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ABSTRACT

During the last decade there has been ~ increasing interest in dis-
covering the existance of salt fingering in the oce~. The purpose of this
investigation was to determine the feasibility of optically detecting salt
fingers.

Theoretical calculations were conducted on the angular deviation ~d
displacement of parallel light rays propagating through ~ ordered salt fin-
ger modeL. It is assumed that salt fingers are square cells (one centimeter)
with a checkerboard pattern of cells having high ~d low indices of refrac-
tion. The amplitude of index of refraction, above ~d below the overall
average, was assumed to be between 5 X 10-4 to 5 X 10-6. From the computer
work it WaS concluded that ~ optical method that detects displacement or
intensity would have more promise of finding salt fingers in the ocean than
an optical method that detects ~gular deviations. .

From the computer results and experimental shadowgraph investigations
conducted by others, it was concluded that a shadowgraph method is the most
promising optical approach to use for detection of salt fingers. Depending
on the strength of the salt fingers, the optimum dist~ce between the fin~
gers and the shadowgraph screen may be as far as one to three hundred meters
to obtain a sharp image. To shorten this optical path a telescope-micro-
s cope lens system cal led a "shadowgraph shortener" was used.

Salt finger detection experiments were conducted in a large tank of
saltWater. An exp~ded laser beam (5 centimeters) was passed through the
salt Water and the "shadowgraph shortener" to fall on a ground glass screen
which was photographed with a 16 mm movie camera. The weakest salt fingers
detected had a salinity gradient of .02 parts per thousand per 6 centimeters.
A survey was conducted on the salinity gradients in the Atlantic Oce~ using
N~sen bottle data from hydrographic stations. The larger salinity gradi-
ents found in parts per thous~d per 50 meters were only one order of mag-
ni tude weaker th~ the experimental results.

An optical salt finger detector was designed using the same basic
set-up as used in the experiments.
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1. INTRODUCTION

In the last sixteen years there has been increasing interest in

discovering the existence of salt fingering in the ocean. In 1956,

Stommel et a1. wrote a short paper describing a perpetual salt fountain.

A salt fountain can occur in a two layer system of hot, salty water over

cold, less salty water in which the hot, salty water is less dense than the

cold water, thus being gravitationally stable. If a small tube is put

into the tank allowing only the water from the lower layer to enter the tube,

the cold water in the tube being surrounded by hot water is heated up caus-

ing the water in the tube to become less dense than the surrounding water.

Therefore, the fresh water in the tube rises which in turn brings more

fresh water up the tube to continue the process.

The success of the above fountain is due to the diffusion of heat without

the diffusion of salt, but Stern (1960) noted that since the molecular

diffusivity of heat (KT = 1.5 X 10-3 cm2 see-I) is about two orders of

magnitude larger than the molecular diffusivity of salt (KS "r 1.3 X 10-5

cm2sec-i for salinity of 35% at 20°C), the tube is not ñeed~d ,in or.d.er t,o"'have 'a

fountain. If a small parcel of water is displaced up or down, it will gain

or lose heat faster than it gains or loses salt, thus the body of water

continues to rise or sink. After a while there are numerous little salt

fountains which are called salt fingers (see Figure 1) flowing in opposite

directions;

If salt fingers exist in the ocean, they will be an efficient mechanism

for the vertical transport of heat and salt (i .e. more effective method

than molecular diffusion of Salt and heat, Turner, 1967). Stern (1969) has

concluded from theoretical calculations that salt fingers might be a possible
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Fi gure 1. Shadowograph vi ew of salt fi ngers. Photograph was
taken by CL aude Ronne for Albert J. Wi 11 i ams I I I .
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Figure 2. (a) Typical step and layer of salinity and temperature
from Howe and Tait (1970). (b) Typical salinity and
temperature profile from Cooper and Stommel (1970).
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I I. PREVIOUS INVESTIGATIONS OF SALT FINGER DETECTION

Several investigations have been conducted or are being conducted

using some of the above-mentioned properties for detecting salt fingers

in the ocean. Albro and Curtis (1971) conducted an experiment using a

modified eclipsed schlieren technique. They passed an expanded laser beam

through a Ronchi ruling, a tank of sugar-salt fingers, and a second Ronchi

ruling onto a photoconductivity cell (Sugar-salt fingers are produced by

carefully pouring a layer of aqueous sugar solution over a layer of aqueous

salt solution where the two layers are gravitationally stable (Stern and

Turner, 1969)). The second Ronchi ruling eclipses the light that passes

through the first Ronchi ruling (see Figure 4).

