
Salt fingers result from the fact that the diffusivities of the two 
components are different, i.e., r --- Ks/KT < 1. In the ocean, r 
-• 10-: (heat and salt), and in the present laboratory experi- 
ments, r = 0.33 (salt and sugar). Thus there will be quan- 
titative differences between the oceanic and laboratory sys- 
tems, but experience [Stern and Turner, 1969; Linden, 1976] 
indicates that there will be no serious qualitative ones. 

Nonequilibrium salt fingers were made by setting up the 
stratification shown in Figure 2. The double-gradient region in 
the middle was set up by using the standard 'double-bucket' 
method [Oster, 1965], and the upper layer was floated slowly 
on top. The system was observed with a shadowgraph and in 

three runs, samples from the top and bottom layers were 
removed at various times and analyzed for their sugar and salt 
content. This was done by withdrawing samples (20 ml) from 
each layer and measuring the refractive index and the rotation 
of the plane of polarization of light for each sample. From 
these two measurements it is possible to determine the sugar 
and salt content of each sample, and hence S and T [Manins, 
1973], with a typical accuracy, in the present case of d:2%. 

It is obvious from an inspection of Figure 2 that there are 
such an enormous number of different combinations of initial 
layer depths and stratifications that it is impracticable to cover 
them all. We can vary the initial values of T and $ in the layers, 
the gradients in the central region, the steps at the edges of the 
gradients, and the depths of each region. Consequently, some 
rather arbitrary restrictions have been made with the aim of 
exploring some new phenomena rather than trying to cover 
every possibility. In each case the initial depths of the three 
regions are nominally the same (12.0 cm). The steps at the 
edges of the gradient region are the same at each end. Even so, 
there are still a large number of possibilities, and we have tried 
to pick those which reveal the various phenomena. A list of the 
experiments performed is given in Table 1. 

In the remainder of the paper, values of $ and T will be 
quoted in parts per thousand in density units. Then the density 
of the fluid with given values of $ and T will be 0 - 1 + ($ + 
T) X 10 -a. 

SHADOWGRAPH OBSERVATIONS 

The initial flow which developed in response to the strati- 
fication described in Figure 2 is shown in Figure 3a. This flow, 
observed approximately 1 hour after the addition of the top 
layer, consists of three regions: two convecting layers sepa- 
rated by a central region containing salt fingers. The general 
character of these regions can be seen in this shadowgraph 
image. The fingers appear as essentially vertical striations with 
a fairly regular pattern. The convection in the layers is of a 

T• $2 
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Fig. 2. The intended initial profiles of T and $. The density at any 
height z is given by 0(z) = 1 + [$(z) + T(z)] X 
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TABLE 1. Details of the Experiments 

dp/dz, Finger 
Experiment fiT, %0 bS, %0 Gp %ocm -x AS, %0 AS/AT Stability 

A 10 5 0.50 4.55 55 0.50 stable 
B 10 5 0.95 0.50 100 0.91 unstable 
C 10 5 0.90 0.95 95 0.86 stable 
D 20 10 0.90 0.91 100 0.83 stable 
E 10 5 0.95 0.23 53 0.95 unstable 
F 20 10 0.90 0.19 29 0.71 stable 
G 30 26 0.60 0.19 29 0.83 unstable 
H 30 25 0.60 0.52 34 0.76 unstable 
I 30 25 0.87 0.17 38 0.84 unstable 
J 30 15 0.90 0.17 33 0.66 stable 

Here b represents the magnitude of the step at the edges of the finger interface, and A the overall differ- 
ences between the layers. Parameter dp/dz is the density gradient in the interface region, and Gp is the 
ratio of the gradients of T and S across the interface. To relate these values to Figure 2, note that 
AS =So. - S•, Gto = Sz/Tz, and dp/dz - Sz + Tz. All units are per mil in density, so the density is 
given by p = 1 + (T + S) X 10 -a. In all cases, initially S• - T•. - 0, so, for example, the initial densities of 
the convecting layers in run A are p• = 1.110 and p•. = 1.055. The designation 'stable' implies that the 
fingers remained coherent across the interface throughout the experiment, while for those experiments 
designated 'unstable' the fingers broke down, and a three-layer system was formed. 

much larger scale (typically of the order of the depth of the 
layer), being driven by plumes which arise from the edges of 
the finger region. The light and dark horizontal bands indicate 
the presence of a density step on each side of the finger region. 