EXPANDING
LENSES

RONCH I
RULING

LIGHT
SOURCE TANK I SENSOR

o
I

NO SALT FINGERS PRESENT

SALT FINGERS PRESENT

Figure 4. Schematic of multislit Schlieren.

If sugar-salt fingers exist in the tank, the differences in the index of

refraction between the fingers causes the light to be refracted, thus

allowing some of the light to pass through the second Ronchi ruling and fall
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on the photoconductivity cell. The photoconductivity cell was put in

series with a resistor ~d a battery in order to produce a voltage signal

across the cell since its resistance is a function of light intensity. The

voltage signal across the cell was recorded on a Sanborn, hot pen, paper

chart, recorder.

From the above investigation, it was found to be difficult to detect

any change in light intensity as the salt fingers developed if the laser

beam passed through only one region of the tank of sugar~salt fingers. If

the tank was trans lated, across the beam, no significant fluctuations in

light intensity were noticed for undisturbed and turbulent sea water while

bubbles on the wall of the tank produced an irregular fluctuating signal~

and sugar-salt fingers produced a somewhat regular sinusoidal fluctuation

in signal (see Figure 5). The investigators knew when they had sugar-

salt fingers since they were strong enough to be seen with an upaided eye.

Kim et al. (1971) conducted experiments using an ultrasonic pulse-

echo technique for detecting sugar-salt fingers (see Figure 6). A small

transducer capable of producing sonic frequencies from 800 KHz to 45 MHz

transmitted a horizontal beam of sound which was returned by a reflector and

detected by the transducer. The attenuation of the beam echo was detennined.

The investigators found that there was an attenuation loss of about 1. 4 dB/cm

(in the 25 to 42 MHz r~ge) in the sugar-salt finger interfacd as compared

to the regions above and be low the interface. The investigat ors be lieve

that the loss was due to some type of scattering.

In the sumer of 1971, Charles Eriksen investigated the use of a

shadowgraph method for detecting salt fingers while working at Woods Hole

Oceanographic Institution on a fe llowship. He used a laser beam which was
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REFLECTOR
TRANSDUCER

WITH
VARIABLE PITCH

CONVECTI NG LAYER i

SALT

I

FINGER II I I I
INTERFACE

~)( ,

CONVECTING LAYER

Figure 6. Schematic diagram of acoustic detector. Redrawn
from Kim et ale 1971.
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spatially filtered, expanded to five centimeters, ~d collimated as his

shadowgraph light source. The beam was reflected down one periscope,

through about eighteeen inches of sea water, up a second periscope onto a

screen three meters away to fonn a shadowgraph image (see Figure 7).

PERISCOPES./ ~ Shadowiiraph
Screen

SALT WATER

Figure 7. Schemati c set-up of Charles Eriksen's shadowgraph
experiments.

Albert J. Williams III (private communication) found that small tank size

where the more narrow t~k dimension is only about one order of magnitude

larger than the width of a salt finger causes a high order of orientation

of the fingers along the long side (see Figure 8). Therefore, Eriksen (1971)

used a large tank where most of the volume was far from the walls. This

reduced the above~mentioned effect so that the experiment was more like a

real ocean situation. The investigator obtained shadowgraphs of salt fingers

in which the salinity gradient was about 500 times stronger than that expected

in the ocean.