This general picture is what is observed when salt fingers are 
allowed to form at the initially sharp interface between two 
uniform layers. The difference in this case is that initially, the 
three regions are not necessarily in equilibrium, and we are 
interested here in the subsequent development of this system. 

Two main lines of development were observed, and we shall 
deal with each in turn. The first is illustrated by Figure 3b, 
which is a sequel to Figure 3a taken about 6• hours later. We 
see that the decrease in the length of the fingers (all three 
regions were initially the same depth) has continued but that 
the general character of the flow is unchanged; i.e., it consists 
of a finger region separating two convecting layers. This reduc- 
tion in length of the fingers continues for some time, and then 
the fingers increase in length again in a manner reminiscent of 
the growth of the fingers in an equilibrium run-down situation 
(see Figure 5c). 

The second line of development is shown in Figures 4a-4c. 
The initial development (Figure 4a) is the same as it is in the 
previous case, and the reduction in the length of the fingers is 
also observed (Figure 4b). However, in this second picture we 
notice the presence of some nonuniformity in the central part 
of the finger region. This nonuniformity is amplified and 
moves downward (Figures 4c and 4d), eventually resulting in 
the destruction of the fingers in the central region. This last 
state is shown in Figure 4e and now consists of three con- 
vecting layers separated by two thin interfaces. Inside these 
interfaces, although not visible in this photograph, are the salt 
fingers which are driving the convection. 

A variation of this breakdown of the fingers is shown in 
Figures 5a-5c. As before, the length of the fingers reduces with 
time, and eventually some inhomogeneity in the finger struc- 
ture occurs. In contrast with the previous case, the in- 
homogeneity originates near the edges of the finger region, as 
can be seen in Figure 5a. This leads to the breakdown of the 
fingers in the center of the region, and we are left, as before, 
with three convecting layers separated by two interfaces con- 
taining fingers. Subsequently, this configuration develops like 
a three-layer system and eventually, the fingers in the two 

interfaces begin to increase in length (Figure 5c), as the system 
runs down. 

SOME IMPLICATIONS OF THE OBSERVATIONS 

The similarity between the structure found in the Tyrrhe- 
nian Sea (Figure 1 ) and some of the laboratory experiments is 
striking. If we then conclude that the observed infrastructure 
on the interfaces between the large steps is a result of the 
breakdown of the salt fingers as described above, it is neces- 
sary to understand how and under what conditions breakdown 
occurs before it is possible to interpret fully the oceanic mea- 
surements. Furthermore, calculation of the vertical fluxes of 
heat and salt in a particular situation depends crucially on the 
details of the finger structure. 

The essential question is the determination of the conditions 
under which the fingers break down. Once it is established that 
the fingers have broken down and the original two-layer con- 
figuration has become a three-layer system, we can treat it on 
the basis of equilibrium salt finger dynamics considering each 
interface separately. If the fingers remain coherent throughout 
the interface, then the estimation of the fluxes during the 
approach to equilibrium is more difficult. 

The stability of an infinite field of salt fingers has been 
investigated by Stern [1969, 1975]. By considering the inter- 
action of groups of salt fingers with a larger-scale motion he 
finds that the salt fingers are stable, provided that 

Fs + Fr < A (1) A = v(rz+sz) - * 
where Ac is a constant of the order of unity, Fs(r> is the 
buoyancy flux of S(T) in the fingers, T, and S, are the mean 
vertical gradients of T and S in the fingers, and t, is the 
kinematic viscosity. The relation (1) can be written in several 
different ways, the most useful of which for our purposes is 

.q = - (2) 
,dt,/dz 

where Rf = Fr/Fs is the ratio of the buoyancy fluxes and dt•/dz 
the vertical density gradient through the fingers. There is some 
doubt about the validity of this stability criterion, partic- 
ularly with regard to the value of Ac at which the fingers are 
marginally stable. Linden [1973] found that for heat-sugar 
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Fig. 3b. 

Fig. 3. Shadowgraphs of the convection pattern. As is true with all the other plates, the full depth of the tank is visible, 
the depth being shown by the tape on the left-hand side which has alternate light and dark regions each ! cm long and offset 
every 10 cm. The digital clock in the lower right-hand corner shows the time in hours, minutes, seconds, and tenths since the 
beginning of the additon of the top layer. These two photographs are of run C (see Table 1), showing the decrease in length 
of the fingers. In this case the fingers remain continuous across the interface. 
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Fig. 4a. 