Bruce Magnell (private comunication) is using conducti vi ty ce lls to

search for salt fingers. The investigator has mounted a conductivity sensor

and temperature sensor on the leading portion of a towed fish with two
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thermocouple heads and conductivity cells about 30 centimeters apart from

each other behind the front sensor. The front sensors measure individual

salt fingers while the back sensors are used to get the temperature and

salinity gradients. The apparatus is towed at various depths and various

speeds. If the instrument goes through a region of salt fingers, it is

hoped that the conductivity cell will sense an alternating change in

conductivity as it passes through each individual salt finger. The inves-

tigator has not done any laboratory detection of salt fingers, but he has

put his ~nsttuent through a salt ring (similar to a smoke ring) which had

a .003 difference in salinity from the surrounding water, and his sensors

detected this ring, Recent experiments near Bermuda (June, 1972) give a

strong indication of fingers with a spacing of 2 em.
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III; THEORETICAL CALCULATIONS OF OPTICAL PROPERTIES OF SALT FINGERS

Stern (1970) conducted a theoretical study on the light intensity

fluctuations in traversing salt fingers using a random walk model for a ray

path. He used a statistical approach assuming that salt fingers have a short

range of ordering, i. e. each sinking finger is surrounded by four rising

fingers of lower density. The difference in density causes a difference in

the index of refraction between fingers. As light passes through these

fingers it is refracted at each salt finger interface, thus changing the

overall light intensity field of a light beam. From this study, Stern con-

eluded that a micro-optical technique in conjunction with an STD probe

would be a promising method of detecting salt fingers in the ocean.

From other investigators such as Albert J. Williams III (private

commtmication), it is believed that salt fingers will exhibit a higher order

of coherence th~ assumed by Stern, i.e. the salt fingers will be in clusters

of square cells (say) at leGSt ten cells square. To get some idea of the

amount of refraction and deviation of light rays through ordered salt fingers,

a computer ray tracing program was set up.

From several laboratory investigations of salt fingers and sugar-salt.

fingers, it has been detennined that the fingers are made up of square ce lls

with alternating high and low index of refraction (Shirtcliffe and Turner,

1970) . Figure 9 shows the contours of index of refraction of a salt finger

mode 1.

The contours of index of refraction were determined from the following

equation,

n = n + 6n cos~ cosY7To a a (1)
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o o o

Figure 9. InGex of refraction contours of ordered salt fingers.

where n is the index of refraction,

no is the average index of refraction

Ån is the amplitude of the index of refraction variation

a is the side dimension of a salt finger cell, and

x and yare coordinates with the origin in the center of a cell
of high index of refraction

Light rays bend in a varying index of refraction field according to the

following equation,

de 1 an
(2)dp -

- -
aqn

where e is the ang Ie of deviation

p is the di re cti on of the light ray, and

q is the distance perpendicular to the light ray path.
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The total angle of deviation over a path length would be

S = ¡IdS (3)
2

Changing to the integral over path length and substituting equation 2 into

3, we obtain

S = c ~; dp = ~I ~~~ dp ( 4)

Since salt fingers have a two-dimensional index of refraction gradient, the

gradients are projected on a line perpendicular to the light ray and added

or subtracted where appropriate (see Figure 10).

From Figure 10, we obtain

Ran .,i an ,i
= ãX sin'j - ay cOS'j (5)

Equation 4 can now be rewritten in a form that the computer can use,

N

S = ~ ¿ R.n i i (6)

(AppeI1dix A is a flow chart of the computer program used).

It has been estimated that the salt finger cell size is of the order

of one centimeter (Stern, 1969). The amplitude of index of refraction can

be determined from the following equation,

lm = nsLis - nTLiT (7)

where ns is the ch~ge of index of refraction versus salinity,

nT is the change of index of refraction versus temperature, and

AS, liT are the differences in salinity ~d temperat~re, respectively.

If we assume that we have sea water at a temperature of l5°C and a salinity

of 35%, we get from the Handbook of Chemistry and Physics the following

values: n = 1.8 X 10-4/° 100 ~d n = -0.84 X 10-4/oC.s T Using these values

with a temperature difference of 0.3°C and a salinity difference of 0.1°100,
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we obt ain an amp li tude of index of re fracti on of 7 X 10-6. The minimum

amp Ii tude of index of refraction selected for the computer work was

5 X 10-6 and the maximum was 5 X 10-4. In all of the ray tracing results,

it was assumed that the average index of refraction was 1. 344. Figure 11

gives the geometric representation of terms used in the following Figures

12 through 18.

U
Starting position

~r
r

----

initial angle = cp = 00

¿- Displacement

a~ Angular deviation
..'" -\positive deviatian

= cp = 450

Figure 11. Geometric representations of terms.

Figure 12 shows the angular deviation of light rays versus starting

position for three initial ~gles. It can be seen from this figure that

there is a considerable difference in angular deviation of light rays

starting at 30 degrees and 45 degrees. Figure 13 has initial angles going

from 30 degrees to 45 degres~ in intervals of three degrees. It can be seen

that the maximum angular deviation for initial angle 36 degrees is less than



~ ~ .
.
.
 
2

.
.
 
-

.~
 .

~ Q
)

~
 
-
4

~ ~
 -

.6
~ ~
 -

.8

In
iti

al
 A

ng
le

.8
n 

(I
nd

ex
 o

f R
ef

ra
ct

io
n)

 =
 1

.3
44

l: 
n 

=
 !

. 5
xl

0-
6

a
 
(
S
a
l
t
 
F
i
n
g
e
r
 
C
e
l
l
 
S
i
z
e
)
 
=
 
1
 
c
m

L
i
g
h
t
 
R
a
y
 
P
a
t
h
 
L
e
n
g
t
h
 
=
 
1
0
 
e
m

.6
(/ c: .S
!

'
5
 
.
4

~ tc I ~

1.
0 \

St
ar

tin
g 

Po
si

tio
n 

1 
em

2,
0

I .. \0 i

F
i
g
u
r
e
 
1
2
.
 
A
n
g
u
l
a
r
 
d
e
v
i
a
t
i
o
n
s
 
o
f
 
l
i
g
h
t
 
r
a
y
s
 
f
o
r
 
t
h
e
 
i
n
i
t
i
a
l
 
a
n
g
l
e
s
 
o
f
 
1
5
0
t
 
3
0
0
 
a
n
d
 
4
5
0
0



(I l: .t
s
 
4

~ 
.

~ (\ I

~
o

.. § :
;
 
-
 
2

~
 '

"

:s (b ~
 -

.4
~ '" ~-

.6
c: ~

.8
n=

1.
34

4
8n

=
+

5x
10

-4
a=

1c
m

L
R

PL
=

 1
0c

m

o 
in

iti
al

 a
ng

le

.6

i N a i

St
ar

tin
g

-.
8 F

i
g
u
r
e
 
1
3
.
 
A
n
g
u
l
a
r
 
d
e
v
i
a
t
i
o
n
s
 
o
f
 
l
i
g
h
t
 
r
a
y
s
 
f
o
r
 
t
h
e
 
i
n
i
t
i
a
l
 
a
n
g
l
e
s
 
o
f
 
3
0
0
t
 
3
3
0
t
 
3
6
0
t

3
9
0
 
t
 
4
2
0
 
a
n
d
 
4
5
0
.



-2 l~



7

~
,t3
~
~ 6
.,
~
~ 5

-.
,t3
~
Cb

~4
'-
J:
&
c:
~ 3

~
.~..
~ 2

~

-22-

9

8

n = 1.344

~n = + 5,10-4

a = 1 em

LRPL = 10 em

o 5 10 15 20 25 30 35 40 45
Degrees

Figure 14. Maximum angular deviations of light rays of initial

ang1 es from 00 to 450.