Fig. 4b. 

Fig. 4. A sequence of photographs of run B showing the breakdown of the fingers in the interface. 
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Fig. 4c. 

Fig. 4d. 



2908 LINDEN' OCEANIC MICROSTRUCTURE 

Fig. 4e. 

fingers, Ac varied between 0.2 and 1.9, while Lambert and 
Demenkow [1972] found that A, = 2 X 10 -3 for fingers pro- 
duced by sugar and salt in water. Nevertheless, this stability 
criterion does appear to have the correct qualitative behavior, 
as was noted by Stern and Turner [ 1969], and represents a first 
step in analyzing the breakdown of salt fingers. 

We note from (2) that A can become large when the $ flux is 
large (for sugar and salt in water, R t • 0.9 and is roughly 
constant) or when dt•/dz is small. The former implies that the 
fingers have to be very energetic to transport the S downward 
and so can become unstable, while the latter reflects the fact 
that when the stable density gradient across the finger region 
becomes very small, it becomes relatively easy to disrupt the 
fingers. In contrast to the case where fingers develop from an 
initially sharp interface, in the present experiments it is pos- 
sible to set the flux and the density gradient independently of 
one another. Of course, the system adjusts from its initial 
prescribed state so that the two do not remain independent, 
but we will treat them as if they were. 

The flux across the interface increases as bS increases and as 

bS/bT -, 1. If we compare experiments A, B, C, and E (Table 
1) for which bS = 5 and bS/bT = 0.5, we note that the fingers 
are stable when dt•/dz = 4.55 and 0.95%0 cm -• but are unstable 
for the smaller density gradients when dt•/dz = 0.50 and 0.23%0 
cm -•. Runs G, H, and I have the largest imposed fluxes and 
are all unstable. Comparison of runs I and J shows that for 
fixed do/dz, decreasing the imposed flux leads to stability of 
the interface. As far as can be ascertained from these experi- 
ments, the stability of the fingers is in rough qualitative agree- 
ment with the stability criterion (1). However, our estimate of 
the stability parameter is based on the initial values of the 
stratification, and often breakdown does not occur for several 

hours, after which time the transport of T and S by the fingers 
will have modified these values significantly. 

The adjustment of the system from its initial configuration is 
an interesting and complicated process. Figure 6 shows the 
width of the finger region, as determined from the shadow- 
graph, as a function of time. The most striking feature is that 
while most of the interfaces initially decrease in width, in three 
cases the fingers initially increase in length. In every other 
experiment the initial tendency was for the interface to become 
thinner. Experiments with equilibrium salt fingers [Linden, 
1973] show that the flux through an interface containing fin- 
gers decreases as the length of the fingers increases. The flux 
also decreases as AS decreases and AS/AT decreases. Thus in 

a run-down experiment the fingers increase in length with time 
as AS decreases. For sugar-salt fingers the precise nature of the 
flux dependence is not known but has these same qualitative 
features [Lambert and Demenkow, 1972]. If we view the system 
in terms of equilibrium fingers, then we would expect that for 
higher values of AS and AS/AT the flux across the interface 
would tend to be large, so we might expect the interface to 
become thinner to accommodate it. On the other hand, for low 
values of AS and AS/aT the fingers may heed to lengthen to 
provide the required flux. 

Without a knowledge of the precise nature of the depen- 
dence of the flux on AS and AS/AT it is not possible to 
determine which system has the highest flux. However, from 
Table 1 we see that runs F and J have low values of AS and 

AS/AT, and run A has the lowest value of AS/AT. Thus we 
would expect the smallest flux across these interfaces, and the 
fact that they are observed to grow thicker initially is in 
agreement with the above ideas. Runs B, C, and E all have 
high values of AS and AS/AT, so they are observed to de- 
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Fig. 5. Three stages in the breakdown of the fingers in run E. Note the establishment of a central convecting region 
during the time between Figure 5a and Figure 5b and the subsequent growth of the fingers in the two separate interfaces in Figure 5c. 
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Fig. 5c. 

crease in width most rapidly. This behavior appears to be 
independen• of whether or not the fingers break down. For 
example, runs B and C have very similar initial values of AS 
and AS/AT, and the fingers decrease in length at very similar 
rates (Figure 6). However, after about 2 hours, the fingers in 
run B break down, producing a three-layer system. In run C 
the fingers remain stable presumably as a result of the larger 
density gradient in the central region. In this case the thickness 
of the interface reached a minimum after which the fingers 
began to increase in length. This later behavior, also observed 
in run D, is what is observed during the run-down of equilib- 
rium salt fingers. We surmise that in these cases the system 
adjusts to equilibrium and thereafter behaves like a normal 
run-down situation. 