5
rY

I ~ 
.3

""
.. ~ 
.2

& ~
.1

'" ~ .~ '
"
 
0

~ '
"
 
-
.
1

äi ~
 
-
2

Q
) 

.
~ ~ .
~
 
-
.
3

è5

,4

I N v. I

n 
(I

nd
ex

 o
f 

R
ef

ra
ct

io
n)

 =
 1

.3
44

â
 
n
 
=
 
:
!
5
x
1
0
-
6

a
 
(
S
a
l
t
 
F
i
n
g
e
r
 
C
e
l
l
 
S
i
z
e
)
 
=
 
1
 
e
m

L
i
g
h
t
 
R
a
y
 
P
a
t
h
 
L
e
n
g
t
h
 
=
 
1
0
 
e
m

1.
0

S
ta

rt
in

g 
P

os
iti

on
 i

\
30

0 
In

iti
al

 A
ng

le

-.
4

F
i
g
u
r
e
 
1
5
.
 
D
i
s
p
l
a
c
e
m
e
n
t
 
o
f
 
l
i
g
h
t
 
r
a
y
s
 
f
o
r
 
t
h
e
 
i
n
i
t
i
a
l
 
a
n
g
l
e
s
 
o
f
 
1
5
0
,
3
0
0
 
a
n
d
 
4
5
0
.



~
~
~

..

~
~
~30
.~
..
~..
&

~~
~20~.~
c:

~
,~

~
~

10

-24-

50

n = 1.344

6n = + 5.10-4

a = 1 em

LRPL = 10 em
40

7,5

5.0

2.5

o 5 10 15 20 25 30 35 40 45
Degrees

Figure 16. Maximum displacement of light rays for initial angles
from 00 to 450.
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o = 8/20. (8)

where 0 is the object distance,

8 is the cell size, and

a. is the angle of deviation

1-.

8

o

r
L
Figure 20. Object distance of a shadowgraph.

gives us an object distance of 200 meters which means we would need a shadow-

graph optical path length on the same order of the object distance to obtain

a sharp shadowgraph. We can shorten this optical path wi th a telescope-

microscope lens system here tenned "shadowgraph shortener."

If we use thin lens theory for the 160 mm focal length telescope objec-

ti ve, the image distance necessary to obtain a sharp shadowgraph is:

I = OfO-f
where I is the image distance from the lens and

(9)

f is the focal length of the lens.

Using the above example gives an image distance of 160.13 millimeters which

is a more manageable length to use in an ocean instrument package, Again,

using thin lens theory we can determine the size of the finger image,
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I
M = 0 (10)

where M is the magnification factor, and

01 = o.M (11)

where 01 is the finger image si ze.

Therefore, the image size is now only eight microns wide. To increase the

image size, we must add one or two snort focal length lenses to expand this

small image (see Figure 21). Table 1 shows several calculations of different

cell size and angles of deviation, From this table we note that we have

reduced the simple shadowgraph path length range of one to four hundred

meters down to around four hundred millimeters.

The final image fal1s on the ground glass screen and is photographed

from behind the screen.
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iv, EXPERIMENTAL SET-UP AND PROCEDURE

For s source of parallel light rays, a low-powered helium-neon laser

wh;ich produced a 5 millimeter-wide light beam was used. A laser was used

because it is bright; that is, it has a lot of energy per unit area and per

unit solid angle. (Bright sources can be collimated with little loss of

energy) . The laser beam was expanded using a collimator which consisted of

the elements shown in Figure l~. A series of mirrors angled 450 to the

light beam axis reflected the light down one periscope, through a large

tank of salt water, up a second periscope, and through the "shadowgraph

shortener" onto a ground glass screen to be photographed from behind by a

16 mm motion picture camera (see Figure 22). The "shadowgraph shortener"

consisted of the lens combinations as shown in Figure 21. The ground glass

screen was used to produce a real image of the laser beam to allow the

experiment or to see when some indication of salt fingering was occurring

so that the motion picture camera would be operated at the best time.

A 16 mm motion picture camera was used since it can take a very large num-

ber of pictures on one roll of film (4000 pictures per hundred feet of 16 mm

film) when it is used in an ocean instrument.

A large t~k was used in conducting the experiments to reduce the

ordering ~d orientation of salt fingers caused by the wal1. To generate

the salt fingering, the water surface was heated by two 250 watt heat lamps

which were positioned from 50 centimeters to 150 centimeters above the water

surface. Evaporation at the surface coupled with stable stratification

produced by the heating gave profiles of temperature and salinity which de-

creased with depth. After the ~bove process had been operating for a while,

salt fingers were produced.
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PERISCOPES¡r ""
ILASER~~ EXPANDER

ground
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WATER
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Figure 22. Schematic of experimental setup.

16 mm Movie
Camera
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To measure the temperature, a glass bead thennistor which was calibrated

to :!0.005°C was used with a digital ohmmeter to read the thennistor's re-

sistance. To get the salinity, water samples W~re drawn from various depths

with a glass tube. The samples were measured later with a ls.boratory sali-

nometer to :!0.005 parts per thousand.

Several experiments were conducted, but only two of them will be dis~

cussed. In the first e;xperiment the following procedure was used:

1. A batch of salt water was made up from fi.tered tap water and

Kosher salt with a speçific gravity of about 1,027.

2. A two lens "shadowgraph shortener" was. used as shown in Figure 2la.

3. The heat lamps were set about one half meter above the water sur-

face, turned on, and left on continuous ly throughout the experiment except

when the camera was operating.

4. After the heat lamps had been on for an hour the camera was

operated for about half a minute, a temperature profile was obtained by

recording resistance in intervals of 2.5 centimeters above and below the

beam path, and three water samples were taken at the beam path level and

five centimeters above and below the path to be measured later.

S. Step 4 was repeated two more times at intervals of an hour.

6. After the heat lamps nad been on for four hours, the salt water

was stirred to see if the vertical bands of light observed on the ground

glass screen were destroyed.

The second experiment that wi 11 be dis cussed was conducted as the firs t

experiment was except for the following:

1. The "sl1adowgraph shortener" consisted of the three~ lens combina-

tion as shown in Figure 2lb.
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2. The heat lamps were set one and a half meters above the water

surface.

3~ The first camera run was conducted twenty one hours after the heat

lamps were turned on.

4. The temperature measurements and salinity samples were taken at

intervals of six centimeters.

5. Two more runs were conducted an hour apart.

6. The heat lamps were turned off after 23 hours of operation, and

four more runs were conducted at intervals of an hour to see if salt

finger indications disappeared,
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V. RESULTS AND DISCUSSION

After the heat lamps were on for about one hour in the first experiment,

a shadowgraph was obtained which is shown in Figure 23a along with its

temperature and salinity profile. From the salinity profile, we get a

osalinity gradient of 0,4 /00 over 5 centimeters, which is about four

hundred times greater than the total gradient over 50 meters measured in

the ocean.

From the vertical bands in the picture (Figure 23a), it is the author's

conclusion that salt fingers existed in the tank of sea water at the time

of the photograph. The picture obtained is similar to the shadowgraph of

sugar-salt fingers shown in Figure 1. From the picture it appears that

the salt finger cell size is about 5 to 6 millimeters. The rings in the

picture are believed to be Newton's rings due to reflections between the

lenses.

The shadowgraphs obtained in the next two hourly runs of the above

experiment were similar to the first one except that the bands were not as

straight and d¡stinct. After conducting the experiment for four hours,

the water was stirred to see if the band pattern was destroyed, thus in~

dicating the absenee of salt fingers (see Figure 23b for the recorded

shadowgraph) .

In the second experiment where two microscope objectives were used in

the "shadowgraph shortener," the first indication of salt fingering was

obtained after the heat lamps had been on for twenty-two hours (see

Figure 24a). The s alinity gradient at this time was only 0.02 0/00 over

6 centimeters which is only one order of magnitude larger than the SO meter

total gradient found in the ocean. The shadowgraph is not very distinctive
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Figure 23. Shadowgraph results--a) after one hour with its
corresponding temperature and salinity profilest
b) after four hours and mi xi ng.
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Fi gure 24. Shadowgraph resul ts--a) after twenty-two hours wi th

its corresponding temperature and salinity profiles,
b) after twenty-one hours t c) after twenty-fi ve
hours.