In three experiments the concentrations of sugar and salt in 
the layers were measured at various times. From these concen- 
trations the values of AS(t) and AT(t) were determined, and 
Figure 7 shows AS plotted against A T for these three runs. As 
the system runs down, both AS and AT decrease so that for a 
given experiment the progression in time is toward the lower 
left corner. We see that for each run the points lie on a straight 
line showing that the ratio of the buoyancy fluxes of $ and T is 
constant. This result is also found for equilibrium fingers and 
the mean value of Rt = 0.91 which is in agreement with the 
values found for equilibrium sugar-salt fingers of 0.91 [Stern 
and Turner, 1969] and 0.92 [Lambert and Demenkow, 1972]. 
The fact that the flux ratio of nonequilibrium salt fingers is 
found to have the same (constant) value as that for equilib- 
rium fingers is surprising, particularly because in two of the 
experiments (runs D and H) the fingers are becoming shorter 
with time. 

DISCUSSION 

The experiments described above have shown that when salt 
fingers are produced in an interface between two mixed layers 
in such a way that the system is not in equilibrium, this may 
lead to the breakdown of the fingers to produce a third layer 
between the original two. It is also shown that the interface 
may become thinner with time in contrast to other run-down 
systems studied previously. 

This work was motivated by the observation of Molcard and 
Williams [1975] that salt fingers in the step structure in the 
Tyrrhenian Sea exist in banded structures inside the large-scale 
interfaces (Figure 1). A closer inspection of this figure reveals 
the following properties. With one exception the fingers were 
always found in two bands at the top and bottom of each 
interface. The average thickness of the interface was consid- 
erably less than that of the layers on either side. Both of these 
properties are consistent with the results of finger breakdown 
and the thinning of the interface during an approach to equi- 
librium as observed in these experiments. In the Tyrrhenian 
step structure the density gradient is small, so on the basis of 
the stability criterion (1) we might then expect that the fingers 
would break down. 

In view of these observations it seems as though we should 
review the original idea that layers such as those found in the 
Tyrrhenian Sea or beneath the Mediterranean outflow were 
formed successively from above by salt fingers as originally 
described by Turner [1967] and discussed recently by Linden 
[1976]. The successive generation process will only form salt 
fingers in equilibrium configurations,_ and there is no evidence 
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Fig. 6. The length of the fingers plotted against the elapsed time. Solid inverted triangle represents run A' sideways 
open triangle, run B; solid circle, run C; solid triangle, run D; solid square, run E; open inverted triangle, run F; open tri- 
angle, run G; open square, run H; and open circle, run J. 
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Fig. 7. A plot of AT against AS (per mil in density units). The symbols have the same meaning as they do in Figure 6. 
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that salt fingers produced in that way break up in the manner 
described here. 

As has already been mentioned, these experiments are essen- 
tially exploratory, and although the results show a marked 
resemblance to the oceanic observations, they raise a number 
of important questions. Probably the most pressing question is 
that of the stability of a field of salt fingers. The stability 
analysis of Stern [1969, 1975] only strictly applies to infinitely 
long fingers and is not in good agreement with the somewhat 
limited experimental data. This lack of agreement is not very 
surprising, as the theory takes no account of the fact that in the 
experiments, fingers exist between two convecting layers. A 
more appropriate configuration would be to set up long fingers 
by the double-gradient method and then impose a buoyancy 
flux across the top in the same manner as was done for the 
diffusive stratification by Linden [1976]. 

Another intriguing feature of these experiments is the obser- 
vation that the ratio of the buoyancy fluxes is a constant and 
has the same value as that found for equilibrium fingers. The 
reason for the constancy of the flux ratio for equilibrium salt 
fingers is not known and remains a major puzzle to be resolved 
by a description of salt finger dynamics. The fact that the same 
constant value was found in these experiments adds further 
incentive for discovering the reason. 
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