-39-

in comparison with the first experiment's results, but there appears to be

three bright bands with two of the bands blending together near the center.

One problem with the two microscope objeetive "shadowgraph shortener" was

that the light beam exited the second microscope objective with a wide-

angled cone whi.ch caused a "hot spot" in the center of the screen, (This

condi tion was later eliminated with a Fresne 1 fie ld lens over the ground

glass.) When the above shadowgraph is compared with two other shadowgraphs

of which one was obtained one hour earlier (Figure 24b) and the other

(Figure 24c) three hours later (after the heat lamps were turned off for

two hours), one sees that the previous ly mentioned shadowgraph (Figure 24a)

is an indication of salt fingering. The shadowgraph (Flgure 24c) that was

photographed after the heat lamps had been turned off for two hours seems

to indicate that salt fingering had died down since the driving process is

changed.

The biggest problem with the above optical set-up is the guess work

that is necessary in deciding on the spacing of the "shadowgraph shortener"

lenses ~d the ground glass screen in order to produce a sharp shadowgraph

of salt fingers of a specific strength. Fortunately there is a depth of

field similar to that obtained with a cam~ra lens that will allow one to

see salt fingers weaker or stronger than a specific strength eveii though

the image wi 11 be less sharp as one moves away from the optimum strength

of salt fingers. It should be possible to reduce the, guess work with a

lot of field work looking for salt fingers.

One advantage of the optical method used in the shadowgraph experiments

is that a 12 volt battery çan operate both the laser and the camera which

would free a salt finger detector from having to be tethered to a surface
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vesseL. The movie camera used in the above experiments can hold 400 feet

of 16 mm film. If a salt finger detector was attached to a slow moving

free fall instrument with a fall rate of five centimeters per second and

the camera was operated at 60 frames per minute, 800 meters of the vertical

ocean structure could be recorded on one dive..

It is desirable to know the salinity and temperature gradients when

there is any indication of salt fingering on the film taken by an optical

salt finger detector, By knowing the gradients, it would help in the guess

work of setting the spacing of the "shadowgraph shortener" lenses and the

ground glass screen when other ocean areas are investigated. Also, the

gradients data may help in understanding the salt fingering process.

From the results of the experimental and theoretical computer work,

it was decided to design and build an optical salt finger detector (OSFD)

using the same basic set-up as used in the laboratory. The designing

procedure and reasoning is explained in Appendix B.

The OSFD is housed in a 4 1/2 foot, 12 inch outer diameter aluminum

tube with a hemispherical eItd cap on one end and a f1Çit end plate on the

other. The flat end plate has two port holes covered by a single glass

window.

The optical equipment is arranged in the following m~ner:

1. The collimator and "shadowgraph shortener" are aligned parallel

to each other side by side just behind the two port holes in the flat

plate,

2. The laser is behind the collimator and the ground glass screen

is bèhind the "shadowgraph shortener."
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APPENDIX A - COMPUTER FLOW CHART OF RAY TRACING PROGRA

Start L is the i,ight ray path length

Input

Y 1 is the initial starting position
in Y direction

n ,n,a,L
o

~ is the initial angle

Y 1=0

TI=3.l4l4592653589793

~=O

Xi=.lacos~

Xii s dp

X is the initial starting position
o in X direetion

See Figure 25 for geometric represen-
tation of variables

x =0
o

Xo =- Y 1 cos ~sin~

Li=Xo +Lcos~

6=0

X=X
o

Y =y. cos2~o 1

Y2=Y 0 +Ls~n~

an _ TIÂnsin XTI YTI
ãX- - a -a cos-a
an TIÂncos X~ . YTI-::.. -sin-ay a a a
an . an

R= axs in~- 6~lfoS ~- 6

A
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XiR
d ncos (qi-8)

8=8+d8

-45-

ßd is the light ray disp lacement
from the undeflected ray.

Y=Y+Xl tan (qi-8)

'I
qi= qi+iã

Xi=.lacosqi

Yi=O

-:
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h

x

Figure 25. Geometric representations of some of the terms in
the computer program.
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APPENDIX B - OPTICAL SALT FINGER DETECTOR DESIGN

From the results of the experiments and theoretical work on the com-

puter, it was decided to design and build an Optical Salt Finger Detector,

OSFD, using the same principle as the lab set~up, It is desirable that

the OSFD meet the following design restraints:

1. It needs a pressure housing big enough to contain the 16 mm

movie camera which is the largest optical component.

2, Operational depth is set at 2000 meters which is the lower depth

of layering that has been found at the Mediterranean outflow.

3. It:is to be neutrally buoyant so that the Autoprobe c~ lower

and raise th~ OSFD in the ocean.

4. It must have an undisturbed region of salt fingering between the

light source and the recording element,

5. It needs view ports to allow the laser beam to exit and re-enter

the pressure housing.

6, A power supply is required to operate the laser and the 16 mm

moviedri ving mechanism,

7. It is to have a timing mechanism to synchronize the film data

wi th a CTD probe (A CTD probe wi 11 be lowered with the OSFD by the

Autoprobe) .

To meet the first three restraints, an aluminum 606l-T6 tubing was

selected having an internal diameter of 10 1/2 inches, an external diameter

df 12 inches and cylindrical length of 4 1/2 feet. For end caps to seal

off the ends of the tubing, it would have been desirab Ie to have hemispheri-

cal end eaps since they are almost neutrally buoyant, but the need for a
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fi nger detector.
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3. The total volume of the pressure housing is less since the light

source overlaps the receiver, thus also reQucing the overall weight of the

OSFD.

A 12 volt Gell cell was selected as the energy source to operate

the laser and the 16 mm movie camera dri vi,ng mechanism. About eight hours

of operation is possible before recharging is necessary.

Ta synchronize the film data with the CTD data, sixteen small red

LED lights were arranged around the ground glass screen to be photographed

along with the salt finger data. These lights produce a binary code wilich

is controlled by the clocking mechanism in the CTD probe.

For the alignment requirement, it was decided to hold the laser,

collimator, "shadowgraph shortener," and ground glass screen separate

,
from the camera so that the alignment 9f the latter components remain fixed

when the camera was removed from the presure housing to change the film,

Since the instrument will pe aligned in air, it was desired that the expanded

laser beam exit perpendicular to the view port in order for the alignment

to remain the same when the instrument is immersed in the water, A box

channel design was selected to ho¡d the four above mentioned components

wi th the box channel being attached to the flat end plate to accomplish

the view po:vt alignment. The col limator and "shadowgraph shortener" are

held parallel to each other by two parallel V-grooves that were machined

in an aluminum block which is in turn screwed to the box channel such

that they aTe perpendicular to the flat end plate and on axis to the view,

ports. The laser holder allows the laser to be moved vertically ~d side-

ways, pitched, and yawed to get it aligned with the collimator. The

ground glass screen is aligned by a slotted rectangular groove in the
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bottom plate of the box channel which allows the screen to be moved

toward or away from the "shadowgraph shortener'! depending on the spacing

of the lens to get a one and a half inch image. Figure 28 shows the

arrangement of the four components within the box channel attached to the

flat end plate.

The camera and battery are mounted on one holder to facilitate the

removal of them from the inside of the cylinder, The holder has holes

that the tie rods go through to serve as alignment guides for the camera,

It was necessary to tilt the camera 450 from the vertical to align the

camera lens with the ground glass screen because of its shape and size.
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conducted on the salinity gradients in the Atlantic Ocean using Nansen bottle data
from hydrographi c stations. The larger salinity gradients found in parts per
thousand per 50 meters were only one order of magnitude weaker than the experimental
results. An optical salt finger detector was designed using the same basic set-up
as used in the experiments. .
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